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Abstract
Endotoxic shock is a systemic inflammatory response that is associated with an increase in nitric
oxide production and a decrease in the formation of 20-hydroxyeicosatetraenoic acid (20-HETE),
which may contribute to the fall in blood pressure and vascular reactivity. The present study examined
the effects of a synthetic analogue of 20-HETE, N-[20-hydroxyeicosa-5(Z),14(Z)-dienoyl]glycine
(5,14-HEDGE), on the fall in blood pressure and vascular responsiveness to vasoscontrictors and
acetylcholine in rats treated with endotoxin. The MAP fell by 31 mmHg, and the heart rate rose by
90 beats/min in male Wistar rats treated with endotoxin (10 mg/kg, intraperitoneally). The fall in
MAP was associated with a decrease in the vasoconstrictor response to norepinephrine in isolated
aorta and superior mesenteric artery and increased levels of nitrite in the serum, kidney, heart, and
vascular tissues. The effects of endotoxin were prevented by 5,14-HEDGE (30 mg/kg, s.c.) given 1
h after injection of endotoxin. Furthermore, a competitive antagonist of vasoconstrictor effects of
20-HETE, 20-hydroxyeicosa-6(Z),15(Z)-dienoic acid (30 mg/kg, s.c.), prevented the beneficial
effects of 5,14-HEDGE on MAP and vascular tone in rats treated with endotoxin. These data are
consistent with the view that a fall in the production of 20-HETE contributes to the fall in MAP and
vascular reactivity in rats treated with endotoxin, and that 5,14-HEDGE has a beneficial effect.
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INTRODUCTION
The expression of iNOS is enhanced in many tissues in response to mediators released by
endotoxin. This leads to increased generation of NO, which contributes to fall in blood pressure,
vascular hyporeactivity, multiple organ failure, and the high mortality rate that are associated
with septic shock. Systemic blockade of NOS opposes the fall in blood pressure in endotoxic
shock (1). This is not only caused by withdrawal of vasodilator effects of NO, but also is
associated with increased activity of vasoconstrictor pathways including the sympathetic
nervous, renin-angiotensin, endothelin, and 20-hydroxyeicosatetraenoic acid (20-HETE)
systems (1,2). It has been reported that NO inhibits renal cytochrome P450 (CYP) ω-
hydroxylase activity and the production of 20-HETE (3-5). The 20-HETE is a potent
vasoconstrictor that plays an important role in the regulation of vascular tone by inhibiting the
activity of calcium-activated potassium channels. Moreover, an NO-induced fall in the
endogenous production of 20-HETE has also been found to contribute to the cyclic guanosine
5′-monophosphate–independent vasodilator effects of NO in the renal and cerebral
microcirculations (3,6). These findings suggest that NO induced inhibition of the formation of
20-HETE, and removal of its influence on vascular tone may contribute to the fall in MAP and
vascular hyporeactivity in endotoxic shock. Therefore, the present study examined whether
systemic administration of a synthetic analogue of 20-HETE, N-[20-hydroxyeicosa-5(Z),14
(Z)-dienoyl]glycine (5,14-HEDGE), would prevent the hypotension, vascular hyporeactivity,
and the increase in NO production after administration of endotoxin to rats.

MATERIALS AND METHODS
Endotoxic shock model

Experiments were performed on 89 male Wistar rats weighing 250 to 300 g that were fed a
standard chow. The rats were housed in an animal facility with a 12-h light and dark cycle. All
experiments were carried out in accord with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The protocol was approved by the Ethics Committee of
the Mersin University School of Medicine. Endotoxic shock was induced as previously
described by Tunctan et al. (7). Briefly, conscious rats received a 10 mg/kg (intraperitoneal
[i.p.]) injection of endotoxin (Escherichia coli lipopolysaccharide, 0111:B4; Sigma Chemical
Co, St Louis, Mo) or an equivalent volume of saline (4 mL/kg, i.p.) at time 0. The MAP and
heart rate (HR) were measured using a tail-cuff device (MAY 9610 Indirect Blood Pressure
Recorder System, COMMAT Ltd, Ankara, Turkey) during a control period at time 0 and 1, 2,
3, and 4 h later. Separate groups of endotoxin-treated rats were given a synthetic 20-HETE
analogue, 5,14-HEDGE, or a competitive antagonist of the vasoconstrictor effects of 20-HETE,
20-hydroxyeicosa-6(Z),15(Z)-dienoic acid (20-HEDE; WIT002) (8,9). 5,14-HEDGE and 20-
HEDE were synthesized in the Department of Biochemistry University of Texas Southwestern
Medical Center, Dallas, Texas. 5,14-HEDGE is an amide analog of 20-hydroxyeicosa-5(Z),14
(Z)-dienoic acid (5,14-HEDE) that has been previously shown to be a 20-HETE mimetic both
in vivo and in vitro (8,9). The amide group was added to the C1 position to prevent β oxidation
and solubility of this 20-HETE mimetic. Previous studies demonstrated that substitutions at
this site have no effect on the vasoconstrictor properties of 20-HETE mimetics (8,9). 5,14-
HEDGE and 20-HEDE were given in an s.c. dose of 30 mg/kg 1 h after injection of saline or
endotoxin. The rats were killed 4 h after the administration of endotoxin, and a blood sample
and the kidneys, heart, thoracic aorta, and superior mesenteric artery were collected for
measurement of levels of nitrite. The tissues were homogenized in 1 mL of ice-cold 20 mM
HEPES buffer (pH 7.5) containing 20 mM of β-glycerophosphate, 20 mM of sodium
pyrophosphate, 0.2 mM of sodium orthovanadate, 2 mM of EDTA, 20 mM of sodium fluoride,
10 mM of benzamidine 10, 1 mM of dithiothreitol, 20 mM of leupeptin, and 10 mM of aprotinin
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(7). An aliquot of the supernatant was analyzed for the measurement of total protein using
Coomassie blue method (10) and nitrite using the diazotization method (7).

Vascular response to constrictors and dilators
At the end of the experiment, the rats were killed, and the thoracic aortas and superior
mesenteric arteries were isolated as previously described (11,12). The vessels were cleared of
adventitial tissue and cut into rings of 2 to 3 mm in length. The rings were mounted on 250-
μm-diameter stainless steel wires in a small vessel myograph (6 mL) for measurement of
changes in isometric tension (Tissue Bath Myograph, Model 700MO, Danish Myo Technology
A/S, Denmark; Commat Ltd, Turkey). The rings were equilibrated in oxygenated (95% O2/5%
CO2) Krebs-Henseleit solution (pH 7.4) (for thoracic aorta [mM]: NaCl 118, KCl 4.7, CaCl2
1.2, KH2PO4 1.2, MgSO4 1.2, NaHCO3 15, and glucose 11; for mesenteric artery [mM]: NaCl
119, KCl 4.7, CaCl2 2.5, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, glucose 5.5, and EDTA 0.03)
at a resting tension of 1.5 or 1.0 g for 1.5 h. After the equilibration period, the rings were
precontracted with phenylephrine or KCl. In thoracic aorta and superior mesenteric artery
isolated from control rats, phenylephrine (2.6 μM)-and KCl (80 mM)-induced tone were 1.38
± 0.15 g (n = 13) and 1.04 ± 0.08 (n = 6), respectively. To confirm the presence of endothelium
and the ability of vascular smooth muscle to relax, the responses to acetylcholine (10 or 100
μM) and glyceryl trinitrate (10 μM) were determined. All rings were relaxed with acetylcholine
(67% ± 4%, n = 13, and 40% ± 5%, n = 6, for thoracic aorta and superior mesenteric artery,
respectively) and glyceryl trinitrate (91% ± 3%, n = 13, and 96% ± 3%, n = 6, for thoracic aorta
and superior mesenteric artery, respectively). After the control responses were determined, the
contractile responses to cumulative concentrations of norepinephrine (0.001 – 100 μmol/L)
were evaluated.

Statistical analysis
All data were expressed as mean values ± SEM. The effects of acetylcholine and glyceryl
trinitrate were calculated as percentage decrease in tension. The changes in isometric
contractions induced by norepinephrine were expressed in grams of tension. Nonlinear
regression analysis was used to calculate maximum contractile response (Emax) and the
concentration of norepinephrine that produced 50% of the maximal contraction (EC50) values.
Data were analyzed by 1-way ANOVA followed by Student-Newman-Keuls test for multiple
comparisons, Kruskal-Wallis test followed by Dunns test for multiple comparisons, and
Student t or Mann-Whitney U tests when appropriate. A P < 0.05 was considered to be
statistically significant.

RESULTS
Effect of 5,14-HEDGE on the cardiovascular response to endotoxin

Endotoxin caused a gradual fall in MAP (Fig. 1A) and increase in HR (Fig. 1B) during the 4-
h course of the experiment. The change in MAP and HR reached a maximum at 4 h after the
administration of endotoxin. Therefore, this time point was chosen for all between-group
comparisons. The MAP fell by 31 mmHg (Fig. 1A), and HR rose by 90 beats/min (Fig. 1B) in
rats treated with endotoxin. 5,14-HEDGE completely prevented the fall in MAP (Fig. 1A) and
the increase in HR (Fig. 1B) in rats given endotoxin. The competitive antagonist of
vasoconstrictor effects of 20-HETE, 20-HEDE, prevented the ability of 5,14-HEDGE to
oppose the effects of endotoxin on MAP (Fig. 1A) and HR (Fig. 1B). 5,14-HEDGE and 20-
HEDE had no effect on MAP (Fig. 1A) or HR (Fig. 1B) when given to rats treated with vehicle.
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Effects of 5,14-HEDGE on endotoxin-induced changes in endothelial function
Endotoxin decreased the vasodilator response to acetylcholine in thoracic aorta (Fig. 2A) and
superior mesenteric artery (Fig. 2C). Neither 5,14-HEDGE nor 20-HEDE had any effect on
the decrease in the vascular response to acetylcholine in rats treated with endotoxin. Endotoxin
also decreased the vascular response to the NO donor glyceryl trinitrate in thoracic aorta (Fig.
2B) and superior mesenteric artery (Fig. 2D). The fall in the glyceryl trinitrate–induced
relaxations to endotoxin were prevented by 5,14-HEDGE in thoracic aorta (Fig. 2B), but not
in superior mesenteric artery (Fig. 2D). 20-HEDE prevented the ability of 5,14-HEDGE to
oppose the effects of endotoxin on vasodilator responses in thoracic aorta (Fig. 2B). On the
other hand, 20-HEDE increased the response to glyceryl trinitrate in the superior mesenteric
artery (Fig. 2D) taken from endotoxemic rats treated with 5,14-HEDGE.

Effect of 5,14-HEDGE on the fall in vascular reactivity to norepinephrine in rats treated with
endotoxin

Norepinephrine induced a concentration-dependent increase of tension in thoracic aorta (Fig.
3A) and superior mesenteric artery (Fig. 3B) in control rats. Endotoxin shifted the
concentration-response curve to norepinephrine in thoracic aorta (Fig. 3A) and superior
mesenteric artery to the right (Fig. 3B), and the EC50 values of norepinephrine were increased
significantly in both vascular beds (Fig. 4, B and D). 5,14-HEDGE prevented the effects of
endotoxin to diminish the vascular response to norepinephrine in thoracic aorta (Figs. 3A and
4A) and superior mesenteric artery (Figs. 3B and 4D). Pretreatment of the animals with the
20-HETE antagonist 20-HEDE prevented the effects of 5,14-HEDGE on the vascular
responsiveness to norepinephrine in thoracic aorta (Figs. 3A and 4A) and superior mesenteric
artery (Figs. 3B and 4D).

Effect of 5,14-HEDGE on endotoxin-induced increases in NO production
Endotoxin increased the levels of nitrite in serum, kidney, heart, thoracic aorta, and superior
mesenteric artery (Fig. 5). Administration of 5,14-HEDGE prevented the increase in the levels
of nitrite in the serum and tissues of the endotoxin-treated rats. 20-HEDE prevented the
beneficial effects of 5,14-HEDGE on the levels of nitrite in endotoxin-treated rats. On the other
hand, 20-HEDE alone increased basal levels of nitrite in serum, kidney, heart, thoracic aorta,
and superior mesenteric artery in control rats. 20-HEDE also increased the levels of nitrite in
thoracic aorta and superior mesenteric artery in rats treated with 5,14-HEDGE and endotoxin.

DISCUSSION
The results of the present study indicate that administration of the synthetic 20-HETE mimetic
5,14-HEDGE prevents the fall in blood pressure and loss of vascular responsiveness to
norepinephrine in rats treated with endotoxin. The beneficial effects of 5,14-HEDGE were
associated with a reduction in the levels of nitrite. Moreover, a competitive antagonist of
vasoconstrictor effects of 20-HETE, 20-HEDE, reversed the beneficial effects of 5,14-HEDGE
in endotoxin-treated rats.

Previous studies have indicated that the ω-hydroxylation product of arachidonic acid, 20-
HETE, formed by enzymes of the CYP4A pathway, is a potent vasconstrictor that contributes
to the regulation of vascular tone and blood pressure (2,13). NO inhibits the production of 20-
HETE (4-6), and NOS inhibitors increase the ω-hydroxylase activity (6), expression of CYP
4A protein (4), and 20-HETE production in the kidney (4,5). We have also previously
demonstrated that the fall in MAP in rats treated with endotoxin is also associated with a
decrease in the expression of CYP4A1/A3 protein in the kidney and increased levels of nitrite
in serum, kidney, heart, thoracic aorta, and superior mesenteric artery (7,14-17). These effects
were prevented by blockade of iNOS. These observations led us to the present hypothesis that
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inhibition of CYP4A activity and decreased levels of 20-HETE may contribute to the fall in
blood pressure and vascular reactivity in rats treated with endotoxin (7,14). Supporting this
view are the present findings that administration of the 20-HETE agonist 5,14-HEDGE
prevented the fall in MAP and increase in HR as well as vascular hyporeactivity to
norepinephrine and the increase in the levels of nitrite in serum, kidney, heart, thoracic aorta,
and superior mesenteric artery in endotoxin-treated rats. Furthermore, the competitive
antagonist of the vasoconstrictor effects 20-HETE, 20-HEDE (8,9), reversed all of the
beneficial effects of 5,14-HEDGE in endotoxin-treated rats, suggesting that the effects of this
compound is caused by its 20-HETE agonist activity. These results suggest that besides
maintaining the effects of 20-HETE on vascular tone, 5,14-HEDGE may also prevent the fall
in MAP after endotoxin by diminishing the production or bioavailability of NO.

Although there is no evidence to date that 20-HETE has any direct effect on the expression or
activity of NOS enzymes, it has been shown that increased production of 20-HETE in the
vasculature is associated with endothelial dysfunction and increased vascular tone that
contributes to the development of hypertension in animal models (13). At least three different
pathways have been suggested to play a role in these responses including increased vascular
expression of subunits of reduced nicotinamide-adenine dinucleotide phosphate oxidase by 20-
HETE, leading to production of superoxide (18), decreased association of endothelial NOS
with heat shock protein 90 by 20-HETE, leading to diminished formation of NO and increased
formation of superoxide (19,20), and increased formation of superoxide directly by 20-HETE
in endothelial cells (21). All of these changes in the vasculature diminish the bioavailability of
NO, leading to endothelial dysfunction and hypertension (13). Therefore, one possible
mechanism by which 20-HEDE may increase the basal levels of nitrite in serum and tissues as
well as the nitrite production in vascular tissue in rats treated with 5,14-HEDGE and endotoxin
may be through antagonizing the stimulatory effect of 20-HETE on the formation of reactive
oxygen species to reduce NO production and its bioavailability.

There are conflicting results concerning the effects of endotoxin on the endothelium-dependent
and endothelium-independent relaxations in vessels isolated from endotoxemic rats (22,23).
In this study, 5,14-HEDGE did not prevent the endotoxin-induced decrease in endothelium-
dependent relaxations in thoracic aorta and superior mesenteric artery, although it reversed the
effects of endotoxin on the fall in blood pressure, vascular hyporeactivity, and overproduction
of nitrite in these tissues. Moreover, the 20-HETE antagonist 20-HEDE also had no effect on
the endothelial dysfunction in the endotoxemic rats treated with 5,4-HEDGE. In contrast to
the findings on acetylcholine, 5,14-HEDGE prevented the endotoxin-induced decrease in
endothelium-independent relaxations in thoracic aorta, and its effect was reversed by 20-
HEDE. Endotoxin had no effect on the endothelium-independent relaxations in superior
mesenteric artery; however, 20-HEDE caused a decrease in the relaxation responses in
endotoxemic rats treated with 5,14-HEDGE. It has been shown that increased production of
20-HETE leading to diminished formation of NO and increased formation of superoxide in the
vasculature is associated with endothelial dysfunction and increased vascular tone (13,
18-21). Therefore, increased production of superoxide in endothelial and/or vascular smooth
muscle cells might contribute to the effects of 5,14-HEDGE on the endotoxin-induced decrease
in endothelium-dependent and endothelium-independent relaxations in thoracic aorta and
superior mesenteric artery.

In conclusion, the present study indicates that administration of the 20-HETE agonist 5,14-
HEDGE prevents hypotension and vascular hyporeactivity associated with the changes in NO
production in rats treated with endotoxin. Impairment of cardiovascular and renal function is
critically involved in the pathophysiological sequela in inflammatory diseases such as septic
shock finally resulting in multiorgan failure and death. Restoration of these impaired functions
should have therapeutic benefit. These studies suggest that stable analogs of 20-HETE may
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have therapeutic potential for the treatment of devasting effects of organ hypoperfusion in
septic shock.
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Fig. 1. Time course of the effects of 5,14-HEDGE (the synthetic 20-HETE mimetic) and 20-HEDE
(the competitive antagonist of vasoconstrictor effects of 20-HETE) on (A) MAP and (B) HR after
administration of saline (vehicle) (4 mL/kg, i.p.) or endotoxin (10 mg/kg, i.p.) to conscious rats
5,14-HEDGE (30 mg/kg, s.c.) or 20-HEDE (30 mg/kg, s.c.) was given 1 h after administration
of endotoxin. Mean values ± SEM are presented. Numbers in parentheses indicate the number
of animals studied per group. a indicates a significant difference from the corresponding value
seen in rats treated with saline (vehicle) (P < 0.05). b indicates a significant difference from
the corresponding value seen in the rats treated with vehicle and endotoxin (P < 0.05). c
indicates a significant difference from the corresponding value seen in the rats treated with
vehicle and 5,14-HEDGE (P < 0.05). d indicates a significant difference from the corresponding
value seen in the rats treated with endotoxin and 5,14-HEDGE (P < 0.05). e indicates a
significant difference from the corresponding value seen in the rats treated with vehicle and
20-HEDE (P < 0.05). f indicates a significant difference from the time 0 value within a group
(P < 0.05). g indicates a significant difference from the time 1 value in each group (P < 0.05).
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Fig. 2. The effects of 5,14-HEDGE (the synthetic 20-HETE mimetic) and 20-HEDE (the competitive
antagonist of vasoconstrictor effects of 20-HETE) on endothelium-dependent (A, C) and
endothelium-independent (B, D) relaxations in isolated thoracic aorta (A, B) and isolated superior
mesenteric artery (C, D) 4 h after saline (vehicle) (4 mL/kg, i.p.) or endotoxin (10 mg/kg, i.p.)
injection to conscious rats
5,14-HEDGE (30 mg/kg, s.c.) or 20-HEDE (30 mg/kg, s.c.) was given 1 h after administration
of endotoxin. Values are expressed as means ± SEM from 5 to 13 rats per treatment group. a
indicates a significant difference from the corresponding value seen in rats treated with saline
(vehicle) (P < 0.05). b indicates a significant difference from the corresponding vale seen in
the rats treated with vehicle and endotoxin (P < 0.05). c indicates a significant difference from
the corresponding value seen in the rats treated with vehicle and 5,14-HEDGE (P < 0.05). d
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indicates a significant difference from the corresponding value seen in the rats treated with
endotoxin and 5,14-HEDGE (P < 0.05). e indicates a significant difference from the
corresponding value seen in the rats treated with vehicle and 20-HEDE (P < 0.05).
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Fig. 3. The effects of 5,14-HEDGE (the synthetic 20-HETE mimetic) and 20-HEDE (the competitive
antagonist of vasoconstrictor effects of 20-HETE) on concentration-response curves to
norepinephrine (0.001 – 100 μM) in isolated thoracic aorta (A) and superior mesenteric artery (B)
4 h after saline (vehicle) (4 mL/kg, i.p.) or endotoxin (10 mg/kg, i.p.) injection to conscious rats
5,14-HEDGE (30 mg/kg, s.c.) or 20-HEDE (30 mg/kg, s.c.) was given 1 h after administration
of endotoxin. Mean values ± SEM are presented. Number in parentheses indicate the number
of animals studied per group. a indicates a significant difference from the corresponding value
seen in rats treated with saline (vehicle) (P < 0.05). b indicates a significant difference from
the corresponding value seen in the rats treated with vehicle and endotoxin (P < 0.05). c
indicates a significant difference from the corresponding value seen in the rats treated with
vehicle and 5,14-HEDGE (P < 0.05). d indicates a significant difference from the corresponding
value seen in the rats treated with endotoxin and 5,14-HEDGE (P < 0.05). e indicates a
significant difference from the corresponding value seen in the rats treated with vehicle and
20-HEDE (P < 0.05).
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Fig. 4. The effects of 5,14-HEDGE (the synthetic 20-HETE mimetic) and 20-HEDE (the competitive
antagonist of vasoconstrictor effects of 20-HETE) on vascular hyporeactivity in isolated thoracic
aorta (A, B) and superior mesenteric artery (C, D) 4 h after saline (vehicle) (4 mL/kg, i.p.) or
endotoxin (10 mg/kg, i.p.) injection to conscious rats
5,14-HEDGE (30 mg/kg, s.c.) or 20-HEDE (30 mg/kg, s.c.) was given 1 h after administration
of endotoxin. A and C, Emax. B and D, EC50 values were calculated from cumulative
concentration-response curves to norepinephrine (0.001 – 100 μM). Values are expressed as
means ± SEM from 5 to 13 rats per treatment group. a indicates a significant difference from
the corresponding value seen in rats treated with saline (vehicle) (P < 0.05). b indicates a
significant difference from the corresponding value seen in the rats treated with vehicle and
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endotoxin (P < 0.05). c indicates a significant difference from the corresponding value seen in
the rats treated with vehicle and 5,14-HEDGE (P < 0.05). d indicates a significant difference
from the corresponding value seen in the rats treated with endotoxin and 5,14-HEDGE (P <
0.05). e indicates a significant difference from the corresponding value seen in the rats treated
with vehicle and 20-HEDE (P < 0.05).
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Fig. 5. The effects of 5,14-HEDGE (the synthetic 20-HETE mimetic) and 20-HEDE (the competitive
antagonist of vasoconstrictor effects of 20-HETE) on changes in serum, kidney, heart, thoracic
aorta, and superior mesenteric artery nitrite levels measured 4 h after saline (vehicle) (4 mL/kg,
i.p.) or endotoxin (10 mg/kg, i.p.) injection to conscious rats
5,14-HEDGE (30 mg/kg, s.c.) or 20-HEDE (30 mg/kg, s.c.) was given 1 h after administration
of endotoxin. Values are expressed as means ± SEM from 5 to 22 rats per treatment group. a
indicates a significant difference from the corresponding value seen in rats treated with saline
(vehicle) (P < 0.05). b indicates a significant difference from the corresponding value seen in
the rats treated with vehicle and endotoxin (P < 0.05). c indicates a significant difference from
the corresponding value seen in the rats treated with endotoxin and 5,14-HEDGE (P <
0.05). d indicates a significant difference from the corresponding value seen in the rats treated
with vehicle and 20-HEDE (P < 0.05).
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