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Purpose: To evaluate the effects of ketamine on the activity and protein expression of inducible nitric oxide syn-
thase (iINOS) induced by lipopolysaccharide (LPS) in rat alveolar macrophages.

Methods: Pulmonary alveolar macrophages isolated from Wistar-Kyoto rats were used. After incubation of
macrophages with ketamine (1,10, or 100 uM) and LPS (I ug-ml~")for 24 hr, the cell-free medium was removed
for measuring the nitrite and tumour necrosis factor-a (TNF-at) levels by Griess reaction and ELISA kit, respec-
tively. The harvested macrophages were also used to determine the activity of INOS by using the conversion of
[P*H]-L- arginine to [*H]-L-citrulline method. In addition, the protein expression of INOS was detected by Western
blot analysis.

Results: In rat alveolar macrophages, (1) ketamine (| to 100 uM) caused a dose-dependent suppression of the
production of nitrite and TNF-a induced by LPS and (if) ketamine (100 M) inhibited the activity (46.5 + 4.8%,
P < 0.05) and protein expression (35 * 119%, P < 0.05) of iINOS in response to LPS.

Conclusion: These resuits show that ketamine inhibits the activity and expression of iNOS in LPS-activated alve-
olar macrophages, which may be associated with the reduction of the release of TNF-a following LPS treatment.

Objectif : Evaluer les effets de la kétamine sur l'activité et la production de I'oxyde nitrique synthase inductible
(INOS) par le lipopolysaccharide (LPS) sur des macrophages alvéolaires de rats.

Meéthodes : Des macrophages alvéolaires pulmonaires isolés chez des rats Wistar-Kyoto ont été utilisés. Aprés
I'incubation des macrophages dans la kétamine (1,10 ou 100 M) et le LPS (1 ug-kg™') pendant 24 h, le médium
libre de cellules a été extrait pour mesurer les niveaux nitriques et de TNF-a (tumour necrosing factor-ct) avec la
réaction de Griess et par ELISA. La méthode de conversion de la [3H]-L-arginine & la [3H]-L-citrulline 2 servi &
déterminer l'activité iINOS des macrophages recueillis. En outre, I'analyse Western blot décelait I'expression pro-
téinique de INOS.

Résultats : Dans les macrophages alvéolaires de rats, (i) la kétamine (1a 100 M) a provoqué une suppres-
sion dépendante de la dose de la production de nitrite et de TNF-o induite par LPS et (i) la kétamine (100 M)
inhibait Iactivité (46,5 = 4,8%, P < 0,05) et 'expression protéinique (35 = | 1%, P < 0,05) de I'NOS en
réponse au LPS.

Conclusion : Ces résultats montrent que la kétamine inhibe I'activité et la production de I"NOS dans des
macrophages alvéolaires activés par LPS, ce qui peut étre associé & une réduction de la libération de TNF-ct 2 la
suite d'un traitement par LPS.
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ITRIC Oxide (NO) is now recognized as
a vasodilator, a neurotransmitter, and an
immunomodulator.! Endogenous NO is
produced by the enzyme nitric oxide syn-
thase (NOS) in which oxygen combines with the termi-
nal quanidino nitrogen of the amino acid L-arginine to
produce NO and equal amount of L-citrulline. Three
different isoforms of NOS (endothelial, neuronal and
inducible) have been isolated and their genes have been
cloned.?? The endothelial and neuronal types of NOS
are constitutive isoforms and calcium dependent, and
NO produced by both enzymes mediates many physio-
logical responses. The inducible nitric oxide synthase
(INOS) in macrophages, hepatocytes, and vascular
smooth muscle cells is generally a calcium-independent
enzyme and is expressed only under pathological condi-
tions.! For instance, when macrophages are activated by
stimuli such as bacterial toxins (lipopolysaccharide, LPS)
or cytokines (tumour necrosis factor-a, TNF-q; inter-
leukin-1, IL-1; interferon-y),%* transcripion of the
iINOS gene is activated and NOS enzyme is produced.
Once iNOS is activated, iNOS continuously releases
large amounts of NO. Nitric oxide is also a cytotoxic
molecule which kills bacteria and tumour cells. Thus,
induction of iNOS in macrophages plays important roles
in host defense and immunological function.® Enhanced
formation of NO following induction of iNOS con-
tributes importantly to the circulatory failure and car-
diovascular dysfunction, such as vasodilatation, severe
hypotension and vascular hyporeactivity to vasoconstric-
tor agents, in various animal models of septic shock.”
Ketamine, a phencyclidine derivative, has been rec-
ommended for the induction of anaesthesia and seda-
tion in patients with circulatory shock because of its
actions in increasing sympathetic nervous system activi-
ty, to maintain blood pressure, and in preserving car-
diovascular function.#!! In addition, a recent study
demonstrated that ketamine suppressed TNF-o pro-
duction induced by endotoxin in cultured macrophages
and inhibited NO-dependent cGMP production in cul-
tured cerebral neuron.1?!? More recently, ketamine has
been reported to inhibit accumulation of nitrite, one of
the metabolites of NO, dose-dependently in LPS-acti-
vated macrophages.!* However, it is unclear whether
the inhibition of NO production caused by ketamine is
associated with inhibition of induction of iNOS. In the
present study, we examined this hypothesis by measur-
ing the activity and expression of iNOS in rat alveolar
macrophages activated by LPS.

Methods

Preparation of macrophages

This study was approved by our Institutional Animal
Care and Use Committee. Adult male Wistar-Kyoto
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rats (250-350 g) were deeply anaesthetized with an
overdose of sodium pentobarbital (75 mg-kg™, #p).
The trachea was exposed and cannulated with a
catheter. The lungs were gently lavaged with 5 ml
each of phosphate buffer solution (PBS) (4°C) five-six
times. The combined lavage fluid was centrifuged at
200 g for five minutes at 4°C. The supernatant was
discarded, and the macrophages were resuspended
either in 24-well plates (5 x 10° cells per well) (Costar,
Cambridge, MA) at 0.6 ml-well! or in 10 cm dish
(107 cells per dish ) (Becton Dickinson, Lindoln Park,
NJ) at 4 mlwell! in RPMI 1640 (Gibco, Grand
Island, NY) with 10% heat-inactivated fetal bovine
serum (JRH Biosciences, Lenexa, KS), penicillin (100
U-ml!) and streptomycin (100 mg-ml™!). After three
hours incubation, unattached macrophages were
removed. The fresh medium either containing E. coli
LPS (1 pg-ml™)(Sigma, serotype No. 0127-B8) alone
or with ketamine (1 to 100 pM) (Sigma, St. Louis,
MO) was added then incubated at 37°C, 5% CO, in
humidified air for 24 hr, An aliquot of the conditioned
medium was removed for assays of nitrite and TNF-a.

The macrophages were washed and scraped into
cold PBS, and were centrifuged at 200 g for five min-
utes at 4°C. The cell pellet was frozen at —-70°C for
later processing, or resuspended in 200 pl sonication
buffer Tri-HCI (50 mM, pH 7.4) containing EDTA
(0.1 mM), EGTA (0.1 mM) and phenylmethyl-
sulphonylfluoride (1 mM) at 4°C. The cell pellet was
sonicated (Heat systems, Inc. Famingdale, NY) as fol-
lows: 50% duty cycle, 10 sec each intensities of 1, 2
and 3. An aliquot of the whole lysate was centrifuged
at 10,000 g4 for 30 min at 4°C. The supernatant was
collected for the determination of iNOS activity and
Western blot analysis. The protein content was mea-
sured by Biorad protein assay method.

Measurement of nitvite and TNF-a

Accumulated nitrite levels were determined by mixing
100 pl of cell culture medium with 100 ul of Griess
reagent (sulphanilamide 1% and naphthylethylene
diamide 0.1% in phosphoric acid 5%), incubating the
mixture at room temperature for 15 min, and then
determining the absorbance at 550 nm in a MRX
microplate reader (Dynatech, Guernsey, UK). Fresh
culture medium served as the blank, and solutions of
NaNO, diluted in culture medium were used as stan-
dards. The amounts of TNF-a in the cultured medi-
um were measured by a rat TNF-a ELISA kit
(Genzyme Corporation, Cambridge, MA). The mini-
mal detection limits of this assay is 10 pg-ml™. The
specificity of the TNF-a kit shows no cross-reactivity
with other cytokines even with the highest concentra-
tion 1 pg-ml™.
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NOS activity assay

The NOS activity was determined by measuring the
conversion of [*H]}-L-arginine to [¥H]-L-citrulline.
The supernatant (20 pl, approximately 60 pg pro-
tein) was incubated in HEPES buffer (20 mM, pH
7.5) containing L-arginine (10 pM) and [3H]-L-
arginine (3 pCi-ml!), L-valine (60 mM), NADPH
(1 mM), calmodulin (30 nM), tetrahydrobiopterin
(5 pM) and calcium (2 mM) for 20 min at 25°C.
The reaction was stopped by adding 1 m! ice-cold
HEPES buffer (pH 5.5) containing EGTA (2 mM)
and EDTA (2 mM). Reaction mixture was applied
to Dowex 50W (Na* form) columns. This resin
allows citrulline (neutral amino acid) to elute while
arginine (cationic[+] charge) is bound. Columns
were then rinsed with 2 x 1 ml HEPES buffer (pH
5.5) to ensure complete. elution of citrulline. The
amount of [3H]-L- citrulline eluted was quantified
by liquid scintillation spectroscopy (Beckman,
LS3801, Orange county, CA) with an efficiency of
90-94%. The activity of NOS is expressed as pmol
of [*H]-L-citrulline produced per mg of protein.
Experiments performed in the absence of NADPH
were to determine the extent of [3H]-L-citrulline
formation of independent of NOS activity. The
activity of the CaZ*-independent iNOS activity was
determined from the difference between samples
containing 2 mM EGTA and samples without
NADPH.!®

Western blotting

Cell lysate containing 10 pg protein was denatured and
an equal amount of protein loaded on 7.5% SDS-PAGE
gel using PhastSystem with PhastGel (Pharmacia Biotech,
Uppsala, Sweden). Separated proteins were transferred to
nitrocellulose membranes using PharmTransfer Semi-Dry
transfer kit (Pharmacia Biotech, Uppsala, Sweden). The
membranes were blocked with 1% BSA in Tris-buffer
solution (TBS) pH=8. 0 containing Tween-20, 0.1%, for
two hours at room temperature and then incubated with
mouse monoclonal ant-INOS antibody (1: 2000 dilu-
tion, Transduction Laboratories, Lexington, KY) in TBS
containing Tween-20, 0.1%, for 12 hr at 4°C. The mem-
brane was washed and finally incubated with a 1:1,000
dilution of anti-mouse IgG conjugated to horseradish
peroxidase for two hours at room temperature. After
successive washes with TBS, the immunocomplexs
were detected using an enhanced horseradish peroxi-
dase/luminol chemiluminescence reaction (Amersham
International plc, Buckinghamshire, UK) and exposed to
X-ray film for two to three minutes. The relative expres-
sion of iNOS protein in cell lysate was quantified by den-
sitometric scanning of the Western blots using Image-pro
plus software.
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Cell respivation

Cell respiration, an indicator of cell viability, was
assessed by mitochondria-dependent reduction of MTT
[3-(4, 5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium
bromide] to formazan.!® After incubating with either
the LPS alone or with various concentration of keta-
mine (1, 10, 100 pM) for 24 hr, cells were incubated
with MTT in a concentration of 0.3 mg-ml! for two
hours at 37°C. Cultured medium was removed by aspi-
ration and cells were treated with dimethylsulphoxide
for 30 min. The plates were read on a MRX spec-
trophotometer (Dynatech, Guernsey, UK) at a wave-
length of 550 nm.

Statistics

Data are expressed as mean + SEM. Quantities of
nitrite and TNF-a were compared by applying one-
way ANOVA followed by a multiple comparison test
(Scheffe's test). Unpaired Student-s t test was used for
NOS activity and protein expression. A P < 0.05 was
considered statistically significant.

Results

Ketamine attenuates the increase in nitvite and TNF-a
caused by LPS

The baseline value of nitrite and TNF-a levels in the
medium of control groups was 6.4 + 1.0 pM and
70 + 10 pg-ml, respectively. Activation of alveolar
macrophages with LPS (1 pg-ml™!) resulted in an
increase in nitrite concentration (46.4 + 1.8 nM) and
TNF-a level (13.1 + 0.5 ng-ml™) in the medium after
24 hr. Administration of the macrophages with keta-
mine (1 to 100 pM) reduced the increment of nitrite
and TNF-a levels in a concentration-dependent man-
ner, and the concentrations of ketamine had no effects
on cell respiration (Figures 1, 2).

Ketamine attenuates the activity of iNOS

The basal iINOS activity in untreated alveolar
macrophages was 15 + 5.6 pmol-min~!-mg'protein.
After alveolar macrophages were incubated with LPS
(1 pg-ml1) for 24 hr, the iNOS activity was increased to
44.1 + 6.5 pmol-min~!-mg™! protein. Co-treatment of
macrophages with ketamine (100 pM) and LPS caused
a reducdon (23.6 + 4.4 pmol-min~-mg™ protein) in
NOS actvity (P < 0.05, »s LPS alone) (Figure 3).

Ketamine attenuates the expression of iNOS

Untreated pulmonary alveolar macrophages con-
tained little detectable iNOS protein as determined
by Western blot analysis (Figure 4). After stimulated
macrophages with LPS (1 pg-ml™?) for 24 hr, the
iNOS expression was augmented. Co-treatment of
macrophages with LPS and ketamine (100 pM)
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FIGURE 1 Ketamine causes a concentration-dependent inhibition
of nitrite formation induced by LPS in rat alveolar macrophages. LPS
(1 ng-mlI?) or LPS plus ketamine (1-100 pM) were added into the
macrophages for 24 hr. Values are expressed as mean + SEM of 8-12
observations from three different cell culture plates

*P < 0.01 »s LPS alone

resulted in a marked decrease (35 + 11%) in iNOS
protein expression (P < 0.05, vs LPS alone).

Discussion
Activation of macrophages with LPS and /or cytokines

results in accumulation of nitrite, one of the metabo-
lites of NO. This accumulation of nitrite reflects an

enhanced formation of NO via the induction of iNOS
by LPS in these cells. In the present study, we found
that accumulation of nitrite was inhibited by ketamine
in a concentration-dependent manner. Similar find-
ings have recently been reported in mouse-activated
macrophage-like cells.!* From these data, we suggest
that the reduction of NO formation by ketamine is
due to the inhibition of iNOS induction.

We first demonstrated that ketamine attenuated the
expression of iNOS protein as well as the activity of
iNOS in rat cultured alveolar macrophages stimulated
with LPS. Although the mechanisms of the inhibitory
effects of ketamine on the iNOS are still unclear, one of
the possible mechanisms might be associated with the
release of cytokines such as TNF-a or IL-1. These

FIGURE 2 Ketamine causes a concentration-dependent inhibition
of TNF-a production induced by LPS in rat alveolar macrophages.
LPS (1 pg-ml?) or LPS plus ketamine (1-100 pM) were added into
the macrophages for 24 hr. Values are expressed as mean = SEM of
8-12 observations from three different cell culture plates

*P<0.05 1P < 0.01 ps LPS alone

cytokines have been shown to mediate the induction of
iNOS in rats with endotoxaemia.l””!® For instance,
Thiemerman et al. described that TNF-o antibodies pre-
vented the induction of iNOS in rats with endotox-
aemia.l” Similarly, other inhibitors of iNOS induction
including dexamethasone and dihydropyridine-type cal-
cium channel antagonists has been shown to suppress
the formation of nitrite and the release of TNF-o.1%-23
Thus, their results suggest that the reduction of release
of TNF-a may be one of the mechanisms by which ket-
amine inhibits the expression and actvity of iNOS.
Here, our data also demonstrated that ketamine dose-
dependently inhibited the production of TNF-a and
prevented the induction of iNOS in cultured alveolar
macrophages challenged with LPS. The former findings
are similar to the previous reports by Takenaka et a/. and
Shimaoka ez al!%!* All the results suggest that the
reduction of TNF-a is associated, at least in part, with
inhibition of iINOS expression and activity in the rat alve-
olar macrophage.

Pretreatment of macrophages with LPS in the pres-
ence of calcium ionophore causes a four-fold increment of
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FIGURE 3 Effects of ketamine on iNOS activity in the LPS-
stimulated rat alveolar macrophages. Calcium-independent iNOS
activity was measured in the supernatant of macrophages un-stim-
uvlated {control; n=3), treated with LPS (1 pg-ml™) (LPS; n=3) or
co-treated with LPS and ketamine (100 pM) (+ ketamine; n=3)
for 24 hr.

*P < 0.05 vs LPS alone.

Control + Ketamine

NO production.? In addition, Denlinger ez a/. demon-
strated that the expression of iNOS was regulated by cal-
cium.?® Thus, calcium is critical for the production of
inflammatory mediators and the induction of iNOS in
macrophages stimulated with LPS. The inhibition of
iNOS induction by ketamine may be related to interfer-
ence of calcium mobilization, a suggestion which is based
on our recent studies of dantrolene, an inhibitor of calci-
um release from sarcoplasmic reticulum, that prevents
induction of iNOS in the rat.?6 However, the effects of
ketamine on calcium concentration in alveolar
macrophages need to be further clarified.

Recent murine studies have demonstrated that ket-
amine has beneficial effects. For instance, it inhibits
leukocyte adherence to endothelial cells in postcapil-
lary venules during endotoxaemia and has a neuronal
protective effect by suppressing NO production dur-
ing cerebral ischaemia.?”-?® In addition, ketamine sup-
presses TNF-o production from macrophages
challenged with endotoxin #% vitre and in vive.!? In
this study, we have demonstrated that ketamine inhib-
ited the overproduction of NO by attenuating the
activity and expression of iNOS as well as the levels of

The upper panel depicts a representative Western blot, and the lower
panel is the statistical summary of the densitometric analysis with the
reading from LPS-stimulated macrophages taken as 100%.

*P < 0.05 ps LPS alone.

nitrite and TNF-a in LPS-activated rat alveolar
macrophages.

Septic shock is the leading cause of death in critically
ill patents in the intensive care unit. It is characterized by
progressive dysfunction in multiple organs following a
major physiological injury.?® Although its pathophysiolo-
gy is not well defined, nitric oxide from iNOS may play
an important role in the organ dysfunction and circula-
tory failure. It has been shown that in patients with sep-
sis, hypotension was reversed by NOS inhibitors such
as NO-nitro-L-arginine methyl ester (L-NAME) or
NC-monomethyl-L-arginine (L-NMMA) but the
patients subsequently died.3%3! This might have been
due to loss of (I) the beneficial effects of <NOS, e.g.,
impairment of organ perfusion, or (ii) compromise of
host cell immunity by inhibiting the iNOS, since most
available NOS inhibitors inhibit both constitutive and
inducible isoforms of NOS.%7 In clinics, ketamine has
been recommended for induction of anaesthesia and
sedation in patients with circulatory shock because it pre-
serves cardiovascular function.’!! Here, we have
demonstrated that ketamine also inhibits the activity and
expression of iNOS in this study. However, the inhibito-
ry effects of ketamine on ¢<NOS and cellular immunity
in vive remain to be investgated and the therapeutic
application of ketamine on septic patients is also needed
to be carefully evaluated.
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