
PPuurrppoossee::  Most volatile anesthetics are known to inhibit the oxida-
tive and phagocytic function of neutrophils. In the present study, we
investigated the effect of xenon on phagocytosis and respiratory
burst activity of neutrophils and monocytes in human whole blood.
MMeetthhooddss::  Heparinized whole blood from 22 healthy volunteers
was incubated for 60 min in the presence of 65% xenon. Sixty-five
percent nitrous oxide was used as a positive control to prove the
reliability of our in vitro system. Phagocytosis of fluorescein isothio-
cyanate labelled, opsonized Escherichia coli (E. coli) by neutrophils
and monocytes was measured using flow cytometry. After induc-
tion with either N-formyl-methionyl-leucyl-phenylalanine (FMLP),
phorbol-12-myristate-13-acetate or opsonized E. coli, respiratory
burst activity was assessed by measuring the oxidation of dihy-
drorhodamine 123 to rhodamine 123 with a flow cytometer.
RReessuullttss::  Exposure of human whole blood to xenon increased the per-
centage of neutrophils showing phagocytosis (94 ± 3% vs 92 ± 4%;
P < 0.01), and the amount of ingested bacteria (P < 0.01). Respiratory
burst activity in neutrophils and monocytes was not affected by xenon.
Nitrous oxide significantly reduced the percentage of neutrophils show-
ing respiratory burst after FMLP stimulation. Furthermore, E. coli-
induced stimulation resulted in a decreased number of reacting
neutrophils (84 ± 15% vs 95 ± 5%; P < 0.05) and monocytes (70 ±
22% vs 83 ± 11%; P < 0.05) as well as a reduced production of
hydrogen peroxide in both cell lines compared to control.
CCoonncclluussiioonn::  In contrast to nitrous oxide, xenon preserves neu-
trophil and monocyte antibacterial capacity in vitro.

Objectif : La plupart des anesthésiques sont connus pour inhiber la
fonction oxydative et phagocytaire des neutrophiles. Dans la présente
étude, noua avons examiné l’effet du xénon sur la phagocytose et l’ac-
tivité de pointe respiratoire des neutrophiles et des monocytes dans le
sang entier humain

Méthode : Du sang entier hépariné de 22 donneurs en bonne santé a
été incubé pendant 60 min en présence de xénon à 65 %. Du pro-
toxyde d’azote à 65 % a été utilisé comme témoin positif permettant
de prouver la fiabilité de notre système in vitro. La phagocytose de
l’isothiocyanate de fluorescéine marquée, de l’Escherichia coli (E. coli)
opsonisé, par les neutrophiles et les monocytes a été mesurée à l’aide
de la cytométrie de flux. Après l’induction avec, soit N-formyl-méthionyl-
leucyl-phénylalanine (FMLP), soit phorbol-12-myristate-13-acétate ou
E. coli opsonisé, l’activité de pointe respiratoire a été évaluée en
mesurant l’oxydation de la dihydrorhodamine 123 en rhodamine 123
avec un cytomètre de flux.

Résultats : L’exposition du sang entier humain au xénon augmente le
pourcentage de neutrophiles affichant une phagocytose (94 ± 3 % vs 92
± 4 % ; P < 0,01) et la quantité de bactéries ingérées (P < 0,01).
L’activité de pointe respiratoire dans les neutrophiles et les monocytes n’a
pas été affectée par le xénon. Le protoxyde d’azote a significativement
réduit le pourcentage de neutrophile montrant une pointe respiratoire
après la stimulation avec la FMLP. De plus, la stimulation induite par l’E.
coli a entraîné une baisse du nombre de neutrophiles (84 ± 15 % vs 95±
5 % ; P < 0,05) et de monocytes (70 ± 22 % vs 83 ± 11 % réactifs ;
P < 0,05) ainsi qu’une production réduite de peroxyde d’hydrogène dans
les deux souches cellulaires comparées aux cellules témoins.

Conclusion : Contrairement au protoxyde d’azote, le xénon
préserve la capacité antibactérienne des neutrophiles et des mono-
cytes in vitro.
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HE effects of xenon on the function of
neutrophils and monocytes bactericidial
function are still unknown. With the pre-
sent study, we have investigated the effect

of xenon in a clinically relevant concentration on
phagocytosis and the respiratory burst activity in neu-
trophils and monocytes.

MMeetthhooddss
This study was approved by the local Institutional
Review Board of our University hospital. After written
informed consent, venous blood from healthy volun-
teers (12 male, 10 female) was drawn directly into
blood collection tubes containing 15 IU·mL-1 lithium
heparin. 

Blood samples were incubated for 60 min with
either 65% xenon or 65% nitrous oxide, 21% oxygen
and 5% carbon dioxide at 37°C. Untreated blood sam-
ples used as controls were placed in an incubator
(Heraeus BB 16, Germany). Xenon was delivered as a
gas/oxygen/carbon dioxide mixture using a low-P-
mass flow meter (Type F-201C-FA-22-V and E-7300-
AAA, HI-TEC Bronkhorst, The Netherlands).
Nitrous oxide was delivered using a standard anes-
thetic machine (Cato, Dräger, Germany).

Gas concentrations within the box were continu-
ously monitored using a multigas-analyzer (Datex
Compact, Helsinki, Finland). Xenon gas concentra-
tions were monitored with an Ecotec 500 Euro mass
spectrometer (Leybold, Germany).

Phagocytosis activity was measured according to the
recommendations of the manufactures, with minor
modifications (Phagotest, Orpegen, Germany). This
test measures the percentage of leukocytes showing
phagocytosis and the phagocytic activity at the single
cell level.3 In brief, after incubation, 100 µL heparinized
whole blood were placed on ice. After ten minutes, 20
µL opsonized and fluorescein isothiocyanate (FITC)-
labelled Escherichia coli (E. coli; 2 x 109 mL-1) were
added for ten minutes at 37°C. After incubation, sam-
ples were placed again on ice to stop further phagocy-
tosis. Then, 100 µL quenching solution (4°C) was
added and the samples were washed with phosphate
buffered saline (PBS; 250 g, five minutes, 4°C). The
cell pellet was lyzed and fixed (Lysing Solution®,
Becton-Dickinson, USA). The samples were washed
again two times with PBS, and DNA staining was per-
formed with 200 µL propidium iodide (1 mM).

A flow cytometric assay (Phagoburst, Orpegen,
Germany) was used to assess the respiratory burst activ-
ity.3 This assay allows quantification of the percentage of
leukocytes showing respiratory burst activity as well as
the amount of generated hydrogen oxygen. In brief,

after incubation, 100 µL heparinized whole blood were
placed on ice for ten minutes. Three different stimuli
were used: N-formyl-methionyl-leucyl-phenylalanine
(FMLP; 100 nM), phorbol-12-mystritate-13-acetate
(PMA, 100 nM) and opsonized E. coli, (20 µL, 2 x 10-

9·mL-1). After ten minutes of stimulation (37°C), 20 µL
dihydrorhodamine 123 (DHR, 1 mM) was added and
the samples were incubated for ten minutes at 37°C.
The stimulation was stopped by adding 2 mL Lysing
Solution®. After centrifugation (250 g, five minutes,
4°C), cells were washed twice with PBS (250 g, five
minutes, 4°C) and the remaining cell pellet resuspend-
ed with PBS. DNA staining was performed with 200 µL
propidium iodide (1 mM) for ten minutes on ice.

Flow cytometric analyses were performed on a
FACSCalibur flow cytometer and analyzed using
CellQuest 3.1 software (Becton-Dickinson, USA).
Data acquisition and analyses were performed as pre-
viously described.1–3

In the phagocytosis assay, the percentage of FITC-
positive neutrophils and monocytes reflects the percent-
age of cells containing FITC-labelled E. coli, whereas the
mean FITC fluorescence intensity (MFI) correlates with
the number of ingested bacteria per cell. In the respira-
tory burst assay, the percentage of rhodamine 123 posi-
tive phagocytes reflects the percentage of cells showing
respiratory burst activity. The rhodamine 123 MFI is
proportional to the amount of hydrogen peroxide gen-
erated by the individual phagocyte.

Statistical analysis
All data are presented as mean values and standard
deviation. Differences between drug-exposed and
untreated control samples assessed in parallel were
evaluated using paired t test. P < 0.05 was considered
significant.

RReessuullttss
Xenon increased the percentage of neutrophils show-
ing phagocytosis and the number of ingested bacteria
per neutrophil (Table I). Nitrous oxide did not influ-
ence phagocytosis activity (Table II).

After stimulation with FMLP, PMA or opsonized
E. coli, the percentage of either neutrophils or mono-
cytes showing respiratory burst activity as well as the
amount of generated hydrogen peroxide was not
affected by xenon (Figure 1). Nitrous oxide signifi-
cantly reduced the percentage of neutrophils with res-
piratory burst activity after stimulation with FMLP
(Figure 2). Furthermore, nitrous oxide also reduced
the percentage of neutrophils and monocytes showing
respiratory burst activity and the total oxidative
response to opsonized E. coli.

T



DDiissccuussssiioonn
In the current study, we investigated the effect of xenon
on two major components of the phagocytic process of
neutrophils and monocytes in human whole blood. In
a clinically used concentration, xenon had no obvious

effect on the respiratory burst activity of neutrophils or
monocytes. However, xenon increased the percentage
of neutrophils showing phagocytosis activity, and the
amount of ingested E. coli per neutrophil.
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TABLE I Effect of xenon on phagocytosis activity in neutrophils and monocytes 

Neutrophils Monocytes
% positive cells MFI % positive cells MFI

Xenon 94 (3)* 1094 (195)* 75 (21) 699 (206)
Control 92 (4) 948 (143) 79 (7) 637 (143)

MFI = mean fluorescence activity. Results are mean (SD) of ten independent experiments. *P < 0.01 compared with control values.

TABLE II Effect of nitrous oxide on phagocytosis activity in neutrophils and monocytes 

Neutrophils Monocytes
% positive cells MFI % positive cells MFI

Nitrous oxide 93 (5) 1189 (303) 76 (8) 780 (135)
Control 94 (3) 1266 (341) 78 (6) 863 (184)

MFI = mean fluorescence activity. Results are mean (SD) of 11 independent experiments.

FIGURE 1 Effect of xenon (■) on agonist-induced respiratory
burst (RB) activity in neutrophils and monocytes in comparison
with with untreated control (❑). Whole blood was stimulated with
either N-formyl-methionyl- leucyl-phenylalanine (FMLP; 100
nM), phorbol-12-mystritate-13-acetate (PMA; 100 nM), or
opsonized Escherichia coli (E. coli; 2 × 109·mL–1). Data are pre-
sented as percentage of neutrophils/monocytes showing respirato-
ry burst activity (A,B), and the rhodamine 123 mean fluorescence
intensity (MFI) per single cell (C,D). The rhodamine 123 MFI
represents the generated amount of hydrogen peroxide per neu-
rophil/monocyte (mean ± SD of 11 independent experiments).

FIGURE 2 Effect of nitrous oxide (■) on agonist-induced respi-
ratory burst (RB) activity in neutrophils and monocytes in com-
parison with untreated control (❑). Whole blood was stimulated
with either N-formyl- methionyl-leucyl-phenylalanine (FMLP; 100
nM), phorbol-12-mystritate-13-acetate (PMA; 100 nM), or
opsonized Escherichia coli (E. coli; 2 × 109·mL–1). Data are pre-
sented as percentage of neutrophils/monocytes showing respirato-
ry burst activity (A,B), and the rhodamine 123 mean fluorescence
intensity (MFI) per single cell (C,D). The rhodamine 123 MFI
represents the generated amount of hydrogen peroxide per neu-
trophil/monocyte (mean ± SD of 11 independent experiments).
*P < 0.05; #P < 0.01 for control vs nitrous oxide exposed.



Intracellular elimination of invading bacteria by
neutrophils and monocytes depends mainly on the
generation of reactive oxygen species during the
phagocytosis-associated respiratory burst.4 To allow
comparison with previous studies,1,2 respiratory burst
activity was induced with FMLP as a physiological
agonist. PMA, a direct activator of protein kinase C
(PKC), was used to identify possible effects on the
intracellular signaling pathway. Since phagocytosis
depends upon direct contact of neutrophils and
monocytes with bacteria,5 that have been opsonized
by immune globulines and/or the complement com-
ponent C3b, we also used opsonized E. coli as physi-
ological stimulus of phagocytosis-related generation
of respiratory burst. 

After exposure to xenon neither neutrophils nor
monocytes showed changes in their respiratory burst
activity. In contrast, nitrous oxide reduced the amount
of hydrogen peroxide produced per neutrophil after
stimulation with FMLP, which is inconsistent with
previous results.2 However, we could not detect a
reduction in the percentage of neutrophils showing
respiratory burst activity after exposure to nitrous
oxide. This discrepancy might be explained by
methodological differences. 

An interesting new finding of our study was the
inhibition of the E. coli-induced respiratory burst
activity of neutrophil and monocytes by nitrous oxide.
The signaling pathways activated by binding of IgG-
opsonized bacteria to FcRs on the surface of neu-
trophils and monocytes are incompletely established.
Engagement of the IgG-ligand leads to FcRs-receptor
aggregation and activation of cytosolic tyrosine kinas-
es, most notably Syk.5,6 Events downstream of Syk
activation are less well known, but evidence suggests
that cytoskeletal alterations and phagocytosis as well as
respiratory burst activity are mediated by the GTPases
Cdc42 and Rac.5,7 In the present study nitrous oxide
did not affect FcRs-mediated phagocytosis and PMA-
induced respiratory burst. Therefore, we suggest that
nitrous oxide might interfere with the intracellular sig-
naling pathway downstream of the GTPases Cdc42
and Rac, and upstream of PKC. 

Xenon caused a small increase in the percentage of
neutrophils showing phagocytosis and in the amount
of ingested bacteria per cell. Enflurane has been
shown to decrease phagocytosis,8 whereas halothane,9
isoflurane, and nitrous oxide8 had no effect.
Neutrophil and monocyte phagocytosis activity fol-
lowing exposure to nitrous oxide was also not affect-
ed in our study. However, we suggest that the small
increase in the phagocytic activity of neutrophils is
clinically not important. 

In conclusion, the results of our study show that
xenon preserves neutrophil and monocyte antibacter-
ial capacity in vitro.
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