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Abstract
We have previously demonstrated that a stable synthetic analog of 20-HETE, N-[20-
hydroxyeicosa-5(Z),14(Z)-dienoyl]glycine (5,14-HEDGE), restores vascular reactivity, blood
pressure, and heart rate in endotoxemic rats. The aim of this study was to determine whether
decreased renal expression and activity of soluble epoxide hydrolase (sEH), MEK1, ERK1/2,
IKKβ, IκB-α, and NF-κB as well as systemic and renal proinflammatory cytokine production
associated with increased expression and activity of CYP2C23 contributes to the effect of 5,14-
HEDGE to prevent hypotension, tachycardia, inflammation, and mortality in response to systemic
administration of lipopolysaccharide (LPS). Blood pressure fell by 33 mmHg and heart rate rose
by 57 beats/min in LPS (10 mg/kg, i.p.)-treated rats. Administration of LPS also increased mRNA
and protein expression of sEH associated with a decrease in CYP2C23 mRNA and protein
expression. Increased activity of sEH and p-MEK1, p-ERK1/2, p-IκB-α, NF-κB, and p-NF-κB
protein levels as well as TNF-α and IL-8 production by LPS were also associated with a decreased
activity of AA epoxygenases. These effects of LPS were prevented by 5,14-HEDGE (30 mg/kg,
s.c.; 1 h after LPS). Treatment of endotoxemic mice with 5,14-HEDGE also raised the survival
rate of animals from 84% to 98%. A competitive antagonist of vasoconstrictor effects of 20-
HETE, 20-hydroxyeicosa-6(Z),15(Z)-dienoic acid, 20-HEDE (30 mg/kg, s.c.; 1 h after LPS)
prevented the effects of 5,14-HEDGE on blood pressure, heart rate, expression and/or activity of
sEH, CYP2C23, and ERK1/2 as well as TNF-α and IL-8 levels in rats treated with LPS. These
results suggest that decreased expression and/or activity of sEH and MEK1/ERK1/2/IKKβ/IκB-α/
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NF-κB pathway as well as proinflammatory cytokine production associated with increased
CYP2C23 expression and antiinflammatory mediator formation participate in the protective effect
of 5,14-HEDGE against hypotension, tachycardia, inflammation, and mortality in the rodent
model of septic shock.
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1. Introduction
20-hydroxyeicosatetraenoic acid (20-HETE) is an ω-hydroxylation product of arachidonic
acid (AA) that is produced by cytochrome P450 (CYP) enzymes, mainly by the CYP4A and
CYP4F isoforms in the kidney, heart, liver, brain, lung, and vasculature [1–4]. In the
vasculature, 20-HETE causes vasoconstriction in several vascular beds, including renal,
cerebral, aortic, mesenteric, and coronary arteries [5–9]. Activation of protein kinases, such
as mitogen-activated protein kinase (MAPK), MAPK kinase (MEK), and extracellular
signal-regulated kinase (ERK) which contribute to the regulation of vascular tone, has been
shown to mediate to the vasoconstrictor effect of 20-HETE [10–13]. As opposed to its
vasoconstrictor effect, 20-HETE has also been reported to produce vasodilation in the
vasculature including renal and coronary arteries [13–15]. These vasodilatory responses of
20-HETE have been attributed to nitric oxide (NO) release [16], conversion of 20-HETE to
20-OH-PGE2 and 20-OH-PGF2α by cyclooxygenase (COX) [7,13,17], and increased
formation of PGE2 [17] and PGI2 [13–15,17]. In addition, 20-HETE has been shown to
activate NF-κB signaling and induce expression of cellular adhesion molecules and
cytokines, thereby promoting inflammation [18,19]. CYP4A- and CYP4F-derived 20-HETE
is also involved in LPS-induced acute systemic inflammation as a proinflammatory mediator
[20,21].

Cis-epoxyeicosatrienoic acids (EETs) are synthesized predominantly by CYP epoxygenases
of the CYP2 family, including the 2C and 2J classes. In addition, some other mammalian
CYP isoforms have been reported to generate EETs (e.g., CYP1A, CYP2B, and CYP2D)
[22]. The primary epoxidation products are four regioisomers: 5,6-, 8,9-, 11,12-, and 14,15-
EET. Although each enzyme is able to convert AA to all four EET regioisomers, 11,12- and
14,15-EET have been reported as the main products of these epoxygenases [23]. EETs can
be further metabolized by several pathways including hydration by soluble epoxide
hydrolase (sEH) [24,25], esterification to glycerophospholipids [26,27], and β-oxidation by
CYPs and COXs [28–31]. EETs are rapidly hydrated in vivo by epoxide hydrolases,
primarily sEH in the cytosol, to their more stable and less active corresponding diols,
dihydroxyeicosatrienoic acids (DHETs) [24,25]. The three major CYP2C isoforms
expressed in the rat kidney are the CYP2C24, CYP2C11, and CYP2C23, the latter being the
most specific isoform to renal microvessels [32,33]. CYP2C23 has also been shown to be a
major isoform of CYP epoxygenase responsible for 11,12-EET formation in the kidney
[32,34]. EETs have been implicated in various biological processes, including vascular tone
and blood pressure [35,36]. In addition, proinflammatory mediators like cytokines and
lipopolysaccharide (LPS), also known as endotoxin, which is the most potent microbial
mediator in the pathogenesis of septic shock [1], decrease endothelial epoxygenase enzyme
expression and formation of EETs [37]. Therefore, in contrast to 20-HETE, EETs have
potent antiinflammatory properties by attenuating cytokine-induced nuclear factor-κB (NF-
κB) activation and leukocyte adhesion to the vascular wall [38]. However, to the best of our
knowledge, there has been no previous attempt to examine contribution of EETs to changes
in hemodynamic variables and mortality seen in septic shock.
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Because of the divergent effects of the CYP epoxygenase and hydroxylase pathways in the
regulation of vascular tone and inflammation, changes in the functional balance between
these parallel pathways might contribute to the pathogenesis and progression of
inflammatory disease, such as sepsis and septic shock. Our previous studies with the use of a
stable synthetic analog of 20-HETE, N-[20-hydroxyeicosa-5(Z),14(Z)-dienoyl]glycine,
5,14-HEDGE, which mimics the effects of endogenously produced 20-HETE, and a
competitive antagonist of vasoconstrictor effects of 20-HETE, 20-hydroxyeicosa-6(Z),
15(Z)-dienoic acid, 20-HEDE, in cardiovascular and renal tissues of rats suggested that
decreased formation of 20-HETE and EETs contributes to vascular hyporeactivity,
hypotension, tachycardia, inflammation, and decreased survival in a rodent model of septic
shock [39–42]. Therefore, the present study was conducted to determine whether decreased
renal expression and activity of sEH, MEK1, ERK1/2, IκB kinase (IKK) β, inhibitor of κB
(IκB)-α, and NF-κB as well as systemic and renal proinflammatory cytokine production
associated with increased CYP2C23 expression and activity contribute to the protective
effect of 5,14-HEDGE against hypotension, tachycardia, and inflammation in LPS-treated
rats and mortality in endotoxemic mice. The results of this study have been presented in
abstract form [41,42].

2. Materials and methods
2.1. Endotoxic shock model

Experiments were performed on Wistar rats (male; 200–330 g; n = 60) and Balb/c mice
(male and female; 20–40 g; n = 210) (Research Center of Experimental Animals, Mersin
University, Mersin, Turkey) fed a standard chow. They were synchronized by maintenance
of controlled environmental conditions throughout the experiments. The circadian
rhythmicity of the animals was entrained by a standardized 12 h light and 12 h 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 in rats and mice as
previously described by Tunctan et al. [43,44]. Rats were randomly divided into saline (n =
10), LPS (n = 10), 5,14-HEDGE (n = 10), LPS + 5,14-HEDGE (n = 10), 20-HEDE (n = 10),
and LPS + 5,14-HEDGE + 20-HEDE (n = 10) groups. In the mortality studies, mice were
randomly divided into saline (n = 20), LPS (n = 50), 5,14-HEDGE (n = 20), LPS + 5,14-
HEDGE (n = 50), 20-HEDE (n = 20), and LPS + 5,14-HEDGE + 20-HEDE (n = 50) groups.
In the saline, 5,14-HEDGE, and 20-HEDE groups, animals received saline (4 ml/kg, i.p.) at
time 0. Animals in the LPS, LPS + 5,14-HEDGE, and LPS + 5,14-HEDGE + 20-HEDE
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 5,14-HEDGE, LPS +
5,14-HEDGE, and LPS + 5,14-HEDGE + 20-HEDE groups, animals were treated with a
stable synthetic analog of 20-HETE, 5,14-HEDGE (30 mg/kg, s.c.) [39,40] and/or a
competitive antagonist of vasoconstrictor effects of 20-HETE, 20-HEDE (30 mg/kg, s.c.)
[39,40] 1 h after injection of saline or LPS, respectively. 5,14-HEDGE and 20-HEDE were
synthesized in the Department of Biochemistry University of Texas Southwestern Medical
Center, Dallas, Texas, US. Mean arterial pressure (MAP) and heart rate (HR) of the rats
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 rats survived in the experiments. In the mortality studies, survival rate was recorded
every 6 h for 3 days after the administration of saline or LPS to mice. Rats were euthanized
4 h after the administration of saline or LPS, and blood samples and kidneys were collected
from all animals. Detailed method about preparation of serum and tissue samples is reported
in the supplementary material.
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2.2. Messenger ribonucleic acid (mRNA) isolation and reverse transcription-polymerase
chain reaction (RT-PCR)

Complementary deoxyribonucleic acids (cDNAs) for sEH, CYP2C23, and β-actin were
synthesized followed by mRNAs isolation from the frozen tissue powders as given in detail
in the supplementary material.

2.3. Immunoblotting
Immunoblotting for sEH, CYP2C23, MEK1, ERK1/2, IκB-α, phosphorylated IκB-α, NF-
κB, phosphorylated NF-κB, and β-actin proteins were performed according to the method
reported in the supplementary material.

2.4. Measurement of MEK1 and ERK1/2 activities
Phosphorylated protein levels of MEK1 and ERK1/2 (as an index for MEK1 and ERK1/2
activity, respectively) in the tissue homogenates were measured by ELISA according to the
manufacturer’s instructions in the RayBio®Phospho-MEK1 (Ser217/221) ELISA Kit
(RayBiotech Inc., Norcross, GA, USA) and ERK1/2 (pTpY185/187) ELISA Kit (Invitrogen
Co., Camarillo, CA, USA), respectively.

2.5. Measurement of activities of AA epoxygenases and sEH
Activities of AA epoxygenasesas (an index for CYP2C23 activity) and sEH were measured
in the renal microsomal and cytosolic fractions, respectively, according to the method
reported in the supplementary material.

2.6. Measurement of tumor necrosis factor (TNF)-α and interleukin (IL)-8 levels
TNF-α and IL-8 levels in the sera and tissue samples were measured by ELISA according to
the manufacturer’s instructions in the Rat TNF-α Platinum ELISA Kit (Bender Medsystems,
Vienna, Austria) and Rat Interleukin 8 (IL-8) ELISA Kit (Cusabio Biotech Co., Ltd., Hubei
Province, P.R. China), respectively.

2.7. Statistical analysis
Data except mortality are expressed as means ± S.E.M. Data were analyzed 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. The survival data were analyzed by Fisher’s exact test. A
P value < 0.05 was considered to be statistically significant.

3. Results
3.1. Effect of 5,14-HEDGE on the cardiovascular response to LPS

LPS caused a gradual fall in MAP and an increase in HR over the 4 h course of the
experiment (p < 0.05) (Table 1). The change in MAP and HR reached a maximum 4 h after
the administration of LPS. MAP fell by 33 mmHg and HR rose by 57 bpm in rats treated
with LPS. A synthetic analog of 20-HETE, 5,14-HEDGE, which mimics the effects of
endogenously produced 20-HETE, prevented the fall in MAP and the increase in HR in rats
given LPS (p < 0.05). A competitive antagonist of the vasoconstrictor effects of 20-HETE,
20-HEDE, reversed the ability of 5,14-HEDGE to oppose the effects of endotoxin on MAP
and HR (p < 0.05). 5,14-HEDGE or 20-HEDE had no effect on MAP or HR in rats treated
with vehicle (p > 0.05).
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3.2. Effect of 5,14-HEDGE on LPS-induced increase in sEH expression and activity
LPS increased sEH mRNA (Fig. 1A) and protein (Fig. 1B) expression as well as its activity
(Fig. 1C) in the renal tissue (p < 0.05). The increase in sEH expression and activity was
prevented in the tissues of rats treated with LPS and 5,14-HEDGE (p < 0.05) (Fig. 1). 20-
HEDE reversed the effect of 5,14-HEDGE on sEH expression, but not its activity, in LPS-
treated rats (p < 0.05). 5,14-HEDGE or 20-HEDE had no effect on the basal sEH expression
and activity in vehicle-treated rats (p > 0.05).

3.3. Effect of 5,14-HEDGE on LPS-induced decrease in CYP2C23 expression and activity
Expression of CYP2C23 mRNA (Fig. 2A) and protein (Fig. 2B) as well as activity of AA
epoxygenases (Fig. 2C) was decreased in the renal tissue of endotoxemic rats (p < 0.05).
The decrease in CYP2C23 expression and activity of AA epoxygenases in tissues of rats
caused by LPS was prevented by concurrent treatment with 5,14-HEDGE (p < 0.05) (Fig.
2). 20-HEDE reversed the effect of 5,14-HEDGE on activity of AA epoxygenases, but not
CYP2C23 expression, in LPS-treated rats (p < 0.05). 5,14-HEDGE or 20-HEDE had no
effect on the basal CYP2C23 expression and activity of AA epoxygenases in vehicle-treated
rats (p > 0.05).

3.4. Effect of 5,14-HEDGE on MEK1 expression and activity in endotoxemic rats
To determine the effect of 5,14-HEDGE on LPS-induced changes in MEK1 expression and
activity, unphosphorylated MEK1 protein expression and phosphorylated MEK1 protein
levels were measured in the renal tissue of endotoxemic rats. Although LPS did not alter the
unphosphorylated protein expression of MEK1 (p > 0.05), phosphorylated MEK1 protein
levels were increased (p < 0.05) (Fig. 3). The increase in MEK1 phosphorylation in the
tissues of rats caused by LPS was prevented by 5,14-HEDGE treatment (p < 0.05). 20-
HEDE did not reverse the effect of 5,14-HEDGE on MEK1 activity in LPS-treated rats (p >
0.05). 5,14-HEDGE or 20-HEDE had no effect on the basal unphosphorylated and
phosphorylated MEK1 protein levels in vehicle-treated rats (p > 0.05).

3.5. Effect of 5,14-HEDGE on LPS-induced increase in ERK1/2 expression and activity in
endotoxemic rats

To examine the effect of 5,14-HEDGE on LPS-induced changes in ERK1/2 expression and
activity, unphosphorylated ERK1/2 protein expression and phosphorylated ERK1/2 protein
levels were measured in the renal tissue of endotoxemic rats. Although LPS did not alter the
unphosphorylated protein expression of ERK1/2 (p > 0.05), phosphorylated ERK1/2 protein
levels were increased (p < 0.05) (Fig. 4). The increase in ERK1/2 phosphorylation was
prevented in the tissues of rats treated with 5,14-HEDGE (p < 0.05). 20-HEDE reversed the
effect of 5,14-HEDGE on ERK1/2 activity in LPS-treated rats (p < 0.05). 5,14-HEDGE or
20-HEDE had no effect on the basal unphosphorylated and phosphorylated ERK1/2 protein
levels in vehicle-treated rats (p > 0.05).

3.6. Effect of 5,14-HEDGE on LPS-induced increase in IκB-α expression and
phosphorylation in endotoxemic rats

To demonstrate the effect of 5,14-HEDGE on LPS-induced changes in IκB-α expression
and phosphorylation, unphosphorylated and phosphorylated IκB-α protein expressions were
measured in the renal tissue of endotoxemic rats. LPS treatment increased phosphorylated (p
< 0.05), but not unphosphorylated protein expression of IκB-α (p > 0.05) (Fig. 5). The
increase in IκB-α phosphorylation caused by LPS was prevented in the tissues of rats
treated with 5,14-HEDGE (p < 0.05). 20-HEDE did not reverse the effect of 5,14-HEDGE
on IκB-α phosphorylation in LPS-treated rats (p > 0.05). 5,14-HEDGE or 20-HEDE had no
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effect on the basal unphosphorylated and phosphorylated IκB-α protein expression in
vehicle-treated rats (p > 0.05).

3.7. Effect of 5,14-HEDGE on LPS-induced increase in NF-κB expression and
phosphorylation

To demonstrate the effect of 5,14-HEDGE on LPS-induced changes in NF-κB expression
and phosphorylation, unphosphorylated and phosphorylated NF-κB protein expressions
were measured in the renal tissue of endotoxemic rats. LPS increased unphosphorylated and
phosphorylated NF-κB protein expression (p < 0.05) (Fig. 6). The increase in both
unphosphorylated and phosphorylated NF-κB expressions produced by LPS was prevented
in the tissues of rats treated with 5,14-HEDGE (p < 0.05). 20-HEDE did not reverse the
effect of 5,14-HEDGE on NF-κB expression and phosphorylation in LPS-treated rats (p >
0.05). 5,14-HEDGE or 20-HEDE had no effect on the basal unphosphorylated and
phosphorylated NF-κB protein expression in vehicle-treated rats (p > 0.05).

3.8. Effect of 5,14-HEDGE on LPS-induced increase in TNF-α and IL-8 levels
To investigate the effect of 5,14-HEDGE on LPS-induced changes in proinflammatory
cytokine production, TNF-α and IL-8 levels were measured in the sera and renal tissues of
endotoxemic rats. LPS caused an increase in systemic and renal levels of TNF-α (Fig. 7)
and IL-8 (Fig. 8) (p < 0.05). The increased production of TNF-α and IL-8 was prevented in
the tissues of rats treated with LPS and 5,14-HEDGE (p < 0.05) (Figs. 7 and 8). 20-HEDE
reversed the effect of 5,14-HEDGE on the cytokine production in LPS-treated rats (p >
0.05). 5,14-HEDGE or 20-HEDE had no effect on the basal cytokine levels in vehicle-
treated rats (p > 0.05).

3.9. Effect of 5,14-HEDGE on LPS-induced mortality
To determine whether 5,14-HEDGE improves LPS-induced mortality in the rodent model of
septic shock, mice were administered the same dose of LPS that was given to rats
intraperitoneally and survival was monitored for up to 72 h. The mortality rates at 24, 30,
36, and 72 h after LPS challenge were 2%, 4%, 10%, and 16%, respectively. The
subcutaneous administration of 5,14-HEDGE at 30 mg/kg prevented the mortality when it
was started at 24 h and repeated at 30, 36, 48, 54, and 72 h after administration of LPS (p <
0.05). However, only one of the mice treated with 5,14-HEDGE died at 60 h after injection
of LPS. The overall survival was significantly improved in endotoxemic mice treated with
5,14-HEDGE (p < 0.05) (Fig. 9). In endotoxemic mice treated with 5,14-HEDGE and 20-
HEDE (30 mg/kg, s.c.), the mortality rates were 1%, 8%, and 10% at 36, 60, and 72 h after
LPS challenge, respectively. None of the mice died during the 72 h observation period after
saline and/or 5,14-HEDGE or 20-HEDE administration alone.

4. Discussion
The results of the present study indicate that increased expression and/or activity of sEH and
MEK1, ERK1/2, IKKβ, IκB-α, and NF-κB, and TNF-α and IL-8 production associated
with a decrease in expression and activity of CYP2C23 participate in the fall in blood
pressure and tachycardia in rats treated with LPS and mortality in endotoxemic mice. These
data also demonstrate that 5,14-HEDGE, a 20-HETE mimetic, restores blood pressure,
prevents tachycardia and inflammation, and improves survival which may be due to
decreased expression and/or activity of sEH and MEK1/ERK1/2/IKKβ/IκB-α/NF-κB
pathway as well as proinflammatory cytokine production associated with increased
CYP2C23 expression and antiinflammatory mediator formation in the rodent model of
septic shock.
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In the present study, we measured changes in the expression and/or activity of sEH,
CYP2C23, and MEK1/ERK1/2/IKKβ/IκB-α/NF-κB pathway as well as proinflammatory
cytokine production at 4 h after LPS administration. LPS produced a fall in MAP and
increase in HR within 1 h that was sustained for 4 h. Administration of 5,14-HEDGE
prevented the LPS-induced fall in blood pressure and increase in HR within 1 h.
Compensatory mechanisms, including activation of the renin-angiotensin-aldosteron system,
increased sensitivity of baroreceptor reflex mechanisms, and increased production of
endothelin-1 and catecholamines, which are known to activate phospholipase A2 and release
AA 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 of vasoregulatory molecules that could contribute to the fall in
blood pressure during LPS-induced endotoxemia [1]. Our previous studies suggested that
systemic administration of LPS to rats causes a decrease in CYP4A1 mRNA and protein
expression in the kidney, heart, thoracic aorta, and superior mesenteric artery associated
with reduced systemic and tissue levels of 20-HETE [40–42,45,46]. In contrast to our
findings, Anwar-Mohamed et al. [20] demonstrated that CYP4A1 mRNA expression was
increased in the heart of inflamed animals at 6, 12, and 24 h by 400%, 900%, and 6000%,
respectively, after injection of LPS (E. coli LPS, O127:B8, 1 mg/kg, i.p.) to Sprague-
Dawley rats. Similarly, but with a lower magnitude, renal mRNA expression of CYP4A1
was increased only at 24 h by 100% after injection of LPS (E. coli LPS, O127:B8, 1 mg/kg,
i.p.) to rats. The LPS-induced changes in the expression of CYP4A1 as well as enhanced
expression of TNF-α and IL-6 genes in cardiac and renal tissues were also associated with
increased production of 20-HETE in the heart microsomes of inflamed animals by 40% ex
vivo. The authors suggested that acute inflammation causes alteration in cardiac CYP-
mediated AA metabolism in favor of 20-HETE formation. However, Theken et al. [21]
reported that 20-HETE formation in the kidney, but not in the heart, decreased 6 or 24 h
after injection of LPS (E. coli LPS, O111:B4, 1 mg/kg, i.p.) to C57BL/6 mice leading to the
conclusion that acute activation of the innate immune response alters CYP expression and
eicosanoid metabolism in an isoform-, tissue-, and time-dependent manner. Thus, the
contradiction between previously published studies and our results could be attributed to
differences in type and strain of animals, dose regimen, strain of LPS, and time points for
measurement of enzyme expression and activity which might reflect the differences in the
response to LPS treatment.

NF-κB has been implicated in the regulation of multiple biological phenomena and disease
states, including inflammation and septic shock [1,47]. Activation of MEK1/ERK1/2
pathway in response to endotoxin or cytokines has been reported to act as an important
regulator of NF-κB activation and NF-κB-dependent proinflammatory gene expression. It
has been demonstrated that endotoxin activates ERK1/2, as well as inhibitory subunit of NF-
κB (IκB) degradation and ensuing NF-κB activation in rat vascular smooth muscle cells
[48,49]. Subsequent activation of NF-κB by ERK1/2 has shown to increase inflammatory
mediator production [50–52]. These observations suggest that MEK1/ERK1/2 pathway
involves in the vascular hyporeactivity to vasoconstrictor agents and decreased blood
pressure in endotoxemic rats. Indeed, as shown by our group previously, a selective inhibitor
of phosphorylation of ERK1/2 by MEK1, 1,4-diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio]butadien (U0126) prevented the endotoxin-induced fall in MAP and
increase in HR in vivo as well as vascular hyporeactivity to norepinephrine associated with
increased phosphorylation of ERK1/2 in vitro [53] and ex vivo [54,55]. These findings
suggest that MEK1/ERK1/2 pathway-induced inhibition of the formation of vasoconstrictor
mediators, such as 20-HETE, and removal of its influence on vascular tone may contribute
to the hypotension, tachycardia, and vascular hyporeactivity in endotoxic shock. Supporting
this view were our findings that administration of a synthetic analog of 20-HETE, 5,14-
HEDGE prevented the increase in 20-HETE levels in the systemic circulation as well as
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cardiovascular and renal tissues contribute to the effect of 5,14-HEDGE to prevent the
vascular hyporeactivity, hypotension, and tachycardia during rat endotoxemia [39–42]. In
the present study, the LPS-induced fall in MAP and rise in HR were associated with
increased sEH mRNA and protein expression. On the other hand, CYP2C23 mRNA and
protein expression was decreased in the renal tissues of endotoxemic rats. Increased
activities of sEH and MEK1/ERK1/2/IKKβ/IκB-α/NF-κB pathway associated with the
production of proinflammatory cytokines, TNF-α and IL-8, were also associated with a
decreased activity of AA epoxygenases. These effects of LPS on sEH and CYP2C23
expression and activity were prevented by 5,14-HEDGE given 1 h after injection of LPS.
5,14-HEDGE also prevented the LPS-induced increase in the activity of MEK1/ERK1/2/
IKKβ/IκB-α/NF-κB pathway associated with increased systemic and renal levels of
proinflammatory cytokines in endotoxemic rats. Moreover, the overall survival was
significantly improved in endotoxemic mice treated with 5,14-HEDGE. A competitive
antagonist of vasoconstrictor effects of 20-HETE, 20-HEDE, reversed the effects of 5,14-
HEDGE on sEH mRNA and protein expression, but not its activity, in rats treated with LPS.
On the other hand, 20-HEDE reversed the effect of 5,14-HEDGE on AA epoxygenase
activities, but not CYP2C23 expression. In addition, LPS-induced increase in ERK1/2
activity, but not phosphorylated MEK1, IκB-α, and NF-κB levels, was reversed by 20-
HEDE in the renal tissue. These observations together with previous studies [37,39–46,53–
57] suggest that increased production of EETs as well as decreased expression and/or
activities of sEH and MEK1/ERK1/2/IKKβ/IκB-α/NF-κB pathway participates in the effect
of 5,14-HEDGE to prevent the LPS-induced inflammatory response associated with a
decrease in MAP and rise in HR in endotoxemic rats and mortality in mice. In addition, it
seems that transcriptional (e.g., gene expression), translational (e.g., mRNA expression and
stability), and posttranslational mechanisms (e.g., protein expression and stability) as well as
changes in enzyme activity are involved in the regulation of sEH and CYP2C23 expression
by 5,14-HEDGE in the rodent model of septic shock. Although our results demonstrated that
5,14-HEDGE directly increases CYP2C23 expression at translational, transcriptional, and
posttranscriptional levels and activity of AA epoxygenases leading to EET production in
endotoxemic rats, it is also possible that 5,14-HEDGE might increase CYP2C23 expression
and activity indirectly by inhibiting expression and activity of sEH and/or decreasing the
effects of 20-HETE, cytokines, and/or transcription factors (such as NF-κB) on the
expression and activity of CYP2C23. However, additional experiments need to be conducted
to demonstrate the validity of these hypotheses. Further characterization of the molecular
mechanisms of interactions between sEH, CYP2C23, MEK1, ERK1/2, and IKKβ enzymes
at molecular level will provide the framework for extension of this work into understanding
the role of AA products in the inflammatory response associated with hypotension,
tachycardia, and mortality during endotoxemia.

In conclusion, the present study provides evidence that endotoxin induces expression and/or
activity of sEH and MEK1/ERK1/2/IKKβ/IκB-α/NF-κB pathway as well as
proinflammatory cytokine production associated with decreased CYP2C23 expression and
formation of antiinflammatory eicosanoids, EETs, during endotoxemia leading to
hypotension, tachycardia, inflammation, and mortality in the rodent model of septic shock
(Fig. 10). Moreover, it is likely that increased sEH activity suppresses conversion of EETs to
DHETs by CYP2C23 in endotoxemic rats. Our findings also suggest that 5,14-HEDGE, a
20-HETE mimetic, prevents hypotension, tachycardia, inflammation, and mortality during
endotoxemia presumably due to decreased expression and/or activity of sEH and MEK1/
ERK1/2/IKKβ/IκB-α/NF-κB pathway as well as proinflammatory cytokine production
associated with increased CYP2C23 expression and antiinflammatory mediator formation.
Therefore, we speculate that 5,14-HEDGE could have antihypotensive effect due to its 20-
HETE mimetic activity and inhibition of vasodilator mediator formation as well as anti-
inflammatory effect which could be due to increased availability of EETs and decreased
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proinflammatory cytokine production. The current management of septic shock relies on
immediate treatment with antibiotics and strong supportive care to control hypotension,
tachycardia, cardiac output, and tissue oxygenation to maintain organ function. However,
the failure of conventional therapy is that the pathophysiology of septic shock is the result of
a highly complex set of processes in which the host response becomes dysregulated and
causes cellular damage, tissue damage, and, ultimately, organ failure. In the light of the
important role of 20-HETE and EETs in the regulation of cardiovascular hemostasis and
inflammatory process, further studies with 20-HETE mimetics in experimental models of
endotoxemia could provide a novel approach to treat hypotension, tachycardia,
inflammation, and mortality which lead to multiple organ failure and death in septic shock.
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Abbreviations

20-HEDE 20-hydroxyeicosa-6(Z),15(Z)-dienoic acid

AA arachidonic acid

20-HETE 20-hydroxyeicosatetraenoic acid

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

cDNA complementary deoxyribonucleic acid

COX cyclooxygenase

CYP cyctochrome P450

EET epoxyeicosatrienoic acid

DHET dihydroxyeicosatrienoic acid

ERK extracellular signal-regulated kinase

HR heart rate

IKK IκB kinase

IκB inhibitor of κB

IL interleukin

i.p. intraperitoneally

LPS lipopolysaccharide

MAP mean arterial pressure

MAPK mitogen-activated protein kinase kinase

MEK mitogen-activated protein kinase

mRNA messenger ribonucleic acid

NF-κB nuclear factor-κB
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NO nitric oxide

PG prostaglandin

RT-PCR reverse transcription-polymerase chain reaction

s.c. subcutaneously

sEH soluble epoxide hydrolase

TNF tumor necrosis factor

U0126 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadien
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Fig. 1.
Effects of 5,14-HEDGE and 20-HEDE on changes in renal sEH expression of (A) mRNA
and (B) protein and (C) activity measured 4 h after saline (vehicle) (4 ml/kg, i.p.) or LPS (10
mg/kg, i.p.) injection to conscious rats. 5,14-HEDGE (30 mg/kg, s.c.) and/or 20-HEDE (30
mg/kg, s.c.) were given 1 h after administration of saline or LPS. sEH mRNA and protein
expression in tissue homogenates and activity in renal cytosolic fractions were measured by
RT-PCR, immunoblotting, and HPLC, respectively. Data are expressed as means ± S.E.M of
4 animals. *Significant difference from the corresponding value seen in rats treated with
saline (p < 0.05). #Significant difference from the corresponding value seen in the rats
treated with LPS (p < 0.05). §Significant difference from the corresponding value seen in the
rats treated with LPS and 5,14-HEDGE (p < 0.05).
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Fig. 2.
Effects of 5,14-HEDGE and 20-HEDE on changes in renal CYP2C23 expression of (A)
mRNA and (B) protein and (C) activity of AA epoxygenases measured 4 h after saline
(vehicle) (4 ml/kg, i.p.) or LPS (10 mg/kg, i.p.) injection to conscious rats. 5,14-HEDGE (30
mg/kg, s.c.) and/or 20-HEDE (30 mg/kg, s.c.) were given 1 h after administration of saline
or LPS. CYP2C23 mRNA and protein expression in tissue homogenates and activity in renal
microsomal fractions were measured by RT-PCR, immunoblotting, and HPLC, respectively.
Data are expressed as means ± S.E.M of 4 animals. *Significant difference from the
corresponding value seen in rats treated with saline (p < 0.05). #Significant difference from
the corresponding value seen in the rats treated with LPS (p < 0.05). §Significant difference
from the corresponding value seen in the rats treated with LPS and 5,14-HEDGE (p < 0.05).
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Fig. 3.
Effects of 5,14-HEDGE and 20-HEDE on changes in renal MEK1 activity measured 4 h
after saline (vehicle) (4 ml/kg, i.p.) or LPS (10 mg/kg, i.p.) injection to conscious rats. 5,14-
HEDGE (30 mg/kg, s.c.) and/or 20-HEDE (30 mg/kg, s.c.) were given 1 h after
administration of saline or LPS. MEK1 protein expression and p-MEK1 (Ser217/221) protein
levels in tissue homogenates were measured by immunoblotting and ELISA Kit,
respectively. MEK1 activity was calculated as the ratio of p-MEK1 (Ser217/221)/MEK1
protein levels. Data are expressed as means ± S.E.M of 4–7 animals. *Significant difference
from the corresponding value seen in rats treated with saline (p < 0.05). #Significant
difference from the corresponding value seen in the rats treated with LPS (p <
0.05). §Significant difference from the corresponding value seen in the rats treated with LPS
and 5,14-HEDGE (p < 0.05).
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Fig. 4.
Effects of 5,14-HEDGE and 20-HEDE on changes in renal ERK1/2 activity measured 4 h
after saline (vehicle) (4 ml/kg, i.p.) or LPS (10 mg/kg, i.p.) injection to conscious rats. 5,14-
HEDGE (30 mg/kg, s.c.) and/or 20-HEDE (30 mg/kg, s.c.) were given 1 h after
administration of saline or LPS. ERK1/2 protein expression and p-ERK1/2 (pTpY185/187)
protein levels in tissue homogenates were measured by immunoblotting and ELISA Kit,
respectively. ERK1/2 activity was calculated as the ratio of p-ERK1/2 (pTpY185/187)/
ERK1/2 protein levels. Data are expressed as means ± S.E.M of 4–10 animals. *Significant
difference from the corresponding value seen in rats treated with saline (p <
0.05). #Significant difference from the corresponding value seen in the rats treated with LPS
(p < 0.05). §Significant difference from the corresponding value seen in the rats treated with
LPS and 5,14-HEDGE (p < 0.05).
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Fig. 5.
Effects of 5,14-HEDGE and 20-HEDE on changes in renal IκB-α protein expression and
phosphorylation measured 4 h after saline (vehicle) (4 ml/kg, i.p.) or LPS (10 mg/kg, i.p.)
injection to conscious rats. 5,14-HEDGE (30 mg/kg, s.c.) and/or 20-HEDE (30 mg/kg, s.c.)
were given 1 h after administration of saline or LPS. IκB-α and p-IκB-α (Ser32) protein
levels in tissue homogenates were measured by immunoblotting. Data are expressed as
means ± S.E.M of 4 animals. *Significant difference from the corresponding value seen in
rats treated with saline (p < 0.05). #Significant difference from the corresponding value seen
in the rats treated with LPS (p < 0.05).
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Fig. 6.
Effects of 5,14-HEDGE and 20-HEDE on changes in renal NF-κB protein expression and
phosphorylation measured 4 h after saline (vehicle) (4 ml/kg, i.p.) or LPS (10 mg/kg, i.p.)
injection to conscious rats. 5,14-HEDGE (30 mg/kg, s.c.) and/or 20-HEDE (30 mg/kg, s.c.)
were given 1 h after administration of saline or LPS. NF-κB and p-NF-κB (Ser536) protein
levels in tissue homogenates were measured by immunoblotting. Data are expressed as
means ± S.E.M of 4 animals. *Significant difference from the corresponding value seen in
rats treated with saline (p < 0.05). #Significant difference from the corresponding value seen
in the rats treated with LPS (p < 0.05).
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Fig. 7.
Effects of 5,14-HEDGE and 20-HEDE on changes in TNF-α levels in (A) serum and (B)
kidney measured 4 h after saline (vehicle) (4 ml/kg, i.p.) or LPS (10 mg/kg, i.p.) injection to
conscious rats. 5,14-HEDGE (30 mg/kg, s.c.) and/or 20-HEDE (30 mg/kg, s.c.) were given 1
h after administration of saline or LPS. TNF-α levels in sera and tissue homogenates were
measured by ELISA Kit. Data are expressed as means ± S.E.M of 5 animals. *Significant
difference from the corresponding value seen in rats treated with saline (p <
0.05). #Significant difference from the corresponding value seen in the rats treated with LPS
(p < 0.05). §Significant difference from the corresponding value seen in the rats treated with
LPS and 5,14-HEDGE (p < 0.05).
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Fig. 8.
Effects of 5,14-HEDGE and 20-HEDE on changes in IL-8 levels in (A) serum and (B)
kidney measured 4 h after saline (vehicle) (4 ml/kg, i.p.) or LPS (10 mg/kg, i.p.) injection to
conscious rats. 5,14-HEDGE (30 mg/kg, s.c.) and/or 20-HEDE (30 mg/kg, s.c.) were given 1
h after administration of saline or LPS. IL-8 levels in sera and tissue homogenates were
measured by ELISA Kit. Data are expressed as means ± S.E.M of 5 animals. *Significant
difference from the corresponding value seen in rats treated with saline (p <
0.05). #Significant difference from the corresponding value seen in the rats treated with LPS
(p < 0.05). §Significant difference from the corresponding value seen in the rats treated with
LPS and 5,14-HEDGE (p < 0.05).
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Fig. 9.
Effects of 5,14-HEDGE and 20-HEDE on survival 72 h after saline (vehicle) (4 ml/kg, i.p.)
or LPS (10 mg/kg, i.p.) injection to conscious mice. 5,14-HEDGE (30 mg/kg, s.c.) and/or
20-HEDE (30 mg/kg, s.c.) were given 1 h after administration of saline or LPS. Data are
obtained from 20–50 observations. *Significant difference from the corresponding value
seen in rats treated with saline (p < 0.05). #Significant difference from the corresponding
value seen in the rats treated with LPS (p < 0.05).
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Fig. 10.
Schematic diagram showing the involvement of sEH, CYP2C23, MEK1/ERK1/2/IKKβ/
IκB-α/NF-κB pathway, and proinflammatory cytokine production in endotoxin-induced
hypotension, tachycardia, inflammation, and survival 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 sEH expression and activity associated with decreased
expression and activity of CYP2C23. In addition, endotoxin increases activity of MEK1/
ERK1/2/IKKβ/IκB-α/NF-κB pathway associated with proinflammatory cytokine
production leading to hypotension, tachycardia, inflammation, and mortality in the rodent
model of septic shock. 5,14-HEDGE prevents the effects of endotoxin on the increase in
expression and/or activity of sEH, MEK1, ERK1/2, IKKβ, IκB-α, and NF-κB associated
with proinflammatory mediator production, and thus, restores blood pressure, prevents
tachycardia and proinflammatory mediator formation, and improves survival during rodent
endotoxemia. It should be noted that a competitive antagonist of vasoconstrictor effects of
20-HETE, 20-HEDE, prevents the effects of 5,14-HEDGE on blood pressure and HR
associated with expression and/or activity of sEH, CYP2C23, and ERK1/2 as well as TNF-α
and IL-8 levels in rats treated with LPS. It can be concluded that decreased expression and/
or activity of sEH and MEK1/ERK1/2/IKKβ/IκB-α/NF-κB pathway as well as
proinflammatory cytokine production associated with increased CYP2C23 expression and
antiinflammatory mediator formation (e.g., EETs) participate in the protective effect of 5,14-
HEDGE against hypotension, tachycardia, inflammation, and mortality in the rodent model
of septic shock. ( ) stimulation; ( ) inhibition.
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Table 1

Time course of the effects of 5,14-HEDGE and 20-HEDE on MAP and HR following administration of saline
(vehicle) or LPS to conscious rats.

Time after LPS injection (h)

0 1 2 3 4

Vehicle

MAP 124.90 ± 0.48 125.70 ± 0.83 126.70 ± 0.99 124.20 ± 0.68 126.90 ± 0.48

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

HR 312.90 ± 6.19 309.60 ± 6.93 307.10 ± 4.35 312.70 ± 4.63 309.90 ± 7.52

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

LPS

MAP 125.30 ± 0.80 95.10 ± 0.61*,‡ 93.80 ± 0.55*,‡ 94.90 ± 0.38*,‡ 94.30 ± 0.82*,‡

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

HR 315.50 ± 6.40 350.90 ± 8.74*,‡ 359.10 ± 7.42*,‡ 376.50 ± 8.34*,‡ 367.20 ± 3.82*,‡

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

5,14-HEDGE

MAP 124.10 ± 0.82 125.70 ± 0.62 124.40 ± 0.83 124.40 ± 0.79 123.90 ± 0.59

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

HR 312.90 ± 6.54 314.20 ± 4.79 314.90 ± 4.56 312.40 ± 4.23 312.70 ± 7.25

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

LPS + 5,14-HEDGE

MAP 125.20 ± 0.96 95.00 ± 0.65‡ 125.00 ± 0.99#,+ 123.80 ± 0.81#,+ 124.10 ± 0.48#,+

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

HR 309.00 ± 5.29 361.20 ± 8.19‡ 309.30 ± 8.94#,+ 310.10 ± 8.56#+ 315.00 ± 4.54#,+

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

20-HEDE

MAP 125.00 ± 0.83 126.00 ± 0.80 125.20 ± 0.66 126.80 ± 0.55 126.40 ± 0.82

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

HR 314.70 ± 3.73 314.00 ± 6.43 314.20 ± 6.48 312.80 ± 4.96 308.30 ± 8.38

(n = 10) (n = 10) (n = 10) (n = 10) (n = 10)

LPS + 5,14-HEDGE + 20-HEDE

MAP 125.10 ± 0.78 95.80 ± 0.68‡ 126.20 ± 0.57#,+ 95.78 ± 0.76§,‡,◆ 95.00 ± 0.57§,‡,◆

(n = 10) (n = 10) (n = 10) (n = 9) (n = 8)

HR 310.20 ± 6.75 347.20 ± 4.21‡ 349.80 ± 5.00§,‡ 363.90 ± 8.29§,‡ 371.90 ± 9.79§,‡

(n = 10) (n = 10) (n = 10) (n = 9) (n = 8)

5,14-HEDGE (30 mg/kg, s.c.) and/or 20-HEDE (30 mg/kg, s.c.) were given 1 h after administration of saline (4 ml/kg, i.p.) or LPS (10 mg/kg, i.p.).
Data are expressed as means ± S.E.M. of 10 animals.

*
Significant difference from the corresponding value seen in rats treated with saline (vehicle) (p < 0.05).

#
Significant difference from the corresponding value seen in the rats treated with LPS (p < 0.05).

§
Significant difference from the corresponding value seen in the rats treated with LPS and 5,14-HEDGE (p < 0.05).
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‡
Significant difference from the time 0 h value within a group (p < 0.05).

+
Significant difference from the time 1 h value within a group (p < 0.05).

◆
Significant difference from the time 2 h value within a group (p < 0.05).
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