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Abstract
We have previously demonstrated that inhibition of vasodilator prostanoids, PGI2 and PGE2, and
nitric oxide (NO) synthsesis by a selective cyclooxygenase-2 (COX-2) inhibitor, NS-398, restores
blood pressure as a result of increased systemic and renal levels of 20-hydroxyeicosatetraenoic
acid (20-HETE) in endotoxemic rats. The aim of this study was to further investigate the effects of
NS-398 on the changes in expression and/or activity of COX-2, cyctochrome P450 4A1
(CYP4A1), inducible NO synthase (iNOS), and peroxynitrite formation in serum, renal, cardiac,
and/or vascular tissues of lipopolysaacharide (LPS)-treated rats. LPS (10 mg/kg, i.p.)-induced
decrease in blood pressure was associated with increased protein levels of COX-2, iNOS, and
nitrotyrosine in kidney, heart, thoracic aorta, and superior mesenteric artery. The activities of
COX-2 and iNOS as well as levels of PGI2, PGE2, and nitrotyrosine were also increased in the
systemic circulation and renal, cardiac, and vascular tissues of LPS-treated rats. In contrast, renal,
cardiac, and vascular CYP4A1 protein expression as well as systemic and tissue levels of 20-
HETE were decreased in endotoxemic rats. These effects of LPS, except COX-2 protein
expression, were prevented by NS-398 (10 mg/kg, i.p.), given 1 h after injection of LPS. These
data suggest that COX-2-derived vasodilator prostanoids, PGI2 and PGE2, produced during
endotoxemia increase iNOS protein expression and activity as well as peroxynitrite formation
resulting in decreased CYP4A1 protein expression and 20-HETE synthesis. Taken together, we
concluded that an increase in 20-HETE levels associated with a decrease in the production of
vasodilator prostanoids and NO participates in the effect of NS-398 to prevent hypotension in the
rat model of septic shock.
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1. Introduction
The expression of inducible nitric oxide (NO) synthase (iNOS) is enhanced in many tissues
in response to mediators released by the lipid A part of lipopolysaccharide (LPS), also
known as endotoxin, which is the most potent microbial mediator of the pathogenesis of
sepsis and septic shock [1,2]. This leads to increased generation of NO, which contributes to
a fall in blood pressure, vascular hyporeactivity, multiple organ failure, and the high
mortality rate that are associated with septic shock [2–5]. Systemic blockade of iNOS
opposes the fall in blood pressure in endotoxic shock [2,3,5]. This is not only due to
withdrawal of the vasodilator effects of NO, but also is associated with increased activity of
vasoconstrictor pathways including the sympathetic nervous, renin-angiotensin, endothelin,
and 20-hydroxyeicosatetraenoic acid (20-HETE) systems [2,6].

20-HETE is an ω-hydroxylation product of arachidonic acid that is produced by cytochrome
P450 (CYP) enzymes, mainly by the CYP4A and CYP4F isoforms in the kidney, heart,
liver, brain, lung, and the vasculature [6–8]. In the vasculature, 20-HETE causes
vasoconstriction in several vascular beds, including renal, cerebral, aortic, mesenteric, and
coronary arteries [9–13]. 20-HETE activates protein kinase C [14–17], MAPK [18–20], Raf/
Mitogen-activated protein kinase kinase (MEK)/ERK [21], and Rho-kinase [10] pathways,
which all contribute to the regulation of vascular tone. Furthermore, 20-HETE
phosphorylates and blocks KCa channel activity [13,14,17,22], thereby allowing for
sustained depolarization of vascular smooth muscle and calcium entry through L-type
calcium channels. 20-HETE also increases the conductance of L-type calcium channels
through activation of PKC [23]. Recently, 20-HETE has been reported to enhance the
activation of inward non-selective cation currents through transient receptor potential
canonical six channels [24] which are implicated in the myogenic response [25]. It has also
been reported that 20-HETE-induced constriction is also abolished by inhibition of COX
with indomethacin [11,12], diclophenac [10], or the endoperoxide/thromboxane receptor
antagonist, SQ-29548 [10,11]. Furthermore, prostaglandin analogs of 20-HETE, 20-OH-
PGG2 and 20-OH-PGH2, produced by COX in vascular endothelial cells, have been shown
to mediate the vasoconstrictor effects of 20-HETE [11,12]. As opposed to its vasoconstrictor
effect, 20-HETE produces vasodilation in the renal, coronary, pulmonary, and basilar
arteries [11,26–30]. These vasodilatory responses of 20-HETE have been attributed to NO
release [29], conversion of 20-HETE to 20-OH-PGE2 and 20-OH-PGF2α by cyclooxygenase
(COX) [10,30,27], and increased formation of PGE2 [27] and PGI2 [26–28,30]. CYP4A-
and CYP4F-derived 20-HETE is also involved in LPS-induced acute systemic inflammation
as a proinflammatory mediator [31,32].

It has been reported that NO inhibits renal CYP ω-hydroxylase activity and the production
of 20-HETE [33,34]. Moreover, a NO-induced fall in the endogenous production of 20-
HETE has also been found to contribute to the cyclic guanosine monophosphate (cyclic
GMP)-independent vasodilator effects of NO in renal and cerebral microcirculations
[33,35]. We have previously demonstrated that the fall in mean arterial pressure (MAP) in
endotoxemic rats is also associated with a decrease in the expression of CYP4A1/A3 protein
and CYP4A activity in kidney and increased production of NO in serum, kidney, heart,
thoracic aorta, and superior mesenteric artery [36–46]. Moreover, administration of a
synthetic analog of 20-HETE, N-[20-hydroxyeicosa-5(Z),14(Z)-dienoyl]glycine (5,14-
HEDGE), prevented the vascular hyporeactivity, hypotension, and mortality associated with
the changes in systemic and tissue NO production as well as iNOS protein expression in
cardiac, renal, and vascular tissues of rats treated with LPS [41,42,46]. We have recently
reported that 5,14-HEDGE also prevents the LPS-induced increase in iNOS-heat shock
protein 90 (hsp90) complex formation and protein levels of phosphorylated vasodilator
stimulated phosphoprotein (an index for protein kinase G activity), nicotinamide adenine
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dinucleotide phosphate (NADPH) subunits, and gp91phox and p47phox, and nitrotyrosine (a
stable end-product of peroxynitrite), as well as the decrease in CYP4A1 protein expression
in renal and cardiovascular tissues associated with elevated serum nitrotyrosine levels [46].
These findings support the hypothesis that NO-induced inhibition of 20-HETE production
and removal of its influence on vascular tone contributes to the fall in blood pressure and
vascular hyporeactivity in endotoxic shock.

Increased production of prostanoids by COX-2 has also been shown to contribute to
systemic hypotension and related organ damage and decreased survival in animals and
humans with sepsis [47–52]. Our previous studies with the use of the nonselective COX
inhibitor, indomethacin, suggest that inhibition of renal iNOS protein expression as well as
systemic nitrite and PGE2 levels by indomethacin restores MAP presumably due to
increased production of 20-HETE derived from CYP4A in endotoxemic rats [40]. Our
recent studies also suggest that a decrease in the expression and activity of COX-2 and iNOS
associated with an increase in CYP4A1 expression and 20-HETE synthesis contributes to
the effect of piroxicam, a preferential COX-1 inhibitor, helping to prevent the hypotension
during rat endotoxemia [45]. More recently, we have demonstrated that inhibition of PGI2
and PGE2 synthesis and NO production by a selective COX-2 inhibitor, N-(2-
cyclohexyloxy-4-nitrophenyl)-methansulphonamide (NS-398), restores blood pressure due
to increased systemic and renal levels of 20-HETE [44]. The present study was conducted to
further investigate the effects of NS-398 on the LPS-induced changes in the expression and
activity of COX-2, CYP4A1, and iNOS as well as peroxynitrite formation in systemic
circulation and renal, cardiac, and vascular tissues of rats. The results of this study have
been presented in an abstract form [53].

2. Materials and Methods
2.1. Endotoxic shock model

Experiments were performed on male Wistar rats (n = 36) (Research Center of Experimental
Animals, Mersin University, Mersin, Turkey) weighing 200 to 300 g that were fed with a
standard chow. They were synchronized by maintenance of controlled environmental
conditions throughout the experiments. The circadian rhythmicity of the animals were
entrained by a standardized 12h light and 12 h dark. All experiments were carried out
according to the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. The protocol was approved by the Ethics Committee of Mersin University School
of Medicine. Endotoxic shock was induced as previously described by Tunctan et al. [36].
Rats were randomly divided into saline (n = 10), LPS (n = 10), NS-398 (n = 8), and LPS
+NS-398 (n= 8) groups. In the saline and NS-398 groups, rats received saline (4 ml/kg, i.p.)
at time 0. Rats in the LPS and LPS+NS-398 groups were treated with LPS (Escherichia coli
LPS, O111:B4; Sigma Chemical Co., St. Louis, MO, USA) (10 mg/kg, i.p.; sublethal dose)
at time 0. In the NS-398 and LPS+NS-398 groups, rats were treated with a selective COX-2
inhibitor, NS-398 (Sigma Chemical, St. Louis, MO, USA) (10 mg/kg, i.p.) [44], 1 h after
injection of saline or LPS, respectively. LPS and NS-398 were dissolved in saline and
ethanol (20%, w/v), respectively. MAP and heart rate (HR) were measured using a tail-cuff
device (MAY 9610 Indirect Blood Pressure Recorder System, Commat Ltd., Ankara,
Turkey) during a control period at time 0 and 1, 2, 3, and 4 h. All animals survived in the
experiments. Rats were euthanized 4 h after the administration of saline or LPS and blood
samples, kidney, heart, thoracic aorta, and superior mesenteric artery were collected from all
animals. Sera were obtained from blood samples by centrifugation at 23,910 × g for 15 min
at 4°C and stored at −20°C. The tissues were rapidly frozen in liquid nitrogen and stored at
−80°C. The frozen tissues were ground into powder in liquid nitrogen and homogenized in 1
ml of an ice-cold 20 mM HEPES buffer (pH 7.5) containing 20 mM β-glycerophosphate, 20
mM sodium pyrophosphate, 0.2 mM sodium orthovanadate, 2 mM
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ethylenediaminetetraacetic acid, 20 mM sodium fluoride, 10 mM benzamidine, 1 mM
dithiothreitol, 20 mM leupeptin, and 10 mM aprotinin [37]. The samples were centrifuged at
23,910 × g for 15 min at 4°C and then supernatants were removed and stored at −80°C for
measurement of COX-2, CYP4A1, iNOS, nitrotyrosine, and actin protein levels and/or
activities. Total protein amount was determined by Coomassie blue method using bovine
serum albumin (BSA) as standard [36].

2.2. Immunoblotting
Immunoblotting for COX-2, CYP4A1, iNOS, nitrotyrosine, β-actin, α-sarcomeric actin/α-
skeletal muscle actin, and α-smooth muscle actin proteins were performed according to the
method described previously [38,42,43,45]. Briefly, tissue homogenates (140–175 μg of
protein) were subjected to a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and then proteins were transferred to a nitrocellulose membrane. The membranes were
blocked with 5% non-fat dry milk in Tris-buffered saline (mmol/L: Tris-HCl 25 [pH 7.4],
NaCl 137, KCl 27 and 0.05% Tween 20) and incubated overnight with monoclonal
antibodies (1:500 in 5% BSA) of anti-COX-2 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-CYP4A1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-iNOS (BD
Transduction Laboratories, San Jose, CA, USA), and anti-nitrotyrosine (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) followed by incubation with sheep anti-mouse IgG-
horseradish peroxidase (Amersham Life Sciences, Cleveland, OH, USA) (1:1,000 in 0.1%
BSA) for 1 h. The blots were developed with enhanced chemiluminescence (ECL Plus
Western Blotting Detection Reagents) (Amersham Life Sciences, Cleveland, OH) according
to the manufacturer’s instructions. Immunoreactive proteins were visualized using a gel-
imaging system (EC3-CHEMI HR imaging system; Ultra-Violet Products, UVP,
Cambridge, UK). Densitometric analysis was performed with NIH image software (Image J
1.28, Rasband WS, Image J, National Institute of Health, Bethesda, MD, USA). The
membranes were reprobed with monoclonal antibodies against β-actin (Sigma Chemical Co.,
St. Louis, MO, USA) for kidney, α-sarcomeric actin/α-skeletal muscle actin (Sigma
Chemical Co., St. Louis, MO, USA) for heart, and α-smooth muscle actin (Sigma Chemical
Co., St. Louis, MO, USA) for vessels (1:500 in 5% BSA) as a loading control following by
incubation with sheep anti-mouse IgG-horseradish peroxidase (1:1,000 in 0.1% BSA).
Relative densities of immunoreactive bands for COX-2, CYP4A1, iNOS, and nitrotyrosine
proteins in each sample were normalized to the density of corresponding bands for β-actin,
α-sarcomeric actin/α-skeletal muscle actin, or α-smooth muscle actin.

2.3. Measurement of COX-2 and NOS activities, and 6-keto-PGF1α, PGE2, 20-HETE, and
nitrotyrosine levels

COX-2 and NOS activities, and 6-keto-PGF1α, PGE2, 20-HETE, and nitrotyrosine levels in
the sera and tissue samples were measured by ELISA according to the manufacturer’s
instructions in the COX Activity Assay Kit (Cayman Chemical Co., Ann Arbor, MI, USA),
Ultrasensitive Colorimetric Assay for Nitric Oxide Synthase (Oxford Biomedical Research
Inc., Oxford, MI, USA), 6-keto-PGF1α ELISA Kit (Cayman Chemical Co., Ann Arbor, MI,
USA), PGE2 ELISA Kit (Cayman Chemical Co., Ann Arbor, MI, USA), Hypertension
ELISA (20-HETE) Kit (Detroit R&D, Inc., Detroit, MI, USA), and nitrotyrosine ELISA Kit
(Northwest Life Science Specialities, LSS, Vancouver, WA, USA) assay kits, respectively.

2.4. Statistical analysis
All data were expressed as means ± S.E.M. Data were analysed by one-way ANOVA
followed by Student-Newman-Keuls test for multiple comparisons, Kruskal-Wallis test
followed by Dunns test for multiple comparisons and Student’s t or Mann-Whitney U tests
when appropriate. A P value < 0.05 was considered to be statistically significant.
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3. Results
3.1. Effect of selective COX-2 inhibition on the cardiovascular response to LPS

LPS caused a gradual fall in MAP (Fig. 1A) and an increase in HR (Fig. 1B) over the 4 h
course of the experiment (p < 0.05). The change in MAP and HR reached a maximum 4 h
after the administration of LPS. MAP fell by 25 mmHg and HR rose by 69 bpm in rats
treated with LPS. A selective COX-2 inhibitor, NS-398, prevented the fall in MAP and the
increase in HR in rats given LPS (p < 0.05). NS-398 had no effect on MAP and HR when
given to rats treated with vehicle (p > 0.05).

3.2. Effect of NS-398 on the LPS-induced increase in COX-2 protein expression and activity
LPS increased COX-2 protein expression in kidney (Fig. 2A), heart (Fig. 2B), thoracic aorta
(Fig. 2C), and superior mesenteric artey (Fig. 2D) of rats (p < 0.05). The increase in COX-2
protein expression was not prevented in the tissues of rats treated with LPS and NS-398 (p >
0.05) (Fig. 2). NS-398 had no effect on the basal levels of COX-2 protein in vehicle-treated
rats (p > 0.05). The LPS-induced increase in COX-2 protein expression was associated with
an increase in COX-2 activity in serum (Fig. 3A), kidney (Fig. 3B), heart (Fig. 3C), thoracic
aorta (Fig. 3D), and superior mesenteric artey (Fig. 3E) (p < 0.05). We have previously
demonstrated that NS-398 prevented the increase in systemic (Figs. 4A and 5A) and renal
levels (Figs. 4B and 5B) of 6-keto-PGF1α and PGE2 in LPS-treated rats (p < 0.05) [31]. In
the present study, the LPS-induced increase in 6-keto-PGF1α and PGE2 levels in heart (Figs.
4C and 5C), thoracic aorta (Figs. 4D and 5D), and superior mesenteric artery (Figs. 4E and
5E) were also prevented by NS-398 (p < 0.05). In contrast to COX-2 protein expression,
NS-398 prevented the LPS-induced increase in COX-2 activity and 6-keto-PGF1α and PGE2
levels in the sera and tissues (p < 0.05) (Figs. 3, 4 and 5). Basal levels of COX-2 activity and
prostanoid levels were not changed by NS-398 in vehicle-treated rats (p > 0.05) (Figs. 3, 4,
and 5).

3.3. Effect of NS-398 on the LPS-induced decrease in CYP4A1 protein expression and 20-
HETE levels

CYP4A1 protein expression was decreased in the kidney (Fig. 6A), heart (Fig. 6B), thoracic
aorta (Fig. 6C), and superior mesenteric artery (Fig. 6D) of endotoxemic rats (p < 0.05). We
have previously demonstrated that NS-398 prevented the decrease in systemic (Fig. 7A) and
renal (Fig. 7B) levels of 20-HETE in LPS-treated rats (p < 0.05) [44]. In the present study,
the LPS-induced decrease in 20-HETE levels in heart (Fig. 7C), thoracic aorta (Fig. 7D),
and superior mesenteric artery (Fig. 7E) were also prevented by NS-398 (p < 0.05). The
LPS-induced decrease in CYP4A1 protein expression was associated with decreased 20-
HETE levels in serum (Fig. 7A), kidney (Fig. 7B), heart (Fig. 7C), thoracic aorta (Fig. 7D),
and superior mesenteric artery (Fig. 7E) (p < 0.05). The decrease in CYP4A1 protein
expression and 20-HETE levels was prevented in the tissues of rats treated with LPS and
NS-398 (p < 0.05) (Figs. 6 and 7). NS-398 had no effect on the basal levels of CYP4A1
protein and 20-HETE levels in vehicle-treated rats (p > 0.05) (Figs. 6 and 7).

3.4. Effect of NS-398 on the LPS-induced increase in iNOS protein expression and activity
LPS increased iNOS protein expression in kidney (Fig. 8A), heart (Fig. 8B), thoracic aorta
(Fig. 8C), and superior mesenteric artery (Fig. 8D) of rats (p < 0.05). The LPS-induced
increase in iNOS protein expression was associated with an increase in NOS activity in
serum (Fig. 9A), kidney (Fig. 9B), heart (Fig. 9C), thoracic aorta (Fig. 9D), and superior
mesenteric artery (Fig. 9E) of rats (p < 0.05). The increase in iNOS protein expression and
NOS activity was prevented in the serum and tissues of rats treated with LPS and NS-398 (p
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< 0.05) (Figs. 8 and 9). NS-398 had no effect on the basal levels of iNOS protein and NOS
activity in vehicle-treated rats (p > 0.05) (Figs. 8 and 9).

3.5. Effect of NS-398 on the LPS-induced increase in nitrotyrosine levels
In order to investigate effects of COX-2 inhibition on the LPS-induced changes in
peroxynitrite formation, nitrotyrosine (a stable end-product of peroxynitrite) levels were
measured in the sera and tissue samples. Nitrotyrosine protein levels was increased in the
kidney (Fig. 10A), heart (Fig. 10B), thoracic aorta (Fig. 10C), and superior mesenteric artey
(Fig. 10D) of endotoxemic rats (p < 0.05). The LPS-induced increase in nitrotyrosine protein
levels was associated with increased nitrotyrosine levels in serum (Fig. 12A), kidney (Fig.
12B), heart (Fig. 12C), thoracic aorta (Fig. 12D), and superior mesenteric artery (Fig. 12E)
of rats (p < 0.05). The increase in nitrotyrosine protein levels and levels was prevented in the
tissues of rats treated with LPS and NS-398 (p < 0.05) (Figs. 10 and 11). NS-398 had no
effect on the basal levels of nitrotyrosine in vehicle-treated rats (p > 0.05) (Figs. 10 and 11).

4. Discussion
The results of the present study indicate that an increase in the expression and activity of
COX-2 and iNOS as well as peroxynitrite formation associated with decreased CYP4A1
expression and 20-HETE synthesis participates in the fall in blood pressure in rats treated
with LPS. These data also demonstrate that decreased production of vasodilator prostanoids,
NO, and peroxynitrite by NS-398, a selective COX-2 inhibitor, restores MAP and HR,
which may be due to increased 20-HETE levels in systemic circulation as well as renal and
cardiovascular tissues of endotoxemic rats.

There are several reports suggesting a direct link between arachidonic acid metabolites and
NO under physiological and pathophysiological conditions [6–8,54,55]. The constitutive
isoforms of COX and NOS enzymes play an important role in the regulation of several
physiological states. On the other hand, under inflammatory conditions such as endotoxic
shock, the inducible isoforms of these enzymes are expressed in a variety of cells and tissues
resulting in the production of large amounts of prostanoids and NO. Our recent studies with
a synthetic analog of 20-HETE, 5,14-HEDGE, suggest that an increase in systemic and renal
20-HETE levels associated with a decrease in iNOS and COX-2 protein expression and
activity contributes to the effect of 5,14-HEDGE to prevent the vascular hyporeactivity,
hypotension, and mortality during rat endotoxemia [41,42,46]. In contrast to the previous
findings with 20-HETE [26–28], our results also suggest that 5,14-HEDGE is not to be
converted to vasodilator prostanoids in the rat model of endotoxemia because the glycine
substitution renders 5,14-HEDGE less susceptible to β-oxidation and the absence of the
double bonds across the 8,9- and 11,12-carbons prevent its degradation by COX to
arachidonic acid products [56]. More recently, we have demonstrated that inhibition of PGI2
and PGE2 synthesis, and NO production by a selective COX-2 inhibitor restores blood
pressure due to increased systemic and renal levels of 20-HETE [44]. In the present study,
the LPS-induced fall in MAP and rise in HR were associated with increased expression of
COX-2 and iNOS in kidney, heart, thoracic aorta, and superior mesenteric artery. The
activities of COX-2 and iNOS as well as PGI2 and PGE2 levels were also increased in the
systemic circulation and renal, cardiac, and vascular tissues of LPS-treated rats. On the
contrary, renal, cardiac, and vascular CYP4A1 protein expression as well as systemic and
tissue levels of 20-HETE were decreased in endotoxemic rats. These effects of LPS, except
COX-2 protein expression, were prevented by a selective COX-2 inhibitor, NS-398, given 1
h after injection of LPS. Although we did not investigate direct effect of NS-398 on the
LPS-induced increase in iNOS expression and activity, it has been demonstrated that
NS-398 inhibits LPS-induced increase in PGE2 formation associated with iNOS protein
expression and nitrite production in a murine macrophage cell lines (RAW 264.7 and J774
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cells) [57–59]. Based on the results from previous studies [36–46] and our present findings,
it appears that decreased production of vasodilator prostanoids, PGI2 and PGE2, and NO as
well as a vasoconstrictor eicosanoid, 20-HETE, participates in the effect of NS-398 to
prevent the LPS-induced decrease in MAP and increase in HR in endotoxemic rats. It is also
possible that inhibition of endogenously produced 20-HETE metabolism to vasodilator
metabolites, 20-OH-PGE2 and 20-OH-PGF2α, by COX-2 might contribute to the effect of
NS-398 in preventing the decrease in blood pressure in LPS-treated rats. However,
additional experiments need to be conducted to demonstrate of the validity of the proposed
hypothesis. Further characterization of the molecular mechanisms of interactions between
COX, NOS, and CYP4A enzymes will provide the framework for extension of this work
into understanding the role of arachidonic acid products and NO in the decrease in blood
pressure during endotoxemia.

NO reacts with superoxide to form peroxynitrite, a powerful oxidant and nitrating molecule
generated by several enzymatic reactions, including a variety of NADPH oxidases and
uncoupled eNOS, and subsequent reaction of peroxynitrite with proteins results in
nitrotyrosine formation. In vivo, peroxynitrite generation represents a NO-dependent
pathogenic mechanism in conditions such as circulatory shock, stroke, myocardial
infarction, chronic heart failure, and chronic inflammatory diseases [60–63]. It has been
reported that NO-derived peroxynitrite formation plays an important role in vascular
hyporeactivity to vasopressor agents in endotoxemic rats [64–66]. We have recently
reported that the LPS-induced fall in blood pressure was associated with an increase in the
protein levels of NADPH subunits, gp91phox and p47phox, and nitrotyrosine in the heart,
thoracic aorta, kidney, and superior mesenteric artery, and elevated serum nitrotyrosine
levels [46]. All of the LPS-induced changes were prevented by 20-HETE analog, 5,14-
HEDGE [46]. In the present study, LPS caused an increase in the protein levels of
nitrotyrosine in the renal and cardiovascular tissues of rats. Systemic and tissue levels of
nitrotyrosine were also increased in endotoxemic rats. NS-398 also prevented the effects of
LPS on the increase in nitrotyrosine levels. These results suggest that increased production
of peroxynitrite also contributes to the LPS-induced hypotension during endotoxemia in rats.

In the present study we measured changes in the activity and expression of COX-2, iNOS,
and CYP4A1 at 4 h after the administration of endotoxin. However, LPS produced a fall in
MAP within 1 h and was sustained for 4 h. Administration of NS398 reversed the LPS-
induced fall in blood pressure within 1 h. Therefore, one may argue that vasodilator
prostanoids and NO and decreased levels of 20-HETE generated from an increased
expression of COX-2 and iNOS, and decreased expression of CYP4A1, respectively,
contribute to the sustained decrease in blood pressure. On the other hand, it is well
established that iNOS and COX-2 expression are induced 1–2 h after LPS administration,
and eNOS and COX-1 expression are downregulated [67–69]. It is also well known that
increased NO production by eNOS is responsible for the fall in blood pressure within 1 h
after LPS administration while iNOS-derived NO is responsible for the delayed hypotension
and vascular hyporeactivity [69,70]. In addition, it has been shown that the fall in blood
pressure associated with an increase in iNOS and eNOS expression, which is observed 2–3 h
after endotoxin injection to rats, returns to baseline values after 12–24 h [71–74]. Gupta and
Sharma [71] have also demonstrated that the fall in blood pressure, which occurs 2 h after
LPS injection, is associated with an increase in aortic iNOS and eNOS protein expression,
and systemic and tissue nitrate+nitrite (NOX) levels. Compensatory mechanisms, including
activation of renin-angiotensin-aldosteron system, increased sensitivity of baroreceptor
reflex mechanisms, and increased production of endothelin-1 and cathecolamines, which are
known to activate phospholipase A2 and release arachidonic acid from tissue lipids, and
results in prostaglandin synthesis, and also stimulate production of reactive nitrogen and
oxygen species, have also been reported to be responsible for the changes in the formation

Tunctan et al. Page 7

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of vasoregulatory molecules that could contribute to the fall in blood pressure during the
early phase of LPS-induced endotoxemia [67–76]. Therefore, the vasodilator prostaglandins
and NO could cause a decrease in blood pressure which is followed by increased expression
of COX-2 and iNOS and decreased expression of CYP4A, resulting in sustained decrease in
blood pressure. However, further studies on the measurement of expression of these enzyme
systems at 1 h after LPS administration and the effect of NS398 are required to address this
issue. In addition, we have previously demonstrated that the effects of a nonselective COX
inhibitor, indomethacin, on the LPS-induced decrease in MAP, CYP4A1 protein expression,
and CYP4A activity were minimized by the CYP4A inhibitor, aminobenzotriazole [40].
However, additional experiments need to be conducted using a selective inhibitor of 20-
HETE synthesis, such as N-hydroxy-N′-(−4-butyl-2-methylphenyl)formamidine
(HET0016), in order to demonstrate the effect of COX-2 inhibition on CYP4A- and CYP4F-
derived 20-HETE production.

In conclusion, the present study provides an evidence that COX-2-derived vasodilator
prostanoids, PGI2 and PGE2, produced during endotoxemia increase iNOS protein
expression and activity as well as peroxynitrite formation resulting in decreased CYP4A1
protein expression and 20-HETE synthesis (Fig. 12). Our findings also suggest that
increased 20-HETE levels associated with a decrease in the production of vasodilator
prostanoids and NO participates in the effect of NS-398 to prevent hypotension in the rat
model of septic shock. Impairment of cardiovascular and renal function is critically involved
in the pathophysiological sequelae in septic shock finally resulting in multiorgan failure and
death; restoration of these impaired functions should improve therapeutic benefit. In the
light of the important role of prostanoids, NO, peroxynitrite, and 20-HETE in LPS-induced
hypotension, multiple organ failure, and mortality, the interaction of COX, NOS, CYP4A,
and NADPH pathways should be considered when developing new strategies for drug
development in the treatment of endotoxic shock. More importantly, further studies with
selective COX-2 inhibitors as well as arachidonic acid metabolites generated via CPY4A
including stable analogs of 20-HETE in endotoxemia models could provide a novel
approach to treat hypotension in septic shock.
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Abbreviations

20-HETE 20-hydroxyeicosatetraenoic acid

5, 14-HEDGE N-[20-hydroxyeicosa-5(Z),14(Z)-dienoyl]glycine

BSA bovine serum albumin

COX cyclooxygenase

cyclic GMP cyclic guanosine monophosphate

CYP cyctochrome P450

eNOS endothelial nitric oxide synthase

HR heart rate

hsp90 heat shock protein 90

iNOS inducible nitric oxide synthase
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MAP mean arterial pressure

NADPH nicotinamide adenine dinucleotide phosphate

NO nitric oxide

NS-398 N-(2-cyclohexyloxy-4-nitrophenyl)-methansulphonamide

PG prostaglandin

TxA2 thromboxane A2
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Fig. 1.
Time course of the effects of NS-398 on (A) MAP and (B) HR following administration of
saline (vehicle) (4 ml/kg, i.p.) or LPS (10 mg/kg, i.p.) to conscious rats. NS-398 (10 mg/kg,
i.p.) was given 1 h after administration of LPS. Data are expressed as means ± S.E.M. of 8–
10 animals. aSignificant difference from the corresponding value seen in rats treated with
saline (vehicle) (p < 0.05). bSignificant difference from the corresponding value seen in the
rats treated with vehicle and LPS (p < 0.05). cSignificant difference from the corresponding
value seen in the rats treated with vehicle and NS-398 (p < 0.05). dSignificant difference
from the time 0 h value within a group (p < 0.05). eSignificant difference from the time 1 h
value within a group (p < 0.05).
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Fig. 2.
Effect of NS-398 on changes in COX-2 protein expression in (A) kidney, (B) heart, (C)
thoracic aorta, and (D) superior mesenteric artery measured 4 h after saline (vehicle) or LPS
injection. Data are expressed as means±S.E.M of 4 animals. aSignificant difference from the
corresponding value seen in rats treated with saline (p < 0.05).
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Fig. 3.
Effect of NS-398 on changes in COX-2 activity in (A) serum, (B) kidney, (C) heart, (D)
thoracic aorta, and (E) superior mesenteric artery measured 4 h after saline (vehicle) or LPS
injection. COX-2 activity was measured using the COX Activity Assay Kit for the
peroxidase activity of COX following the manufacturer’s instructions. The peroxidase
activity was assayed colorimetrically by monitoring the appearance of oxidized N,N,N′,N′-
tetramethyl-p-phenylenediamine (TMPD), a stable metabolite of PGH2, in the presence of
arachidonic acid. The samples were treated with SC-560 (a COX-1 selective inhibitor) for
distinguishing COX-2 activity from COX-1 activity. Data are expressed as means±S.E.M of
3–5 animals. aSignificant difference from the corresponding value seen in rats treated with
saline (p < 0.05). bSignificant difference from the corresponding value seen in the rats
treated with vehicle and LPS (p < 0.05).
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Fig. 4.
Effect of NS-398 on changes in 6-keto-PGF1α levels in (A) serum, (B) kidney, (C) heart,
(D) thoracic aorta, and (E) superior mesenteric artery measured 4 h after saline (vehicle) or
LPS injection. Data are expressed as means±S.E.M of 6 animals. aSignificant difference
from the corresponding value seen in rats treated with saline (p < 0.05). bSignificant
difference from the corresponding value seen in the rats treated with vehicle and LPS (p <
0.05).
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Fig. 5.
Effect of NS-398 on changes in PGE2 levels in (A) serum, (B) kidney, (C) heart, (D)
thoracic aorta, and (E) superior mesenteric artery measured 4 h after saline (vehicle) or LPS
injection. Data are expressed as means±S.E.M of 6 animals. aSignificant difference from the
corresponding value seen in rats treated with saline (p < 0.05). bSignificant difference from
the corresponding value seen in the rats treated with vehicle and LPS (p < 0.05).
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Fig. 6.
Effect of NS-398 on changes in CYP4A1 protein expression in (A) kidney, (B) heart, (C)
thoracic aorta, and (D) superior mesenteric artery measured 4 h after saline (vehicle) or LPS
injection. Data are expressed as means±S.E.M of 4 animals. aSignificant difference from the
corresponding value seen in rats treated with saline (p < 0.05). bSignificant difference from
the corresponding value seen in the rats treated with vehicle and LPS (p < 0.05).
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Fig. 7.
Effect of NS-398 on changes in 20-HETE levels in (A) serum, (B) kidney, (C) heart, (D)
thoracic aorta, and (E) superior mesenteric artery measured 4 h after saline (vehicle) or LPS
injection. Data are expressed as means±S.E.M of 5 animals. aSignificant difference from the
corresponding value seen in rats treated with saline (p < 0.05). bSignificant difference from
the corresponding value seen in the rats treated with vehicle and LPS (p < 0.05).
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Fig. 8.
Effect of NS-398 on changes in iNOS protein expression in (A) kidney, (B) heart, (C)
thoracic aorta, and (D) superior mesenteric artery measured 4 h after saline (vehicle) or LPS
injection. Data are expressed as means±S.E.M of 4 animals. aSignificant difference from the
corresponding value seen in rats treated with saline (p < 0.05). bSignificant difference from
the corresponding value seen in the rats treated with vehicle and LPS (p < 0.05).
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Fig. 9.
Effect of NS-398 on changes in NOS activity in (A) serum, (B) kidney, (C) heart, (D)
thoracic aorta, and (E) superior mesenteric artery measured 4 h after saline (vehicle) or LPS
injection. NOS activity was measured by the rate of L-arginine to nitrite/nitrate conversion
using the Ultrasensitive Colorimetric Assay for Nitric Oxide Synthase following the
manufacturer’s instructions. Data are expressed as means±S.E.M of 5 animals. aSignificant
difference from the corresponding value seen in rats treated with saline (p <
0.05). bSignificant difference from the corresponding value seen in the rats treated with
vehicle and LPS (p < 0.05).
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Fig. 10.
Effect of NS-398 on changes in nitrotyrosine protein levels in (A) kidney, (B) heart, (C)
thoracic aorta, and (D) superior mesenteric artery measured 4 h after saline (vehicle) or LPS
injection. Data are expressed as means±S.E.M of 4 animals. aSignificant difference from the
corresponding value seen in rats treated with saline (p < 0.05). bSignificant difference from
the corresponding value seen in the rats treated with vehicle and LPS (p < 0.05).
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Fig. 11.
Effect of NS-398 on changes in nitrotyrosine levels in (A) serum, (B) kidney, (C) heart, (D)
thoracic aorta, and (E) superior mesenteric artery measured 4 h after saline (vehicle) or LPS
injection. Data are expressed as means±S.E.M of 6 animals. aSignificant difference from the
corresponding value seen in rats treated with saline (p < 0.05). bSignificant difference from
the corresponding value seen in the rats treated with vehicle and LPS (p < 0.05).
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Fig. 12.
Schematic diagram showing the involvement of iNOS, COX-2, CYP4A1, and NADPH
oxidase in endotoxin-induced hypotension based on the current study. Endotoxin, the lipid A
part of LPS which is the most potent microbial mediator of the pathogenesis of sepsis and
septic shock, induces iNOS and COX-2 protein expression and activity associated with
increased production of peroxynitrite. Conversely, endotoxin causes a decrease in CYP4A1
protein expression and 20-HETE production. The endotoxin-induced changes in protein
expression and/or activity of these enzymes lead to a decrease in blood pressure. NS-398
prevents the effects of endotoxin on the increase in iNOS and COX-2 protein expression and
activity, and nitrotyrosine levels as well as the decrease in CYP4A1 protein expression and
20-HETE levels, and thus, restores blood pressure during endotoxemia. It can be concluded
that decreased expression and/or activity of COX-2 and iNOS and peroxynitrite formation
associated with increased CYP4A1 expression and 20-HETE synthesis participate in the
effect of NS-398 to prevent hypotension caused by endotoxemia in the rat. ( )
stimulation; ( ) inhibition.
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