
Abstract. The nuclear factor (NF)-κB/inhibitory (I)κB·
pathway is one of the most important intracellular signal
transduction pathways during inflammation which is induced
by a variety of major early response cytokines. Recent studies
suggest that volatile anesthetics interfere with inflammatory
cytokine production through inhibition of intracellular signal
transduction pathways. We, therefore, aimed to investigate the
effects of the volatile anesthetics sevoflurane and isoflurane
on NF-κB/IκB·-dependent intracellular signal transduction in
human monocytic THP-1 cells induced by tumor necrosis
factor-· (TNF-·) and production of interleukin-8 (IL-8) and
downstream heme oxygenase-1 (HO-1). THP-1 cells, a human
monocytic cell line, were used in an in vitro model which
enables the exposure to volatile anesthetics. Using this model,
THP-1 cells were subjected to sevoflurane or isoflurane
exposure (1 MAC each) and were stimulated with TNF-· (50
or 100 ng/ml). Compared to untreated cells, expression of
intracellular HO-1-protein and release of IL-8 into cell
culture supernatants and corresponding mRNA expression
were attenuated in THP-1 cells exposed to sevoflurane and
isoflurane, respectively. Moreover, translocation of NF-κB and
degradation of IκB· were markedly reduced by both
anesthetics. Notably, under unstimulated conditions,
exposure to sevoflurane induced a sustained upregulation of
the IκB· content in THP-1 cells. We demonstrated inhibition
of TNF-·-induced gene expression and release of IL-8 and
HO-1 in human monocytic THP-1 cells exposed to both

volatile anesthetics. This was associated with an upregulated
intracellular IκB· content followed by decreased NF-κB
translocation. This was more sustained during exposure to
sevoflurane and may provide an additional intracellular
mechanism for the anti-inflammatory effects associated with
sevoflurane administration.

Introduction

Preconditioning with volatile anesthetics in ischemic situations
is well known in the literature and clinical practice (1,2). In
this context, extensive analyses have indicated that secretion
of inflammatory mediators can be reduced through exposure
to volatile anesthetics prior to ischemia and reperfusion (3,4).
In addition, it was previously shown that, also in inflammatory-
induced situations of endotoxemia and acute lung injury,
exposure to volatile anesthetics similarly attenuated the
release of proinflammatory cytokines (5,6).

One of the molecular hallmarks of acute and chronic
inflammation is activation of nuclear factor-κB (NF-κB),
which is a central transcription factor in e.g. tumor necrosis
factor-· (TNF-·) and endotoxin-mediated responses (7,8).
The most common form of NF-κB is the p50/p65 hetero-
dimer which is typically sequestered in the cytoplasm as an
inactive complex bound to a member of the inhibitory κB
family, most commonly inhibitory κB· (IκB·). The activation
of NF-κB takes route through binding of inflammatory
cytokines (e.g. TNF-·) to extracellular receptors which
generate activation of the IκB kinase (IKK) complex (9).
Subsequently, the IKK complex phosphorylates IκB· and
targets it for ubiquitin-proteasome degradation (10). This
immediately triggers nuclear localization of NF-κB and
subsequent activation of gene expression programs leading to
the release of acute phase proteins and inflammatory cytokines
(11).

In such early stages of acute and chronic inflammation,
one of the most important early response cytokines is TNF-·
(12). TNF-· stimulates the release and activation of a variety
of proinflammatory and apoptotic mediators which enhance
and maintain the inflammatory response. This includes
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interleukin-8 (IL-8) and downstream heme oxygenase-1
(HO-1) which are critically involved in mediating and
modulating chronic and acute inflammatory responses
(13,14). 

Volatile anesthetics are known to have anti-inflammatory
and preconditioning properties in vitro and in vivo (15,16).
There is increasing evidence that these properties are
mediated by inhibition of proinflammatory intracellular
signal transduction pathways (17). Accordingly, it was
demonstrated in animal models of LPS administration that
the release of proinflammatory cytokines is markedly reduced
by exposure to volatile anesthetics (5,18). Moreover, volatile
anesthetics may modulate the immune response by decreasing
neutrophil functions (19). Downregulation of cytokine
release in response to volatile anesthetics has also been
shown for alveolar epithelial cells (20). 

The underlying molecular mechanisms initiated by
volatile anesthetics are still not fully understood and are
under intensive investigation. Therefore, the aim of our study
was to examine, in a cell model of inflammation, whether
exposure to the volatile anesthetics sevoflurane and isoflurane
influences TNF-·-induced gene expression and production of
downstream mediators in THP-1 cells. Moreover, the
potential of volatile anesthetics to interfere with NF-κB/IκB·
activation was investigated in the current study. 

Materials and methods

Materials. TNF-· was kindly provided by Knoll AG
(Ludwigshafen, Germany). 

Cultivation of THP-1 cells. Monocytic THP-1 cells were
obtained from the German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany). Cells were
maintained in culture medium consisting of RPMI-1640
supplemented with 10 mM HEPES, 100 U ml-1 penicillin,
100 μg ml-1 streptomycin and 10% heat-inactivated FCS
(Gibco BRL). Cells were maintained in the aforementioned
medium using polystyrene flasks (Greiner, Frickenhausen,
Germany). For experiments, 5 or 2 ml of cell suspension was
seeded into 10-cm or 6-well polystyrene plates (Greiner) at
106 cells ml-1 using supplemented RPMI-1640 cell culture
medium. All incubations were performed at 37˚C in 5% CO2.  

Exposure to volatile anesthetics and experimental protocol.
After cell seeding, THP-1 cells were exposed to either air or
a volatile anesthetic/air mixture using a standard or a
specifically modified incubator. The specifically modified
incubator directs a gas/air mixture into the incubator chamber.
The volatile anesthetic concentration was monitored
continuously in a closed loop by using a monitor for volatile
anesthetics (Vamos, Draeger Medical, Lübeck, Germany).
Cells were pre-incubated for 6 h with 1 minimal alveolar
concentration (1 MAC) each of the volatile anesthetics
isoflurane or sevoflurane (Abbott, Wiesbaden, Germany)
followed by stimulation with TNF-·. Stimulation with TNF-·
was performed with a concentration of 50 or 100 ng/ml.
After 18 h, THP-1 cells and cell culture supernatants were
collected for further analysis. For each exposure condition,
control samples were obtained simultaneously from THP-1

cells which were cultured and stimulated in a standard 95%
air/5% CO2 incubator without anesthetic exposure.  

Detection of cytokines by ELISA. Cell-free supernatants were
collected, and levels of human IL-8 (Pharmingen, Heidelberg,
Germany) were determined by ELISA according to the
manufacturer's instructions.

Western blot analysis. Briefly, THP-1 cells were lysed on ice
in lysis buffer (100 mM NaCl, 20 mM TriCl, pH 7.8, 0,1%
NP-40) supplemented with protease inhibitor cocktail (Roche
Molecular Biochemicals) and DTT, Na3VO4, PMSF and NaF
(1 mM each). Homogenates were then centrifuged at 10,000 rpm
for 10 min at 4˚C. Supernatants were collected and stored at
-80˚C until further analysis. Total protein (50 μg) was loaded
per lane and separated on 10% SDS-PAGE gels by standard
electrophoresis at 100 V. Proteins were then electro-
phoretically transferred to a nitrocellulose membrane. The
membrane was subsequently blocked in 2% bovine serum
albumin for 1 h at room temperature and incubated overnight
at 4˚C with primary antibody to: HO-1, rabbit polyclonal
antibody (Stressgen, Hamburg, Germany); inhibitor (I)κB·,
rabbit polyclonal antibody (Santa Cruz Biotechnology,
Heidelberg, Germany); and ß-actin, murine monoclonal
antibody (Sigma). After washing, horseradish peroxidase-
conjugated secondary antibody was added and incubated at
room temperature for 1 h. After repeated washing, blots were
subsequently developed using an enhanced chemi-
luminescence detection kit (Amersham) and exposed to
autoradiographic film.

Analysis of translocated NF-κB subunit to the nucleus.
Nuclear extracts from the monocyte suspension were used for
analysis of binding of the NF-κB subunit p65 to the NF-κB
binding sequence 5'-GGGACTTTCC-3'. This was measured
using the ELISA-based Trans-AM NF-κB kit (Actif Motif).
Then, total protein (8 μg) was used for analysis according to
the manufacturer's instructions.

Analysis of mRNA expression by quantitative real-time RT-
PCR analysis. RNA was isolated using Trizol reagent (Gibco
BRL) according to the manufacturer's instructions. Total
RNA (1 μg) was used for quantitative real-time RT-PCR
analysis. Primers for IL-8 and HO-1 mRNAs were purchased
from Applied Biosystems, Weiterstadt (human IL-8: 5'-ACT-
GCA-CCT-TCA-CAC-AGA-GCT-GCA-GAA-ATC-3' and
human HO-1: 5'-TGC-TCA-ACA-TCC-AGC-TCT-TTG-
AGG-AGT-TG-3'). mRNA expression was determined by
real-time RT-PCR, based on TaqMan methodology, using the
ABI PRISM 7700 Sequence Detector (Applied Biosystems)
as follows: one initial step at 50˚C for 2 min and 95˚C for
10 min followed by 40 cycles at 95˚C for 15 sec and 60˚C for
1 min. For GAPDH, we used a pre-developed assay according
to the manufacturer's instructions (Applied Biosystems). 

Statistics. Data were expressed as the mean ± SD. Statistical
analysis was performed with Sigma Stat (SPSS-Jandel 2.0
Scientific, San Jose, CA). Unless otherwise stated, raw data
was analyzed by the unpaired Student's t-test. Differences
were considered significant at p≤0.05.
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Results

Attenuation of IL-8- and HO-1 release through exposure to
sevoflurane and isoflurane. Treatment of THP-1 cells with
different doses of TNF-· (50 or 100 ng/ml) induced a marked
and dose-dependent increase in the release of IL-8 into the
culture medium (Fig. 1A and B) and increased the intra-
cellular expression of HO-1 (Fig. 1C and D) through up-
regulation of the corresponding mRNA expression (Fig. 2A-D). 

Exposure of the cells to both volatile anesthetics prior to
stimulation with TNF-· significantly reduced the release of
IL-8 into the culture medium in both dosage groups (p<0.01)
(Fig. 1A and B). Likewise, the intracellular HO-1 expression
was markedly reduced compared to untreated cells (Fig. 1C
and D). 

Notably, sevoflurane additionally exhibited the potential to
significantly reduce the basal release of IL-8 into the culture

medium supernatant in unstimulated and exposed cells
compared to unstimulated and unexposed cells (p<0.01)
(Fig. 1A). However, levels of IL-8 under these conditions were
low and close to the minimal detection range of the ELISA
method.

Attenuation of the HO-1 and IL-8 mRNA content in cells
exposed to volatile anesthetics. In line with the inhibited
release of IL-8 and HO-1, corresponding mRNA levels were
also significantly reduced in the cells which were exposed to
isoflurane or sevoflurane in both dosage groups (Fig. 2A-D).

Exposure to sevoflurane reduces the translocation of NF-κB
to the nucleus via stabilization of IκB·. Determination of the
intracellular IκB· content in THP-1 cells by Western blot
analysis demonstrated a stabilized IκB· content in the cells
exposed either to sevoflurane or isoflurane (Fig. 3A and B). 
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Figure 1. (A and B) Cytokine levels of IL-8 in cell-free culture supernatants determined by ELISA. Cells were exposed to either 1 MAC sevoflurane or
isoflurane and stimulated for 16 h with different concentrations of TNF-·. Data are expressed as mean cytokine concentrations ± SD; *p<0.05, **p<0.01, n=6.
(C and D) Intracellular levels of HO-1 expression in THP-1 cells as determined by Western blotting. Cells were exposed to either 1 MAC sevoflurane or
isoflurane and stimulated for 16 h with different concentrations of TNF-·. Equal amounts of 50 μg of protein were immunoblotted onto nitrocellulose
membranes. The data shown are representative of four independent experiments.
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Corresponding to these findings, analysis of the intra-
nuclear p65 content demonstrated a significantly reduced
translocation of the p65 molecule to the nucleus in cells
exposed to sevoflurane or isoflurane compared to untreated
cells (p<0.01) (Fig. 4). In both dosage groups the amount of
p65 translocation was reduced close to the basal level. 

Exposure to sevoflurane increases the intracellular IκB·
content in untreated cells. Analyses of the intracellular basal
levels of IκB· under unstimulated conditions in cells exposed
to sevoflurane over 24 h demonstrated an increased IκB·
content with a peak at 8 h (Fig. 5A). This was not noted when
cells were exposed to isoflurane (data not shown).

IL-8 secretion is dependent on NF-κB activation. Co-
incubation of THP-1 cells with a specific NF-κB inhibitor
(BAY11-7085, Alexis, San Diego, USA) demonstrated
reduced IL-8 secretion into the culture medium suggesting a
sustained role of this regulatory protein in the context of
production of the proinflammatory protein IL-8 (Fig. 5B).

Discussion

In clinical practice, the anti-inflammatory properties of
volatile anesthetics during operative and critical care are
increasingly coming to the focus of interest. Studies have
indicated that volatile anesthetics can modulate either the
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Figure 2. (A and B) mRNA induction in THP-1 cells determined by real-time RT-PCR. RNA was prepared from cell lysates and analyzed for IL-8 mRNA
expression by real-time RT-PCR. Cells were exposed to either 1 MAC sevoflurane or isoflurane and stimulated for 16 h with different concentrations of TNF-·.
mRNA expression is presented as fold induction and was normalized by GAPDH expression. n=3. (C and D) mRNA induction in THP-1 cells as determined
by real-time RT-PCR. Cells were exposed to either 1 MAC sevoflurane or isoflurane and stimulated for 16 h with different concentrations of TNF-·. RNA
was prepared from cell lysates and analyzed for HO-1 mRNA expression by real-time RT-PCR. mRNA expression is presented as fold induction and was
normalized by GAPDH expression. n=4.
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activation and immigration of inflammatory cells during
ischemic and inflammatory conditions (1,2) as well as the
release of proinflammatory cytokines (15,16). The underlying

molecular mechanisms are still not fully understood and are
under intensive investigation. 

The results of the present study suggest that exposure to
volatile anesthetics sevoflurane and isoflurane attenuates
release of IL-8 and expression of HO-1 in THP-1 cells through
stabilization of IκB· followed by a reduced translocation of
NF-κB to the nucleus. Interestingly, this stabilization of NF-κB
seems to be dependent on stabilization and, in part, up-
regulation of the intracellular IκB· content as observed under
unstimulated conditions. However, this effect was only
observed in the present study during exposure of the cells to
sevoflurane with a peak at 8 h, whereas isoflurane also
stabilized IκB· but without increasing the intracellular content
(data not shown).

We suggest that this is a specific pharmacological effect
of sevoflurane due to the fact that this was not noted when
the cells were exposed to isoflurane and that it occurred in a
time-dependent manner. This might be related to the different
chemical ultrastructure of the molecule compared to isoflurane.
Focusing on the fact that the molecular pharmacology of
volatile anesthetics is still not well-defined and the current
theories imply that these drugs act in part through interfering
with hydrophobic cavities of cellular proteins (21), it could
be speculated that sevoflurane, with its different stereotactic
structure as compared to isoflurane, changes the intrinsic
activity of the protein IκB· and acts with a more sustained
and prolonged effect on the IκB· molecule. 

The above mentioned observations in the present study
reveal the importance of the NF-κB pathway in the initial
phase of inflammatory responses. Previous findings suggest
that reduced IκB· degradation is responsible for the anti-
inflammatory effect of volatile anesthetics under ischemic
conditions (22,23). Our present study demonstrated that, also
during inflammatory situations, exposure to both volatile
anesthetics stabilized IκB· in the cells and particularly
sevoflurane additionally led to an upregulation in intracellular
IκB· content.
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Figure 3. (A and B) Degradation of IκB· in THP-1 cells 15 min after
stimulation with TNF-· as determined by Western blot analysis. Equal
amounts of 50 μg of protein were immunoblotted onto nitrocellulose
membranes. Data shown are representative of three independent
experiments.

Figure 4. (A and B) Analysis of translocated, intranuclear activity of p65 subunit in THP-1 cells. For measurement, the ELISA-based Trans-AM NF-κB kit
was used. RNA was isolated from whole cell lysates, and total RNAs of 8 μg were used for analysis according to the manufacturer's instructions. *p<0.05,
**p<0.01, n=3.
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In this context, it was also demonstrated that the
mechanism of anti-inflammatory action of substances (e.g.
dexamethasone) additionally depend on the upregulation of
IκB· content in treated cells, which then stabilizes NF-κB
translocation to the nucleus (24). 

To the best of our knowledge, this is the first study
demonstrating the effects of volatile anesthetics on intra-
cellular IκB· regulation in THP-1 cells under unstimulated
conditions. 

The present study also demonstrated that the intracellular
expression of HO-1 was attenuated during exposure to both
volatile anesthetics. HO-1 is regarded as a regulatory protein
during inflammatory situations (25,26). Therefore, the initial
induction of HO-1 after TNF-· stimulation demonstrated in
the present study is suggested to be a counter-regulation to
avoid overstimulation of the proinflammatoric state of the
cells. Most data favor an anti-inflammatory effect of HO-1
and its importance for the regulation of the inflammatory
response (27) to prevent overwhelming inflammatory
situations. We could not ascertain whether the down-
regulating effects of the volatile anesthetics on the HO-1
release would have deleterious effects in inflammatory

situations in vivo, regarding its regulatory potential, and this
issue requires further investigation. 

Furthermore, studies suggest that exposure to volatile
anesthetics, concurrently with their anti-inflammatory effects,
also might impair the immune defense mechanisms during the
perioperative period with a possible negative outcome for
critical care patients (28). Several studies demonstrated that
exposure to anesthetics contributed to postoperative immuno-
suppression, especially when administered in higher concen-
trations or for a longer period of time (28,29). In particular,
the modulation of lymphocyte function and induction of
apoptosis in those cells seem to play a crucial role in immuno-
suppression (28,30). Contradictory results also suggest a
different role, as demonstrated in the present study, for
sevoflurane and support a more anti-inflammatory pronounced
impact of this substance. Whereas inhalational anesthetics
such as halothane and nitrous oxide induced peripheral
lymphocytopenia in patients undergoing elective hysterectomy,
sevoflurane exposure had the opposite effect (31,32) or did
not influence lymphocyte apoptosis (33). If this is so, then
the clinical impact is of interest and should be investigated in
further clinical studies. 

In conclusion, the present study demonstrated that exposure
to the volatile anesthetics sevoflurane and isoflurane strongly
attenuated IL-8-release and HO-1 expression in THP-1 cells.
This was induced by a stabilization of intracellular IκB· and
reduced NF-κB translocation. Regarding sevoflurane, the IκB·
stabilization was suggested to be caused by an upregulation
of intracellular IκB· protein. That this effect has clinical
relevance is suggested by the following lines of evidence.
First, this anti-inflammatory effect of the volatile anesthetics
sevoflurane, isoflurane and desflurane was also demonstrated
in animal models of inflammation (6,18,34) and with human
cells from healthy donors (35). Second, the inhibitory
properties on the IκB· degradation and inducing properties
on IκB· protein content occurred at concentrations comparable
to those used during sevoflurane or isoflurane inhalation in
clinical practice (36). Whether other volatile anesthetics (e.g.
halothane, desflurane) have similar effects on intracellular
IκB·/NF-κB regulation requires further investigation.
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