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BACKGROUND AND PURPOSE
Hypertension increases cerebrovascular oxidative stress and inflammation and impairs vasomotor function. These pathological
alterations lead to dysregulation of cerebral blood flow and exacerbate atherogenesis, increasing the morbidity of ischaemic
cerebrovascular diseases and promoting vascular cognitive impairment. We aimed to test the hypothesis that increased
production of the arachidonic acid metabolite 20-hydroxy-5,8,11,14-eicosatetraenoic acid (20-HETE) contributes to
hypertension-induced cerebrovascular alterations.

EXPERIMENTAL APPROACH
We treated male spontaneously hypertensive rats (SHR) with HET0016 (N-hydroxy-N′-(4-butyl-2-methylphenyl)-formamidine),
an inhibitor of 20-HETE synthesis. In middle cerebral arteries (MCAs) of SHRs, we focused on vasomotor responses and end
points that are highly relevant for cellular reactive oxygen species (ROS) production, inflammatory cytokine expression and
NF-kB activation.

KEY RESULTS
SHRs treated with HET0016 remained hypertensive (SHR + HET0016: 149 � 8 mmHg, Wistar-Kyoto rat: 115 � 4 mmHg;
P < 0.05.), although their systolic blood pressure was decreased compared to untreated SHRs (191 � 6 mmHg). In MCAs of
SHRs, flow-induced constriction was increased, whereas ACh- and ATP-induced dilations were impaired. This functional
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impairment was reversed by treatment with HET0016. Treatment with HET0016 also significantly decreased oxidative stress in
MCAs of SHRs (as shown by dihydroethidium staining and analysis of vascular 5-nitrotyrosine, 4-hydroxynonenal and carbonyl
content) and inhibited cerebrovascular inflammation (shown by the reduced mRNA expression of TNFa, IL-1b and IL-6).
Treatment of SHRs with HET0016 also attenuated vascular NF-kB activation. In vitro treatment with 20-HETE significantly
increased vascular production of ROS and promoted NF-kB activation in cultured cerebromicrovascular endothelial cells.

CONCLUSIONS AND IMPLICATIONS
Taken together, treatment with HET0016 confers anti-oxidative and anti-inflammatory effects in the cerebral arteries of SHRs
by disrupting 20-HETE-mediated autocrine/paracrine signalling pathways in the vascular wall. It is likely that HET0016-induced
decreases in blood pressure also potentiate the cerebrovascular protective effects of the drug.

Abbreviations
20-HETE, 20-hydroxy-5,8,11,14-eicosatetraenoic acid; CYP 450, cytochrome P450; DHE, dihydroethidium; HET0016,
N-hydroxy-N′-(4-butyl-2-methylphenyl)-formamidine; MCA, middle cerebral artery; ROS, reactive oxygen species; SHR,
spontaneously hypertensive rat; WKY, Wistar-Kyoto rat

Introduction

Hypertension increases cerebrovascular oxidative stress and
inflammation and impairs vasomotor function (Barry, 1985;
Mies et al., 1999; O’Sullivan et al., 2002; Amenta et al., 2003;
Di Napoli and Papa, 2003; Beason-Held et al., 2007; Iadecola
and Davisson, 2008). These pathological alterations lead to
dysregulation of cerebral blood flow and eventually at a later
phase may exacerbate atherogenesis in the cerebral arteries,
which significantly increases the morbidity of ischaemic
cerebrovascular diseases (Aiyagari and Gorelick, 2009) and
promote the development of vascular cognitive impairment
(Gorelick et al., 2011). Understanding the early mechanisms
by which hypertension promotes cerebrovascular oxidative
stress, inflammation and vasomotor dysfunction is critical, as
it will enable the development of targeted therapeutic inter-
ventions for cerebrovascular protection in this high-risk
patient population.

In recent years, evidence became available suggesting
that hypertension is associated with an increased generation
of 20-hydroxy-5,8,11,14-eicosatetraenoic acid (20-HETE) in
the wall of cerebral vessels (Dunn et al., 2008). 20-HETE is a
potent vasoconstrictor metabolite of arachidonic acid pro-
duced by cytochrome P450 W-hydroxylases and has a central
role in regulation of cerebral blood flow by contributing to
both pressure- and flow-dependent responses of cerebral
arteries (Gebremedhin et al., 2000; Toth et al., 2011; Koller
and Toth, 2012). Importantly, recent studies demonstrate
that treatment of cultured endothelial cells in vitro with
20-HETE confers significant pro-inflammatory effects,
including up-regulation of inflammatory cytokine produc-
tion and activation of NF-kB (Cheng et al., 2008; 2010; Ishi-
zuka et al., 2008). Yet, the in vivo pro-inflammatory effects of
20-HETE and the role of overproduction of 20-HETE in
chronic cerebrovascular inflammation and in the develop-
ment of vasomotor dysfunction in hypertension are not well
understood.

The present study was undertaken to test the hypothesis
that inhibition of 20-HETE production in hypertension
confers cerebrovascular protection by attenuating inflamma-
tion and oxidative stress and restore vasomotor function. We
chose to study spontaneously hypertensive rats (SHR), as this
animal model exhibits well-described cerebrovascular dys-

function, vascular inflammation, 20-HETE overproduction
and increased propensity of hypertension-induced brain
damage, mimicking key aspects of essential hypertension
in humans. To inhibit 20-HETE synthesis, the animals
were chronically treated with N-hydroxy-N′-(4-butyl-2-
methylphenyl)-formamidine (HET0016), a potent and spe-
cific inhibitor of the metabolism of arachidonic acid by
cytochrome P450 (CYP) enzymes, which prevents formation
of 20-HETE. We focused on end points that are highly rel-
evant for vascular inflammation and the early mechanism
contributing to the pathogenesis of atherosclerosis and
vascular cognitive impairment, including cellular reactive
oxygen species (ROS) production, inflammatory cytokine
expression and NF-kB activation.

Materials and methods

Animals
In the present study, we used 12-week-old male spontane-
ously hypertensive rats (SHR, n = 16) and age-matched, nor-
motensive male Wistar-Kyoto rats (WKY, n = 16) as controls.
The animals were divided into two groups: (i) animals in vivo
treated with HET0016 (10 mg·kg-1·per day, in 10% lecithin
solution; intraperitoneally for 5 days (Renic et al., 2009; Wu
et al., 2011) and (ii) control receiving vehicle. HET0016
(Figure 1) was reported to selectively inhibit the formation
of 20-HETE by inhibiting CYP4A and CYP4F isoforms in SHR
renal microsomes (IC50: 35.2 nM) and in human kidney
(IC50: 8.9 nM; Miyata et al., 2001). Animals were housed
individually on a 12 h light/dark cycle. All procedures were
approved by the Institutional Animal Care and Use Com-
mittee of New York Medical College, and we consulted the
ARRIVE and British Journal of Pharmacology guidelines for in
vivo animal studies (Kilkenny et al., 2010; McGrath et al.,
2010).

Blood pressure measurements
Systolic blood pressure of rats in each experimental group was
measured by the tail cuff method (CODA Non-Invasive Blood
Pressure System, Kent Scientific Co., Torrington, CT, USA).
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Isolation of middle cerebral arteries (MCAs)
and assessment of vasomotor function
At the end of the experimental period, the animals were
killed under anaesthesia (pentobarbital sodium, 50 mg·kg-1

i.p.) by decapitation and segments of the MCAs were isolated
using microsurgery instruments, as reported (Ungvari et al.,
1999; Toth et al., 2011). Branches of the MCAs were mounted
onto two glass micropipettes in a vessel chamber and pressu-
rized to 80 mmHg. The hydrodynamic resistance of the
micropipettes was matched. Inflow and outflow pressures
were controlled and measured by a pressure servo-control
system (Living Systems Instrumentation, Burlington, VE,
USA). Inner vascular diameter was measured with a video
micrometer system and continuously recorded using a com-
puterized data acquisition system. All vessels were allowed to
stabilize for 60 min in oxygenated (21% O2-5% CO2-75% N2)
Krebs’ buffer (at 37°C) as reported previously. After the equi-
libration period, during which spontaneous myogenic tone
developed, flow-induced vascular responses were assessed.
Intraluminal flow was controlled by creating a pressure gra-
dient through the vessel (from DP = 0 to 40 mmHg, corre-
sponding to Q = 0 to 320 mL·min-1 intraluminal flow) keeping
intraluminal pressure constant. Intraluminal flow was
measured with a micro-flow meter as described (Toth et al.,
2011). To assess the role of thromboxane/prostaglandin
endoperoxide (TP) receptors, the vessels were incubated with
SQ29,548 ([1S-[1a,2a(Z),3a,4a]]-7-[3-[[2-[(phenylamino)
carbonyl]hydrazino]methyl]-7-oxabicyclo[2.2.1]hept-2-yl]-5-
heptenoic acid) (10-6 mol·L-1), a specific antagonist of TP
receptors and flow-induced responses were re-assessed. In
addition, constrictions of MCAs to the thromboxane A2 ana-

logue U46619 ((Z)-7-[(1S,4R,5R,6S)-5-[(E,3S)-3-hydroxyoct-
1-enyl]-3-oxabicyclo[2.2.1]heptan-6-yl]hept-5-enoic acid;
10-7 mol·L-1) were assessed. To assess endothelial function,
vascular responses to cumulative doses of ACh (10-8 to
10-5 mol·L-1) and ATP (10-8 to 10-5 mol·L-1) were obtained. To
analyse the role of NO, endothelium-mediated responses
were reassessed in the presence of NOS inhibitor L-NAME
(Nw-nitro-L-arginine methyl ester; 10-4 mol·L-1). At the end of
each experiment, the passive diameters of the vessels were
measured at 80 mmHg intraluminal pressure in the presence
of Ca2+-free PSS containing the L-type Ca2+ channel inhibitor
nifedipine (10-5 mol·L-1) to achieve maximal vasodilatation.

Measurement of vascular ROS production
O2

.- production in the MCA from rats in each experimental
group was determined using dihydroethidium (DHE), an oxi-
dative fluorescent dye, as previously reported (Bailey-Downs
et al., 2012). Freshly harvested vessels were incubated with
DHE (3 ¥ 10-6 mol·L-1; at 37°C for 30 min). After three washes
with PBS, the vessels were embedded in OCT medium and
cryosectioned. Microscopic images of O2

.- specific red fluores-
cence were captured at 20¥ magnification and analysed using
Image J software as previously reported (a public domain,
Java-based image processing program developed at the
National Institutes of Health; http://rsbweb.nih.gov/ij/
download.html) (Bailey-Downs et al., 2012). The mean
fluorescence intensities of DHE-stained nuclei in the
endothelium and medial layer were calculated for each vessel.
Thereafter, the intensity values for each animal in the group
were averaged.

In separate experiments, isolated vascular segments were
incubated with 20-HETE (10-7 mol·L-1) in the absence or pres-
ence of apocynin (4′-hydroxy-3′-methoxyacetophenone; 3 ¥
10-4 mol·L-1; for 4 h), an inhibitor of ROS production by
NADPH oxidases. Vascular ROS production was assessed
fluorometrically by a Tecan Infinite M200 (Tecan Group Ag,
Mannedorf, Switzerland) plate reader using the Amplex Red/
horseradish peroxidase assay (Life Technologies, Grand
Island, NY, USA), as described (Csiszar et al., 2007).

Determination of protein carbonylation and
vascular 5-nitrotyrosine (5-NT) and
4-hydroxynonenal (4-HNE) content
As additional markers of oxidative/nitrosative stress in hyper-
tension, carbonyl derivatives of protein oxidation, 5-NT (a
marker for peroxynitrite action) and 4-HNE (a marker of lipid
peroxidation) were assessed in pooled vascular tissues using
the OxiSelect Protein Carbonyl, Nitrotyrosine and HNE-His
Adduct ELISA Kits (Cell Biolabs, San Diego, CA, USA), accord-
ing to the manufacturer’s guidelines.

Quantitative real-time reverse-transcription
(RT)-PCR
A quantitative real-time RT-PCR technique was used to
analyse mRNA expression of the following NF-kB target genes
and inflammatory markers in MCAs of rats from each experi-
mental group: Nos2 (inducible NOS, iNOS), Il6 (IL-6), Il1b
(IL-1b) and Tnfa (TNF-a), using a Strategen MX3000 (Strate-
gene, La Jolla, CA, USA) as previously reported (Bailey-Downs
et al., 2012) (Table 1). In separate experiments, mRNA expres-

Figure 1
(A) Structure of HET0016. (B) The effect of HET0016 treatment
(10 mg·kg-1, 5 days i.p.) on blood pressure in control Wistar-Kyoto
(n = 6) and spontaneously hypertensive rats (n = 6). Data are mean
� SEM *P < 0.05 versus WKY; #P < 0.05 versus SHR.
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sion of inflammatory markers was assessed in vascular seg-
ments treated in vitro in organoid culture with exogenous
20-HETE (10-6 mol·L-1, for 18 h). Total RNA was isolated with
a Mini RNA Isolation Kit (Zymo Research, Orange, CA, USA)
and was reverse transcribed using Superscript III RT (Invitro-
gen, Life Technologies) as described previously. Amplification
efficiencies were determined using a dilution series of a stand-
ard vascular sample. Quantification was performed using the
efficiency-corrected DDCq method. The relative quantities of
the reference genes Hprt, Ywhaz, B2m and Actb were deter-
mined and a normalization factor was calculated based on
the geometric mean for internal normalization. Fidelity of
the PCR reaction was determined by melting temperature
analysis and visualization of the product on a 2% agarose gel.

Nuclear extraction and NF-kB binding
activity assay
Nuclei were extracted from freshly isolated carotid arteries
using the Nuclear Extraction kit from Active Motif (Carlsbad,
CA, USA) as reported (Csiszar et al., 2005). In brief, carotid
arteries isolated from each experimental group were homog-
enized with a dounce tissue homogenizer in 500 mL ice-cold
hypotonic lysis buffer followed by two centrifugation steps
(500 g, for 30 s, 4°C) to exclude tissue debris. Then, nuclear
proteins were extracted and the protein concentrations in
samples were equalized, as reported (Csiszar et al., 2005).
Using the nuclear extract obtained, NF-kB binding activity
was assayed using the TransAM NF-kB ELISA kit (Active Motif)
as reported (Csiszar et al., 2005).

Establishment and characterization of a
primary cerebromicrovascular endothelial
cell culture
To assess the direct effect of 20-HETE on endothelial NF-kB
activation, we established a primary cerebromicrovascular
endothelial cell (CMVEC) culture. In brief, the brain of a
control rat was removed aseptically, rinsed in ice cold PBS and
minced into ª1 mm squares. The tissue was washed twice in
ice-cold 1X PBS by low-speed centrifugation (50¥ g, 2–3 min).
The diced tissue was digested in a solution of collagenase

(800 U·g-1 tissue), hyaluronidase (2.5 U·g-1 tissue) and elastase
(3 U·g-1 tissue) in 1 mL PBS/100 mg tissue for 45 min at 37°C
in rotating humid incubator. The digested tissue was passed
through a 100 um cell strainer to remove undigested blocks.
The single cell lysate was centrifuged for 2 min at 70¥ g. After
removing the supernatant, carefully, the pellet was washed
twice in cold PBS supplemented with 2.5% fetal calf serum,
and the suspension centrifuged at 300¥ g, for 5 min at 4C. To
create an endothelial cell-enriched fraction, the cell suspen-
sion was gradient centrifuged by using OptiPrep solution
(Axis-Shield Pic, Dundee, Scotland, UK). Briefly, the cell pellet
was resuspended in HBSS and mixed with 40% iodixanol
thoroughly (final concentration: 17% (w/v) iodixanol solu-
tion; r = 1.096 g·mL-1). 2 mL of HBSS was layered on top and
centrifuged at 400¥ g for 15 min at 20°C. Endothelial cells,
which banded at the interface between HBSS and the 17%
iodixanol layer, were collected. The endothelial cell-enriched
fraction was incubated for 30 min at 4C in dark with anti-
CD31/PE (BD Biosciences, San Jose, CA, USA), anti-MCAM/
FITC (BD Biosciences). After washing the cells twice with
MACS Buffer (Milltenyi Biotech, Cambridge, MA, USA), anti-
FITC magnetic bead labelled and anti-PE magnetic bead
labelled secondary antibodies were used for 15 min at room
temperature. Endothelial cells were collected by magnetic
separation using the MACS LD magnetic separation columns
according to the manufacturer’s guidelines (Milltenyi
Biotech, Cambridge, MA, USA). The endothelial fraction was
cultured on fibronectin-coated plates in endothelial growth
medium (Cell Application, San Diego, CA, USA) for 10 days.
Endothelial cells were phenotypically characterized by flow
cytometry (GUAVA 8HT, Merck Millipore, Billerica, MA, USA).
Briefly, antibodies against five different endothelial specific
markers were used (anti-CD31-PE, anti-erythropoietin
receptor-APC, anti-VEGF R2-PerCP, anti-ICAM-fluorescein,
anti-CD146-PE) and isotype-specific antibody labelled frac-
tions served as negative controls. Flow cytometric analysis
showed that after the third cycle of immunomagnetic selec-
tion, there were virtually no CD31-, CD146-, EpoR- and
VEGFR2- cells in the resultant cell populations. All antibodies
were purchased from R&D Systems (R&D Systems, Minneapo-
lis, MN, USA).

Table 1
Oligonucleotides for real-time RT-PCR

mRNA targets Description Sense Antisense

Tnfa Tumour necrosis factor alpha (TNF-a) AACCACCAAGCAGAGGAG CTTGATGGCGGAGAGGAG

Il6 Interleukin 6 (IL-6) TACCCCAACTTCCAATGC GATACCCATCGACAGGAT

Il1b Interleukin 1 beta (IL-1b) CAGCAATGGTCGGGAC ATAGGTAAGTGGTTGCCT

Nos2 Inducible nitric oxide synthase (iNOS) TCCCGAAACGCTACACT CAATCCACAACTCGCT

Hprt Hypoxanthine phosphoribosyltransferase 1 AAGACAGCGGCAAGTTGAATC AAGGGACGCAGCAACAGAC

Actb Beta actin GAAGTGTGACGTTGACAT ACATCTGCTGGAAGGTG

B2m Beta-2-microglobin ATTCACACCCACCGAGAC GGATCTGGAGTTAAACTGGTC

Ywhaz Tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein,
zeta polypeptide 1

AACTGCCTACATATTGGT CACACAGACTACACTCAT
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Transient transfection and NF-kB reporter
gene assay
The direct effect of treatment with 20-HETE (10-6 mol·L-1, for
4 h) on transcriptional activity of NF-kB in CMVECs was
tested by a reporter gene assay as described (Csiszar et al.,
2006b). To inhibit TP receptors, we pretreated CMVECs with
SQ19,548 (10-6 mol·L-1). We used a NF-kB reporter comprised
of a NF-kB response element upstream of firefly luciferase
(NF-kB-Luc, Stratagene) and a renilla luciferase plasmid under
the control of the cytomegalovirus promoter (as an internal
control). Transfections in CMVECs were performed using the
Amaxa Nucleofector technology (Amaxa, Gaithersburg, MD,
USA), as we have previously reported (Csiszar et al., 2004;
2005; 2006a). Firefly and renilla luciferase activities were
assessed after 24 h using the Dual Luciferase Reporter Assay
Kit (Promega, Madison, WI, USA) and a Tecan Infinite M200
plate reader.

Statistical analysis
Statistical analysis was performed by one-way ANOVA. P < 0.05
was considered significant. Data are expressed as mean �

SEM.

Results

Blood pressure
Systolic blood pressure, measured by the tail cuff method, was
significantly higher in SHRs than in control WKY rats
(Figure 1B). In WKY rats, treatment with HET0016 did not
result in any significant change in systolic blood pressure.
SHRs treated with HET0016 remained hypertensive (P < 0.05
vs. WKY), although their systolic blood pressure was moder-
ately decreased compared to untreated SHRs (Figure 1B).

In vivo treatment with HET0016 inhibits
flow-induced constriction and improves
endothelial function in cerebral arteries
of SHRs
Increases in intraluminal flow elicit constriction in both
rodent MCAs and human intracerebral arteries, which is
mediated predominantly by 20-HETE (Toth et al., 2011). We
assessed flow-mediated vasoconstriction in isolated MCAs to
bioassay 20-HETE production in the vascular tissue. Here we
confirm that in response to stepwise increases in intraluminal
flow (controlled by creating a pressure gradient through the
vessel from DP = 0 to 40 mmHg), segments of MCAs isolated
from control WKY rats exhibit significant vasoconstriction
(Figure 2A). Flow-induced constriction in MCAs isolated from
SHRs was significantly increased compared to responses of
vessels from control rats (Figure 2A). Treatment of SHRs with
HET0016 abolished flow-induced constriction of MCAs
(Figure 2A), showing that the treatment regimen used effec-
tively disrupted 20-HETE signalling in the cerebral vascula-
ture. 20-HETE is known to bind to the TP receptor, which
mediates its vasoconstrictor effect. Accordingly, we found
that treatment with the TP receptor antagonist SQ 29 548
abolished flow-induced constriction in MCAs isolated from
SHRs (Figure 2B, upper panel). Constriction of cerebral vessels
to the TP receptor agonist U46619 did not differ between
WKY and SHR (Figure 2B, lower panel), and it was not
affected by HET 0016 (data not shown).

The endothelium-dependent vasodilators ACh (Figure
2C) and ATP (Figure 2D) elicited concentration-dependent
dilation in MCAs of control rats. In agreement with the
results of previous studies, we found that ACh- and ATP-
dependent dilations were inhibited by the NOS inhibitor
L-NAME (data not shown). ACh- and ATP-induced dilation in
MCAs isolated from SHRs was significantly reduced compared

Figure 2
Inhibition of 20-HETE production improves vascular function in MCA of SHR. (A) Flow-induced constriction in MCAs isolated from control WKY
rats, SHRs, WKYs and SHRs treated with HET0016 (SHR + HET0016; 10 mg·kg-1·per day, i.p., n = 6 for each data point). Intraluminal flow was
controlled by creating a pressure gradient through the vessel (see Methods). (B, above): Treatment with the TP receptor antagonist SQ29,548
(1 mmol·L-1) inhibits flow-induced constriction in MCAs of SHRs (n = 7). Data are mean � SEM *P < 0.05 versus control; #P < 0.05 versus untreated.
(B, below): U46619 (10-7 mol·L-1), a thromboxane A2 analogue elicits comparable constriction in MCAs of WKY and SHR (n = 7). ACh- (C) and
ATP (D)-induced dilations of MCAs isolated from control WKY rats and SHRs and WKYs and SHRs treated with HET0016 (n = 6 for each data point).
Data are mean � SEM *P < 0.05 versus control; #P < 0.05 versus untreated.
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to responses of vessels from control rats (Figure 2C, D respec-
tively). Treatment of SHRs with HET0016 significantly
improved endothelial function in MCAs, normalizing
vascular dilations to ACh (Figure 2C) and ATP (Figure 2D).
Treatment of WKY by HET 0016 did not affect endothelium-
dependent vasodilation in MCAs (Figure 2C, D).

In vivo treatment with HET0016 attenuates
oxidative stress in cerebral arteries of SHRs
Representative fluorescent images of cross sections of
DHE-stained MCAs isolated from control WKY, SHR and
HET0016-treated WKY and SHRs are shown in Figure 3A.
Analysis of nuclear DHE fluorescent intensities indicated
that, compared to vessels from control WKY rats, O2

.- pro-
duction was significantly increased in MCAs of SHRs
(Figure 3B). Increased vascular O2

.- generation in SHRs was
significantly reduced by HET0016 treatment (Figure 3B). In
contrast, in WKYs, HET0016 did not significantly alter vas-
cular ROS production (Figure 3B). To further substantiate the
role of increased levels of 20-HETE in induction of ROS
production, we treated detector vessels with exogenous
20-HETE. We found that administration of 20-HETE signifi-
cantly increased vascular ROS production (Figure 3C). The
pro-oxidative effect of 20-HETE was abolished by pretreat-
ment of the vessels with the NAD(P)H-oxidase inhibitor
apocynin (Figure 3C).

Consistent with the presence of hypertension-related oxi-
dative stress, vascular 5-NT, 4-HNE and protein carbonyl
content was increased in SHRs (Figure 4A, B and C respec-
tively). Treatment with HET0016 significantly decreased vas-
cular 5-NT and 4-HNE content in SHRs (Figure 4A and B
respectively). Treatment with HET0016 also abolished the
difference between protein carbonyl content in the vascular
wall in SHRs and WKY controls (Figure 4C).

Role of 20-HETE in vascular
NF-kB activation
We found that hypertension-induced oxidative stress is asso-
ciated with an increased nuclear NF-kB binding activity in
SHR arteries (Figure 5A). Treatment of SHRs with HET0016
attenuated vascular NF-kB binding activity (Figure 5A), sug-
gesting that increased 20-HETE production has an important
role in regulation of vascular inflammatory processes.

To further substantiate the role of increased levels of
20-HETE in induction of vascular NF-kB activation, we
treated CMVECs with exogenous 20-HETE (10-7 mol·L-1, for
24 h). We found that administration of 20-HETE significantly
increased transcriptional activity of NF-kB in CMVECs,
and this effect could be inhibited by the TP receptor
blocker SQ29,548 (Figure 5B). Treatment of arterial segments
maintained in organoid culture with exogenous 20-HETE
(10-6 mol·L-1, for 18 h) also increased the mRNA expression of
the inflammatory markers Icam1 (by ~84%), and Mcp1 (by
~195%) in the vascular wall.

In vivo treatment with HET0016 attenuates
vascular inflammation in SHRs
We found that hypertension-induced oxidative stress and
NF-kB activation are associated with significantly increased

mRNA expression of the inflammatory markers TNF-a
(Figure 6A), IL-1b (Figure 6B) and IL-6 (Figure 6C) in MCAs of
SHRs. In contrast, treatment with HET0016 in SHRs attenu-
ated cerebrovascular inflammation induced by hypertension,
down-regulating the expression of TNF-a (Figure 6A), IL-1b
(Figure 6B) and IL-6 (Figure 6C). Expression of iNOS also
tended to decrease in HET0016-treated SHRs, yet, the differ-
ence did not reach statistical significance (Figure 6D).
In WKYs, treatment with HET0016 did not significantly
alter vascular expression of inflammatory markers (not
shown).

Figure 3
In vivo treatment with HET0016 attenuates oxidative stress in MCA of
SHR. (A) Representative images showing red nuclear DHE fluores-
cence, representing cellular O2

.- production, in sections of MCAs of
control WKY rats, SHRs and treated WKY and SHRs with HET0016
(10 mg·kg-1·per day, i.p.). (B) Summary data for nuclear DHE fluo-
rescence intensities (n = 6 for each group). (C) Summary data
showing the effect of 20-HETE (10-7 mol·L-1) on production of ROS of
vascular ring preparations (n = 7) in the absence and presence of
NADPH oxidase inhibitor apocynin (3 ¥ 10-4 mol·L-1). Data are mean
� SEM *P < 0.05 versus control; #P < 0.05 versus untreated.
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Discussion and conclusions

20-HETE, generated locally in the wall of arteries branching
off the circle of Willis, is a key mediator involved in the
regulation of cerebrovascular resistance (Gebremedhin et al.,
2000). Recently, we demonstrated that 20-HETE mediates
flow-induced constriction of cerebral arteries via TP receptors,
a newly described mechanism involved in the autoregulation
of cerebral blood flow (Toth et al., 2011; Koller and Toth,
2012). Here we demonstrate for the first time that flow-
induced, 20-HETE-mediated constriction of MCAs is substan-
tially augmented in hypertension (Figure 2A), consistent with
an up-regulation of 20-HETE synthesizing cytochrome P450

W-hydroxylases system in various rodent models of hyperten-
sion, including the stroke-prone SHR (Dunn et al., 2008), SHR
(a trend was reported by Dunn et al. (2008), the difference
fell short of significance due to the large variation in the
data), Sprague-Dawley rats with 5alpha-dihydrotestosterone-
induced hypertension (Singh et al., 2007) and angiotensin
II-infused mice (P. Toth and Z. Ungvari, unpubl. data, 2012).
The findings that administration of SQ29548 (Figure 2B)
abolished flow-induced vasomotor responses is consistent
with the view that TP receptors are involved in 20-HETE-
induced signalling in the vascular smooth muscle cells.
Indeed, SQ29548 also abolishes vasoconstriction induced by
exogenous 20-HETE (P. Toth and Z. Ungvari, unpubl. data,
2012). Because we found that the specific thromboxane A2

analogue U46619 elicits comparable vasoconstriction in
vessels isolated from WKY rats and SHRs (Figure 2B), it is
unlikely that hypertension alters TP receptor number, sensi-
tivity or TP receptor-mediated signalling in vascular smooth
muscle cells. Recently, flow-induced constriction was found
in carotid arteries, as well (Craig and Martin, 2012). Because
vasomotor function of carotid arteries also affects cerebral
blood flow their response in hypertension should be clarified
in the future.

In addition to promoting flow-induced vasoconstriction,
increased 20-HETE production in hypertension also exacer-
bates endothelial dysfunction. Accordingly, we found that

Figure 4
In vivo treatment with HET0016 attenuates vascular oxidative/
nitrosative damage in SHRs. (A)–(C) show the effects of treatment
with HET0016 on markers of vascular oxidative/nitrosative stress in
SHRs, including 5-NT (a marker for peroxynitrite action, C), 4-HNE (a
marker of lipid peroxidation, D) and carbonyl derivatives of protein
oxidation (E). Data are mean � SEM *P < 0.05 versus Control;
#P < 0.05 versus untreated (n = 6 for each data point).

Figure 5
In vivo treatment with HET0016 attenuates vascular NF-kB activation
in SHR. (A) shows NF-kB binding activity in nuclear extracts from
carotid arteries isolated from control WKY rats, SHRs and SHRs
treated with HET0016 (SHR + HET0016; 10 mg·kg-1·per day, i.p., n =
6 for each data point). (B) effect of 20-HETE (10-7 mol·L-1) on NF-kB
activation measured by dual-luciferase reporter assay in cultured rat
cerebromicrovascular endothelial cells (CMVEC) in the absence and
presence of TP receptor blocker SQ 29548 (10-6 mol·L-1). Data are
mean � SEM *P < 0.05 versus control; #P < 0.05 versus untreated.
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HET0016 treatment significantly improves ACh- and ATP-
induced dilations in SHRs suggesting that elevated produc-
tion of 20-HETE contributes to endothelial dysfunction in the
cerebral vasculature in hypertension (Singh et al., 2007;
Cheng et al., 2008; 2010; Dunn et al., 2008). Increased flow-
induced constriction and endothelial vasodilator dysfunction
are likely to limit cerebral flow reserve, rendering the organ-
ism vulnerable to regional cerebral ischemia by increasing
vascular resistance. The concept that increased 20-HETE pro-
duction may contribute to cerebral ischaemic damage is
supported by the findings that treatment with HET0016
decreases infarct volume and improves cerebral blood flow
after MCA occlusion (Poloyac et al., 2006; Dunn et al., 2008;

Renic et al., 2009). The mechanisms by which increased pro-
duction of 20-HETE in the vascular wall impair endothelial
function are likely multifaceted and likely involve increased
oxidative stress (see below) and perhaps uncoupling of eNOS
(Cheng et al., 2010) and/or alterations in AKT and AMPK
signalling pathways (Inoue et al., 2009).

There is overwhelming evidence that in hypertension,
increased oxidative stress contributes to the development of
endothelial dysfunction in virtually all vascular beds studied,
including the cerebral circulation (Heistad et al., 1990;
Huang and Koller, 1996; Rajagopalan et al., 1996; Dunn
et al., 2008). Important in that regard is that inhibition of
20-HETE significantly reduces hypertension-induced cer-

Figure 6
In vivo treatment with HET0016 attenuates inflammation in MCA of SHR. Quantitative real-time RT-PCR data showing mRNA expression of TNF-a
(A), IL-1b (B), IL-6 (C) and iNOS (D) in MCAs isolated from control WKY rats, SHRs and SHRs treated with HET0016 (SHR + HET0016;
10 mg·kg-1·per 5 days, i.p., n = 6 for each data point). Data are mean � SEM *P < 0.05 versus control; #P < 0.05 versus untreated. (E) Scheme
depicting the proposed mechanisms underlying the cerebrovascular protective effects of HET0016 in hypertension. Accordingly, in the wall of
cerebral arteries, hypertension increases 20-HETE production, which results in increased flow-induced constriction and promotes endothelial
dysfunction via enhancing vascular oxidative stress. Increased oxidative stress also promotes NF-kB activation and vascular inflammation,
exacerbating the development of cerebrovascular diseases. HET0016 inhibits 20-HETE synthesis in the vascular wall and thereby confers
anti-oxidative and anti-inflammatory cerebrovascular protective effects in hypertension. HET0016 also decreases blood pressure likely via its renal
action, which is also likely to contribute indirectly to its cerebrovascular protective effects.
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ebrovascular oxidative stress (Dunn et al., 2008; Figures 3
and 4), an effect, which is likely contributing to the
improved cerebrovascular endothelial function in HET0016-
treated SHRs. The findings that administration of exogenous
20-HETE in vitro results in NADPH oxidase activation and
increased ROS production (Figure 6; Medhora et al., 2008;
Zeng et al., 2010; Jacobs et al., 2012) support the concept that
increased levels of 20-HETE in the vascular wall are causally
related to cerebrovascular oxidative stress in hypertension
and that HET0016 exerts anti-oxidative effects directly in the
cerebrovasculature. Furthermore, increased vascular 20-HETE
production induced by adenoviral overexpression of CYP4A2
in rats also results in up-regulation of NADPH oxidase,
increased ROS production and endothelial dysfunction
(Wang et al., 2006). 20-HETE binds to the TP receptor. In that
regard, it is interesting that treatment with the TP antagonist
terutroban also prevents hypertension-induced vascular oxi-
dative stress and endothelial dysfunction in rats, an effect
that is independent of changes in blood pressure (Gelosa
et al., 2010; 2011).

In addition to its direct vascular effect, HET0016 is also
likely to confer cerebrovascular protection in hypertension
indirectly, by lowering blood pressure. Accordingly, inhibi-
tion of 20-HETE production was shown to decrease blood
pressure in various animal models of hypertension (Sacerdoti
et al., 1989; Wang et al., 2001). Treatment of SHRs with
HET0016 also results in a significant decrease in blood pres-
sure (Figure 1B). The underlying mechanisms of this antihy-
pertensive effect are likely multifaceted. 20-HETE is known to
participate in the tubuloglomerular feedback (Zou et al.,
1994) and in the pressure natriuresis mechanisms in the
kidneys by regulating Na+ transport (Williams et al., 2007). It
is likely that inhibition of renal 20-HETE synthesis by
HET0016 contributes significantly to its antihypertensive
effect. It is logical to assume that HET0016-induced decreases
in blood pressure also contribute to the attenuation of cer-
ebrovascular oxidative stress in SHRs. In support of this
concept, previous studies demonstrated that acute exposure
of isolated peripheral arteries to high intraluminal pressure
increases vascular ROS production by activating NADPH oxi-
dases (Huang et al., 1998; Ungvari et al., 2003). We have
recently confirmed that acute exposure of MCAs to high
pressure also increases ROS production in the vascular wall
(Toth and Ungvari, manuscript in preparation, 2012). It is
possible that the effects of increased 20-HETE levels and high
pressure-related increases in wall tension converge on a
common signalling pathway for NADPH oxidase activation.
There is also a large body of evidence linking hypertension
and activation of the renin-angiotensin system to vascular
oxidative stress (Rajagopalan et al., 1996; Ungvari et al., 2004;
Bagi et al., 2011). In that regard, it is significant that 20-HETE
signalling and the renin-angiotensin II system crosstalk
(Sodhi et al., 2010; Cheng et al., 2012) and that angiotensin II
enhances the production of 20-HETE (Alonso-Galicia et al.,
2002). Taken together, HET0016 likely exerts direct anti-
oxidative effects in the cerebrovasculature by inhibiting
20-HETE synthesis in the vascular wall and this effect is
potentiated by its indirect, anti-hypertensive effect. To
further characterize the direct vascular effects of HET0016,
future studies should investigate its cerebrovascular effects in
an animal model of hypertension, in which blood pressure

can be kept constant (e.g. mice with controlled angiotensin II
administration).

Previous studies indicate that hypertension-induced oxi-
dative stress promotes chronic low-grade inflammation in the
vasculature, at least in part, by activating the redox sensitive
transcription factor NF-kB (Ando et al., 2004; Csiszar et al.,
2005; Zhou et al., 2005; Riou et al., 2007). In line with these
findings, we found that hypertension-induced vascular ROS
production is associated with an up-regulation of NF-kB
target genes and other inflammatory mediators and increased
NF-kB activation in the vascular wall (Figures 5 and 6). These
pro-inflammatory alterations are believed to have a patho-
genic role in development of atherosclerosis, ischaemic cer-
ebrovascular diseases and vascular cognitive impairment
associated with hypertension (Barry, 1985; Mies et al., 1999;
O’Sullivan et al., 2002; Amenta et al., 2003; Di Napoli and
Papa, 2003; Beason-Held et al., 2007; Iadecola and Davisson,
2008). Here we show for the first time that hypertension-
induced vascular inflammatory alterations are attenuated by
HET0016 (Figures 5 and 6). Because administration of exog-
enous 20-HETE results in significant NF-kB activation in
cultured cerebromicrovascular endothelial cells in a TP
receptor-dependent manner (Figure 5B), it is likely that dis-
ruption of the 20-HETE/TP receptor/NF-kB signalling
pathway in the vascular wall is responsible for the observed
anti-inflammatory effects of HET0016 treatment. Previous
findings also support this concept, showing that 20-HETE
treatment stimulates NF-kB activation and the production of
inflammatory cytokines in cultured human umbilical vein
endothelial cells (Ishizuka et al., 2008). Furthermore, treat-
ment of hypertensive rats with a TP receptor antagonist also
attenuates expression of pro-inflammatory cytokines, includ-
ing IL-1b and improves endothelial function in hypertensive
rats (Gelosa et al., 2010; 2011).

In conclusion, our studies provide evidence that in hyper-
tension treatment with HET0016 confers cerebrovascular
protective effects, by attenuating cerebrovascular oxidative
stress and inflammation and improving vasomotor function
(Figure 6E). Further studies are warranted to determine
whether pharmacological interventions that disrupt 20-HETE
signalling prevent development of cerebrovascular diseases
and vascular cognitive impairment known to be associated
with hypertension.
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