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Summary
This study examined the role of 20-hydroxyeicosatetraenoic (20-HETE) in altering vascular function
in streptozotocin (STZ)-induced diabetic rats.

The expression of CYP4A protein and the formation of 20-HETE were elevated in the kidney, but
not in the renal or mesenteric vasculature, of diabetic animals. The vasoconstrictor responses to
norepinephrine (NE), endothelin-1 (ET-1), and angiotensin II (Ang II) were significantly enhanced
in the isolated perfused mesenteric vascular bed and renal artery segments of diabetic rats. Chronic
treatment of the diabetic rats with 1-aminobenzotriazole (ABT, 50 mg kg−1 alt−1 diem) or N-hydroxy-
N′-(4-butyl-2-methylphenyl) formamidine (HET0016, 2.5 mg kg−1 day−1) attenuated the responses
to these vasoconstrictors in both vascular beds.

The synthesis of 20-HETE in renal microsomes was reduced by >80% confirming that the doses of
ABT and HET0016 were sufficient to achieve system blockade. Addition of HET0016 (1 μM) in
vitro also normalized the enhanced vascular responsiveness of renal and mesenteric vessels obtained
from diabetic animals to NE and inhibited the formation of 20-HETE by >90% while having no effect
on the formation of epoxides. Vasodilator responses to carbachol and histamine were reduced in the
mesenteric vasculature, but not in renal arteries, of diabetic rats. Treatment of the diabetic animals
with HET0016 improved vasodilator responses in both vascular beds. Vascular sensitivity to
exogenous 20-HETE was elevated in the mesenteric bed of diabetic animals compared to controls.

These results suggest that 20-HETE contributes to the elevation in vascular reactivity in diabetic
animals. This effect is not due to increased vascular expression of CYP4A but may be related to
either enhanced agonist-induced release of substrate (arachidonic acid) by the CaMKII/Ras-GTPase
system and/or elevated vascular responsiveness to 20-HETE.
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Introduction
Diabetes mellitus is associated with alterations in vascular reactivity that contributes to the
development of cardiovascular complications including hypertension, arteriosclerosis,
microangiopathy, end stage renal disease and congestive heart failure (Kamata et al., 1989;
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Feener & King, 2001; Kassab et al., 2001). Enhanced vascular response to vasoconstrictors
and attenuated response to vasodilators have been reported in diabetic patients and animals
(Kamata et al., 1989; Feener & King, 2001; Kassab et al., 2001). However, the factors
contributing to these changes in vascular reactivity are not fully understood.

Recent studies have indicated that 20-hydroxyeicosatetraenoic (20-HETE) is an endogenously-
formed vasoconstrictor that modulates the response of renal, cerebral and mesenteric arteries
to angiotensin II (Ang II), vasopressin, endothelin (ET-1), and serotonin (5-HT), as well as the
vasodilators nitric oxide (NO) and carbon monoxide (Muthalif et al., 1998; Croft et al.,
2000; Roman et al., 2000; Kehl et al., 2002; Roman, 2002; Kaide et al., 2003). 20-HETE alters
vascular tone by activating a number of signal transduction pathways including protein kinase
C (PKC), rho-kinase, mitogen-activated protein kinase (MAPK) and tyrosine kinases (Roman
et al., 2000; Roman, 2002). There is evidence that Ca2+/calmodulin-dependent protein kinase
II (CaMKII) couples G protein receptors to activation of cytosolic phospholipase A2
(cPLA2) leading to increased release of arachidonic acid (AA) and formation of 20-HETE in
vascular smooth muscle cells (VSMC) (Muthalif et al., 1998, 2002). It is also known that Ras-
GTPase activates cPLA2 via a MAPK pathway again leading to 20-HETE formation in VSMC
(Muthalif et al., 2000a). Moreover, activation of the 20-HETE/CaMKII and Ras-GTPase signal
transduction pathway contributes to the elevated vascular tone in L-NAME treated rats and in
Ang II- and deoxycorticosterone acetate (DOCA)-induced models of hypertension via a 20-
HETE dependent mechanism (Su et al., 1998 ; Oyekan et al., 1999; Muthalif et al., 2000a,b,
2002; Benter et al., 2005a).

The expression of cytochrome P450 (CYP) 4A enzymes and the formation of 20-HETE has
been reported to be elevated in the liver and kidney of diabetic animals but it remains to be
determined whether the production of 20-HETE is altered in the vasculature and if this
contributes to the elevated vascular reactivity and endothelial dysfunction seen in diabetes.
(Shimojo et al., 1993). These findings suggest that changes in the vascular formation of CYP
metabolites of AA may contribute to some of the vascular complications in diabetes. Indeed,
inhibitors of CaMKII and Ras-GTPase, which promote the formation of 20-HETE in VSMC,
oppose the development of abnormal vascular reactivity in diabetic animal models (Yousif et
al., 2003, 2004; Benter et al., 2005a,b; Yousif, 2006). Thus, the present study examined the
role of 20-HETE in altering vascular reactivity in the renal and mesenteric vascular beds in the
streptozotocin (STZ) model of diabetes in rats.

Materials and methods
Experiments were performed in male Wistar rats weighing 200–250 g. The rats had free access
to food and water throughout the study. All protocols were approved by the Institutional
Committee for the Care and Use of Animals in Research and Education of Kuwait University
and were in compliance with the principles for the care and use of animals approved by the
American Physiological Society.

Diabetes was induced by administration of a single intraperitoneal (i.p.) injection of 55 mg
kg−1 body weight of STZ dissolved in a 0.05 M citrate buffer (pH 4.5). Age-matched control
rats were injected with the buffer alone. Body weight and plasma glucose levels were
determined prior to and 48 h after administration of STZ, using a blood glucose analyzer
(Glucometer Elite XL, Bayer Diagnostic, Berlin, Germany). Rats with a post-prandial blood
glucose concentration above 300 mg dl−1 were included in the study. Body weight and plasma
glucose levels were reassessed 4 weeks later, before sacrificing the animals for the vascular
reactivity studies.
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Experimental groups
Experiments were performed on six different groups of rats. In group 1, non-diabetic rats
received daily i.p. injections of saline (n = 10) which served as the vehicle for all of the drug
treatments. In group 2, non-diabetic rats received i.p. injections of 1-aminobenzotriazole (ABT,
50 mg kg−1 alt diem, n = 10) for 30 days to chronically inhibit the formation of 20-HETE and
epoxyeicosatrienoic acids (EETs). Group 3 consisted of non-diabetic rats that received i.p.
injections of N-hydroxy-N′-(4-butyl-2-methylphenyl) formamidine (HET0016) (2.5 mg
kg−1, daily, n = 10) in an attempt to inhibit the formation of 20-HETE more selectively. Group
4 consisted of diabetic rats that received daily i.p. injections of saline. In groups 5 and 6, diabetic
rats were chronically treated with i.p. injections of ABT (50 mg kg−1, alt diem, n = 10) or
HET0016 (2.5 mg kg−1, daily, n = 10), respectively for 30 days. The doses of the inhibitors
used are based on previous reports indicating that chronic treatment of rats with similar doses
of ABT or HET0016 were sufficient to effectively block the renal formation of 20-HETE in
vivo (Miyata et al., 2001; Hoagland et al., 2003).

Vascular reactivity in isolated perfused mesenteric vascular bed
After 30 days of treatment with vehicle or the various inhibitors, the diabetic and non-diabetic
rats were killed with an i.p. injection of pentobarbital (100 mg kg−1) and the mesenteric vascular
bed was isolated and transferred into a Petri dish containing Krebs Henseleit solution
containing (in mM): NaCl (118.3), KCl (4.7), CaCl2 (2.5), MgSO4 (1.2), NaHCO3 (25),
KH2PO4 (1.2) and glucose (11.2) that was equilibrated with 95% O2 and 5% CO2. The
mesenteric artery was cannulated and the bed was placed in a water-jacketed chamber
maintained at 37 °C. The preparation was continuously perfused at a rate of 6 ml min−1.
Changes in perfusion pressure following close intra-arterial injections of various agonists were
recorded with a pressure transducer and a chart recorder. Following a 45 min equilibration
period, the vasoconstrictor responses to NA (10, 100 and 1000 nM), ET-1 (0.01, 0.1 and 1.0
nM) and Ang II (0.1, and 1.0 nM) were studied. The order of administration of the
vasoconstrictors was randomized between animals. In a separate group of experiments using
control and diabetic animals, vasodilator responses to carbachol, histamine and sodium
nitroprusside (SNP) were investigated in the perfused mesenteric vascular bed. The perfused
mesenteric bed was constricted by perfusion with Krebs Henseleit solution containing NA
(10−6 M). After establishing a steady level of contraction, successive doses of carbachol (1 and
10 nmol), histamine (10 and 100 nmol) or SNP (0.1, 1.0 and 10 nmol) were given at regular
intervals. The vasodilator response is expressed as % of the pre-contraction induced by NA
(10−6 M). 5–10 min were allowed for full recovery between doses and the order of vasodilator
administration was randomized between animals.

Vascular reactivity in isolated renal artery segments
After 30 days of treatment with vehicle or the various inhibitors, rats were killed and the renal
artery isolated and transferred into a Petri dish containing oxygenated Krebs Henseleit buffer
solution. The vessels were cut into 5 mm rings that were mounted in organ baths containing
50 ml Krebs Henseleit solution, pH 7.4. The baths were maintained at 37 °C and equilibrated
with 95% O2 and 5% CO2. Isometric contractions were recorded using a force transducer and
a chart recorder. The preparations were preloaded with 0.75 g of tension and 45 min were
allowed for equilibration of the preparations.

Following the equilibration period, cumulative concentration response curves to the
vasoconstrictor responses to NA (10, 100 and 1000 nM), ET-1 (0.01, 0.1 and 1.0 nM) and Ang
II (0.1, and 1.0 nM) were constructed. The agonists were added sequentially and the maximal
increase in tension was recorded. Eight to ten independent experiments were performed per
constrictor agonist and only one constrictor substance was studied per ring. The recovery time
between doses of the agonists was 5–10 min for NA and Ang II and at least 20 min for ET-1.
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The concentrations of the vasoactive agonists were chosen based on our previous results
indicating that these concentrations typically span the range of responses from the EC30 to the
maximal response in these vascular beds and are useful to demonstrate the changes in the
vascular reactivity. In a separate series of experiments, the vasodilator responses to carbachol,
histamine and SNP were determined using other vascular rings. In these experiments, segments
of renal artery were contracted with a sub-maximal concentration of NA (10−6 M). After a
steady state level of tension was obtained, cumulative concentration response curves to
carbachol (10−7, 10−6 and 10−5 M), histamine (10−6, 10−5 and 10−4 M) and SNP (10−8, 3 ×
10−8 and 10−7 M) were constructed.

Effect of acute in vitro blockade of the synthesis of 20-HETE with HET0016 (1 μM) in vitro on
the vasoconstrictor response of mesenteric and renal vasculature to NA

Further experiments were performed to determine if the elevated vascular tone of diabetic
animals is dependent on the synthesis of 20-HETE and if this could be reversed by acute
administration of HET0016, reported to be a highly selective inhibitor of 20-HETE synthesis
in vitro (Miyata et al., 2001). The mesenteric vascular bed from diabetic animals treated with
vehicle was isolated and perfused as described above. Following a 30 min equilibration period,
vasoconstrictor responses to NA (3, 10 and 30 nM) were determined. After a 30 min perfusion
with HET0016 (1 μM), vasoconstrictor responses to NA was re-assessed. Similar experiments
were performed on renal artery rings prepared from diabetic animals. In these experiments the
vasoconstrictor responses to NA (10−8, 3 × 10−8 and 10−7 M) were determined before and 30
min after addition of HET0016 (1 μM) to the bath.

Vascular responsiveness to exogenous 20-HETE
Another series of experiments examined whether vascular reactivity to 20-HETE itself was
altered in diabetes. A concentration response curve for 20-HETE (0.001, 0.01, 0.03 and 0.1
nmol) was constructed using perfused mesenteric beds from control and diabetic animals. The
vasoconstrictor response to 20-HETE was examined on basal perfusion pressure and also
against a perfusion pressure elevated by perfusion with phenylephrine (10−6 M). After
establishing a steady level of vasoconstriction, successive doses of 20-HETE were
administered. The vasoconstrictor response was expressed as the change in perfusion pressure
in mmHg, and was calculated as the area under the curve.

Expression of CYP4A protein in the kidney and renal vasculature
Renal cortical microsomes and renal artery homogenates (20 μg) were separated by
electrophoresis on 7.5% SDS-PAGE gels. The gels were transferred to nitrocellulose
membranes blocked overnight with 10% non-fat dry milk in a 10 mM Tris buffered saline
containing Tween-20 and then incubated with a 1:4000 dilution of CYP4A primary antibody
for 2 h. The membranes were washed and incubated for 1 h with a 1:2000 dilution of a
horseradish peroxidase coupled second antibody. The membranes were coated with an
enhanced chemoluminese reagent (West Pico, Pierce Chem. Corp.) and exposed to x-ray film.
The relative intensity of the CYP4A bands (50 Kd) were determined using UnScanit software.

Renal metabolism of arachidonic acid
Microsomes were prepared from renal cortical tissue obtained from diabetic and non-diabetic
by differential centrifugation as previously described (Imig et al., 1996; Kehl et al., 2002). The
metabolism of arachidonic acid (AA) was determined by incubating the microsomes (0.5 mg
of protein) with 14C-AA (0.1 μCi, 42 μM) for 30 min at 37 °C in 1 ml of a 100 mM KPO4
buffer (pH 7.4) containing 10 mM MgCl2,1 mM EDTA, 1 mM NADPH and an NADPH-
regenerating system (10 mM isocitrate and isocitrate dehydrogenase, 0.4 U ml−1). The
reactions were terminated by acidification to pH 3.5 using 1 M formic acid and the samples
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were extracted with ethyl acetate. The metabolites formed were separated using a 2 mm × 25
cm C18-reverse phase HPLC column and a linear elution gradient ranging from acetonitrile:
water: acetic acid (50/50/0.1) to acetonitrile: acetic acid (100/0.1) over 40 min. The radioactive
products were monitored using a radioactive flow detector (Model 120, Radiomatic Instrument
Co., Tampa, FL, USA). Values are expressed as picomoles formed per minute per milligram
of protein.

LC/MS evaluation of the metabolism of AA in isolated renal and mesenteric arteries
Intact renal and mesenteric arteries were microdissected from diabetic and non-diabetic rats
and incubated in 2 ml physiological salt solution containing 40 μM AA, 1 mM NADPH, and
2 μM indomethacin. The reactions were gently swirled for 90 min at 37 °C under an atmosphere
of 100% O2 maintaining a PO2 in the assay buffer of 150 torr. The reactions were terminated
by acidification to pH 3.5 using 1 M formic acid. The arteries were homogenized using a ground
glass tissue grinder and 2 ng of an internal standard 5, 14, 20-hydroxydienoic acid added. An
aliquot of the homogenate was taken for measurement of sample protein content and the
remaining sample was extracted with ethyl acetate. The organic layer was dried under nitrogen,
reconstituted in methanol and then resolved by HPLC on a Betabasic C18 column (150 × 2.1
mm, 3 μm; Thermo Hypersil-Keystone) using a step gradient ranging from
acetonitrile:methanol:water:acetic acid (51:9:40: 0.01) for 15 min. The eluent from the HPLC
was ionized using negative ion electrospray. Peaks eluting with a mass/charge ratio (m/z) of
319 > 301 (HETEs and EETs), 337 > 319 (DiHETEs) or 323 > 270 (internal standard) were
isolated and measured using a triple quadruple mass spectrometer (API 3000, Applied
Biosystems, Inc., Foster City, CA, USA) Standard curves for 20-, 12-, 15- and 5-HETE, 11,
12-, 14, 15- and 8,9 DiHETEs and EETs over a range from 2 pg to 2 ng were generated with
each batch of samples. Values are expressed as picomoles formed per minute per milligram of
protein.

Statistics
Mean values ± SE are presented. The significance of differences in mean values between
treatment groups was determined using an analysis of variance followed by a post hoc test
(Bonferroni). P-value <0.05 was considered to be significant.

Results
Hyperglycemia and body weights

Blood glucose levels following an overnight fast averaged 576 + 20 mg dl−1 in STZ-induced
diabetic rats as compared with 94 + 2 mg dl−1 in control animals. The body weight of diabetic
rats fell to 162 ± 6 g over the course of the study. In comparison, body weight of the non-
diabetic control animals averaged 275 ± 4 g. Chronic treatment with ABT or HET0016 had no
significant effect on body weight or fasting blood glucose concentration in either the diabetic
or non-diabetic rats.

Effects on the vasoconstrictor response of renal and mesenteric arteries
Vasoconstrictor responses to NA, ET-1 or Ang II were all significantly elevated in the perfused
mesenteric vascular bed of STZ-induced diabetic rats as compared to the responses observed
in rats treated with vehicle (Fig. 1). The enhanced vasoconstrictor responses to all of these
agonists were significantly reduced in diabetic rats chronically treated with ABT or HET0016.
ABT had no significant effect on the vasoconstrictor responses to NA, ET-1 and Ang II in the
perfused mesenteric vascular bed of non-diabetic control rats. However, vasoconstrictor
responses to NA (100 nmol) and ET-1 (1.0 nmol) were significantly reduced by 40% and 27%;
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respectively, in the mesenteric vascular bed of control rats treated with HET0016. In contrast,
the vasoconstrictor response to AngII was not affected in these animals.

The vasoconstrictor responses to NA, ET-1 or Ang II were all significantly greater in renal
artery rings prepared from diabetic rats than in the control rats treated with vehicle (Fig. 2).
The enhanced vascular responses to these agents was attenuated in diabetic rats chronically
treated with ABT or HET0016. The vasoconstrictor response to ET-1 was also reduced in the
renal arteries obtained from non-diabetic control rats that were chronically treated with ABT
or HET0016 (data not shown) while the responses to NA and Ang II were unaltered.

The effect of acute blockade of the synthesis of 20-HETE in vitro with HET0016 (1 μM) on
the vasoconstrictor response in the renal and mesenteric vaculature to NA are presented in Fig.
3. The vasoconstrictor response to NA was greater in the perfused mesenteric vascular bed and
in renal arteries of diabetic animals as compared with the responses seen in non-diabetic
animals. Addition of HET0016 (1 μM) had no effect on the basal perfusion pressure of the
mesenteric bed or the basal tone of renal artery rings in either diabetic or non-diabetic animals.
HET0016 however, attenuated the vasconstrictor response to NA in both the mesenteric
vascular bed and in renal artery rings of both diabetic and control rats (Fig. 3).

Effects on the vasodilator responses of renal and mesenteric arteries
The effects of ABT and HET0016 on the vasodilator response of renal arteries to carbachol,
histamine and SNP are presented in Fig. 4. The vasodilator responses to these agents in renal
artery rings prepared from diabetic rats were not significantly different from those obtained
using renal artery rings from control rats. Chonic blockade of the formation of EETs and 20-
HETE with ABT had no significant effect on the vasodilator response of renal arteries to
carbachol, histamine or SNP in the renal arteries of the diabetic rats. In contrast, HET0016
potentiated the vasodilator response of renal arteries to carbachol, histamine and SNP obtained
from diabetic rats. Chronic treatment of control rats with ABT no signficant effect on the
vasodilator responses of renal arteries to these vasodilators. However, the vasodilator response
to histamine was significantly increased (60% increase at 10−4 M and 18% at 5 × 10−3 M) in
renal arteries obtained from control animals chronically treated with HET0016, while the
vasodilator responses to carbachol or SNP were unaffected.

Vasodilator responses to carbachol, histamine, and SNP in mesenteric arteries are shown in
Fig. 5. The vasodilator responses to carbachol and histamine, but not SNP, were reduced by
about 50% in the isolated perfused mesenteric vascular bed of diabetic animals as compared
to the responses seen in the non-diabetic control animals. Chronic blockade of the formation
of 20-HETE and EETs in diabetic rats with ABT enhanced the vasodilator response of
mesenteric arteries to low concentrations of carbachol and histamine, but not to SNP. Chronic
treatment of the diabetic animals with HET0016 had no effect on the vasodilator response to
either carbachol or histamine, but it did reduce the reponse to SNP. In perfused mesenteric
beds obtained from control animals chronically-treated with ABT or HET0016, the vasodilator
responses to carbachol, histamine or SNP were reduced.

Vascular responsiveness to exogenous 20-HETE
20-HETE elicited a small vasoconstrictor response in the mesenteric bed of both control and
diabetic animals perfused under baseline conditions. The magnitude of the response was similar
in control and diabetic animals. However, after elevating vascular tone with phenylephrine
(10−6M), the vasconstrictor response to 20-HETE was markedly potentiated in the mesenteric
vasculature of both diabetic and control animals. In addition, the magnitude of the response to
20-HETE was significantly greater in the mesenteric vascular bed of diabetic rats than that
seen in control animals. (Fig. 6a and b).
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Expression of CYP4A enzymes and formation of 20-HETE in the kidney and vasculature
The expression of CYP4A protein and the formation of 20-HETE were 20% and 60% greater
in microsomes prepared from the kidney of diabetic rats as compared to the levels seen in the
kidney of control rats (Fig. 7a and b). Chronic treatment of the rats with ABT or HET0016
inhibited the renal formation of 20-HETE by more than 80% in both non-diabetic and diabetic
rats (Fig. 7b) confirming that the doses used were sufficient to achieve systemic blockade.
Chronic treatemed of the rats with the non-selective inhibitor ABT, reduced the renal formation
of EETs by 80%. The renal production of EETs was also reduced in the rats chronically treated
with HET0016 (Fig. 7b) which has been previously reported to be a highly selective inhibitor
of the synthesis of 20-HETE in vitro (Miyata et al., 2001) and after acute administration at a
dose of 1 mg Kg−1 to rats in vivo (Hoagland et al., 2003).

In contrast to the kidney, the expression of CYP4A protein was not elevated in renal vasculature
microdissected from the kidneys of diabetic rats (Fig. 8). Rather, the expression of CYP4A
protein, if anything, tended to be reduced rather than elevated. Similarly, Fig. 9 shows that the
production of 20-HETE was not significantly different in either renal or mesenteric arteries
obtained from diabetic and non-diabetic control animals. We demonstrated that the dose of
HET0016 (1 μM), which we found to inhibit vasoconstrictor responses in vitro, completely
blocked the formation of 20-HETE in isolated renal and mesenteric arteries obtained from non-
diabetic animals. In vitro addition of 1 μM HET0016 significantly inhibited the formation of
20-HETE in renal and mesenteric arteries of non-diabetic rats by more than 80% (Fig. 9b).
HET0016 had no significant effect on vascular epoxygenase activity (sum of EETs +
DiHETEs) in these vessels which averaged 45 ± 18 and 64 ± 10 pmol min−1 mg−1 protein,
respectively in control (n = 7) and HET0016-treated (n = 4) renal vessels and 6.5 + 4.9 and 9.7
+ 2.6 pmol min−1 mg−1 protein in control (n = 9) and HET0016-treated (n = 4) mesenteric
arteries.

Discussion
Arachidonic acid is primarily metabolized by enzymes of the CYP4A and perhaps the 4F
families in small arteries in the brain, lung, kidney and peripheral vasculature to produce 20-
HETE, and this compound has been shown to play a critical role in the regulation of vascular
tone (Alonso-Galicia et al., 1997; Oyekan & Mcgiff, 1998; Oyekan et al., 1999; Croft et al.,
2000; Roman et al., 2000;, Kehl et al., 2002; Roman, 2002; Kaide et al., 2003). Considerable
evidence has accumulated to indicate that the production of 20-HETE is altered in the kidney
of several models of hypertension and that this contributes to the development of hypertension
and associated end-organ damage (Muthalif et al., 2002, 2000a,b; Benter et al., 2005a,b;
Oyekan et al., 1999; Su et al., 1998).

In this study, we found that the vasoconstrictor responses to NA, ET-1 and Ang II were
potentiated in the isolated perfused mesenteric vascular bed and in renal arteries obtained from
STZ-induced diabetic rats. Chronic treatment of both diabetic and non-diabetic rats with ABT
or HET0016 reduced the formation of 20-HETE in renal microsomes confirming that the doses
employed were sufficient to produce a systemic blockade of CYP4A activity. Unfortunately,
neither drug selectively inhibited the synthesis of 20-HETE in the kidney, as both compounds
reduced epoxygenase activity. While this outcome was anticipated for the ABT, HET0016 is
a more specific inhibitor of the synthesis of 20-HETE which exhibits a 1000-fold greater
selectivity for inhibition of the synthesis of 20-HETE vs. EETs, DiHETEs and prostaglandins,
at least in vitro (Miyata et al., 2001). It has also been shown to selectively block the renal
formation of 20-HETE when given acutely at a dose of 1 mg Kg−1 to rats in vivo (Hoagland
et al., 2003). Thus, the lack of a selective blockade of the synthesis of 20-HETE in the kidney
of these rats was surprising. HET0016 is highly lipid soluble and accumulates in the brain and
kidney at concentrations 4–10-fold higher than that seen in plasma. So it is possible to reach
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levels sufficient to inhibit renal but not vasculature epoxygenase activity. Alternatively, the
reduction in renal epoxygenase activity in rats chronically treated with HET0016 may not be
a direct inhibitory effect of HET0016 but simply a compensatory response since the expression
of renal epoxygenase enzymes are regulated by a number of factors such as salt balance and
the renin angiotensin system, that can be influenced by long-term blockade of the synthesis of
20-HETE.

Chronic administration of ABT and HET0016 normalized the enhanced vascular responses to
NA, ET-1 and Ang II in the mesenteric circulation and renal arteries of diabetic rats. These
results are most likely due to blockade of the vasoconstrictor actions of 20-HETE in diabetic
rats rather than an effect of ABT and HET0016 to block the synthesis of the vasodilator EETS
in the mesenteric and renal circulation. In further studies, we demonstrated that acute treatment
of mesenteric and renal arteries with HET0016 (1 μM) in vitro selectively reduced the
formation of 20-HETE by 90% and had no effect on the production of EETs or DiHETEs. In
these in vitro experiments, HET0016 still reduced NA-induced vasoconstrictor responses in
the perfused mesenteric bed and isolated renal artery obtained from control and diabetic
animals. However, the percent attenuation of the vasoconstrictor response to NA was
significantly greater in the vessels of the diabetic animals than in the non-diabetic controls.
These findings further support our view that 20-HETE rather than EETs play at least a
permissive role in elevating the vascular responsiveness of renal and mesenteric arteries to G-
protein coupled receptor mediated vasoconstrictors in diabetic rats.

In this study, we demonstrated that the inhibitors of the synthesis of 20-HETE cause a much
larger attenuation of the vasoconstrictor responses to Ang II and ET-1 than NA. The reason
for this differential effect remains to be determined but could be related to the fact that 20-
HETE augments vascular tone by blocking Ca2+activated K+ channels leading to membrane
depolarization and greater calcium influx through voltage sensitive channels (Sun et al.,
1998; Roman, 2002). In this regard, previous studies have demonstrated that the
vasoconstrictor response to Ang II is highly dependent on Ca2+influx through the voltage
sensitive channels, whereas the vasoconstrictor response to NA is much more dependent on
the release of calcium from intracellular stores in the sarcoplasmic reticulum (Bhugra & Gulati,
1996;, Baan et al., 1999; Garcha et al., 2001; Lee et al., 2001; Roman, 2002; Arun et al.,
2005; Shin et al., 2005; Villalba et al., 2007).

We also found that HET0016 or ABT did not have much effect on the baseline vasoconstrictor
responses to Ang II, ET-1 or NA in the renal artery of control animals. However, HET0016
did attenuate the vasoconstrictor responses to NA and ET-1 in the mesenteric vascular bed in
control animals. The finding that HET0016 attenuates vascular reactivity in the perfused
mesenteric bed, but not in a larger vessels such as the renal artery, fits with previous
observations that the expression of CYP4A enzymes and production of 20-HETE is much
greater in microvessels <100 μM in diameter than in larger conduit vessels (Roman, 2002).

Additional experiments were performed to determine whether upregulation of the vascular
expression of CYP4A contributes to the enhanced 20-HETE-dependent vascular reactivity to
constrictor stimuli seen in diabetic animals. We observed that the expression of CYP4A protein
and synthesis of 20-HETE is elevated in the kidney of the diabetic rats. These results confirm
previous reports indicating that the expression of CYP4A protein is elevated in the kidney and
liver of diabetic animals (Shimojo et al., 1993; Engels et al., 1999; Enriquez et al., 1999;
Takatori et al., 2002; Yoshinari et al., 2006). However, the expression of CYP4A protein
tended to be reduced rather than elevated in renal arteries and the synthesis of 20-HETE was
not significantly different in either the renal or mesenteric arteries obtained from control and
diabetic rats. These studies indicate that upregulation of CYP4A expression does not mediate
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the increase in vascular responsiveness to vasoconstrictors seen in diabetic rats and that some
other mechanism must be involved.

Previous studies have indicated that NA, Ang II and ET-1 stimulate production of 20-HETE
in VSMC by enhancing the availability of substrate through the release of AA from membrane
phospholipid stores (Muthalif et al., 1998). Recent studies in VSMC have shown that CaMKII
participates in coupling G-protein receptors to activation of PLA2 and the release of AA, which
can be subsequently metabolized by CYP4A enzymes to 20-HETE (Muthalif et al., 1998).
Ras-GTPase also activates cPLA2 via a MAPK pathway again leading to 20-HETE formation
in VSMC (Muthalif et al., 1998, 2000a,b). Recent studies have shown that chronic treatment
of diabetic rats with KN-93 or FTPIII to block CaMKII and Ras-GTPase pathways is just as
effective as inhibitors of the synthesis of 20-HETE in preventing the enhanced vasoconstrictor
responses to NA, ET-1 and Ang II in the renal and mesenteric circulation of diabetic rats
(Yousif et al., 2003, 2004; Benter et al., 2005a,b; Yousif, 2006). These findings suggest that
increased expression or activity of CaMKII or Ras-GTPase pathways might be responsible for
the enhanced 20-HETE dependent vascular reactivity to vasoconstrictors in diabetic rats by
enhancing agonist-induced release of substrate (AA) and subsequent production of 20-HETE
in the vasculature of diabetic animals in the absence of upregulation of the expression of
CYP4A protein. Another possibility is that the CaMKII or Ras-GTPase system might alter
signal transduction pathways by which 20-HETE alters vascular reactivity. In this regard the
present finding of enhanced vascular responsiveness to 20-HETE in the mesenteric vasculature
of diabetic rats supports the latter hypothesis.

Endothelial dysfunction is also associated with diabetes (Kamata et al., 1989; Feener & King,
2001). Reports about the effect of experimentally induced diabetes on endothelium-dependent
vascular relaxation have been inconsistent. Endothelium-dependent relaxation has been shown
to be unaffected (Beenen et al., 1996; Garcia et al., 1999), attenuated (Kamata & Hosokawa,
1997), or augmented (Gebremedhin et al., 1989) in animal models of diabetes. In this study,
we confirmed previous reports that the vasodilator responses to carbachol and histamine are
significantly reduced in the perfused mesenteric bed of the diabetic rats. Hyperglycemia results
in diminished release and/or bioavailability of nitric oxide (Oyama et al., 1986; Feener & King,
2001; Ramana et al., 2003). Thus, impaired NO synthesis may be partially responsible for the
impaired vascular reactivity observed in diabetic animals. In addition, reduced availability of
NO may increase the formation of 20-HETE in VSM since NO directly inhibits the formation
of 20-HETE (Sun et al., 2000; Roman, 2002). In this study, the vasodilator responses of
vascular rings prepared from the main renal artery to carbachol, histamine or SNP were not
significantly altered in diabetic rats. However, we clearly confirmed that the responses to all
of these vasodilators were markedly diminished in the isolated perfused mesenteric vascular
bed of diabetic animals. Selective blockade of the formation of 20-HETE with HET0016
enhanced the vasodilator responses in the mesenteric vascular bed to carbachol, histamine and
SNP in diabetic rats. These findings suggest that 20-HETE reduces the responsiveness to these
NO dependent vasodilators in STZ rats. The mechanism involved remains to be determined
but two recent studies have indicated that 20-HETE elevates oxidative stress in endothelial
cells (Wang et al., 2006; Guo et al., 2007). Elevated production of superoxide via a 20-HETE
dependent pathway could impair vascular responses to NO dependent dilators by scavenging
NO. There is also recent evidence that overexpression of CYP4A protein and the production
of 20-HETE leads to NO synthase uncoupling thereby reducing the NO by endothelial cells
(Wang et al., 2006).

In summary, this study indicates that chronic blockade of the production of 20-HETE
normalizes the enhanced vasoconstrictor responses to Ang II, NA and ET-1 in the renal and
mesenteric circulation of diabetic rats. Acute treatment of isolated renal and mesenteric vessels
with HET0016 (1 μM) in vitro also normalized the enhanced vascular responsiveness of these
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vessels to NA in diabetic animals and selectively inhibited the formation of 20-HETE.
Treatment of the diabetic animals with HET0016 improved vasodilator responses in the
mesenteric vascular bed. Vascular sensitivity to exogenous 20-HETE was markedly elevated
in the mesenteric bed of diabetic animals compared with controls. These results suggest that
20-HETE plays a role in elevating vascular reactivity in diabetic animals. This effect is not due
to increased vascular expression of CYP4A but may be related to elevated vascular
responsiveness to 20-HETE.
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Figure 1.
Comparison of vasoconstrictor responses to (a) NA, (b) ET-1 and (c) Ang II in the perfused
mesenteric vascular bed of control, diabetic and diabetic rats chronically treated with ABT or
HET0016. Mean values ± SE from 8 rats per group are presented. *Significant difference from
control. †Significantly different from the corresponding value in diabetic rats.
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Figure 2.
Comparison of vasoconstrictor responses to (a) NA, (b) ET-1 and (c) Ang II in renal artery
ring segments prepared from control, diabetic, and diabetic rats chronically treated with ABT
or HET0016. Mean values ± SE from 10 rats per group are presented. *Significant difference
from control, †Significant difference from the corresponding value in diabetic rats.
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Figure 3.
Effect of acute blockade of the synthesis of 20-HETE with HET0016 (1 μM) in vitro on the
vasoconstrictor response to noradrenaline in the (a) perfused mesenteric vascular bed and (b)
renal artery rings of control and diabetic rats. Mean values ± SE from 4–7 rats per group are
presented. *Significant difference from control, †Significant difference from the
corresponding value in diabetic rats.
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Figure 4.
Comparison of the vasodilator responses to (a) carbachol, (b) histamine or (c) sodium
nitroprusside (SNP) in isolated renal artery ring segments prepared from control, diabetic and
diabetic rats chronically treated with ABT or HET0016. Mean values ± SE from 10 rats per
group are presented. † Significant difference from the corresponding value in diabetic rats.
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Figure 5.
Comparison of the vasodilator responses to (a) carbachol, (b) histamine and (c) sodium
nitroprusside in isolated perfused mesenteric vascular bed of control, diabetic and diabetic rats
chronically treated with ABT or HET0016. Mean values ± SE from 10 rats per group are
presented. *Significant difference from control. † Significant difference from the
corresponding value in diabetic rats.
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Figure 6.
(a) Representative traces showing the vasoconstrictor response (mmHg) to 20-HETE (0.01
nmol) in the perfused mesenteric vascular bed of control (upper panel) and diabetic rats (lower
panel) pre-constricted with phenylephrine (PE, 10−6 M). (b) Comparison of 20-HETE-induced
vasoconstrictor responses in the perfused mesenteric vascular bed of control and diabetic rats.
*Significant difference from control.
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Figure 7.
Panel a. Expression of CYP4A protein in microsomes prepared from kidneys of control and
diabetic rats. Each lane was loaded with 20 μg of protein. *Significant difference from the
expression level in the control rats. Panel b. Cytochrome P-450 ω-hydroxylase and
epoxygenase activity in microsomes prepared from the kidney of control and STZ-treated
diabetic rats chronically treated with vehicle, ABT, or HET0016 for 30 days. The microsomes
(0.5 mg protein) were incubated with 14C-AA (0.1 μCi, 42 μM) for 30 min in the presence of
NADPH (1 mM). The reactions were stopped with formic acid, extracted with ethyl acetate.
The products formed were separated by HPLC and detected using a radioactive flow detector.
*Significant difference from the corresponding value in vehicle treated rats, †Significant
difference from the corresponding value in non-diabetic control animals.
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Figure 8.
Comparison of the expression of Cytochrome P4504A protein in homogenates prepared from
the renal artery of control, diabetic, and diabetic rats chronically treated with ABT. The data
are expressed as relative to mean intensity recorded in renal arteries obtained from the control
animals. Each lane was loaded with 20 μg protein prepared from the renal of individual rats.
*Significant difference compared to the level of expression in the control group.
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Figure 9.
Panel a. Comparison of the production of 20-HETE in intact renal and mesenteric arteries
obtained from diabetic and non-diabetic rats. Vessels were microdissected from the kidney and
mesenteric beds of control and diabetic animals and incubated for 1 h in a physiologic salt
solution containing 42 μM arachidonic acid and 1 mM NADPH. The vessels were homogenized
in the buffer and extracted with ethyl acetate. The products formed were analysed by LC/MS
as described in the methods section. Panel b presents the effects of in vitro addition of HET0016
(1 μM) on the production of 20-HETE by intact renal and mesenteric arteries. *Significant
difference from the corresponding control value.
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