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Abstract
Nitric oxide (NO) produced by inducible NO synthase (iNOS) is responsible for endotoxin-
induced vascular hyporeactivity and hypotension resulting in multiple organ failure. Endotoxic
shock is also characterized by decreased expression of constitutive cyclooxygenase (COX-1),
cytochrome P450 (CYP) 4A and endothelial NOS (eNOS). Our previous studies demonstrated that
dual inhibition of iNOS and COX with a selective COX-2 inhibitor, NS-398, or a non-selective
COX inhibitor, indomethacin, restores blood pressure presumably due to increased production of
20-hydroxyeicosatetraenoic acid (20-HETE) derived from arachidonic acid (AA) by CYP4A in
endotoxaemic rats. The aim of this study was to investigate the effects of piroxicam, a preferential
COX-1 inhibitor, on the endotoxin-induced changes in blood pressure, expression of COX-1,
inducible COX (COX-2), CYP4A1, eNOS, iNOS and heat shock protein 90 (hsp90), and
production of PGI2, PGE2, 20-HETE and NO. Injection of endotoxin (10 mg/kg, i.p.) to male
Wistar rats caused a fall in blood pressure and an increase in heart rate associated with elevated
renal 6-keto-PGF1α and PGE2 levels as well as an increase in COX-2 protein expression.
Endotoxin also caused an elevation in systemic and renal nitrite levels associated with increased
renal iNOS protein expression. In contrast, systemic and renal 20-HETE levels and renal
expression of eNOS, COX-1 and CYP4A1 were decreased in endotoxaemic rats. The effects of
endotoxin, except for renal COX-1 and eNOS protein expression, were prevented by piroxicam
(10 mg/kg, i.p.), given 1 hr after injection of endotoxin. Endotoxin did not change renal hsp90
protein expression. These data 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 to prevent the hypotension during rat endotoxaemia.

Enhanced expression of inducible nitric oxide (NO) synthase (iNOS) in many tissues in
response to mediators released by endotoxin leads to increased generation of NO, which
contributes to the fall in blood pressure, vascular hyporeactivity, multiple organ failure and
the high mortality rate that are associated with septic shock [1–5]. 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 arachidonic acid (AA) products, such as 20-hydroxyeicosatetraenoic acid
(20-HETE) [2,6]. Moreover, recent studies not only demonstrate the importance of the
constitutive endothelial cell isoform of NOS (eNOS) for the up-regulation of pro-
inflammatory protein expression, but also indicate the autoregulation of NOS expression by
NO, since iNOS-derived NO is known to inhibit the expression and activity of eNOS [7–
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14]. Collectively, these data give rise to the hypothesis that eNOS plays a key role in the
protein expression of iNOS and the pathogenesis of endotoxic shock.

20-HETE, an eicosanoid synthesized from AA primarily by cytochrome P450 (CYP)
isoforms of the 4A and 4F classes in the vasculature, is one of the primary eicosanoids
produced in the microcirculation [6,15]. 20-HETE participates in the regulation of vascular
tone in several vascular beds, including kidney [6,15–19]. It has been reported that 20-
HETE-induced constriction is abolished by inhibition of cyclooxygenase (COX) or with an
endoperoxide/thromboxane receptor antagonist [16–19]. It has also been demonstrated that
prostaglandin analogues of 20-HETE, 20-OH-PGG2 and 20-OH-PGH2, produced by COX
in vascular endothelial cells mediate the vasoconstrictor effects of 20-HETE [18,19]. As
opposed to its vasoconstrictor effect, 20-HETE also produces vasodilation in the renal,
coronary, pulmonary and basilar arteries [20–23] through NO release [23] and conversion of
20-HETE to 20-OH-PGE2 and 20-OH-PGF2α by COX [18,21,24], and increased formation
of PGE2 [21] and prostacyclin (PGI2) [20–22].

It has been reported that NO inhibits renal CYP4A1/A3 protein expression, CYP ω-
hydroxylase activity and 20-HETE production [25–27]. We have also demonstrated that
administration of a synthetic analogue of 20-HETE, N-[20-hydroxyeicosa-5(Z),14(Z)-
dienoyl]glycine (5,14-HEDGE), prevents hypotension and vascular hyporeactivity
associated with the changes in systemic and tissue NO production as well as iNOS protein
expression in renal, cardiac and vascular tissues of rats treated with endotoxin [28–34].
These findings suggest that NO-induced inhibition of 20-HETE production and removal of
its influence on vascular tone contributes to the endotoxin-induced cardiovascular changes.

COX-1 is constitutively expressed in several cell types and is responsible for prostaglandin
release under physiological conditions, whereas COX-2 is expressed at high levels upon
induction [35]. The down-regulation of COX-1 and up-regulation of inducible COX
(COX-2) has also been reported to contribute to the systemic hypotension, multi-organ
failure, and decreased survival in animals and humans with sepsis [36,37]. Non-selective
COX inhibitors, such as indomethacin, prevent [38] or do not improve [39] the lethal effects
of endotoxin in animal models of sepsis. The beneficial effects of indomethacin are
correlated with decreased levels of nitrite and prostanoids in biological fluids from
endotoxaemic rats [40]. Indomethacin also abolishes or significantly attenuates the decrease
in MAP [41] or has no significant effect on blood pressure in endotoxaemic rats [42]. Our
previous studies suggested that dual inhibition of iNOS and COX by indomethacin restores
MAP presumably due to increased production of 20-HETE derived from AA by CYP4A in
endotoxaemic rats [32]. More recently, we have demonstrated that dual inhibition of PGI2
and PGE2 synthesis and NO production by a selective COX-2 inhibitor, NS-398, restores
blood pressure due to increased systemic and renal levels of 20-HETE [43]. Although
COX-1 has also shown to be involved in the endotoxin-induced inflammatory response [44–
49], there has been no previous attempt to examine the effects of COX-1 inhibitors on the
hypotension and production of eicosanoids and NO during endotoxaemia in rodents.
Therefore, we investigated the effects of piroxicam, a preferential COX-1 inhibitor, on the
endotoxin-induced changes in blood pressure, renal COX-1, COX-2, CYP4A1, eNOS, iNOS
and heat shock protein 90 (hsp90) protein expression as well as production of vasodilator
prostanoids, PGI2 and PGE2 and a vasoconstrictor eicosanoid, 20-HETE, in rats.
Preliminary results have been presented in abstract form [50,51].
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Materials and Methods
Endotoxic shock model

Experiments were performed on male Wistar rats (n = 53) (Research Center of Experimental
Animals, Mersin University, Mersin, Turkey) weighing 250 to 300 g that were fed a
standard chow. The rats were housed in an animal facility with a 12-hr light:dark cycle. 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. [28]. Rats were randomly divided into saline (n= 21), endotoxin
(n= 20), piroxicam (n= 6) and endotoxin+piroxicam (n= 6) groups. In the saline and
piroxicam groups, rats received saline (4 ml/kg, i.p.) at time 0. Rats in the endotoxin and
endotoxin+piroxicam groups were treated with endotoxin (Escherichia coli
lipopolysaccharide, O111:B4; Sigma Chemical Co., St. Louis, MO, USA) (10 mg/kg, i.p.;
sublethal dose) [28,52] at time 0. In the piroxicam and endotoxin+piroxicam groups, rats
were treated with piroxicam (Sigma Chemical, St. Louis, MO, USA), at the dose of 10 mg/
kg (i.p.) that inhibits prostanoid production in rat models of inflammation [53], 1 hr after
injection of saline or endotoxin, 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 hr. All animals were
survived during the experiments. The rats were euthanized 4 hr after the administration of
endotoxin, and blood samples and kidneys 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 until analysed for the measurement of eicosanoid and nitrite levels. The tissues were
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
EDTA, 20 mM sodium fluoride, 10 mM benzamidine, 1 mM dithiothreitol, 20 mM
leupeptin and 10 mM aprotinin [29]. The samples were centrifuged at 23,910 × g for 15 min.
at 4°C and then supernatants were removed and stored at −20°C until analysed for the
measurement of eicosanoids and nitrite levels, and α-smooth muscle actin, COX-1, COX-2,
CYP4A1, eNOS, iNOS and hsp90 protein expression. The total protein amount was
determined by Coomassie blue method using bovine serum albumin (BSA) as standard [28].

Immunoblotting
Immunoblotting for α-smooth muscle actin, COX-1, COX-2, CYP4A1, eNOS, iNOS and
hsp90 proteins were performed according to the method as described by previously [30,34].
Briefly, tissue homogenates (100 μg of protein) were subjected to a 10% SDS-
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-1 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-COX-2 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-CYP4A1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-eNOS
(Calbiochem, San Diego, CA, USA), anti-iNOS (BD Transduction Laboratories, San Jose,
CA, USA) or anti-hsp90 (Calbiochem, San Diego, CA, USA) followed by incubation with a
sheep anti-mouse immunoglobulin secondary antibody conjugated with horse radish
peroxidase (Amersham Life Sciences, Cleveland, OH, USA) (1:1,000 in 0.1% BSA) for 1
hr. The blots were developed with enhanced chemiluminescence (ECL) (ECL Plus Western
Blotting Detection Reagents) (Amersham Life Sciences, Cleveland, OH, USA) according to
the manufacturer’s instructions. Immunoreactive proteins were visualized using a gel
imaging system (EC3-CHEMI HR imaging system) (Ultra-Violet Products, UVP, UK).
Densitometric analysis was performed with NIH image software (ImageJ 1.29). The same
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membrane was used to determine α-actin expression using a monoclonal antibody against α-
smooth muscle actin (Sigma Chemical Co., St. Louis, USA) (1:1,000 in 5% BSA) and the
content of the latter was used to normalize the expression of COX-1, COX-2, CYP4A1,
eNOS, iNOS and hsp90 proteins in each sample.

Measurement of systemic and renal eicosanoid levels
Serum and tissue 6-keto-PGF1α, PGE2 and 20-HETE concentrations were measured as
indexes for COX and CYP4A activity by ELISA according to the manufacturer’s
instructions in the 6-keto-PGF1α and PGE2 (Cayman Chemical Co., Ann Arbor, MI, USA)
and 20-HETE (Detroit R&D, Inc., Detroit, MI, USA) assay kits, respectively.

Measurement of systemic and renal nitrite levels
Nitrite (stable product of NO) levels in the sera and tissue homogenates were measured
using the diazotization method based on the Griess reaction as an index for NOS activity
[28,54]. Briefly, samples (50 μl) were pipetted into 96-well microtitre plates and an equal
volume of Griess reagent (1% sulphanylamide (25 μl) and 0.1% N-1-
naphtylethylenediamine dihydrochloride (25 μl) in 2.5% ortophosphoric acid) was added to
each well. After incubation for 10 min. at room temperature, absorbance was measured at
550 nm with a microplate reader. Standard curves were also constructed using sodium nitrite
concentrations ranging from 0.25–50 μM.

Statistical analysis
All data were expressed as means ± SEM. 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.

Results
Effect of piroxicam on the cardiovascular response to endotoxin

Endotoxin caused a gradual fall in MAP (fig. 1A) and an increase in HR (fig. 1B) over the
4-hr course of the experiment (p < 0.05). The changes in MAP and HR reached a maximum
4 hr after the administration of endotoxin. MAP fell by 31 mmHg and HR rose by 90 bpm in
rats treated with endotoxin. Piroxicam prevented the fall in MAP and the increase in HR in
rats given endotoxin (p < 0.05). An increase in MAP and a decrease in HR were also
observed 1, 2 and 3 hr after injection of piroxicam in vehicle-treated rats (p < 0.05).

Effect of piroxicam on the endotoxin-induced changes in COX-1 and COX-2 protein
expression and prostanoid production

Renal COX-1 protein levels were decreased in the tissues of endotoxaemic rats (p < 0.05)
(fig. 2A). Piroxicam had no effect on the decrease of COX-1 protein expression in the
tissues of rats treated with endotoxin (p > 0.05). Piroxicam also caused a decrease in the
basal levels of COX-1 protein when given to rats treated with vehicle (p < 0.05). In contrast
to COX-1, COX-2 protein levels were increased in the tissues of endotoxaemic rats (p <
0.05) (fig. 2B). The increase in COX-2 protein expression was prevented in the tissues of
rats treated with endotoxin and piroxicam. Piroxicam had no effect on the basal levels of
COX-2 protein in vehicle-treated rats (p > 0.05). The endotoxin-induced increase in COX-2
protein expression was also associated with an increase in renal 6-keto-PGF1α and PGE2
levels (p < 0.05) (fig. 2C). Inhibition of COX-1 by piroxicam prevented the increase in
tissue levels of 6-keto-PGF1α and PGE2 in rats given endotoxin (p < 0.05). Piroxicam
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caused a decrease in renal 6-keto-PGF1α and PGE2 levels when given to rats treated with
vehicle (p < 0.05).

Effect of piroxicam on the endotoxin-induced decrease in CYP4A1 protein expression and
20-HETE production

Endotoxin caused a decrease in renal CYP4A1 protein expression (p < 0.05) (fig. 3A)
associated with decreased systemic and renal levels of 20-HETE (p < 0.05) (fig. 3B).
Piroxicam prevented the decrease in the CYP4A1 protein expression and 20-HETE
synthesis in the tissues of rats treated with endotoxin (p > 0.05). Piroxicam had no effect on
the basal levels of CYP4A1 protein and 20-HETE levels when given to rats treated with
vehicle (p > 0.05).

Effect of piroxicam on the endotoxin-induced changes in eNOS and iNOS protein
expression and NO production

Renal eNOS protein levels were decreased in the tissues of endotoxaemic rats (p < 0.05)
(fig. 4A). Piroxicam had no effect on the decrease in the eNOS protein expression in the
tissues of rats treated with endotoxin (p > 0.05). Piroxicam also caused a decrease in the
basal levels of eNOS protein when given to rats treated with vehicle (p < 0.05). In contrast
to eNOS, renal iNOS protein levels were increased in the tissues of endotoxaemic rats (p <
0.05) (fig. 4B). The increase in iNOS protein expression was prevented in the tissues of rats
treated with endotoxin and piroxicam. Piroxicam had no effect on the basal levels of iNOS
protein in vehicle-treated rats (p > 0.05). Endotoxin-induced increase in iNOS protein
expression was also associated with an increase in systemic and renal nitrite levels (p <
0.05) (fig. 4C). Inhibition of COX-1 by piroxicam prevented the increase in serum and tissue
levels of nitrite in rats given endotoxin (p < 0.05). Piroxicam also caused a decrease in
nitrite levels when given to rats treated with vehicle (p < 0.05).

Effect of piroxicam on the hsp90 protein expression
Endotoxin did not alter the expression level of hsp90 in the renal tissue (p > 0.05) (fig. 5).
Piroxicam had also no effect on the basal hsp90 protein expression in the tissues of rats
treated with vehicle (p > 0.05).

Discussion
The results of the present study indicate that an increase in the expression and activity of
COX-2 and iNOS associated with decreased CYP4A1 protein levels and 20-HETE synthesis
contributes to the fall in blood pressure in rats treated with endotoxin. These data also
demonstrate that decreased production of vasodilator prostanoids, PGI2 and PGE2, and NO
formation by piroxicam, a preferential COX-1 inhibitor, restores MAP and HR due to
increased systemic and renal levels of 20-HETE in endotoxaemic rats.

There are several reports suggesting a direct link between AA metabolites and NO under
physiological and pathophysiological conditions [6,15,55,56]. 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 induced in a variety of cells resulting in the
production of large amounts of prostanoids and NO. Increasing evidence suggests that there
is a considerable cross-talk between COX, NOS and CYP4A enzymes. Indeed, AA and its
metabolites generated by COX isoforms have been shown to interfere with NO biosynthesis
[55,56]. NO has also been demonstrated to activate COX enzymes, an event leading to overt
production of prostanoids [55,56]. Moreover, it has been reported that NO inhibits renal
CYP ω-hydroxylase activity and the production of 20-HETE [6,15], suggesting contribution
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of increased production of COX-2-derived prostanoids and NO to the endotoxin-induced
decrease in CYP4A expression and activity during rat endotoxaemia. In the present study,
the endotoxin-induced fall in MAP and rise in HR were associated with an increase in renal
COX-2 expression and production of PGI2 and PGE2. In endotoxin-treated rats, increased
renal iNOS protein levels were also associated with an increase in the systemic and renalP
nitrite levels. In contrast to COX-2 and iNOS, COX-1 and eNOS protein levels were
decreased in the kidneys of endotoxaemic rats. Endotoxin also caused a decrease in renal
CYP4A1 protein expression associated with a decrease in systemic and renal 20-HETE
levels. These effects of endotoxin, except for COX-1 and eNOS protein expression, were
prevented by piroxicam. Our previous findings with a selective iNOS inhibitor, 1,3-PBIT,
demonstrate that activation of mitogen-activated protein kinase kinase-1/extracellular signal-
regulated kinase-1/2/iNOS/soluble guanylyl cyclase/protein kinase G pathway contributes to
the fall in MAP and vascular reactivity in endotoxaemic rats, and the endotoxin-induced
increase in iNOS-derived NO production suppresses renal CYP4A protein expression and
activity [30,57]. We have also previously demonstrated that the fall in MAP in
endotoxaemic rats is associated with a decrease in the expression of CYP4A1/A3 protein in
the kidney and increased levels of nitrite in the serum, kidney, heart, thoracic aorta and
superior mesenteric artery [28–32]. Furthermore, administration of a synthetic analogue of
20-HETE, 5,14-HEDGE, prevented the hypotension and vascular hyporeactivity associated
with the changes in systemic and tissue NO production as well as endotoxin-induced
cardiac, renal and vascular iNOS protein expression and endotoxin-induced decrease in
eNOS protein levels in rats treated with endotoxin [33,34]. These findings suggest that
iNOS-derived NO-induced inhibition of the formation of an AA metabolite, most likely 20-
HETE, and removal of its influence on vascular tone contributes to the fall in blood pressure
and vascular hyporeactivity in endotoxic shock. We have recently demonstrated that
prostanoids produced during endotoxaemia increase iNOS protein expression and NO
synthesis, and decrease CYP4A1 protein expression and CYP4A activity [32]. Moreover,
dual inhibition of iNOS or COX by indomethacin restored renal CYP4A protein level and
CYP4A activity and MAP in endotoxin-treated rats, suggesting that the effects of non-
selective inhibition of COX might be due to increased production of AA metabolites derived
via CYP4A. More recently, we have demonstrated that dual 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 [43]. Based on the results from previous
studies [28–34,43,58] and our present findings, these results suggest that a decrease in the
expression and activity of COX-2 and iNOS associated with increased expression of
CYP4A1 and 20-HETE levels contributes to the effect of piroxicam to prevent the
endotoxin-induced decrease in MAP and increase in HR in rats. In the present study, while
piroxicam had no effect on the MAP and HR in vehicle-treated rats, it caused a decrease in
renal COX-1 and eNOS protein expression as well as systemic and/or renal levels of 6-keto-
PGF1α, PGE2 and nitrite. A possible mechanism for the effect of piroxicam might be
through inhibition of endogenously produced NO on COX-1 expression and prostanoid
formation. It is also possible that piroxicam might inhibit COX-1 activity leading to a
decrease in eNOS expression and NO synthesis. However, additional experiments need to be
conducted to demonstrate 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 on the decrease in blood pressure during endotoxaemia.

A chaperone molecule, hsp90, has been identified as a signalling molecule in the activation
of all the isoforms of NOS [58]. Hsp90 associates with NOS and facilitates its
phosphorylation, and thereby increases NO production. Vo et al. [13] demonstrated that
maximal vascular iNOS expression and its function are achieved via the up-regulation and
increased association of eNOS with hsp90, and that in the absence of functional eNOS, the
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vascular effects of iNOS are delayed during rodent endotoxaemia. Yoshida and Xia [58]
also reported that hsp90 is an important post-translational modulator of iNOS in iNOS-
transfected cells. On the other hand, there are several studies reporting that endotoxin up-
regulates iNOS protein, but does not alter basal hsp90 expression in in vitro [60] and in vivo
studies [61]. Recently, Cheng et al. [62] have shown that 20-HETE impairs NO production
in vitro and its function in vivo by inhibiting association of eNOS with hsp90. We have
previously demonstrated that 5,14-HEDGE did not prevent the endotoxin-induced decrease
in endothelium-dependent relaxations induced by acetylcholine in thoracic aorta and
superior mesenteric artery, although it reversed the effects of endotoxin on vascular
hyporeactivity to norepinephrine and overproduction of NO in the tissues [33]. More
recently, we have demonstrated that 5,14-HEDGE decreases iNOS-hsp90 association
(unpublished data). In the present study, the endotoxin-induced fall in systemic and renal 20-
HETE levels was accompanied by increased iNOS protein levels and decreased eNOS
protein expression without alterations in hsp90 expression in the kidneys of endotoxaemic
rats. These effects of endotoxin, except for eNOS protein expression, were not prevented by
piroxicam. Based on these data and our previous findings [28–31,33], it is likely that iNOS-
derived NO inhibits renal eNOS protein expression in endotoxaemic rats. On the other hand,
the ineffectiveness of piroxicam in preventing the decrease in eNOS protein expression does
not completely support this hypothesis. However, the negative feedback of iNOS on eNOS
expression could be explained by several mechanisms. For example, down-regulation of
eNOS at the posttranscriptional level associated with up-regulation of iNOS mRNA by
endotoxin [63] may contribute to the decrease in eNOS protein levels. Several kinases such
as Rho-kinase, p38 mitogen-activated protein kinase, 5′-adenosine monophosphate-activated
protein kinase, protein kinase A and protein kinase G as well as impaired
phosphotidylinositol 3-kinase/Akt pathway have been shown to modulate eNOS expression
and activity [64,65]. Therefore, further studies are required to clarify mechanisms of the
endotoxin-induced decrease in eNOS protein expression. More importantly, these results
indicate that an increase in 20-HETE production contributes to the effect of piroxicam to
prevent the increase in iNOS protein expression during rat endotoxaemia. Although we did
not investigate the effect of piroxicam on iNOS at the transcriptional level in the present
study, it is possible that piroxicam might directly or indirectly, via 20-HETE, PGI2, PGE2
and/or transcription factors (such as NF-κB) [55,56], inhibits iNOS mRNA expression
leading to a decrease in iNOS protein expression and NO production in endotoxaemic rats.
Further characterization of the molecular mechanisms of piroxicam on eNOS and iNOS
protein expression and association of these enzymes with hsp90 will provide the framework
for extension of this work in understanding the role of 20-HETE and NO on the decrease in
blood pressure during endotoxaemia.

In conclusion, the present study indicates that a decrease in the eNOS, COX-1 and CYP4A1
protein levels and the fall in the synthesis of 20-HETE, a vasoconstrictor arachidonic acid
metabolite, and an increase in the formation of vasodilator prostanoids, PGI2 and PGE2, and
NO is associated with increased COX-2 and iNOS protein expression in rats treated with
endotoxin. Our findings also demonstrate that tissue hsp90 protein expression level does not
change in endotoxaemic rats. Overall, these findings provide cogent evidence that an
increase in renal CYP4A1 protein expression and 20-HETE levels associated with a
decrease in protein expression and activity of COX-2 and iNOS contributes to the effect of
piroxicam to prevent the hypotension during rat endotoxaemia. Our results suggest that an
increase in 20-HETE levels by piroxicam causes dual inhibition of iNOS and COX-2 protein
expression and activity in endotoxaemic rats. Although COX-1 has shown to be involved in
the endotoxin-induced inflammatory response [44–50], our results suggest that COX-1 is not
responsible for the hypotension and production of eicosanoids and NO during endotoxaemia
in rodents. Impairment of renal and cardiovascular function is critically involved in the
pathophysiological sequelae in septic shock finally resulting in multiorgan failure and death;
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restoration of these impaired functions should improve therapeutic benefit. In light of the
important role of prostanoids, 20-HETE, and NO in endotoxin-induced hypotension,
vascular hyporeactivity, multiple organ failure, and mortality, the interaction of CYP4A,
COX and NOS pathways should be considered when developing new strategies for drug
development in the treatment of septic shock.
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Fig. 1.
Time course of the effects of piroxicam on (A) mean arterial presure (MAP) and (B) heart
rate (HR) following administration of saline (vehicle) (4 ml/kg, i.p.) or endotoxin (ET) (10
mg/kg, i.p.) to conscious rats. Piroxicam (10 mg/kg, i.p.) was given 1 hr after administration
of endotoxin. Data are expressed as means ± SEM. Numbers in parentheses indicate the
number of animals studied per group. aSignificant difference from the corresponding value
seen in rats treated with saline (vehicle) (p < 0.05). bSignificant difference from the
corresponding value seen in rats treated with endotoxin (p < 0.05). cSignificant difference
from the corresponding value seen in rats treated with vehicle and piroxicam (p <
0.05). dSignificant difference from the time 0 hr value within a group (p < 0.05). eSignificant
difference from the time 1 hr value within a group (p < 0.05).

Buharalioglu et al. Page 13

Basic Clin Pharmacol Toxicol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Buharalioglu et al. Page 14

Basic Clin Pharmacol Toxicol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
The effects of piroxicam on changes in (A) constitutive cyclooxygenase (COX-1) protein
expression, (B) inducible cyclooxygenase (COX-2) protein expression, and (C) renal
prostanoid levels measured 4 hr after saline (vehicle) (4 ml/kg, i.p.) or endotoxin (ET) (10
mg/kg, i.p.) injection to Wistar rats. Piroxicam (10 mg/kg, i.p.) given at 1 hr after saline or
ET injection. Data are expressed as means ± SEM of 4–6 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
endotoxin (p < 0.05). cSignificant difference from the corresponding value seen in the rats
treated with vehicle and piroxicam (p < 0.05).
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Fig. 3.
The effects of piroxicam on changes in (A) cytochrome P450 (CYP) 4A1 protein expression
and (B) systemic and renal 20-hydroxyeicosatetraenoic acid (20-HETE) levels measured 4
hr after saline (vehicle) (4 ml/kg, i.p.) or endotoxin (ET) (10 mg/kg, i.p.) injection to Wistar
rats. Piroxicam (10 mg/kg, i.p.) given at 1 hr after or saline ET injection. Data are expressed
as means ± SEM of 4–8 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 endotoxin (p < 0.05). cSignificant
difference from the corresponding value seen in the rats treated with vehicle and piroxicam
(p < 0.05).
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Fig. 4.
The effects of piroxicam on changes in (A) endothelial nitric oxide synthase (eNOS) protein
expression, (B) inducible nitric oxide synthase (iNOS) protein expression and (C) systemic
and renal nitrite levels measured 4 hr after saline (vehicle) (4 ml/kg, i.p.) or endotoxin (ET)
(10 mg/kg, i.p.) injection to Wistar rats. Piroxicam (10 mg/kg, i.p.) were given at 1 hr after
or saline ET injection. Data are expressed as means ± SEM of 6–19 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 rats treated with
endotoxin (p < 0.05). cSignificant difference from the corresponding value seen in rats
treated with vehicle and piroxicam (p < 0.05).
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Fig. 5.
The effects of piroxicam on changes in heat shock protein 90 (hsp90) protein expression
measured 4 hr after saline (vehicle) (4 ml/kg, i.p.) or endotoxin (ET) (10 mg/kg, i.p.)
injection to Wistar rats. Piroxicam (10 mg/kg, i.p.) were given at 1 hr after or saline ET
injection. Data are expressed as means ± SEM of 6 animals.

Buharalioglu et al. Page 19

Basic Clin Pharmacol Toxicol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


