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Ketamine attenuates the lipopolysaccharide-induced
inflammatory response in cultured N2a cells
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Abstract. The use of ketamine is recommended in patients
with sepsis undergoing surgery due to its anti-inflammatory
effects. However, a paucity of data exists with regard to the
anti-inflammatory effects of ketamine in the central nervous
system. Therefore, the present study aimed to investigate
the effect of ketamine on lipopolysaccharide (LPS)-induced
inflammatory responses in cultured Neuro2a (N2a) cells
and to elucidate its potential mechanism of action. N2a cells
were randomly divided into the following 3 groups (n=6):
The DMEM culture solution administration alone group, the
0.5 ymol/l LPS administration alone group and the 1 gmol/l
ketamine plus 0.5 ymol/l LPS administration group. The
expression levels of interleukin (IL)-1f, IL-6, tumor necrosis
factor (TNF)-a, nuclear factor (NF)-xB and inducible nitric
oxide synthase (iNOS) were determined. LPS-treated N2a
cells exhibited a significant increase in the expression levels
of IL-1B, IL-6, TNF-a, NF-xB and iNOS, while the admin-
istration of ketamine eliminated the LPS-induced production
of IL-1p, IL-6, TNF-a, NF-xB and iNOS. Based on our data,
we hypothesized that the anti-inflammatory effect exerted by
ketamine on N2a cells was potentially due to the inhibition of
NF-«xB and iNOS.

Introduction

Lipopolysaccharide (LPS), a component of the Gram-negative
bacterial cell wall, is a potent inducer of inflammation (1).
The inflammatory response to Gram-negative bacterial infec-
tions in the central nervous system remains a major cause of
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neurological disease (2). Several studies have suggested that
neuroinflammation is implicated in the pathology of several
neurodegenerative diseases, including Alzheimer's disease,
Parkinson's disease and multiple sclerosis (3-5). It has been
demonstrated that elevated levels of pro-inflammatory
cytokines are capable of inducing the onset of a number of
neurodegenerative diseases (6). Although the pathologies of
different neurodegenerative diseases are distinct, neuroinflam-
mation is commonly involved (7). It has been suggested that
the inhibition of neuroinflammation prevents the onset and
reduces the symptoms of neurodegenerative diseases (6,7).
A significant body of evidence has observed LPS-induced
neuroinflammation, characterized by the elevated expression
levels of interleukin (IL)-1f, IL-6 and tumor necrosis factor
(TNF)-a, in the central nervous system of animal models with
neurological diseases (8-10).

Ketamine, a commonly used anesthetic agent, is recom-
mended for use in patients with sepsis (11). Clinically, the
majority of anesthesiologists have observed that ketamine is
capable of increasing blood pressure, particularly in patients
with sepsis. Collectively, several studies have demonstrated
that ketamine is able to maintain circulatory stability, mainly
as a result of inhibiting the secretion of pro-inflammatory
cytokines (12-14). Koga et al (15) have demonstrated that
ketamine is capable of decreasing the mortality rate in rats
with endotoxin-induced shock, as well as the activity of
TNF-a. Another study by Taniguchi et al (16) demonstrated
that ketamine is able to inhibit the release of IL-1f3 and IL-6.
Furthermore, it has been shown that ketamine inhibits the
LPS-induced inflammatory response in a dose-dependent
manner (17).

However, a paucity of data exists with regard to the
anti-inflammatory effects of ketamine in the central nervous
system. Therefore, in the present study, we aimed to investi-
gate the effect of ketamine on the LPS-induced inflammatory
response in cultured Neuro2a (N2a) cells and to elucidate its
potential mechanism of action.

Materials and methods

Reagents. Ketamine was purchased from Fujian Gutian
Pharmaceutical Company (Fujian, China). IL-1f, IL-6 and
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TNF-a ELISA kits were purchased from Nanjing Jiancheng
Bioengineering Company (Nanjing, China). Primary anti-
bodies against nuclear factor (NF)-kB and inducible nitric
oxide synthase (iNOS) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). The study was
approved by the ethics committee of Soochow University,
Suzhou, China.

Cell culture. N2a cells were obtained from Medical College,
Soochow University, Suzhou, China. The mouse N2a
neuroblastoma cell culture was performed as described previ-
ously (18,19). N2a cells were maintained in DMEM (Gibco Co.,
New York, USA) culture solution supplemented with 10% FBS
(Gibco), 0.3 mM L-glutamine and 50 U/ml penicillin/strepto-
mycin. N2a cells with 70% confluence were randomly divided
into 3 groups (6 duplicates), and each culture well contained
2x10° N2a cells. DMEM solution, 0.5 ymol/l LPS or 1 ymol/l
ketamine plus 0.5 ymol/l LPS (Sigma, Oakville, ON, Canada)
were randomly administered into 18 culture wells (n=6/group).
Forty-eight hours after incubation, N2a cells were prepared for
analysis.

ELISA. The concentration of cytokines was determined using
ELISA kits. Forty-eight-well microtiter plates were coated
with a monoclonal antibody to mouse cytokines and were
incubated in hydrogen bicarbonate buffer (pH 9.6) overnight
at 4°C. In order to avoid non-specific binding, the wells were
blocked with 0.5% bovine serum albumin (BSA, Equitech-Bio
Inc., Kerrville, TX, USA) in phosphate-buffered saline (PBS,
Sigma; 60 mmol/l, pH 7.4) for 1 h at room temperature.
Undiluted culture supernatants were added in duplicates and
incubated for 2 h at 37°C. Antibodies to human cytokines
coupled with biotin (Pharmingen, San Diego, CA, USA) were
used as secondary antibodies (1.25 pg/ml) and were incu-
bated with the plates at 37°C for 2 h. Following incubation,
avidin-peroxidase (2.5 yg/ml) was added for 1 h and then
0.5 mg/ml orthophenylenediamine dissolved in citrate buffer
(pH 5.0) with 0.01% H,O, was used as a substrate solution.
After stopping the enzyme reaction with 25% sulphuric acid,
optical density was measured in a microtiter plate reader at
450 nm. Recombinant cytokines were used to establish a
standard curve to which the results obtained with the culture
supernatants were correlated.

Western blotting. The N2a cells were washed with PBS
and lysed in 1.3X SDS-containing sample buffer without
1,4-dithio-dl-threitol (DTT) or bromophenol blue containing
100 uM orthovanadate. Protein levels were determined using
the bicinchoninic acid (BCA) method, according to the manu-
facturer's instructions. BSA was used as a standard. Prior to
electrophoresis, a mixture of bromophenol blue and DTT (final
concentration, 10 mM) was added to the samples. For western
blotting, 50 g of the total protein from each sample was sepa-
rated by SDS-PAGE under reducing conditions. The proteins
were then transferred onto polyvinylidene fluoride (PVDF)
membranes (Nanjing Jiancheng Bioengineering Company,
Nanjing, China). The membranes were blocked for 2 h at
room temperature using non-fat dried milk blotting grade
blocker and incubated overnight with primary antibodies. The
primary antibodies used were goat anti-NF-«xB (1:2,000) and
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rabbit anti-iNOS (1:1,000). Primary antibodies were diluted in
Tris-+6buffered saline (TBS, Thermo Fisher Scientific Inc.,
Rockford, IL, USA) containing 0.1% Tween-20 (TBS-T) and
1% BSA. Following extensive washing (three times for 15 min
each in TBS-T), the NF-kB and iNOS protein levels were
measured with horseradish peroxidase-conjugated rabbit anti-
goat IgG (1:100,000 dilution) using chemiluminescence (ECL)
reagents (Beyotime Company, Nantong, China). Equal protein
loading and transfer were assessed by the subjection of each
sample to western blotting for GAPDH (rabbit anti-GAPDH
IgG, 1:5,000 dilution).

Statistical analysis. Data are expressed as the mean + SD.
Statistical analyses were performed using one-way ANOVA
and post hoc analyses were performed using the least signifi-
cant difference test. These statistical analyses were conducted
using SPSS version 17.0 (IBM, Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant result.

Results

LPS administration increases the expression levels of IL-10,
IL-6 and TNF-a in cultured N2a cells. The administration
of LPS alone significantly increased the expression levels of
IL-1B, IL-6 and TNF-a compared with DMEM administration
alone in cultured N2a cells (P<0.05; Figs. 1-3).

Ketamine attenuates the LPS-induced upregulation of IL-10,
IL-6 and TNF-a in cultured N2a cells. Compared with the
LPS administration alone group, the administration of LPS
plus ketamine group demonstrated a significant decrease in
the levels of IL-1f, IL-6 and TNF-a in cultured N2a cells
(P<0.05; Figs. 1-3).

Effects of ketamine and/or LPS on the expression levels of
NF-xB and iNOS in cultured N2a cells. Western blotting
was used to assess the expression levels of NF-kB and iNOS,
and the results demonstrated that the administration of LPS
alone significantly increased the expression levels of NF-kB
and iNOS compared with DMEM administration alone in
cultured N2a cells. By contrast, the administration of ketamine
attenuated the LPS-induced upregulation of NF-kB and iNOS
(P<0.05; Figs. 4 and 5).

Discussion

In the present study, several inflammatory cytokines, including
IL-1B, IL-6 and TNF-a, were upregulated in LPS-treated N2a
cells, while the administration of ketamine attenuated the
LPS-induced inflammatory response. In addition, we demon-
strated that the expression levels of NF-kB and iNOS were
increased following LPS treatment, while they were down-
regulated following ketamine treatment.

Several lines of evidence have indicated that ketamine, an
N-methyl-D-aspartic acid (NMDA) receptor antagonist, has a
significant positive effect on the regulation of the inflammatory
response (13,14). Several studies have reported that ketamine
exhibits an inhibitory effect on the inflammatory response
in vitro (20-22). In addition, Shibakawa et al (23) demonstrated
that ketamine significantly inhibits the LPS-induced inflam-
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Figure 1. Expression of IL-1f following LPS and/or Ket treatment in cul-
tured N2a cells. "P<0.05 compared with DMEM administration alone;
"P<0.05 compared with LPS administration. IL, interleukin; LPS, lipopoly-
saccharide; Ket, ketamine; N2a, Neuro2a.
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Figure 2. Expression of IL-6 following LPS and/or Ket treatment in cul-
tured N2a cells. "P<0.05 compared with DMEM administration alone;
P<0.05 compared with LPS administration. IL, interleukin; LPS, lipopoly-
saccharide; Ket, ketamine; N2a, Neuro2a.
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Figure 3. Expression of TNF-a following LPS and/or Ket treatment in
cultured N2a cells. "P<0.05 compared with DMEM administration alone;
"P<0.05 compared with LPS administration. TNF-a, tumor necrosis factor-a;
LPS, lipopolysaccharide; Ket, ketamine; N2a, Neuro2a.

matory response in microglial cells. However, in the present
study, we used N2a cells to investigate the anti-inflammatory
effect of ketamine. Our results demonstrated that ketamine
exerted an inhibitory effect on the LPS-stimulated inflamma-
tory response in N2a cells.

NF-«B has been shown to be important in regulating the
expression of a number of genes involved in cell survival,
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Figure 4. Expression of NF-«kB following LPS and/or ketamine treatment in
cultured N2a cells. “P<0.05 compared with DMEM administration alone;
P<0.05 compared with LPS administration. NF-xB, nuclear factor-xB;
LPS, lipopolysaccharide; Ket, ketamine; N2a, Neuro2a; C, control group; L,
lipopolysaccharide group; KL, ketamine + lipopolysaccharide group.
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Figure 5. Expression of iNOS following LPS and/or ketamine treatment in cul-
tured N2a cells. "P<0.05 compared with DMEM administration alone; "P<0.05
compared with LPS administration. iNOS, inducible nitric oxide synthase;
LPS, lipopolysaccharide; Ket, ketamine; N2a, Neuro2a; C, control group; L,
lipopolysaccharide group; KL, ketamine + lipopolysaccharide group.

inflammatory processes and neuronal degeneration (24).
Dysregulation of the NF-kB signaling pathway may result
in chronic neuroinflammation and neuronal death, thus the
NF-«B signaling pathway is important in the regulation of
neuronal function (25,26). A recent study by Wu et al (27)
demonstrated that the inhibitory effect of ketamine on the
LPS-induced inflammatory response may be mediated by the
suppression of NF-kB activation. In addition, Yu et al (28)
revealed that ketamine is able to inhibit pulmonary NF-xB
activity during endotoxemia in rats. The results of the present
study were consistent with previous findings demonstrating
that LPS significantly activates the expression of NF-xB, while
ketamine is capable of inhibiting the LPS-induced activation
of NF-kB.

In the present study, the upregulation of NF-kB was
observed in LPS-treated N2a cells. It has been reported that
NF-«B activation upregulates the production of iNOS, which
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leads to the upregulation of nitric oxide production during the
inflammatory response (29). NF-kB-dependent activation of
iNOS promotes the inflammatory response (30). Therefore, we
hypothesized that NF-kB and iNOS are important in mediating
the inhibitory effect of ketamine on the inflammatory response
in the central nervous system. Our results demonstrated that
ketamine was capable of inhibiting the LPS-induced activa-
tion of iNOS, which confirmed our hypothesis.

Several studies have reported that the pathogenesis of
numerous types of neurodegenerative diseases, including
Alzheimer's disease, Parkinson's disease and multiple
sclerosis, are likely to be associated with increased levels
of pro-inflammatory cytokines in the central nervous
system (3-5). Notably, as a widely used anesthetic agent,
ketamine has attracted increasing attention for the treatment
of refractory depression. To the best of our knowledge, no
other study has reported the therapeutic effects of ketamine in
other inflammation-associated neurological and/or psychiatric
diseases to date. Large-scale studies are required to fully eluci-
date the therapeutic effects of ketamine, thereby expanding its
clinical application.

In conclusion, ketamine is capable of exerting an inhibitory
effect on the LPS-induced inflammatory response in cultured
N2a cells, and its mechanism is likely to be associated with the
inhibition of NF-kB and iNOS.
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