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Abstract

Purpose. Volatile anesthetics affect the cardiovascular and
immune systems. Toward a better understanding of the mo-
lecular mechanisms behind the modulation exerted by these
agents, we focused on the effects of halothane and isoflurane
on the activation of p38 mitogen-activated protein kinase
(MAPK), which plays a critical role in the cellular responses
to extracellular stimuli such as lipopolysaccharide (LPS) and
proinflammatory cytokines, including tumor necrosis factor
(TNF) and interleukin 1 (IL-1).

Methods. Human umbilical vein endothelial cells and HeLa
cells, an established cell line, were examined by molecular
biological methods. Cells were treated with proinflammatory
compounds with or without the volatile anesthetics. p38
MAPK activation was investigated by Western blotting analy-
sis with phosphospecific anti-p38 MAPK antibodies.

Results.  Isoflurane activated p38 MAPK by itself, but hal-
othane did not. Halothane or isoflurane augmented the LPS-
and TNF-induced activation of p38 MAPK. In contrast, nei-
ther halothane nor isoflurane enhanced the p38 MAPK activa-
tion induced by IL-1. Neither of the anesthetics affected H,O,-
or MAPK kinase 3 (MKK3)-induced p38 MAPK activation.
Conclusion. Our in vitro results indicate that the volatile
anesthetics used in the clinical field and in animal experiments
modify the p38 MAPK signaling cascade and suggest that the
target molecules of the anesthetics are not unique and the
anesthetics regulate them differentially at clinically relevant
doses.
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Introduction

Volatile anesthetics are among the most commonly
used drugs for clinical anesthesia. There has been an
explosion of studies over the past several decades about
how and where volatile anesthetics act [1]. A large num-
ber of studies have demonstrated that volatile anesthet-
ics directly affect ligand-gated ion channels, such as
glutamate receptors, nicotinic acetylcholine receptors,
and GABA , receptors; and voltage-gated ion channels,
such as Na* channels, K* channels, and Ca?* channels
[2,3]. In addition to their hypnotic effects on the central
nervous system, volatile anesthetics have been shown to
affect the cardiovascular and immune systems; modulat-
ing vascular tone, cardiac contraction, and the produc-
tion of cytokines, and all of these effects cannot be
explained by modulation of the channels by anesthetics.
Not only ion channels in the cell membrane but also
intracellular proteins, such as protein kinase C [4], have
been shown to be target molecules of anesthetics. How-
ever, so far, few studies have investigated the effects of
the volatile anesthetics on intracellular signaling path-
ways using cultured cells and molecular biological
methods.

Many of the signal transduction pathways from the
cell surface to the nucleus have been elucidated. Among
them, mitogen-activated protein kinase (MAPK) cas-
cades are pivotal in mediating cellular reactions to
extracellular stimuli [5-7]. Three distinct subtypes of
MAPK have been identified. The “classical” MAPK,
extracellular signal-related kinases, are usually acti-
vated by stimuli that induce cell growth and prolifera-
tion [5]. On the other hand, c-Jun N-terminal kinase/
stress-activated protein kinase and p38 MAPK are acti-
vated by extracellular stresses such as the inflammatory
cytokines tumor necrosis factor (TNF) and interleukin 1
(IL-1), and toxins such as lipopolysaccharide (LPS),
resulting in the modulation of the cardiovascular and
immune systems through regulation of the downstream
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gene expressions of /L-6, IL-8, vascular endothelial
growth factor, and inducible nitric oxide synthase [6-8].
We and others have shown that pu opioid agonists, in-
cluding morphine and fentanyl, activate MAPKs [9,10].
In addition, there is a report which provides evidence
that certain local anesthetics modulate G-protein-
coupled receptor-mediated MAPK activation, although
the details of the mechanism have not been elucidated
yet [11]. However, there have been no studies of the
effects of volatile anesthetics on MAPK activity elicited
by proinflammatory cytokines and reagents. In this
study, we focused on the signaling pathways from
proinflammatory substances to p38 MAPK activation,
using human wumbilical vein endothelial cells
(HUVECGs) and Hel a cells, an established cell line. We
demonstrated that two widely used volatile anesthetics,
halothane and isoflurane, differentially modulated the
activation of p38 MAPK induced by LPS, TNFa, or
IL-1B.

Materials and methods

Reagents

Anti-p38 MAPK antibody (C-20) (rabbit IgG) and anti-
Thr'®/Tyr'#? phosphorylated-p38 MAPK antibody (rab-
bit IgG) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA) and New England Biolabs
(Beverly, MA, USA), respectively. Horseradish peroxi-
dase (HRP)-conjugated anti-rabbit IgG antibody and
an Enhanced Chemiluminescence Plus (ECL + Plus)
kit was obtained from Amersham Biosciences
(Piscataway, NJ, USA). CS-C complete medium was
obtained from Cell Systems (Kirkland, WA, USA).
Recombinant human TNFa and IL-1p were obtained
from Roche Diagnostics (Basel, Switzerland). LPS
(serotype 055:B5) was obtained from Sigma (St. Louis,
MO, USA). Halothane and isoflurane were obtained
from Takeda Chemical Industries (Osaka, Japan) and
Dainabott (Tokyo, Japan), respectively. Other chemi-
cals were obtained from Nacalai Tesque (Kyoto, Japan)
and Wako Pure Chemical (Osaka, Japan). An expres-
sion plasmid of MKK3 (MAPK kinase 3), pSRoMKK3
[12], was kindly provided by Dr. Eisuke Nishida (Kyoto
University).

Cell culture

Human umbilical vein endothelial cells (HUVECsS)
were obtained from Kurabo (Osaka, Japan) and cul-
tured in CS-C complete medium on plastic dishes
coated with 0.5% gelatin at 37°C under a humidified
atmosphere of 5% CO,. Cells between passages 1 and 5
were seeded in CS-C complete medium onto six-well
plates, at a density of 3 X 10° per well, and used for the

experiments. Hela cells were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) and
antibiotics (50 U-ml~! penicillin and 100 pg-ml~! strepto-
mycin) at 37°C under a humidified atmosphere of 5%
CO.,.

Application of volatile anesthetics

For experiments, cells were maintained in a multigas
incubator (APMW-36; Astec Tokyo, Japan). Each vola-
tile anesthetic was delivered through an agent-specific
vaporizer with a carrier gas; 5% carbon dioxide and
95% air mixture. Gas concentration in the incubator
was monitored with an anesthetic gas analyzer (Type
1304; Bliiel & Kjer, Nerum, Denmark) that was cali-
brated before each study with a commercial standard
gas (O,, 47%; CO,, 5.6%; N,O, 47%; sulfur hexafluo-
ride, 2.05%). The anesthetic concentration in CS-C
complete medium was measured by gas chromatogra-
phy (5890A; Hewlett Packard, Palo Alto, CA, USA), as
previously described [13]. Preliminary experiments
using gas chromatography showed that 30min was
sufficient to ensure equilibrium of the CS-C complete
medium by the anesthetics (data not shown).

Western blot analysis

After treatments, cells were lysed with a buffer (SmM
Hepes; 250mM NaCl, 10% ([v/v]) glycerol, 0.5%
Nonidet P-40 [v/v], 100uM Va,VO, supplemented with
Complete protease inhibitor cocktail (Roche Diagnos-
tics). Aliquots 50 uM of whole cell lysate were separated
on 12% sodium dodecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels. Western blotting analy-
sis was performed following a protocol previously
described [14,15]. Briefly, the membrane was incubated
with a primary antibody, rabbit anti-phospho-p38
MAPK antibody (dilution, 1:1000). The membrane was
then washed three times in Tris-buffered saline Tween
20 (20mM, Tris-HCI, pH 7.6; 137mM NaCl; 0.1%
Tween 20), and incubated with HRP-conjugated anti-
rabbit IgG antibody (dilution, 1:2000). The blots were
developed using the ECL + Plus kit (Amersham Bio-
sciences) according to the manufacturer’s instructions.
In order to normalize any variation in the amount of p38
MAPK loaded in each lane, the same membranes were
reblotted with anti-p38 MAPK antibody (C-20, 1:2000).

Transfection

HeLa cells were transfected with pSRo-MKK3, using
Fugene 6 reagent (Roche Diagnostics) following a pro-
tocol provided by the company. Twelve hours after
transfection, HeLa cells were serum-starved for 12h in
the incubator with or without volatile anesthetics. Then
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they were harvested and subjected to Western blot
analysis.

Densitometry analysis

The amount of phospho-p38 MAPK or p38 MAPK in
each sample was estimated by analysis of the density of
each band, using a computerized densitometer [16]. The
intensities of phospho-p38 MAPK-bands were normal-
ized to the corresponding intensities of p38 MAPK-
bands. Values for results were expressed as means = SD
in bar graphs. Statistical analysis was performed by
one-way analysis of variance (ANOVA), followed by
Bonferroni’s test; P < 0.05 was accepted as statistically
significant.

Results

Activation of p38 MAPK by LPS, TNFa, and I1L-15
in HUVECs

p38 MAPK is a serine/threonine kinase which is acti-
vated in response to phosphorylation by MAPK kinases
such as MKK3 and MKK®6. The activity of p38 MAPK
is determined by the phosphorylation status of specific
amino-acid residues, and the phosphorylation status
can be determined by using specific antibodies raised
against phosphorylated peptides derived from p38
MAPK. In HUVECs, treatment with LPS (100ng-ml-'),
TNFa (10ng'-ml'), or IL-1f (200pg:ml~') for 20 min
induced phosphorylation of p38 MAPK (Fig. 1A). Den-
sitometry study showed that LPS, TNF, and IL-1 en-
hanced p38 phosphorylation by 2.7-, 5.8-, and 3.1-fold
compared to the control, respectively (Fig. 1B).

Differential activation of p38 MAPK by halothane and
isoflurane in HUVECs

We next examined the effects of the volatile anesthetics
on p38 MAPK activation in HUVECs. HUVECs were
treated for 1h with the anesthetics in the incubator in
which the concentration of anesthetics was monitored.
As shown in Fig. 2, any concentration of halothane
tested caused only marginal activation of p38 MAPK. In
contrast, isoflurane showed statistically significant acti-
vation of p38 MAPK in a concentration-dependent
manner. Thus, halothane and isoflurane show different
properties in the context of the regulation of p38
MAPK phosphorylation.

p38 MAPK activation by proinflammatory reagents in
HUVEC is influenced by halothane and isoflurane

We examined the effects of volatile anesthetics on p38
MAPK activation induced by proinflammatory sub-

stances; LPS (100ng-ml-!), TNFo (10ng:ml-'), or IL-
1B (200pg'ml~'). HUVECs were pretreated with
the anesthetics for 30min and were then treated with
the proinflammatory substances for 20min with the
anesthetics. Both halothane and isoflurane augmented
LPS-induced p38 MAPK phosphorylation in a
dose-dependent manner (Fig. 3A). Studies with densi-
tometry demonstrated that the effect of isoflurane was
stronger than that of halothane at concentrations of 1%
(1.2- vs 2.7-fold), 2% (1.3- vs 4.3-fold), and 4% (1.9- vs
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Fig. 1A,B. Activation of p38 mitogen-activated protein kinase
(MAPK) by lipopolysaccharide (LPS), tumor necrosis factor
(TNF)a, and interleukin 1 (/L-If) in human umbilical vein
endothelial cells (HUVECs). HUVECs were incubated with
LPS (100ng'ml~"), TNFa (10ng-ml-'), or IL-18 (200 pg-ml-')
for 20min at 37°C. After the incubation, the cells were lysed
and the lysates were subjected to Western blot analysis. A
representative Western blot (A) and normalized phospho-p38
MAPK protein levels from three independent experiments
(B) are presented, as described in “Materials and methods”.
Values are means = SD of the three independent experiments.
#P < 0.05 vs control
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Fig. 2A,B. Activation of p38 MAPK by halothane (Hal) and
isoflurane (Iso) in HUVECs. HUVECs were incubated with
halothane or isoflurane for 1h at 37°C. After the incubation,
the cells were lysed and the lysates were subjected to Western
blot analysis. A representative Western blot (A) and normal-
ized phospho-p38 MAPK protein levels (B) are presented, as
described in “Materials and methods”. Values in bar graphs
are expressed as fold increases from control. Values are means
+ SD of three independent experiments. * P < 0.05 vs control:
* P < 0.05 between anesthetics
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Fig. 3A-C. Effects of the anesthetics on cytokine-induced p38
MAPK activation in HUVECs. HUVECs were incubated
with halothane or isoflurane for 1h at 37°C. After 1-h incuba-
tion, the cells were further treated with LPS (100ng-ml-');
(A), TNFa (10ng'ml™"); (B), or IL-1f (200pg-ml-!); (C) for
20min with the anesthetics. After the treatment, the cells were
lysed and subjected to Western blot analysis. The graphs rep-
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5.0-fold). TNF-induced p38 MAPK phosphorylation
was also enhanced by treatment with the anesthetics at
the concentrations tested (Fig. 3B). Notably, in contrast
to the case of LPS, we failed to detect any significant
difference between the anesthetics (1%, 1.3 vs 1.2-fold;
2%,2.8-vs 2.3-fold; 4%, 3.5- vs 3.0-fold). We next exam-
ined the effects of the anesthetics on IL-1-induced p38
MAPK activation. As shown in Fig. 3C, these results
were completely different from those for LPS and TNF.
Neither halothane nor isoflurane enhanced IL-1-
induced p38 MAPK phosphorylation. By contrast, 4%
halothane showed a statistically significant inhibitory
effect.

H,0,-induced or MKK3-induced p38 MAPK
activation is not sensitive to halothane or isoflurane

In order to elucidate site(s) of action of the anesthetics,
we adopted molecular biological methodology. HelLa
cells (derived from human uterine cervical carcinoma)
were tested. p38 MAPK activation in HeLa cells was
affected by the volatile anesthetics in a manner similar
to that in HUVECs (data not shown). Reactive oxygen
species (ROS), especially hydrogen peroxide (H,O,),
act as essential signaling intermediates in the
proinflammatory cytokine-induced p38 MAPK activa-
tion pathway [17,18]. H,O, activates the MAPKK
Kinase (MAPKKK) apoptosis signal-regulating kinase
(ASK1), resulting in the activation of downstream sig-
naling cascades [17-19]. As shown in Fig. 4A, H,0,
induced p38 MAPK activation (lane 2). Neither of the
anesthetics affected the activation induced by H,0O,
treatment (lanes 3 and 4). HeLa cells were transfected
with an expression vector of the MAPK kinase MKK3
and treated with or without 2% halothane and
isoflurane. Neither halothane nor isoflurane modulated

conc. (%) O 1 2 4

IL-1

resent the phospho-p38 MAPK protein level normalized as
described in “Materials and methods”. Values in bar graphs
are expressed as fold increases from control (0% anesthetics
with cytokine/LPS treatment). Values are means * SD of
three independent experiments. #P < 0.05 vs control; * P <
0.05 between anesthetics
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Fig. 4A,B. Effects of the anesthetics on H,0,- or MKK3-
induced p38 MAPK activation in HeLa cells. A HeLa cells
that had been serum-starved for 12h were incubated without
(lanes 1 and 2) or with halothane (lane 3) or isoflurane (lane 4)
for 1h at 37°C, and were then treated with H,O, (200 uM) for
20min. H,0, 200mM was added directly to the culture media.
Cells were harvested and the lysates were subjected to West-
ern Blot analysis. B HeLa cells were transfected with 1pg of
pSRa-HA-MKK3 (lanes 2 and 3) or pSRa-HA plasmid (lane
I). After 24h, cells were serum-starved for 12h and then
treated with (lane 3) or without (lanes I and 2) the anesthetics
for 1h. The lysates were subjected to Western Blot analysis.
MKK3, MAPK Kinase 3

MKK3-induced p38 MAPK phosphorylation (Fig. 4B,
lane 3). Together, these lines of evidence suggest that
the target(s) of the anesthetics are located upstream of
ROS, as signaling intermediates.

Discussion

Considerable progress has been made in identifying the
upstream kinases and phosphatases that regulate each
member of the MAPK family [5]. Elaborate balances
between kinases and phosphatases determine the acti-

vation status of MAPKs. All signalling intermediates,
including cytokine receptors, receptor-associated mol-
ecules, MAPKs, MAPK kinases (MAPKKs), MAPKK
kinases (MAPKKKs), and corresponding phosphatases
are potential targets of the anesthetics (Fig. 5).
Receptors for TNFa, IL-1f, and LPS are in the same
class of membrane proteins, and a variety of receptor-
associated molecules which are recruited to the receptors
have been identified. Among these components, mem-
bers of the TNF receptor-associated factor (TRAF)
family, are essential for the signalling pathway which
leads to MAPK activation. The signals of TNFa and IL-
1P are transduced to TRAF2 and TRAF®6, respectively
[20,21]. The LPS signal is transduced to TRAF6 via
Toll-Like receptor and IL-1 receptor-associated kinase
[22]. Downstream signalling pathways distal to TRAF2
and TRAF6 converge to MAPKKSs; MKK3 and MKK6
via certain MAPKKKSs, such as ASK1 in the case of
TNF-a, and transforming growth factor-f3-activated ki-
nase 1 (TAK1) in the case of LPS and IL-1f [20,21,23].
As shown clearly in Fig. 2, halothane and isoflurane
have different properties in the regulation of the p38
MAPK activation process. These results strongly sug-
gest that the sensitivies of intermediate signalling mol-
ecules to the anesthetics are different from each other.
Another important finding in this study is that p38
MAPK activation by LPS, TNF, and IL-1 was differen-
tially regulated by the anesthetics (Fig. 3). Although
TNFa, IL-1, and LPS utilize a very similar intracellular
signal transduction mechanism, the sensitivity of each
intermediate of the cytokine signals to the individual
anesthetics does not seem to be identical. Notably, hal-
othane, which has no significant effect on p38 MAPK
activation, is a more potent enhancer of LPS- and TNF-
induced activation than isoflurane. Moreover, our data
using an established cell line derived from human cervi-
cal carcinoma, HeL a cells, and an expression plasmid of
MKK3, suggest that MKK3 is not a direct target of the
anesthetics. Taken together, the evidence suggests that
the target molecules of the anesthetics are not unique,
and that the anesthetics regulate them differentially.
In this study, we treated cells with the anesthetics
for rather short periods. In the clinical setting, human
bodies are usually exposed to anesthetics for longer
periods than we used here, and longer exposure may
elicit a different type of reaction. Further studies are
needed from the point of view of time.

Based on the medium-gas partition coefficient of the
anesthetics obtained in this study and the previously
reported values for the blood-gas partition coeffecient,
the concentration of the anesthetics we used would be
as high as the clinical dose. As p38 MAPK is expressed
ubiquitously in the body, including in lymphocytes and
neuronal cells, the modulatory effect of anesthetics
may be observed in various organs and tissues. In surgi-
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Fig. 5. Schematic representation of signalling pathway from
LPS, TNF, and IL-1 receptors to p38 MAPK. LPS, TNF, and
IL-1 induce p38 MAPK activation and subsequent gene ex-
pression via their own specific receptors. Intracellular signal
transduction is executed by certain pathway-specific interme-
diates. Some intermediates are shared by different signalling
systems. Finally, the signals converge into MKK3 or MKK6
and result in p38 MAPK activation. TLR, toll-like receptor;

cal operations and in the septic state, inflammatory
cytokines and endotoxins from bacteria insult vital or-
gans, including the heart, liver, and lungs [24]. In par-
ticular, the endothelia of blood vessels are highly
susceptible to these stimuli. Adhesion molecules, such
as E-selectin and intercellular adhesion molecule
(ICAM); and growth factors, such as vascular endothe-
lial growth factor (VEGF) and inducible nitric oxide
synthase (iNOS), are induced by TNF, IL-1, and/or
LPS, and their gene products determine vascular tone,
permeability, apoptosis, and the remodeling of vessels
[25]. A series of studies have elucidated the involve-
ment of p38 MAPK in these processes [26,27]. In this
study, we presented not all but at least part of the mo-
lecular basis for these biological phenomena. In order
to understand better the biological significance of the
effect of volatile anesthetics on p38 MAPK activation,
further studies using cells from various tissues and
whole animals are required.
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