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Ketamine may affect the host immunity. Interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-α)
are pivotal cytokines produced by macrophages. This study aimed to evaluate the effects of ketamine on the
regulation of inflammatory cytokine gene expression, especially IL-1β, in lipopolysaccharide (LPS)-activated
murine macrophage-like Raw 264.7 cells and its possible signal-transducing mechanisms. Administration of
Raw 264.7 cells with a therapeutic concentration of ketamine (100 μM), LPS, or a combination of ketamine
and LPS for 1, 6, and 24 h was not cytotoxic to macrophages. Exposure to 100 μM ketamine decreased the
binding affinity of LPS and LPS-binding protein but did not affect LPS-induced RNA and protein synthesis of
TLR4. Treatment with LPS significantly increased IL-1β, IL-6, and TNF-α gene expressions in Raw 264.7 cells.
Ketamine at a clinically relevant concentration did not affect the synthesis of these inflammatory cytokines,
but significantly decreased LPS-caused increases in these cytokines. Immunoblot analyses, an electrophoretic
mobility shift assay, and a reporter luciferase activity assay revealed that ketamine significantly decreased
LPS-induced translocation and DNA binding activity of nuclear factor-kappa B (NFκB). Administration of LPS
sequentially increased the phosphorylations of Ras, Raf, MEK1/2, ERK1/2, and IKK. However, a therapeutic
concentration of ketamine alleviated such augmentations. Application of toll-like receptor 4 (TLR4) small
interfering (si)RNA reduced cellular TLR4 amounts and ameliorated LPS-induced RAS activation and IL-1β
synthesis. Co-treatment with ketamine and TLR4 siRNA synergistically ameliorated LPS-caused enhancement
of IL-1β production. Results of this study show that a therapeutic concentration of ketamine can inhibit gene
expression of IL-1β possibly through suppressing TLR4-mediated signal-transducing phosphorylations of
Ras, Raf, MEK1/2, ERK1/2, and IKK and subsequent translocation and transactivation of NFκB.
© 2009 Elsevier Inc. All rights reserved.
Introduction

Ketamine is a widely used intravenous anesthetic agent, which is
clinically applied to patients for inducing and maintaining anesthesia
during surgical procedures (Himmelseher and Durieux, 2005).
Because ketamine has fewer depressant effects on the cardiovascular
system resulting in a better patient hemodynamic profile than
barbiturates, inhalational anesthetics or propofol, it is often used for
anesthesia in severely ill patients (White et al., 1982). Clinical analyses
have implied that ketamine possesses immunomodulatory and anti-
inflammatory characteristics (Molina et al., 2004). Previous studies
showed that ketamine can suppress cocaine-caused immunotoxicity
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and lipopolysaccharide (LPS)-induced acute lung injury in rats (Rofael
et al., 2003; Yang et al., 2005). In cardiac surgical patients,
cardiopulmonary bypass-induced inflammation can be attenuated
by ketamine administration (Bartoc et al., 2006). A variety of in vitro
studies further reported that ketamine can suppress the activities of
immune cells. For example, pretreatment with ketamine was shown
to decrease leukocyte adherence in rat mesenteric venules (Schmidt
et al., 1995). At clinically relevant concentrations, ketamine reduces
phagocytotic activity and expressions of the adhesionmolecules, CD18
and CD62L, in human neutrophils (Nishina et al., 1998; Weigand et al.,
2000). Our previous study further showed that a therapeutic
concentration of ketamine induces mitochondrial dysfunction and
selectively suppresses the phagocytotic activity and oxidative ability
of macrophages (Chang et al., 2005; Wu et al., 2008).

In the innate immune system, macrophages play pivotal roles in
mediating a host's response to bacterial infection or tissue injuries
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(Nathan, 1987; Lee et al., 2009a,b). During inflammation, a body of
inflammatory cytokines is produced by macrophages to trigger
activation of innate or adaptive-immune cells (Aderem, 2001).
Interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-α)
predominantly produced by macrophages participate in regulating
innate host defenses and homeostasis (Wewers, 2004). Studies on
disease regulation have implied that these inflammatory cytokines
represent a common effector in the pathogenesis of inflammatory
joint disorders such as rheumatoid arthritis (Firestein, 2004).
Production of IL-1β by islet-infiltrating macrophages causes beta-
cell dysfunction through nitric oxide production in human insulin-
dependent diabetes mellitus (Sjoholm, 1998). A plethora of intrinsic
and extrinsic factors can regulate IL-1β gene expression. LPS, a
component of gram-negative bacterial cell walls, is a typical
stimulator for regulating gene expression of inflammatory cytokines,
including TNF-α, IL-1β, and IL-6 in macrophages, and has been
implicated as an important contributing factor to the pathogenesis of
septic syndrome (Almeida and Gazzinelli, 2001; West and Heagy,
2004; Chen et al., 2005a,b). Previous studies showed that ketamine
suppresses the biosyntheses of TNF-α and IL-6 in LPS-stimulated
macrophages (Sun et al., 2004; Yang et al., 2005; Chang et al., 2005;
Wu et al., 2008). Meanwhile, there are few studies on the effects of
ketamine in regulating IL-1β gene expression.

During inflammation, LPS first binds to the LPS-binding protein
(LBP) in the bloodstream (Wright et al., 1990). Then, the LPS–LBP
complex induces certain gene expressions via toll-like receptor (TLR)-
dependent mechanisms (Akira et al., 2006). TLRs, which are type I
transmembrane proteins with extracellular domains comprised
largely of leucine-rich repeats and intracellular signaling domains,
have at least 12 members found in mammalian cells (Akira et al.,
2006). TLR4 has been shown to be a major receptor in macrophages
responsible for LPS stimulation (Beutler and Rietschel, 2003;Wu et al.,
2009). After binding to the LPS–LBP complex, the alteration in TLR4's
conformation induces cascade activation of intracellular protein
kinases (Schroder et al., 2000). A recent study showed that the Ras
protein can mediate the transduction of TLR signaling to diverse
biological functions such as cell growth, survival, and differentiation
(Kogut et al., 2007). After being phosphorylated by the Ras protein,
activated Raf kinase sequentially triggers mitogen-activated protein
kinase kinases (MEK) 1/2 and extracellular signal-regulated kinases
(ERK) 1/2 (Kolch, 2005; Kholodenko, 2007). Activation of inhibitor
kappaB kinase (IKK) by ERK1/2 then stimulates the translocation and
transactivation of transcription factor nuclear factor-kappa B (NFκB),
which induces the expressions of certain inflammatory genes
(Dobrovolskaia et al., 2003; Siwak et al., 2005). NFκB-DNA binding
elements are found in promoter regions of these inflammatory
cytokine genes (Won et al., 2006). Previous studies showed that
ketamine can alleviate LPS-induced NFκB activation (Sun et al., 2004;
Yang et al., 2005). However, the role of the ERK1/2 cascade in
ketamine-induced regulation of these inflammatory gene expressions
is not well understood. Thus in this study, we attempted to evaluate
the effects of ketamine on the biosynthesis of inflammatory cytokines,
especially IL-1β, in LPS-activatedmacrophages, and its possible signal-
transducing mechanisms in terms of activation of the TLR4-mediated
Ras/Raf/MEK/ERK/IKK/NFκB cascade.

Materials and methods

Cell culture and drug treatment. Amurinemacrophage cell line, Raw
264.7, was purchased from the American Type Culture Collection
(Rockville, MD, USA). Macrophages were cultured in RPMI 1640
medium (Gibco-BRL, Grand Island, NY, USA) supplemented with 10%
fetal calf serum, L-glutamine, penicillin (100 IU/ml), and streptomycin
(100 μg/ml) in 75-cm2

flasks at 37 °C in a humidified atmosphere of 5%
CO2. Cells were allowed to grow to confluence prior to ketamine or LPS
administration.
Ketamine and LPS were dissolved in phosphate-buffered saline
(PBS) (0.14MNaCl, 2.6 mMKCl, 8 mMNa2HPO4, and 1.5mMKH2PO4).
According to the clinical application, concentrations of ketamine at 1,
10,100, and 1000 μM,which correspond to 0.01-, 0.1-, 1-, and 10-times
the clinical plasma concentration (Domino et al., 1982; Grant et al.,
1983), were chosen as the administered dosages in this study. Prior to
the addition of ketamine, macrophages were washed with PBS buffer,
and non-adherent cells were removed. Control macrophages received
PBS only.

Assay of cell viability. Cell viability was determined by a colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as described previously (Lee et al., 2009a,b). Briefly,
macrophages (2×104 cells per well) were seeded in 96-well tissue
culture plates overnight. After drug treatment, macrophages were
cultured with new medium containing 0.5 mg/ml MTT for a further
3 h. The blue formazan products in macrophages were dissolved in
dimethyl sulfoxide and spectrophotometrically measured at a
wavelength of 550 nm.

Binding affinity of LPS to LBP. The effects of ketamine on the binding
affinity of LPS to LBP were determined according to a previously
described method (Lamping et al., 1996). Briefly, LPS (30 pg/ml) was
dissolved in 20 mM EDTA and 100 mM Na2CO3 (pH 9.6), and coated
onto 96-well plates at room temperature for 3 h. After washing and
air-drying, the plates were blocked with 10 mg/ml bovine serum
albumin in 150 mM NaC1 and 50 mM HEPES, pH 7.4, at 37 °C for
30 min. A competing reaction was begun following the addition of
ketamine and LBP (50 μg/ml), purchased from Sigma. LPS-bound LBP
was immunodetected using a rabbit polyclonal antibody against
human LBP (Santa Cruz Biotechnology). After incubating with an anti-
rabbit Ig alkaline phosphatase conjugate (Sigma), paranitrophenyl
phosphate was used as the substrate for the enzymatic color reaction.
The colorimetric products were detected at 405 nm.

Enzyme-linked immunosorbent assay (ELISA). The amounts of IL-1β
in the culture medium of macrophages exposed to LPS, ketamine, or a
combination of ketamine and LPS were determined according to a
previously described method (Chen et al., 2005a,b). Briefly, after drug
administration, the culture medium was collected and centrifuged.
Levels of IL-1β in the culture medium were quantified following the
standard protocols of the ELISA kits purchased from Endogen
(Woburn, MA, USA).

Reverse-transcription- (RT) and quantitative polymerase chain reaction
(PCR) assays. Messenger (m)RNA from macrophages exposed to
LPS, ketamine, or a combination of ketamine and LPSwereprepared for
RT-PCR and quantitative PCR analyses of IL-1β, TLR4, and β-actin.
Oligonucleotides for PCR analyses of IL-1β and β-actin were designed
and synthesized by Clontech Laboratories (Palo Alto, CA, USA). The
oligonucleotide sequences of upstream and downstream primers for
these mRNA analyses were respectively 5′-ATGGCAACTGTTCCTGA-
ACTCAACT-3′ and 5′-CAGGAC-AGGTATAGAATTCTTTCCTTT-3′ for IL-1β
(Wu et al., 2003), 5′-ATGAAGTTCCTCTCTGCAAGAGACT-3′ and 3′-
CACTAGGTTTGCCGAGTAGATCTC-5′ for IL-6 (33), 5′-ATGAGCACAGAA-
AGCATGATCCGC-3′ and 3′-CTCAGGCCCGTCCAGATGAAACC-5′ for
TNF-α (Wu et al., 2003), 5′-CAAGGGATAAGAACGCTGAGA-3′ and
5′-GCAATGTCTCTGGCAGGTGTA-3′ for TLR4 (Wolfs et al., 2002), and
5′-GTGGGCCGCTCTAGGCACCAA-3′ and 5′-CTCTTTGATGTCACGC-
ACGATTTC-3′ for β-actin (Wu et al., 2003). The PCR reaction was
carried out using 35 cycles of 94 °C for 45 s, 60 °C for 45 s, and
72 °C for 2 min. The PCR products were loaded onto a 1.8% agarose
gel containing 0.1 μg/ml ethidium bromide and electrophoretically
separated. DNA bands were visualized and photographed under UV-
light exposure. The intensities of the DNA bands in the agarose gel
were quantified with the aid of the UVIDOCMW version 99.03

http://dx.doi.org/10.1097/SHK.0b013e3181a6eaf5


Table 1
Effects of ketamine and lipopolysaccharide (LPS), and a combination of KTM and LPS on
macrophage viability.

Cell viability, O.D. values at 550 nm

1 h 6 h 24 h

Control 0.982±0.110 1.034±0.201 1.315±0.297
KTM 1 μM 0.977±0.153 1.011±0.198 1.347±0.273
10 μM 0.983±0.211 0.998±0.178 1.298±0.301
100 μM 0.969±0.217 0.976±0.159 1.289±0.217
1000 μM 0.955±0.155 0.836±0.141 0.625±0.220⁎

LPS 1 ng/ml 0.995±0.214 1.054±0.203 1.309±0.187
10 ng/ml 0.980±0.192 1.024±0.191 1.316±0.235
100 ng/ml 0.977±0.228 0.981±0.169 1.293±0.206

1 μM KTM+100 ng/ml LPS 0.973±0.231 0.987±0.219 1.301±0.183
10 μM KTM+100 ng/ml LPS 0.981±0.176 0.981±0.208 1.285±0.209
100 μM KTM+100 ng/ml LPS 0.979±0.201 0.973±0.196 1.297±0.301
1000 μM KTM+100 ng/ml LPS 0.901±0.188 0.813±0.179 0.522±0.217⁎

Macrophages were exposed to KTM, LPS, and a combination of KTM and LPS for 1, 6, and
24 h. Cell viability was determined by a colorimetric method. Each value represents the
mean±SEM for n=6. ⁎ Indicates that a value significantly differs from the respective
control, pb0.05. OD, optical density.
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digital imaging system (Uvtec, Cambridge, UK). Quantitative PCR
analysis was carried out using iQSYBR Green Supermix (Bio-Rad,
Hercules, CA, USA) and the MyiQ Single-Color Real-Time PCR
Detection System (Bio-Rad).

Extraction of nuclear proteins and immunodetection. The amounts of
nuclear transcription factors were quantified following a previously
described method (Tai et al., 2007). Briefly, after drug treatment,
nuclear extracts of macrophages were prepared. Protein concen-
trations were quantified by a bicinchonic acid protein assay kit (Pierce,
Fig. 1. Effects of ketamine (KTM) on the binding of lipopolysaccharide (LPS) to LPS-binding
Competitive binding of KTM and LBP to LPS, which was coated onto 96-well plates, was an
100 μMKTM, or a combination of KTM and LPS for 6 and 24 h, a quantitative PCR and immun
β-Actin was immunodetected as the internal control (C, bottom panel). These protein bands
symbol, ⁎, indicates that a value significantly (pb0.05) differs from the control group. OD, o
Rockford, IL, USA). Nuclear proteins (50 μg/well) were subjected to
SDS-PAGE, and transferred to nitrocellulose membranes. After
blocking, nuclear NFκB was immunodetected using a rabbit polyclonal
antibody against mouse NFκB (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Total NFκB was immunodetected as the internal standard.
Intensities of the immunoreactive bands were determined using a
digital imaging system (UVtec).

Electrophoretic mobility shift assay (EMSA). An EMSAwas performed
using a Dig gel shift kit (Roche Diagnostics, Mannheim, Germany) as
described previously (Wu et al., 2008). Briefly, NFκB consensus or
mutant oligonucleotides, purchased from Santa Cruz Biotechnology,
were labeled with digoxigenin DIG. The nuclear extract (10 μg) was
allowed to reactwith DIG-labeled oligonucleotides at room temperature
for 25 min. The complex was subjected to non-denatured
polyacrylamide gel electrophoresis (PAGE), and transferred to positively
charged nylon membranes. After cross-linking at 120 mJ and blocking,
the membranes were immunoreacted with the anti-DIG-AP. Following
washing and chemiluminescent detection, the membranes were
exposed to X-ray film. Intensities of the immunoreactive bands were
determined using a digital imaging system (UVtec).

NFκB reporter assay. NFκB luciferase reporter plasmids (Sratagene,
La Jolla, CA, USA) and pUC18 control plasmids were transfected into
macrophages using a FuGene 6 transfection reagent (Roche
Diagnostics) as described previously (Wu et al., 2009). After
transfection, macrophages were exposed to ketamine and LPS. Then,
the cells were harvested. The luciferase activity in cell lysates was
measured using a dual luciferase assay system (Promega, Madison,
WI, USA).
protein (LBP) and LPS-induced toll-like receptor (TLR)4 mRNA and protein syntheses.
alyzed as described in “Materials and methods” (A). After exposure to 100 ng/ml LPS,
oblot analysis were carried out for RNA and protein analyses of TLR4, respectively (B, C).
were quantified and analyzed (D). Each value represents the mean±SEM for n=6. The
ptical density.
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Immunoblotting analyses of phosphorylated and nonphosphorylated
Raf, MEK1/2, ERK1/2, and IKK. Cellular protein levels were immu-
nodetected according a previously described method (Chen et al.,
2007). Briefly, after drug treatment, cell lysates were prepared in
ice-cold radioimmunoprecipitation assay buffer (25 mM Tris–HCl
(pH 7.2), 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 0.15 M
NaCl, and 1 mM EDTA). Protein concentrations were quantified
using a bicinchonic acid protein assay kit (Pierce). The proteins
(50 μg per well) were subjected to sodium dodecylsulfate (SDS)
PAGE, and transferred to nitrocellulose membranes. After blocking,
phosphorylated Raf, MEK1/2, ERK1/2, and IKK were immuno-
detected using rabbit polyclonal antibodies against phosphorylated
residues of Raf, MEK1/2, ERK1/2, or IKK protein (Cell Signaling,
Danvers, MA, USA). Nonphosphorylated Raf, MEK2, ERK2, and IKK
were immunodetected as the internal controls (Cell Signaling).
These protein bands were quantified using a digital imaging system
(UVtec).
Fig. 2. Effects of ketamine (KTM) on lipopolysaccharide (LPS)-induced syntheses of interleu
were exposed to 100 ng/ml LPS,1,10, and 100 μMKTM, or a combination of KTM and LPS for 2
24 h (B). Levels of IL-1β in the culture medium of Raw 264.7 cells were quantified using
combination of KTM and LPS for 6 h was prepared for RT-PCR and quantitative PCR analyses
panel). Effects of ketamine on the productions of TNF-α and IL-6 mRNAwere also determine
that a value significantly (pb0.05) differs from the control and LPS-treated groups, respecti
Assay of Ras activity. Ras activity was determined by measuring the
binding of only the activated form of Ras to the protein binding
domain of Raf following a previously described method (Zhang et al.,
2005). Briefly, cell lysates (200 μg) from control or drug-treated
macrophages were incubated with glutathione S-transferase-Raf-1-
protein binding domain agarose beads (Upstate Biotechnology, Lake
Placid, NY, USA) to precipitate activated Ras. After electrophoretic
separation and blotting, activation of Ras by Ang II was immu-
nodetected using an anti-Ras monoclonal antibody (Upstate
Biotechnology). These protein bands were quantified using a digital
imaging system (UVtec).

TLR4 knockdown. Translation of TLR4 mRNA in macrophages was
knocked down using an RNA interference (RNAi) method as described
previously (Wu et al., 2008). TLR4 small interfering (si)RNA was
purchased from Santa Cruz Biotechnology, which is a pool of 3 target-
specific 20–25 nt siRNAs designed to knockdown TLR4 expression.
kin (IL)-1b, IL-6, and tumor necrosis factor (TNF)-α mRNA or proteins. Raw 264.7 cells
4 h (A), or to 100 ng/ml LPS,100 μMKTM, and a combination of KTM and LPS for 1, 6, and
an ELISA. mRNA from Raw 264.7 cells exposed to 100 ng/ml LPS, 100 μM KTM, or a
of IL-1β mRNA (C, D). β-Actin mRNA was detected as the internal standard (C, bottom
d (E, F). Each value represents the mean±SEM for n=6. The symbols, ⁎ and #, indicate
vely.
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TLR4 siRNA was transfected into macrophages according to an siRNA
transfection protocol provided by Santa Cruz Biotechnology. Briefly,
after culturing macrophages in antibiotic-free RPMI medium at 37 °C
in a humidified atmosphere of 5% CO2 for 24 h, the siRNA duplex
solution, which was diluted in the siRNA transfection medium (Santa
Cruz Biotechnology), was added to the macrophages. After
transfecting for 24 h, the medium was replaced with normal RPMI
medium, and macrophages were treated with ketamine, LPS, or a
combination of ketamine and LPS.

Statistical analysis. The statistical significance of differences between
the control and ketamine-treated groups was evaluated using
Student's t-test, and differences were considered statistically
significant at p values of b0.05. Differences between ketamine- and
LPS-treated macrophages were considered significant when the p
value of Duncan's multiple-range test was b0.05. Statistical analysis
between groups over time was carried out by two-way ANOVA.

Results

To evaluate the toxicity of ketamine, LPS, and the combination of
ketamine and LPS to macrophages, cell viabilities were evaluated
Fig. 3. Effects of ketamine (KTM) on lipopolysaccharide (LPS)-induced translocation and tra
combination of KTM and LPS. Nuclear NFκB was immunodetected (A, top panel), and total NF
quantified and analyzed (B). Nuclear extracts were reacted with normal or mutant NFκB con
separated for the EMSA analysis (C). After drug administration, nuclear extracts from Raw 26
prepared for the EMSA analysis of NFκB (D). These protein–DNAbandswere quantified and an
out (F). Each value represents themean±SEM for n=6. The symbols, ⁎ and#, indicate that a v
(Table 1). Treatment with 1, 10, and 100 μMketamine for 1, 6, and 24 h
did not affect cell viability. In 1- and 6-h-treated macrophages,
exposure to 1000 μM ketamine did not cause cell death. However,
after administration of 1000 μM ketamine for 24 h, cell viability was
significantly reduced by 52%. Exposure to 1, 10, and 100 ng/ml LPS for
1, 6, and 24 h did not influence cell viability (Table 1). Macrophage
viability was not influenced following treatment with a combination
of ketamine at 1, 10, and 100 μM and LPS at 100 ng/ml. Meanwhile, a
combination of 1000 μM ketamine and 100 ng/ml LPS decreased cell
viability by 60% (Table 1).

The binding affinity of LPS to LBP and the syntheses of TLR4 RNA
and protein were evaluated to determine the possible mechanism of
ketamine-caused suppression of IL-1β production in LPS-activated
macrophages (Fig. 1). In comparison to basal levels, the addition of
LBP to wells coated with LPS caused a significant 2.3-fold increase in
the binding affinity of LPS to LBP (Fig. 1A). Ketamine at a clinically
relevant concentration decreased the affinity of LPS binding to LBP by
32%. Analysis of quantitative PCR revealed that TLR4 mRNA was
detected in untreated macrophages (Fig. 1B). Administration of LPS
increased TLR4 mRNA production by 2.5-fold. Treatment with
ketamine did not change the basal or LPS-induced levels of TLR-4
mRNA. Exposure of macrophages to LPS obviously increased TLR4
nsactivation of NFkB. Raw 264.7 cells were exposed to 100 ng/ml LPS, 100 μM KTM, or a
κB was determined as the internal control (A, bottom panel). These protein bands were
sensus oligonucleotides, and the protein–DNA binding complex was electrophoretically
4.7 cells exposed to 100 μMKTM, 100 ng/ml LPS, or a combination of KTM and LPS were
alyzed using free probes as internal controls (E). An NFκB reporter assaywas also carried
alue significantly (pb0.05) differs from the control and LPS-treated groups, respectively.
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production (Fig. 1C, top panel, lane 2). Administration of ketamine did
not change TLR4 synthesis in control or LPS-treated macrophages
(lanes 3 and 4). β-Actin protein was immunodetected as the internal
control (bottom panel). These protein bands were quantified (Fig.1D).
Exposure to LPS led to a significant 2.2-fold increase in TLR4 protein
production. Treatment with ketamine did not influence LPS-induced
augmentation of TLR4 synthesis.

Protein and RNA levels of IL-1β, IL-6, and TNF-α in LPS-activated
macrophages were detected to determine the effects of ketamine on
the expression of these inflammatory cytokines (Fig. 2). Exposure of
macrophages to 100 ng/ml LPS for 24 h increased the amounts of IL-1β
by 9.3-fold (Fig. 2A). Treatment with 1, 10, and 100 μM ketamine for
24 h did not affect cellular IL-1β levels. Ketamine at 1 μM did not
change LPS-induced IL-1β production (Fig. 2A). At the concentrations
of 10 and 100 μM, ketamine decreased LPS-induced IL-1β production
by 24% and 65%, respectively. Administration of 100 ng/ml LPS into
macrophages for 1, 6, 12, and 24 h significantly increased the amounts
of IL-1β by 73%, and 2.6-, 4.4-, and 7.9-fold, respectively (Fig. 2B).
Treatment with ketamine at a clinically relevant concentration of
100 μM for 1, 6, 12, and 24 h did not affect cellular IL-1β levels.
Meanwhile, administration of 100 μM ketamine for 6, 12, and 24 h
significantly alleviated LPS-caused increases in IL-1β synthesis by 38%,
50%, and 62%, respectively (Fig. 2B).

Analysis by RT-PCR revealed that low levels of IL-1β mRNA were
detected in untreated macrophages (Fig. 2C, top panel, lane 1).
Administration of LPS induced IL-1β mRNA (lane 2). Ketamine did
not affect IL-1β mRNA production (lane 3). Treatment with
Fig. 4. Effects of ketamine (KTM) on lipopolysaccharide (LPS)-induced phosphorylations of IK
a combination of KTM and LPS. Phosphorylated IKK, ERK1/2, and MEK1/2 (p-IKK, p-ERK1/2
ERK1/2, and MEK1/2 were quantified as internal standards (A, C, E, bottom panels). These
±SEM for n=6. The symbols, ⁎ and #, indicate that a value significantly (pb0.05) differs f
ketamine obviously inhibited LPS-induced TNF-α mRNA (lane 4).
The amounts of β-actin mRNA were detected as the internal control
(Fig. 2C, bottom panel). Analysis by quantitative PCR further
showed that the administration of LPS caused significant increases
in IL-1β mRNA in macrophages (Fig. 2D). After ketamine admin-
istration, LPS-induced IL-1β mRNA synthesis was significantly ame-
liorated by 75%.

Exposure of macrophages to LPS significantly increased the
levels of TNF-α mRNA by 17.8-fold (Fig. 2E). Ketamine at a
therapeutic concentration did not change the production of TNF-α
mRNA. Co-treatment of macrophages with ketamine and LPS signi-
ficantly decreased this endotoxin-caused enhancement of TNF-α
mRNA biosynthesis by 72% (Fig. 2E). Administration of macrophages
with LPS caused an11.2-fold increase in the amounts of IL-6mRNA (Fig.
2F). A clinically relevant concentration of ketamine did not influence
cellular IL-6 mRNA synthesis. Meanwhile, treatment with ketamine
significantly decreased LPS-caused increases in IL-6 mRNA levels by
79% (Fig. 2F).

To determine the molecular mechanism of ketamine-involved
regulation of IL-1β gene expression in LPS-activated macrophages, the
translocation and transactivation of NFκB were evaluated (Fig. 3).
Administration of macrophages with LPS increased nuclear NFκB
levels (Fig. 3A, top panel, lane 2). Ketamine did not change nuclear
NFκB amounts, but obviously decreased LPS-induced translocation of
this transcriptional factor from the cytoplasm to nuclei (lanes 3 and
4). Levels of total NFκB in macrophages were immunodetected as the
internal control (Fig. 3A, bottom panel). These protein bands were
K, ERK1/2, andMEK1/2. Raw 264.7 cells were exposed to 100 ng/ml LPS,100 μMKTM, or
, and p-MEK1/2) were immunodetected (A, C, E, top panels). Nonphosphorylated IKK,
protein bands were quantified and analyzed (B, D, F). Each value represents the mean
rom the control and LPS-treated groups, respectively.
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quantified and analyzed (Fig. 3B). LPS increased nuclear NFκB levels
by 3.7-fold. Exposure to a clinically relevant concentration of
ketamine (100 μM) significantly ameliorated LPS-induced NFκB
translocation by 82% (Fig. 3B).

EMSA results revealed that when nuclear extracts were reacted
with NFκB consensus oligonucleotides, the NFκB mobility shift band
appeared (Fig. 3C, lane 1). If mutated NFκB oligonucleotides were used
instead of consensus ones, the NFκB complex band was obviously
reduced (lane 2). Administration of LPS to macrophages increased the
binding affinity of nuclear extracts to NFκB consensus oligonucleo-
tides (Fig. 3D, top panel, lane 2). A therapeutic concentration of
ketamine obviously decreased LPS-caused increases in the transacti-
vation of NFκB with its consensus oligonucleotides (lane 4). The free
probes were used as the internal control (Fig. 3D, bottom panel).
These protein–DNA bands were quantified and analyzed (Fig. 3E).
Exposure to LPS significantly enhanced the binding of nuclear extracts
to NFκB consensus oligonucleotides by 5.3-fold. Administration of
ketamine significantly decreased LPS-induced NFκB transactivation by
65% (Fig. 3E).

A reporter assay was carried out to further evaluate the role of
NFκB in ketamine-induced suppression of IL-1β expression (Fig. 3F).
Exposure of macrophages to LPS caused a significant 2.3-fold increase
in luciferase activity. Administration of ketamine did not affect the
activity of luciferase. Co-treatment of macrophages with LPS and
ketamine significantly decreased the endotoxin-caused augmentation
of the luciferase activity by 53% (Fig. 3F).

To further determine the signal-transducing mechanism of
ketamine-involved suppression of LPS-induced IL-1β synthesis, the
cascade phosphorylation of IKK, ERK1/2, and MEK1/2 was immu-
nodetected (Fig. 3). Exposure to LPS increased IKK phosphorylation
(Fig. 4A, top panel, lane 2). Ketamine did not change IKK
phosphorylation but obviously decreased LPS-induced activation of
this protein kinase (lanes 3 and 4). Nonphosphorylated IKK was
immunodetected as the internal control (Fig. 4A, bottom panel). These
immunoreactive protein bands were quantified and analyzed (Fig.
4B). LPS enhanced IKK phosphorylation by 2.9-fold. Ketamine
Fig. 5. Effects of ketamine (KTM) on lipopolysaccharide (LPS)-induced activation of Raf and
KTM and LPS. Phosphorylated Raf (p-Raf) was immunodetected (A, top panel), and the amou
were quantified and analyzed (B). Cell lysateswere prepared for an assay of Ras activity (C). The
for n=6. The symbols, ⁎ and #, indicate that a value significantly (pb0.05) differs from the co
significantly ameliorated LPS-induced MEK1/2 activation by 63%
(Fig. 4B). Administration of LPS sequentially increased the phosphor-
ylations of ERK1/2 and MEK1/2 (Figs. 4C, E, top panels, lane 2).
Ketamine alleviated LPS-induced ERK1/2 and MEK1/2 phosphoryla-
tions (lanes 3 and 4). Nonphosphorylated ERK2 and MEK2 were
immunodetected as the internal controls (Figs. 4C, E, bottom panels).
These protein bands were quantified and analyzed (Figs. 4D, F).
Exposure to LPS increased ERK1, ERK2, and MKK1/2 phosphorylations
by 3.5-, 2.1-, and 2.3-fold, respectively. After ketamine administration,
LPS-induced activations of ERK1, ERK2 and MEK1/2 were reduced by
44%, 55%, and 43%, respectively (Figs. 4D, F).

The cascade activation of Raf and Ras was evaluated to determine
the upstream mechanism of ketamine-involved suppression of IL-1β
synthesis in LPS-stimulated macrophages (Fig. 5). Exposure to LPS
increased phosphorylation of Raf (Fig. 5A, top panel, lane 2). Ketamine
at a clinically relevant concentration did not influence Raf phosphor-
ylation (lane 3). Administration of ketamine obviously suppressed
LPS-induced Raf phosphorylation (lane 4). The amounts of total Raf in
macrophages were determined as the internal control (bottom panel).
These protein bands were quantified and analyzed (Fig. 5B). LPS
increased Ras phosphorylation by 3.5-fold. After ketamine treatment,
the LPS-caused augmentation of Ras activation was reduced by 44%.
Treatment of macrophages with LPS increased Ras activity (Fig. 5C, top
panel, lane 2). Ketamine did not affect Ras activity (lane 3). The LPS-
induced increase in Ras activity was ameliorated following ketamine
administration (lane 4). Quantification of these protein bands showed
that ketamine significantly ameliorated LPS-induced enhancement of
Ras activity (Fig. 5D).

To investigate if ketamine-caused inhibition of IL-1β gene expres-
sion was TLR4-dependent in LPS-activated macrophages, TLR4 siRNA
was applied to macrophages (Fig. 6). In untreated macrophages, TLR4
protein was immunodetected (Fig. 6A, top panel, lane 1). Application
of TLR4 siRNA tomacrophages obviously reduced cellular TLR4 protein
levels (lane 2). The amounts of β-actin were immunodetected as the
internal control (bottom panel). These protein bands were quantified
and are presented in Fig. 6B. Application of TLR4 siRNA caused a
Ras. Raw 264.7 cells were exposed to 100 ng/ml LPS, 100 μM KTM, or a combination of
nts of Raf were quantified as an internal control (A, bottom panel). These protein bands
se protein bandswere quantified and analyzed (D). Each value represents themean±SEM
ntrol and LPS-treated groups, respectively.



Fig. 6. Effects of toll-like receptor (TLR)4 small interfering (si)RNA on ketamine (KTM)-caused suppression of Ras activity and interleukin (IL)-1b expression. TLR4 siRNAwas applied
to Raw 264.7 cells for 48 h. Levels of TLR4 were immunodetected (A, top panel). β-Actin was quantified as the internal standard (A, bottom panel). These immunoreactive protein
bands were quantified and analyzed (B). After application of TLR4 siRNA for 48 h, Raw 264.7 cells were then exposed to 100 ng/ml LPS,100 μMKTM, or a combination of KTM and LPS.
Cell lysates were prepared for an assay of Ras activity (C). These protein bands were quantified and analyzed (D). An ELISA was carried out to determine the levels of IL-1β in the
culturemedium of Raw 264.7 cells (E). Quantitative PCR analysis of IL-1βmRNAwas conducted (F). Each value represents the mean±SEM for n=6. The symbols, ⁎, #, and †, indicate
that a value significantly (pb0.05) differs from the control, LPS-, and KTM+LPS-treated groups, respectively.
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significant 75% decrease in TLR4 protein levels. Exposure of macro-
phages to LPS increased Ras activity (Fig. 6C, lane 2). Application of
TLR4 siRNA tomacrophages obviously decreased LPS-caused enhance-
ment of Ras activity (lane 4). These protein bands were quantified and
analyzed (Fig. 6D). LPS significantly increased Ras activity by 35-fold.
After administration of TLR4 siRNA, the LPS-enhanced Ras activity
decreased by 66%.

Exposure of macrophages to LPS significantly enhanced the
amount of IL-1β by 8.6-fold (Fig. 6E). Ketamine at a therapeutic
concentration of 100 μM alleviated LPS-induced augmentation of IL-
1β production by 63%. Co-treatment of ketamine and TLR4 siRNA
completely recovered LPS-induced IL-1β synthesis (Fig. 6E). Analysis
of quantitative PCR revealed that TLR4 knockdown lowered LPS-
induced IL-1β mRNA production by 71% (Fig. 6F). Administration of
ketamine decreased LPS-induced IL-1βmRNA by 65%. LPS-induced IL-
1β mRNA synthesis was synergistically inhibited following co-
treatment with ketamine and TLR4 siRNA (Fig. 6F).

Discussion

This study showed that a therapeutic concentration (100 μM) of
ketamine can decrease cellular IL-1β, IL-6, and TNF-α levels in LPS-
activated macrophages. Exposure of macrophages to LPS increased
cellular IL-1β production in concentration- and time-dependent
manners. After ketamine administration, the LPS-caused enhance-
ment of IL-1β synthesis was concentration-dependently decreased. In
addition, the expression of IL-6 and TNF-α mRNA was inhibited by
ketamine. Ketamine at 20–120 μM corresponds to clinical plasma
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concentrations (Domino et al., 1982; Grant et al., 1983). Ketamine at
100 μM, which is within the range of relevantly clinical concentra-
tions, was not toxic to Raw 264.7 cells. Thus, a concentration of 100 μM
was chose as the administered dosage to evaluate the effects of
ketamine at a clinical level onmacrophage activities. Ketamine at such
a therapeutic concentration led to a time-dependent reduction in LPS-
caused increases in the amounts of cellular IL-1β, IL-6, and TNF-α.
Clinically, ketamine is a widely used intravenous anesthetic agent for
induction and maintenance of anesthesia but usually induces
immunomodulation (Himmelseher and Durieux, 2005; White et al.,
1982; Molina et al., 2004). Our previous study showed that a
therapeutic concentration of ketamine can induce mitochondrial
dysfunction and selectively suppress the phagocytotic activity and
oxidative ability of macrophages (Chang et al., 2005; Wu et al., 2008).
During inflammation, IL-1β, IL-6, and TNF-α are critical cytokines
predominantly produced by macrophages and have been reported to
regulate innate host defense and homeostasis (Wewers, 2004). The
ketamine-induced suppression of IL-1β production partially explains
why this anesthetic agent has immunosuppressive effects when it is
clinically applied.

The mechanism of ketamine-caused suppression of IL-1β bio-
synthesis occurs at the transcriptional level. An assay of cell viability
revealed that ketamine at a therapeutic concentration (100 μM) was
not cytotoxic to macrophages. Meanwhile, exposure to 1000 μM
ketamine caused significant death of macrophages. The present
results are similar to those of our previous study that ketamine at
only 1000 μM could induce death of human umbilical vein cells via an
apoptotic mechanism (Chen et al., 2005a,b). Thus, ketamine can
ameliorate LPS-induced IL-1β production by a mechanism that is not
due to the cytotoxic effects of this anesthetic agent against macro-
phages. In parallel with decreases in protein levels, ketamine
significantly inhibited LPS-induced IL-1β mRNA production. LPS
activated the transcription factor, NFκB, in macrophages. NFκB-DNA
binding elements are found in the promoter regions of the IL-1β gene
(Won et al., 2006). After ketamine administration, the LPS-induced
activation of NFκB and consequent syntheses of IL-1β mRNA and
proteinwere lowered by ketamine. Thus, the mechanism of ketamine-
caused suppression of IL-1β biosynthesis is via a transcriptional event
rather than due to its cytotoxic effects.

Ketamine reduces the extracellular binding affinity of LPS to LBP.
During inflammation, LPS in the bloodstream first binds to LBP and
then triggers sequential inflammatory reactions (Wright et al., 1990).
When LBP is heat-denatured, LPS cannot induce TNF-α mRNA and
protein production in macrophages (Mathison et al., 1992). Thus, the
binding of LPS to LBP has been implicated as playing a key role in
LPS-induced regulation of inflammatory gene expressions. Our ELISA
analysis revealed that when LBP was added to plates coated with LPS,
the binding of LPS and LBP was obvious. However, the binding
affinity of LPS to LBP significantly decreased following ketamine
application. Our results indicate that ketamine can interfere with LPS
binding to LBP. Therefore, one possible reason to explain how
ketamine suppresses LPS-induced IL-1β production is the competi-
tive effects of this intravenous anesthetic agent on the binding
affinity of LPS to LBP.

The ketamine-involved inhibition of IL-1β gene expression may be
TLR4-dependent. In macrophages, the structure of TLR4 is conforma-
tionally changed following binding to the LPS-LBP complex, and this
alteration can transform extracellular LPS stimulation into intracel-
lular signals (Beutler and Rietschel, 2003; Schroder et al., 2000). This
study showed that application of TLR4 siRNA to macrophages
obviously knocked down the translational rate of this receptor. In
parallel with decreases in TLR4 protein levels, LPS-induced IL-1β
biosynthesis was suppressed. Co-treatment with ketamine and TLR4
siRNA synergistically alleviated LPS-induced IL-1β production. Thus,
the ketamine-caused suppression of IL-1β production in LSP-activated
macrophages may be TLR4-dependent. In lamina propria T cells, LPS
has been reported to upregulate TLR4 expression (Ince et al., 2006). In
the present study, we showed that LPS induced TLR4 mRNA
production. Meanwhile, ketamine at a therapeutic concentration did
not affect LPS-induced TLR4 mRNA synthesis. Therefore, TLR4 may be
involved in regulating ketamine-caused suppression of IL-1β bio-
synthesis in LPS-activated macrophages, but ketamine does not affect
TLR4 expression.

Ketamine suppressed activations of Ras and Raf in LPS-stimulated
macrophages. Exposure of macrophages to LPS significantly increased
Ras activity. Meanwhile, application of TLR4 siRNA caused a significant
decrease in LPS-induced augmentation of Ras activity. Kogut et al.
(2007) reported that the Ras protein can be a mediator of the
transduction of TLR signaling to diverse cell activities, including
growth, survival, and differentiation (Kogut et al., 2007). In this study,
we further showed that the Ras protein is a downstream effector
following TLR4 activation in LPS-stimulatedmacrophages. By compar-
ison, administration of a therapeutic concentration of ketamine also
lowered LPS-induced Ras activation. Our data reveal that TLR4 has a
critical role in mediating the ketamine-caused reduction in Ras
activity. Administration of ketamine significantly decreased LPS-
caused phosphorylation of Raf kinase. Ras activation can stimulate
Raf phosphorylation (Kolch, 2005). Thus, the ketamine-caused
downregulation of LPS-induced Raf activation is due to its suppressive
effects on Ras activity. In bone marrow macrophages, IL-1β gene
expression is regulated by a Ras/Raf cascade (Ganesan et al., 2006).
Therefore, ketamine at a clinically relevant concentration possibly
inhibits IL-1β gene expression in LPS-activated macrophages through
suppression of the TLR4-mediated activations of Ras and Raf proteins.

Ketamine induces decreases in the phosphorylation cascades of
MEKK1/2, ERK, and IKK. In parallel with reductions in Ras and Raf
activations, ketamine at a therapeutic concentration ameliorated LPS-
induced MEK1/2 phosphorylation. Simultaneously, LPS-induced
ERK1/2 phosphorylation was reduced following ketamine adminis-
tration. MEK1/2 has been shown to be a downstream kinase that
mediates signals from Ras/Raf in oxidative cell death (Yagoda et al.,
2007). After activation, MEK1/2 consequentially phosphorylates
ERK1/2, which has been implicated in regulating cell development
(Schubbert et al., 2007). Thus, the ketamine-involved suppressive
effects on LPS-induced Ras/Raf activation may be one of the principle
reasons explaining how this intravenous anesthetic agent can lower
MEK1/2 and ERK1/2 phosphorylations in LPS-activated macrophages.
LPS increased IKK phosphorylation. Meanwhile, ketamine at a
clinically relevant concentration reduced LPS-induced IKK activation.
The ERK1/2-involved IKK activation was shown to cause transient
stimulation in contracting adult rat skeletal muscle (Ho et al., 2005).
Therefore, our assays of kinase activation revealed that in LPS-
activated macrophages, ketamine induces suppression of the cascade
of Ras/Raf/MEK/ERK/IKK phosphorylations. And, these reduced effects
may be involved in regulating ketamine-involved inhibition of IL-1β
gene expression.

Ketamine decreased translocation of NFκB in LPS-activated
macrophages. In response to LPS stimulation, the levels of nuclear
NFκB were significantly augmented. Meanwhile, the total levels of
cellular NFκB in macrophages did not change following LPS
administration. Thus, the increases in the levels of nuclear NFκB in
macrophages exposed to LPS were due to enhanced translocation of
this transcription factor from the cytoplasm to nuclei. Treatment of
macrophages with ketamine at a therapeutic concentration sig-
nificantly alleviated LPS-induced translocation of NFκB from the
cytoplasm to nuclei. In mouse skin, resveratrol was reported to block
IKK activity, which then inhibited phorbol ester-induced activation
of NFκB (Kundu et al., 2006). Our present study shows that a
clinically relevant concentration of ketamine decreased LPS-induced
enhancement of IKK activity. Thus, the ketamine-caused down-
regulation of NFκB's translocation is due to the suppressive effects of
this intravenous anesthetic agent on IKK activation. IKK-mediated
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NFκB activation contributes to the regulation of many physiological
processes, including innate- and adaptive-immune responses, cell
death, and inflammation (Perkins, 2007). Therefore, the ketamine-
induced suppression of IKK-mediated NFκB activation can explain
the immunomodulation which occurs in the clinical use of this
intravenous anesthetic agent.

Downregulation of NFκB transactivation participates in ketamine-
induced suppression of IL-1β gene expression. Occurring simulta-
neously with the enhanced NFκB translocation from the cytoplasm to
nuclei, the binding affinity of this transcription factor to its consensus
DNA oligonucleotides increased after LPS administration. However,
exposure to a therapeutic concentration of ketamine significantly
ameliorated the LPS-induced transactivation of NFκB with its specific
DNA binding elements in macrophages. When the IKK/NFκB signal
was reduced in mouse skin, the expression of cyclooxygenase-2 was
downregulated in parallel and this promoted skin tumorigenesis
(Kundu et al., 2006). NFκB-DNA binding elements exist in the
promoter region of the IL-1β gene (Won et al., 2006). Thus, the
ketamine-induced suppression of NFκB transactivation in LPS-acti-
vated macrophages can directly inhibit expression of the IL-1β gene in
LPS-activated macrophages. Production and secretion of IL-1β by
macrophages play important roles in regulating innate host defense
and homeostasis (Wewers, 2004). In addition, IL-1β has been
implicated as being a two-edged sword in immune-related diseases
(Marx, 1988; Firestein, 2004). Therefore, the ketamine-involved
inhibition of IL-1β gene expression in LPS-activated macrophages
can explain why this anesthetic agent has immunosuppressive effects
when it is applied clinically.

In conclusion, the present study shows that a clinically relevant
concentration (100 μM) of ketamine decreases IL-1β biosynthesis in
LPS-activated macrophages at the transcriptional level. Ketamine
decreases the extracellular binding affinity of LPS to LBP. Furthermore,
the ketamine-caused suppression of IL-1β expression was shown to
be TLR4-dependent. Sequentially, a therapeutic concentration of
ketamine downregulated LPS-induced increases in Ras activity and
Raf phosphorylation. In parallel with these decreases in Ras/Raf
activations, ketamine ameliorated LPS-induced phosphorylations of
MEK1/2. ERK1/2, and IKK. Consequentially, the translocation and
transactivation of NFκB enhanced by LPS were significantly lowered
after exposure to ketamine. Our present data suggest that ketamine
reduces IL-1β biosynthesis in LPS-stimulated macrophages through
suppression of the cascade of extracellular LPS binding to LBP and
intracellular TLR4-dependent activations of Ras/Raf/MEK/ERK/IKK as
well as translocation and transactivation of the NFκB transcription
factor. The ketamine-induced suppression of IL-1β production
partially contributes to the immunomodulation, which is often
observed during the clinical application of this intravenous anesthetic
agent.
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