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Abstract
Increased production of nitric oxide (NO) and prostaglandins contribute to development of
hypotension during endotoxemia. We have previously demonstrated that endotoxemia-induced
increase in NO production suppresses renal cytochrome P450 (CYP) 4A expression and activity, and
that selective inhibition of inducible NO synthase (iNOS) with 1,3-PBIT restores renal CYP 4A
protein and activity and mean arterial pressure (MAP). By using cyclooxygenase (COX) inhibitor
indomethacin, we investigated herein whether prostaglandins, via NO production, inhibit renal CYP
4A1 protein expression and CYP 4A activity and contribute to the endotoxin-induced hypotension.
In conscious male Sprague-Dawley rats, endotoxin (10 mg/kg, intraperitoneal (i.p.)) reduced MAP,
increased serum nitrite and bicyclo PGE2 levels, renal nitrite production and iNOS protein
expression, and decreased renal CYP 4A1 protein expression and CYP 4A activity after 4 h injection.
All of the endotoxin-induced changes, except for increase in renal nitrite production, were prevented
by indomethacin (5 mg/kg, i.p. 1 h after endotoxin). The effects of indomethacin on the endotoxin-
induced decrease in MAP, CYP 4A1 protein expression and CYP 4A activity were minimized by
the CYP 4A inhibitor, aminobenzotriazole (50 mg/kg, i.p. 1 h after endotoxin). These data suggest
that prostaglandins produced during endotoxemia increase iNOS protein expression and NO
synthesis, and decrease CYP 4A protein expression and CYP 4A activity and that inhibition of iNOS
or COX restores renal CYP 4A protein level and CYP 4A activity and MAP presumably due to
increased production of arachidonic acid metabolites derived from CYP 4A.
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Introduction
Expression of inducible nitric oxide (NO) synthase (iNOS) in many tissues in response to
mediators released by endotoxin stimulate generation of NO, which contributes to systemic
hypotension, vascular hyporeactivity, multiple organ failure, and high mortality rate that are
associated with septic shock. Increased production of prostaglandins by inducible
cyclooxygenase (COX-2) has also been shown to contribute to systemic hypotension and
related organ damage and decreased survival in animals and humans with sepsis (Ejima and
Perrella, 2004; Tslotou et al., 2005). Non-selective COX inhibitors, such as indomethacin,
prevent (Ashorbi and Williams, 1995) or do not improve (Tunctan et al., 2000) the lethal effects
of endotoxin in animal models of sepsis. The beneficial effects of indomethacin are correlated
with decreased levels of nitrite and prostaglandins in biological fluids from endotoxemic rats
(Futaki et al., 1997). Indomethacin has also shown to abolish or significantly attenuate the
decrease in blood pressure (Fatehi-Hassanabad et al., 1996) or have no significant effect on
blood pressure in endotoxemic rats (Pique et al., 1988; Vayssettes-Courchay et al., 2002).
Vasoconstriction and increased blood pressure after systemic inhibition of NOS results not
only from withdrawal of vasodilator NO, but from increased activity of the vasoconstrictor
systems, including sympathetic nervous and renin-angiotensin systems, and production of
endothelins and 20-hydroxyeicosatetraenoic acid (20-HETE), an arachidonic acid metabolite
derived via cytochrome P450 (CYP) (Fleming, 2001; Roman, 2002; Zatz and Baylis, 1998).
The production of kidney CYP-derived arachidonic acid metabolites is altered in diabetes,
pregnancy, hepatorenal syndrome, inflammation, and in various models of hypertension, and
it is likely that changes in this system contribute to the abnormalities in renal function that are
associated with many of these conditions (Fleming, 2001; Roman, 2002; Zhao and Imig,
2003). The co-localization of NOS and CYP 4A isoforms at the same renal sites increases the
potential for interaction and this may affect renal function. It has been reported that NO inhibits
renal ω-hydroxylase activity and 20-HETE production (Alonso-Galicia et al., 1998; Oyekan
et al., 1999; Wang et al., 2003) and that withdrawal of NO leads to increased ω-hydroxylase
activity (Wang et al., 2003), expression of CYP 4A protein (Oyekan et al., 1999), and 20-
HETE production in the kidney (Escalante et al., 2002; Oyekan et al., 1999; Wang et al.,
2003). Inhibition of the endogenous production of 20-HETE has also been shown to contribute
to the vasodilator effects of NO on renal and peripheral vascular tone (Alonso-Galicia et al.,
1997, 1998).

During endotoxemia, CYP 4A1, -A2, and -A3 mRNAs, as well as hepatic iNOS mRNA (Sewer
et al., 1997), are induced in the liver and kidneys of rats (Mitchell et al., 2001; Sewer et al.,
1998) in contrast to most other hepatic CYP gene products, which are down-regulated (Renton
and Nicholson, 2000; Sewer and Morgan, 1998; Sewer et al., 1996; Takemura et al., 1999). It
has been reported that endotoxin-induced down-regulation of hepatic CYP 2C11, 2E1, and
3A2 mRNAs and/or protein expression is not changed by inhibition of iNOS (Sewer et al.,
1996). On the other hand, NO produced in endotoxemia is associated with decreased hepatic
microsomal total CYP content, CYP 1A1/2, 2B1/2, 2C6, 2C11, 3A1, and 3A2 mRNA, protein
expression or activity (Khatsenko and Kikkawa, 1997; Khatsenko et al., 1997; Morgan et al.,
2002; Müller et al., 1996; Takemura et al., 1999), which is prevented by NOS inhibitors in
rats. Recently, it has been demonstrated that NO produced during pregnancy inhibits CYP 4A
expression and 20-HETE synthesis in rat renal micro-vessels and that augmentation of renal
microvessel 20-HETE synthesis after NOS inhibition is associated with increased blood
pressure, which is prevented by the CYP 4A inhibitor, aminobenzotriazole (Wang et al.,
2003).

There is relationship between 20-HETE synthesis by CYP 4A and induction of COX-2 which
can convert 20-HETE to its prostaglandin analogs. Metabolism of 20-HETE by COX-2 acts
as a brake mechanism that prevents the unopposed action of 20-HETE (Cheng and Harris,
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2003). The co-expression of an inducible membrane-associated prostaglandin (PGE2) synthase
(Murakami et al., 2000) that acts in concert with COX-2 may favor formation of 20-OH
PGE2, a vasodilator prostaglandin analogue of 20-HETE (Carroll et al., 2001). Non-steroidal
anti-inflammatory drugs (NSAIDs) including acetylsalicylic acid have been reported to
increase CYP 4A activity in rat hepatic microsomes (Okita, 1986). It has also been shown that
total CYP content is decreased by ibuprofen and fenbufen, while ibuprofen increases CYP 4A1
protein and CYP 4A activity in rat hepatic microsomes (Rekka et al., 1994). Therefore, it is
possible that, during endotoxemia, one or more prostanoids generated via COX-2 stimulate(s)
NO production, which in turn reduces the expression and/or activity of CYP 4A and generation
of 20-HETE and causes hypotension.

We have previously demonstrated that the endotoxemia-induced increase in NO production
primarily via iNOS suppresses renal CYP 4A1/3 protein expression and CYP 4A activity, and
inhibition of iNOS with phenylene-1,3-bis [ethane-2-isothiourea] dihydrobromide (1,3-PBIT)
restores renal CYP 4A protein and CYP 4A activity and MAP presumably due to increased
production of arachidonic acid metabolites derived from CYP 4A (Tunctan et al., 2006b). In
this study, we tested the hypothesis that prostaglandins, via NO production, inhibit CYP 4A1
protein expression and CYP 4A activity and contribute to the endotoxin-induced hypotension.
Preliminary results have been presented in abstract form (Tunctan et al., 2004).

Materials and Methods
Animals and endotoxic shock model

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) weighing 250 to
400 g were fed standard chow (Ralston Purina Co.). All the protocols were approved by the
Intitutional Animal Care and Use Committee at the University of Tennessee Health Science
Center and were consistent with the Guide for the Care and Use of Laboratory Animals
published by the National Health Institute. Endotoxic shock was induced as described by
Tunctan et al. (2006b). Briefly, conscious rats received either endotoxin (Escherichia coli
lipopolysaccharide (LPS), O111:B4; Sigma Chemical, St. Louis, MO) (10 mg/kg,
intraperitoneal (i.p.) sublethal dose) or saline (4 mL/kg, i.p.) at time 0, and systolic and diastolic
blood pressure were measured using a plethysmographic non-invasive blood pressure system
(XBP1000, Kent Scientific Corporation, Torrington, CT) at 0, 1, 2, 3, and 4 h. Since this system
detects systolic and diastolic blood pressure non-invasively from rat tail, mean arterial pressure
(MAP) values from each animal were calculated according to the formula: MAP = Diastolic
Blood Pressure + 1/3 (Systolic Blood Pressure – Diastolic Blood Pressure). Separate groups
of rats were treated with endotoxin alone or in combination with a highly selective iNOS
inhibitor 1,3-PBIT (Sigma), a COX inhibitor indomethacin (Sigma) and/or a CYP 4A enzyme
inhibitor aminobenzotriazole (Sigma) at 1 h after injection of saline or endotoxin. 1,3-PBIT
(10 mg/kg, i.p.) was used at a dose preventing the effects of endotoxin on MAP, nitrite
production and CYP 4A protein and activity (Tunctan et al., 2006b; Wang et al., 1999). Dose
of indomethacin (5 mg/kg, i.p.) was selected according to our preliminary studies with
endotoxin and findings of the previous studies preventing the effects of endotoxin on
prostaglandin production (Jaworek et al., 2001). Aminobenzotriazole (50 mg/kg, i.p.) was used
at a dose inhibiting renal CYP 4A protein and activity (Su et al., 1998; Tunctan et al.,
2006b). Rats were sacrificed 4 h after endotoxin challenge, and the blood and kidneys were
collected. Sera were obtained from blood samples by centrifugation at 14,000 g for 15 min at
4°C and stored at -70°C until analyzed for the measurement of nitrite levels. Kidneys were
rapidly frozen in liquid nitrogen and ground into powder on ice. The tissue powders (100 mg)
were homogenized in 1 mL ice-cold buffer (mmol/L: HEPES 20 [pH 7.5], β-glycerophosphate
20, sodium pyrophosphate 20; sodium orthovanadate 0.2, EDTA 2, sodium fluoride 20,
benzamidine 10, dithiothreitol 1, leupeptin 20, and aprotinin 10). Cell debris was removed by
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centrifugation at 14,000 g for 10 min at 4°C followed by sonication for 15 s on ice with 50
μL ice-cold Tris (50 mmol/L, pH 8.0) and KCl (0.5 M). The samples were centrifuged at 14,000
g for 15 min at 4°C and then supernatants were removed and stored at -70°C until analyzed
for the measurement of iNOS, COX, or CYP 4A1 protein levels and activities. The total protein
amount was determined by Coomassie blue method using bovine serum albumin as standard.

Immunoblotting for iNOS and CYP 4A1 proteins
Immunoblotting for iNOS and CYP 4A1 proteins were performed according to the method as
described by Tunctan et al. (2006b). 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 anti-iNOS monoclonal antibody (Transduction Lab., Lexington, KY)
(1:1,000 in 5% milk and 1% BSA) or goat anti-rat CYP 4A1 polyclonal antibody (Gentest,
Woburn, MA) (1:500 in 0.5% milk) followed by incubation with anti-mouse IgG antibody for
iNOS (Amersham Life Sciences, Arlington Heights, IL) (1:1,000 in 5% milk) or anti-goat IgG
antibody for CYP 4A1 (Vector Lab., Burlingame, CA) (1:5,000 in 5% milk) antibodies for 1
h. Lysates of mouse macrophages treated with interferon-γ and LPS (Transduction Lab.,
Lexington, KY) and rat liver microsomes treated with clofibrate (Gentest, Woburn, MA) were
used as positive controls for iNOS and CYP 4A1, respectively. Immunoreactive proteins were
detected by chemiluminescence using the ECL kit (Amersham), according to the
manufacturer's instructions. Densitometric analysis was performed with NIH image software
(ImageJ 1.29). The same membrane was used to determine α-actin expression using a
monoclonal antibody against α-actin (Sigma) (1:1,000 in 5% milk) and the content of the latter
was used to normalize the expression of iNOS and CYP 4A1 protein in each sample.

Measurement of iNOS and CYP 4A activities
Nitrite production was measured as an index for iNOS activity by diazotization method in the
sera and tissue homogenates as described (Tunctan et al., 2006b). Lauric acid hydroxylase
activity reflecting CYP 4A activity was measured as the NADPH-dependent formation of
[14C]-12-hydroxylauric acid in the tissue homogenates by incubating with [1-14C]-labeled
lauric acid as described (Tunctan et al., 2006b).

Measurement of serum bicyclo PGE2 levels
Serum bicyclo PGE2 concentrations were measured as an index for COX activity by ELISA
according to the manufacturer's instructions in the bicyclo PGE2 assay kit (Cayman Chemical
Co., Ann Arbor, MI).

Data analysis
All data were expressed as means±S.E.M. Data were analyzed by one-way ANOVA followed
by Student-Newman-Keuls test for multiple comparisons and Student's t or Mann-Whitney U
tests when necessary. p value of < 0.05 was considered to be statistically significant.

Results
Endotoxin-induced fall in MAP is mediated by inhibition of CYP 4A activity by NO and
prostaglandins

Injection of endotoxin to rats caused a decrease in MAP (Fig. 1). A COX inhibitor,
indomethacin, prevented the endotoxin-induced decrease in MAP, while it alone had no effect
on MAP (Fig. 1). Administration of a CYP 4A inhibitor, aminobenzotriazole, diminished the
effect of indomethacin in preventing the endotoxin-induced decrease in MAP (Fig. 1). A
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selective iNOS inhibitor, 1,3-PBIT, potentiated the effect of indomethacin to inhibit the
endotoxin-induced decrease in MAP (Fig. 1). This effect of 1,3-PBIT and indomethacin
combination to prevent the endotoxin-induced decrease in MAP was also reversed by
aminobenzotriazole.

Aminobenzotriazole minimizes endotoxin-induced rise in serum nitrite level that is
decreased by 1,3-PBIT and indomethacin

Indomethacin caused a decrease in the endotoxin-induced rise in serum bicyclo PGE2 levels
(control: 125±11; endotoxin: 181±5; indomethacin: 119±13, and endotoxin + indomethacin:
152±12 pg/mL, n=5). Indomethacin also minimized the endotoxin-induced increase in the
serum nitrite levels; the basal serum nitrite levels were not affected by indomethacin (Fig. 2A).
While serum nitrite levels in the indomethacin-treated endotoxemic rats were not changed by
aminobenzotriazole, 1,3-PBIT prevented the effect of indomethacin to reduce nitrite levels
(Fig. 2A). On the other hand, the serum nitrite levels induced by indomethacin and 1,3-PBIT
in the endotoxin-treated rats were inhibited by aminobenzotriazole (Fig. 2A).

Indomethacin inhibits the endotoxin-induced increase in iNOS protein expression but not
renal nitrite production

Endotoxin-induced decrease in MAP (Fig. 1) and increase in the serum nitrite levels (Fig. 2A)
were associated with an increase in renal nitrite production (Fig. 2B) and iNOS protein level
(Fig. 2C). Endotoxin-induced increase in the renal nitrite levels was not affected by
indomethacin, while it alone increased the basal nitrite production (Fig. 2B). Renal nitrite levels
in the indomethacin-treated endotoxemic rats were not changed by aminobenzotriazole, while
1,3-PBIT caused a further increase in the indomethacin-induced levels (Fig. 2B). On the other
hand, the effect of 1,3-PBIT and indomethacin in the endotoxin-induced renal nitrite levels
was inhibited by aminobenzotriazole (Fig 2B). Indomethacin also minimized the endotoxin-
induced increase in the renal iNOS protein content, the basal iNOS protein levels were not
affected by indomethacin (Fig. 2C). Renal iNOS protein levels in the indomethacin-treated
endotoxemic rats were not changed by aminobenzotriazole and 1,3-PBIT (Fig. 2C). On the
other hand, the renal iNOS protein content induced by indomethacin and 1,3-PBIT in the
endotoxin-treated rats was increased by aminobenzotriazole (Fig. 2C).

Endotoxemia also decreased renal CYP 4A1 protein content (Fig. 3A) and CYP 4A activity
(Fig. 3B). Indomethacin alone markedly caused an increase basal renal CYP 4A1 protein
expression (Fig. 3A), but it did not change the basal CYP 4A activity (Fig. 3B). Indomethacin
prevented the endotoxin-induced decrease in the renal CYP 4A1 protein content (Fig. 3A) and
the CYP 4A activity (Fig. 3B). Aminobenzotriazole diminished the effect of indomethacin to
increase the renal CYP 4A1 protein content (Fig. 3A), but not CYP 4A activity (Fig. 3B), in
endotoxemic rats (Fig. 3A). Renal CYP 4A1 protein levels (Fig. 3A) and CYP 4A activity (Fig.
3B) in the indomethacin-treated endotoxemic rats were not changed by 1,3-PBIT. On the other
hand, the renal CYP 4A1 protein content (Fig. 3A) and CYP 4A activity (Fig. 3B) induced by
indomethacin and 1,3-PBIT in the endotoxin-treated rats was decreased by
aminobenzotriazole.

Discussion
This is the first study to provide evidence that prostaglandins produced during endotoxemia
increase iNOS protein expression and NO synthesis, and decrease CYP 4A protein expression
and activity and that inhibition of iNOS or COX restores renal CYP protein level and activity
and MAP presumably due to increased production of arachidonic acid metabolites derived
from CYP 4A.
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We have previously demonstrated that administration of endotoxin to rats decreases MAP
which is associated with an increase in the serum and renal nitrite levels that is prevented by
selective inhibitor of iNOS, 1,3-PBIT (Tunctan et al., 2006b). These observations suggest that
NO produced mainly by activation of iNOS contributes to the endotoxin-induced hypotension
in conscious rats. In the present study, inhibition of COX with indomethacin prevented the
endotoxin-induced decrease in MAP, increase in serum nitrite and bicyclo PGE2 levels and
renal iNOS protein expression, and decrease in renal CYP 4A1 protein expression and CYP
4A activity. These results demonstrate that increased production of prostaglandins, as well as
NO, 4 h after endotoxin injection causes hypotension in conscious rats and possibly COX-2
derived prostaglandins from renal tissue contribute to this effect of endotoxin. These results
also indicate that decreased NO production by iNOS mediates the effect of indomethacin to
increase MAP, renal CYP 4A1 protein expression, and CYP 4A activity in endotoxemic rats.
On the other hand, indomethacin alone increased the renal nitrite production. These results are
not surprising, because there are several reports suggesting a direct link between NO and
arachidonic acid metabolites (Fleming, 2001; Goodwin et al., 1999; Mollace et al., 2005;
Roman, 2002). NOS inhibitors act to increase COX expression and prostaglandin synthesis in
response to cytokine stimulation and the addition of NO donors reverses their effects suggesting
that NO inhibits COX activity (Amin et al., 1997; Habib et al., 1997; Swierkosz et al., 1995;
Tunctan et al., 2006a). NO has also shown to activate COX-1, but inhibit COX-2-derived
prostaglandin production in vitro (Clancy et al., 2000). Furthermore, some studies suggest that
there is no interaction between NO and prostaglandin synthesis (Boquet et al., 1998; Curtis et
al., 1996; Hamilton and Warner, 1998). Similarly, prostaglandins have been shown to inhibit
(Shirahase et al., 2000; Tunctan et al., 2006a), increase (Tunctan et al., 2003, 2006b) or not
affect (Salvemini et al., 1993) NO production by iNOS in several in vitro and in vivo studies.
Based on the results from our previous studies and our present findings, it appears that under
basal conditions, prostaglandins produced by COX-1 inhibit NO production by cNOS, while
iNOS-derived NO production is increased by prostaglandins under inflammatory conditions.

Among the CYP 4A enzymes, CYP 4A1 has been characterized as the most efficient ω/ω-1
hydroxylase of short- and long-chain fatty acids, including lauric, palmitic, and arachidonic
acids (Gibson, 1989; Hardwick, 1991; Nguyen et al., 1999). CYP 4A1 protein expression and
CYP 4A activity have been shown to localize in tissues such as liver, lung, kidney, and the
vasculature (Bell et al., 1992; Kimura et al., 1989a, 1989b; Persohn et al., 1993). Systemic
administration of CYP 4A1 antisense oligodeoxynucleotides to Sprague-Dawley rats
significantly decreases renal vascular CYP 4A1 expression and activity, as measured by
arachidonic acid conversion to 20-HETE (Wang et al., 1999). It has been reported that ω-
hydroxylation product of arachidonic acid, 20-HETE formed by CYP 4A, play an important
role in the regulation of blood pressure (Fleming, 2001; Roman, 2002). 20-HETE production
is particularly important in the kidney, where it regulates vascular tone and electrolyte excretion
(Roman, 2002). Since NO has been shown to inhibit renal ω-hydroxylase activity and 20-HETE
production (Alonso-Galicia et al., 1997; Oyekan et al., 1999; Wang et al., 2003) and that
withdrawal of NO leads to increased ω-hydroxylase activity (Alonso-Galicia et al., 1997),
expression of CYP 4A protein (Oyekan et al., 1999), and 20-HETE production in the kidney
(Escalante et al., 2002; Oyekan et al., 1999; Wang et al., 2003), it would appear that CYP 4A1
is most likely the isoform involved in the generation of 20-HETE that restores blood pressure
after inhibition of iNOS. We have previously demonstrated that endotoxin decreases CYP 4A1/
A3 protein expression and CYP 4A activity in the kidney (Tunctan et al., 2006b). This finding
together with our demonstration that iNOS inhibitor 1,3-PBIT and COX inhibitor indomethacin
prevented this effect of endotoxin suggests that the decrease in CYP 4A protein expression and
CYP 4A activity during endotoxemia is most likely mediated by NO produced by iNOS and
prostaglandins produced by COX. NO produced in endotoxemia has also been shown to be
associated with decrease in hepatic microsomal total CYP content, CYP 1A1/2, 2B1/2, 2C6,
2C11, 3A1 and 3A2 mRNA, protein expression or activity, which is prevented by NOS
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inhibitors in rats (Khatsenko and Kikkawa, 1997; Khatsenko et al., 1997; Morgan et al.,
2002; Müller et al., 1996; Takemura et al., 1999). Moreover, NSAIDs including acetylsalicylic
acid have been reported to increase CYP 4A activity in rat hepatic microsomes (Okita, 1986).
It has also been shown that total CYP content is decreased by ibuprofen and fenbufen, while
ibuprofen increases CYP 4A1 protein and CYP 4A activity in rat hepatic microsomes (Rekka
et al., 1994). Therefore, it can be concluded that prostaglandins produced during endotoxemia
decrease CYP 4A protein expression and CYP 4A activity and that inhibition of COX restores
renal CYP 4A protein level, CYP 4A activity and MAP presumably due to increased production
of arachidonic acid metabolites derived from CYP 4A.

We have previously shown that aminobenzotriazole, a mechanism-based CYP 4A ω-
hydroxylase inhibitor that reduces levels of 20-HETE (Su et al., 1998), reverses the effect of
1,3-PBIT (Tunctan et al., 2006b) to minimize endotoxin-induced decrease in MAP. This
observation together with our demonstration that indomethacin also abolished the endotoxin-
induced decrease in MAP, suggest that during endotoxemia, the decrease in MAP produced
by iNOS-derived NO and COX-derived prostaglandins is most likely due to a decrease in the
production of the vasocontrictor arachidonic acid metabolites produced via CYP 4A
(presumably 20-HETE) as a result of inhibition of CYP 4A ω-hydroxylase activity by NO and
prostaglandins. In the present study, aminobenzotriazole also prevented the effects of
indomethacin on MAP and CYP 4A1 protein expression and CYP 4A activity. Moreover,
inhibition of iNOS prevented the effects of indomethacin to decrease endotoxin-induced rise
in serum nitrite levels and to cause a further increase in the indomethacin-induced renal nitrite
levels in endotoxemic rats. The effects of COX and iNOS inhibition were also prevented by
aminobenzotriazole. Thus, it seems likely that increased production of cNOS-derived NO and
20-HETE might cause to this effect of 1,3-PBIT in endotoxin- and indomethacin-treated rats.
It is possible that inhibition of both iNOS and COX enzymes may increase cNOS-derived NO
production to maintain physiological functions of constitutively produced NO (Mollace et
al., 2005). Then, the increased production of cNOS-derived NO might cause an increase in 20-
HETE levels. It seems also likely that 20-HETE might cause an increase in cNOS-derived NO
production in endotoxemic rats when iNOS and COX enzymes are inhibited. However, we
have previously shown that aminobenzotriazole alone causes a decrease in CYP 4A activity
and CYP 4A1/A3 protein level as well as an increase in basal systemic and renal nitrite
production without increasing iNOS protein expression (Tunctan et al., 2006b) suggesting an
inhibitory effect of 20-HETE on NO production by cNOS. In the present study,
aminobenzotriazole markedly increased iNOS protein in endotoxin-, indomethacin- and 1,3-
PBIT-treated rats. This could be a compensatory mechanism in response to these effects of
aminobenzotriazole on renal 20-HETE levels, and systemic and renal nitrite production when
iNOS and COX enzymes are inhibited. Supporting this view are the findings of Wang et al.
(2003) who has shown that iNOS-derived NO produced during pregnancy inhibits CYP 4A
protein expression and 20-HETE synthesis in rat renal microvessels and that augmentation of
renal microvessel 20-HETE synthesis after NOS inhibition is associated with increased blood
pressure, which is prevented by aminobenzotriazole. It has also been reported that there are
links among CYP 4A activity, 20-HETE synthesis, and induction of COX-2. COX serves as a
metabolic pathway for 20-HETE by generating prostaglandin analogs of 20-HETE.
Metabolism of 20-HETE by COX-2 acts as a brake mechanism that prevents the unopposed
action of 20-HETE (Cheng and Harris, 2003). The co-expression of an inducible membrane-
associated PGE2 synthase (Murakami et al., 2000) that acts in concert with COX-2 may favor
formation of 20-OH PGE2, a vasodilator prostaglandin analogue of 20-HETE (Carrol et al.,
2001). Therefore, it is possible that the decreased production of vasodilator prostaglandins
produced by COX-2 from 20-HETE mediate the effect of indomethacin to prevent endotoxin-
induced decrease in MAP.
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In conclusion, this is the first study to provide evidence that prostaglandins produced during
endotoxemia increase iNOS protein expression and NO synthesis, and decrease CYP 4A
protein expression and activity and that inhibition of iNOS or COX-2 restores renal CYP
protein level and activity and MAP presumably due to increased production of arachidonic
acid metabolites derived from CYP 4A. Impairment of cardiovascular and renal function is
critically involved in the pathophysiological sequale in septic shock finally resulting in
multiorgan failure and death; restoration of these impaired functions should improve
therapeutic benefit. Our results suggest that treatment with selective iNOS or COX-2 inhibitors,
could restore the cardiovascular function in patients during septic shock. Further
characterization of the role of COX-2-derived prostaglandins in the regulation of CYP 4A
activity and blood pressure will provide the framework for extension of this work into
understanding the role of 20-HETE during endotoxemia. More importantly, further studies
with arachidonic acid metabolites generated via CPY4A including stable analogs of 20-HETE
in models of endotoxemia could provide a novel approach to treat hypotension in septic shock.
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Fig. 1.
Effect of aminobenzotriazole (ABT) and/or 1,3-PBIT on the indomethacin (INDO)-induced
changes in mean arterial pressure (MAP) 4 h after saline (vehicle) or endotoxin (ET) injection
in conscious rats. INDO, ABT and/or 1,3-PBIT were given at 1 h after ET injection. Values
are expressed as means±S.E.M. from 4-20 rats per treatment group. *ET vs. vehicle
(p<0.05). +ET+INDO vs. ET (p<0.05). ●ET+INDO+ABT vs. ET+INDO (p<0.05). ◆ET
+INDO+1,3-PBIT vs. ET+INDO (p<0.05). ▲ ET+INDO+1,3-PBIT+ABT vs. ET+INDO+1,3-
PBIT (p<0.05).
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Fig. 2.
Effect of aminobenzotriazole (ABT) and/or 1,3-PBIT on the indomethacin (INDO)-induced
changes in serum nitrite levels (A), renal nitrite production (B) and renal inducible nitric oxide
synthase (iNOS) protein expression (C) 4 h after saline (vehicle) or endotoxin (ET) injection
in conscious rats. Values are expressed as means±S.E.M. from 3-9 rats per treatment group.
*ET vs. vehicle (p<0.05). ■INDO vs. vehicle (p<0.05). +ET+INDO vs. ET (p<0.05). ◆ET
+INDO+1,3-PBIT vs. ET+INDO (p<0.05). ▲ET+INDO+1,3-PBIT+ABT vs. ET+INDO+1,3-
PBIT (p<0.05).
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Fig. 3.
Effect of aminobenzotriazole (ABT) and/or 1,3-PBIT on the indomethacin (INDO)-induced
changes in renal cytochrome P450 (CYP) 4A1 protein expression (A) and CYP 4A activity
(B) 4 h after saline (vehicle) or endotoxin (ET) injection in conscious rats. Values are expressed
as means±S.E.M. from 3-9 rats per treatment group. *ET vs. vehicle (p<0.05). ■INDO vs.
vehicle (p<0.05). +ET+INDO vs. ET (p<0.05). ●ET+INDO+ABT vs. ET+INDO
(p<0.05). ▲ET+INDO+1,3-PBIT +ABT vs. ET+INDO+1,3-PBIT (p<0.05).
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