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Summary
1. 20-Hydroxyeicosatetraenoic acid (20-HETE) is a potent vasoconstrictor involved in

vascular dysfunction and blood pressure regulation. Studies have revealed strong
associations between 20-HETE and endothelial dysfunction however the signalling
mechanisms are largely unknown. Therefore we sought to investigate the effect of 20-
HETE on endothelial nitric oxide synthase (eNOS) and heat shock protein 90 (Hsp90)
association.

2. 20-HETE significantly enhanced the constriction and inhibited the relaxation of mouse
aortic rings in response to phenylephrine and acetylcholine, respectively (p=0.05 versus
control ring). In mice with chronic AMP-activated protein kinase (AMPK) activation this
protected against the negative effects of 20-HETE (p<0.05). Immunoprecipitation of
eNOS in cells treated with 20-HETE revealed a decrease in basal and vascular
endothelial growth factor (VEGF) stimulated Hsp90 association with eNOS (p<0.05).
Pre-treatment of the cells with AICAR (a chronic activator of AMPK) prevented the loss
of Hsp90 association with eNOS following 20-HETE treatment. Treatment with 20-
HETE for 24h induces an increase in eNOS phosphorylation, not observed following
acute treatment (30mins). This was accompanied by transient changes in Akt
phosphorylation.

3. 20-HETE impairs eNOS-Hsp90 association which can be reversed via chronic activation
of AMPK. This provides a mechanism for reduced NO bioactivity and endothelial
dysfunction in diseases with elevated 20-HETE levels, such as hypertension.
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Introduction
Endothelium-derived nitric oxide (NO) is an important regulator of vascular function.
Produced by endothelial nitric oxide synthase (eNOS), under normal conditions, its
vasodilatory actions regulate the diameter of blood vessels and maintain an anti-proliferative
and anti-inflammatory environment in the vessel wall.(1) Phosphorylation of eNOS by Akt/
protein kinase B at serine-1177 increases eNOS activity, while Hsp90 promotes increased
eNOS activity via direct interaction with the enzyme. Exposure of endothelial cells to

Address for correspondence: Dr Natalie C. Ward School of Medicine & Pharmacology (RPH) University of Western Australia GPO
Box X2213 Perth WA 6847 AUSTRALIA Tel: +61 8 9224 0391 Fax: +61 8 9224 0246 natalie.ward@uwa.edu.au.

NIH Public Access
Author Manuscript
Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2012 May 1.

Published in final edited form as:
Clin Exp Pharmacol Physiol. 2011 May ; 38(5): 328–333. doi:10.1111/j.1440-1681.2011.05509.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stimulants such as vascular endothelial growth factor (VEGF) induces increased Hsp90
association and phosphorylation by Akt, which ultimately lead to increased NO production.
(2) Reductions in NO bioavailability or bioactivity contribute to impairment in normal
endothelial function. Endothelial dysfunction is frequently associated with several
cardiovascular disease risk factors.(3) The precise mechanisms behind endothelial
dysfunction are largely unknown, although a number of factors are thought to be involved.
These include: reduction in NO bioavailability and bioactivity via reaction with superoxide
(O2

−•), eNOS uncoupling, leading to increased O2
−• formation and reduced cGMP

production, and loss of tetrahydrobiopterin (BH4), an essential cofactor for eNOS activity.

Arachidonic acid is a major membrane fatty acid that can be metabolised by the cytochrome
P450 (CYP450) enzyme system to a number of bioactive metabolites. Within the
vasculature and kidney, a major product of this metabolism is 20-hydroxyeicosatetraenoic
acid (20-HETE), a potent vasoconstrictor involved in vascular dysfunction and blood
pressure (BP) regulation.(4) 20-HETE has been demonstrated to play an inhibitory role in
eNOS activity and both animal and human studies have revealed strong associations
between 20-HETE and endothelial dysfunction.(5, 6) We have previously demonstrated a
significant association between urinary 20-HETE excretion and endothelial dysfunction in
normotensive and hypertensive humans(6) as well as positive associations between 20-
HETE and BP(7) and 20-HETE and oxidative stress.(8) More recently, 20-HETE was
demonstrated to cause eNOS uncoupling(9), however the signalling mechanisms underlying
these associations are largely unknown.

Previous studies have demonstrated that AMP-activated protein kinase (AMPK) activity is
involved in the Hsp90-eNOS association.(10) AMPK is a serine/threonine protein kinase
that is activated by physiological stimuli and oxidants. It is thought that the cardio-protective
effects of several drugs such as metformin and statins may operate through AMPK
activation.(11) Furthermore, a study in bovine endothelial cells revealed that metformin
dose-dependently increased eNOS phosphorylation, eNOS-Hsp90 association and cGMP,
and this effect was reversed in the presence of kinase-inactive AMPK.(12)

We hypothesised that 20-HETE would impair normal endothelial function and that this
would be in part mediated through disruption to eNOS activation and function. The aims of
the project were to investigate the functional consequences of 20-HETE on eNOS function
in mouse aortic rings and whether this was improved with AMPK activation. We also sought
to investigate the effect of 20-HETE on eNOS and Hsp90 association, and whether this was
mediated by AMPK.

Methods
Materials

Cell culture reagents were obtained from Lonza (Allendale, USA) (human umbilical vein
endothelial cells, HUVECs) and were maintained in commercially available Lonza media.
All experiments were performed with confluent cells between passages 3 and 9. 20-HETE
was purchased from Cayman Chemical (Ann Arbor MI), AICAR from Toronto Research
Chemicals (Ontario, Canada), Compound C from Calbiochem (Gibbstown, NJ) and 2',7'-
dichlorofluorescin diacetate (DCF) from Sigma (St Louis, MO). Polyclonal antibodies
against Akt, phospho-Akt (serine-473) and phospho-eNOS (serine-1177 or threonine-495)
were purchased from Cell Signaling (Danvers, MA). Monoclonal eNOS antibody and Hsp90
antibody were purchased from BD Biosciences (Franklin Lakes, NJ). All other chemicals
were purchased from Sigma (St Louis MO).
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ROS production
Intracellular ROS levels were determined using a fluorescence assay. For acute treatment,
cells were washed with PBS and media was replaced with Hanks Buffered Saline Solution
(HBSS, Gibco Carlsbad, CA) containing glucose and 10μM of DCF for 15mins. The HBSS
was removed and replaced with fresh HBSS and the desired treatment. Cells were then
washed quickly with ice cold PBS and 300μL of cold PBS was added to the cells on ice. The
cells were collected into a black 96 well plate and DCF fluorescence was assessed with a
fluorescence plate reader (Molecular Devices, Sunnyvale CA) with excitation at 485nm and
emission at 535nm. For chronic treatments, cells were incubated with desired treatment, the
media replaced with HBSS and cells were loaded with 10μM of DCF for 15mins before
collection as described above. In both experiments, treatment with 100μM of H2O2 for 15
mins was used as a positive control.

Extracellular ROS production was determined using the Amplex-Red assay (Molecular
Probes, Carlsbad, CA). After desired treatments, media was removed and replaced with
HBSS containing glucose. Cells were incubated with 100μM of Amplex and 1U/mL of
horseradish peroxidise and incubated at 37°C for 15mins, before 100μL of supernatant was
collected in a black 96 well plate and the fluorescence determined (excitation=544nm,
emission=590nm). Cells treated with 100μM of H2O2 for 15mins was used as a positive
control.

Immunoprecipitation
After various treatments, cells were quickly washed with ice-cold PBS, lysed with 500μL of
cell lysis buffer (Cell Signaling, Danvers MA) and placed on ice for approximately 3 mins.
Cell lysates were collected on ice, briefly sonicated and spun at 14000 rpm, 4°C for 10 mins
to pellet cell membrane. The supernatant was collected and incubated with 5μL of eNOS
antibody with gentle rocking overnight at 4°C. The supernatant was then incubated with
20μL of 50% slurry of Immobilized Protein A/G Beads (Pierce, Rockford IL) for 2hrs with
gentle rocking at 4°C. The sample was spun at 14000rpm, 4°C for 10mins, the beads washed
once with 500μL of cold cell lysis buffer on ice and the pellet resuspended in 20μL of
Laemmli's SDS-Sample Buffer (Boston Bioproducts, Boston MA). Proteins were
immunoblotted as described below.

Immunoblotting
After various treatments, cells were washed with ice cold PBS and lysed with 250μL of
Laemmli's SDS-Sample Buffer (Boston Bioproducts, Boston MA). Proteins were separated
by sodium dodecyl sulphate-polyacrylamide gel electrophoresis on 7.5% to 12% gels,
transferred to nitrocellulose membrane and incubated with the primary antibody overnight
(1:100 – 1:1000). After washing and addition of the secondary antibody (1:2000), protein
bands were visualised with ECL reagent (GE Healthcare, Piscataway NJ) using a
FluroChem HD2 (Alpha Tech, Burlington MA).

Vascular Activity
Male C57BL/6J mice, approximately 9 weeks old, were randomly assigned to receive a
single intraperitoneal injection of either 200μL of PBS or 200μL of AICAR (1mM).
Twenty-four hours later, the mice were anesthetised by Ketamine and perfused with 0.9%
NaCl. The aortic rings were then harvested, cleaned of excess tissue and cut into equal
segments, approximately 2mm long. All aortas were incubated for approx 30 mins in
Physiological Saline Solution (PSS; 119mM NaCl, 4.69mM KCl, 1.17mM MgSO4, 1.18mM
KH2PO4, 2.5mM CaCl2, 25mM NaHCO3, 0.03mM EDTA and 5.5mM Glucose), aerated at
95% O2/5% CO2 at 37°C under constant passive force (~1mM). The rings were primed with
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KCl (40mM) alone and KCl (40mM) and phenylephrine (10−5 M) to reactivate the
mechanical and functional properties of the vessel. Rings were then allowed to equilibrate
before addition of either 20-HETE (1μM) or vehicle (ethanol). Contraction response of the
rings was determined with increasing doses of phenylephrine (10−9 to 10−5 M). Separate
experiments were conducted to determine relaxation response where rings were pre-
constricted with phenylephrine (~3 × 10−7 M) and then relaxed with increasing doses of
acetylcholine (10−9 to 10−5 M). Relaxation was calculated as a % of the starting point for
each ring. Aortic activity experiments were recorded using a Multiwire Myograph System
(DMT-USA Inc, Model 610M, Version 2.2, Atlanta GA). All experiments were approved by
the University of Massachusetts Animal Ethics Committee.

Statistical analysis
All immunoblots are representative of 3 to 5 independent experiments. Numerical data are
presented as mean ± SD. Comparisons between treatment groups were performed using 1-
way ANOVA with post-hoc Dunnett comparison or repeated measures 2-way ANOVA as
appropriate, using the Statistical Packages for the Social Sciences (SPSS Version 15)
program.

Results
20-HETE effects on ex vivo aortic ring function

To determine the functional consequence of 20-HETE on endothelial function in intact
blood vessels, we investigated the effects of 20-HETE on aortic ring constriction and
relaxation in the presence or absence of AMPK activation. To achieve this, male C57BL/6J
mice, approximately 9 weeks of age, were randomly assigned to receive a single
intraperitoneal injection of 200μL PBS or 200μL AICAR (1mM). 24hr later, the mice aortic
rings were harvested and mounted in ring baths to determine their constriction and
relaxation responses in the presence or absence of 1μM of 20-HETE. As shown, rings
treated with 20-HETE alone resulted in a significant increase in the constriction response to
increasing doses of phenylephrine when compared to both control rings (p = 0.045) and
AICAR+20-HETE rings (p = 0.025) (figure 1a). When rings were pre-constricted with
phenylephrine and then relaxed using increasing doses of acetylcholine, the 20-HETE
treated ring relaxed significantly less when compared to the control ring (p = 0.05), the
AICAR treated ring (p = 0.044) or the AICAR+20-HETE treated ring (p = 0.027) (figure
1b). Addition of Indomethacin to the organ bath did not alter the results (data not shown).
This data suggests that 20-HETE has a negative impact on normal vessel function,
supporting our previous findings in humans, and that this may be prevented via AMPK
activation following pre-treatment with AICAR.

20-HETE effects on eNOS-Hsp90 association
To investigate the mechanistic effects of 20-HETE treatment on Hsp90 association with
eNOS, we treated HUVECs with 20-HETE, immunoprecipitated with the eNOS antibody
and then immunoblotted with eNOS serine-1177 and Hsp90 antibodies. Under basal
conditions, acute and chronic treatment with 20-HETE reduced Hsp90 association with
eNOS. Following stimulation with VEGF (10ng for 5 mins), only chronic 20-HETE
treatment reduced Hsp90 association with eNOS (figure 2). These results were only
achieved when 10μM of 20-HETE was used. The lack of response at 1μM concentration
may be due to poor uptake by the cell or sequestration of 20-HETE by the media.
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In vitro activation of AMPK protects against the effects of 20-HETE
To further determine the role of AMPK in 20-HETE mediated eNOS-Hsp90 disassociation,
we treated cells with AICAR (1mM for 1hr) prior to treatment with 20-HETE. Separate
experiments confirmed phosphorylation of AMPK and ACC following treatment with
AICAR (data not shown). Following immunoprecipitation with the eNOS antibody, we
immunoblotted with phospho-eNOS serine-1177 and Hsp90 antibodies. Pre-treatment with
AICAR to activate AMPK protected against 20-HETE mediated eNOS-Hsp90
disassociation both basally and following VEGF stimulation (figure 3a and b), supporting
our ex vivo findings. Again, these results were only achieved using 10μM of 20-HETE.

To investigate the role of AMPK further, we then treated cells with both AICAR to activate
AMPK and Compound C to inhibit AMPK, prior to 20-HETE treatment. As before,
treatment with AICAR in the presence of 20-HETE, rescued the eNOS-Hsp90 association.
Co-treatment with Compound C (20μM) however, resulted in a reduction in Hsp90-eNOS
association following chronic 20-HETE treatment (figure 3c). Taken together these results
further strengthen a role for AMPK, suggesting that chronic activation of AMPK can protect
against 20-HETE induced eNOS-Hsp90 disassociation and subsequent impaired vascular
function.

20-HETE effects on eNOS and Akt phosphorylation
Phosphorylation of eNOS and Akt are both important steps in the activation of the eNOS
system. Treatment of HUVECs with 20-HETE resulted in transient increases in the
phosphorylation of Akt at serine-473 residue (figure 4a). Chronic 20-HETE treatment also
led to increased eNOS phosphorylation at both the serine-1177 and threonine-495 residues
(figure 4b). There appeared to be no effect of 20-HETE on eNOS phosphorylation at the
serine-633 residue (data not shown). Again, these results were only achieved at 10μM
concentrations. This data indicates that chronic exposure to 20-HETE effects both eNOS and
Akt phosphorylation in HUVECs.

20-HETE induced ROS production
We also determined whether these effects may have been mediated through increases in
ROS production. Intracellular ROS production was assessed via the DCF assay, which
measures predominately intracellular superoxide production. Acute treatment with 20-HETE
(1–30 min) produced a marked increase in ROS production compared to untreated cells
(figure 5a). However, following chronic treatment with 20-HETE (2–24 hr) we observed
that ROS production was similar to control cells (figure 5b). We also investigated
extracellular ROS production via the Amplex-Red assay. Following both acute and chronic
20-HETE treatment, the level of ROS production was similar to that seen in control cells
(figure 5c). This data suggests that 20-HETE produces acute increases in intracellular ROS,
which is expected to be predominately superoxide.

To determine if our findings were due to 20-HETE toxicity, we investigated its effect on
release of lactate dehydrogenase (a marker of cell death) and formation of formazan (a
marker of cell viability). At doses up to 10μM and time points up to 24hr, there was no
effect on either marker of cell viability (data not shown).

Discussion
The major finding of the present study is that exposure of endothelial cells to 20-HETE
leads to a disruption of the eNOS-Hsp90 association, which is at least in part, mediated
through AMPK. Chronic activation of AMPK protects against the effects of 20-HETE on
both the disassociation of Hsp90 and eNOS. Chronic activation of AMPK also protects ex
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vivo endothelial function however it remains unclear whether this is solely due to an NO-
dependent pathway. This finding provides mechanistic evidence for disrupted eNOS
function and endothelial dysfunction in diseases associated with elevated 20-HETE levels,
such as hypertension.(6, 7)

We investigated the functional effects of 20-HETE by using a mouse aortic ring system. In
this model, we investigated if 20-HETE could impair vasorelaxation and whether chronic
activation of AMPK could protect the vessel function from the deleterious effects of 20-
HETE. In response to both constrictive and relaxing stimuli, AMPK activation by AICAR
alone had no effect, while 20-HETE significantly enhanced the constriction response and
inhibited the relaxation response. However, when AMPK was chronically activated through
AICAR pre-treatment, this protected against the effects of 20-HETE. This suggests that
chronic AMPK activation via AICAR treatment results in a “healthier” vessel that is able to
protect against the deleterious effects of 20-HETE.

Hsp90 is an important chaperone molecule that binds both Akt and eNOS, facilitating
phosphorylation at the serine-1177 residue of the eNOS complex by Akt. This then leads to
activation of the eNOS enzyme and subsequent production of NO. Preventing eNOS from
binding to the Hsp90 chaperone leads to disassociation of the enzyme, increased ROS
production and decreased NO bioavailability. Previous work has shown that AMPK may be
required for Hsp90-eNOS binding,(10) and more recently that AMPK is required for eNOS
phosphorylation.(13) A recent study has demonstrated that treatment with 20-HETE leads to
eNOS-Hsp90 uncoupling following stimulation with a calcium ionophore,(9) although the
exact mechanism remains unclear. In the present study we demonstrate that under both basal
and VEGF stimulated conditions, 20-HETE is able to disrupt the association of the eNOS-
Hsp90 complex following both acute and chronic treatment. Pre-treatment of the cells with
AICAR, a compound which activates the AMPK complex is able to prevent this
disassociation. Strengthening this argument is evidence that Compound C, an inhibitor of
AMPK reverses the protective effects of AICAR on the eNOS-Hsp90 complex following
20-HETE treatment.

Both CYP4A and 4F enzyme activity and 20-HETE itself are able to increase ROS
production in endothelial cells.(14) Excessive endothelial ROS production may result in
depletion of NO, via rapid reaction with superoxide, resulting in endothelial dysfunction.
We have previously shown a significant association between increased urinary 20-HETE
excretion and increased oxidative stress in hypertensive individuals.(8) Alternatively, ROS
when produced in controlled amounts can function as signalling molecules in cells.(15)
During the acute phase, 20-HETE caused an increase in intracellular ROS production, which
had returned to control levels by 2 hr.

There was no change in extracellular ROS production. This suggests that direct application
of 20-HETE to the cultured endothelial cells led to an increase in intracellular ROS
production, presumably due to some cellular uptake of 20-HETE. This was not caused by
20-HETE toxicity as evidenced by the cell death and cell viability studies.

Treatment with 20-HETE resulted in transient increases in Akt phosphorylation, which is
required for subsequent eNOS phosphorylation. Interestingly, eNOS phosphorylation at the
serine-1177 residue increased with longer exposure to 20-HETE. The serine-1177 residue is
typically seen as an activation site that is required for normal eNOS function.(13) There
were no changes observed at the serine-633 residue, however the threonine-495 site also had
increasing phosphorylation over time. The threonine-495 site is known as an inactivation
site with phosphorylation of the site being associated with decreased eNOS activity. Indeed
previous evidence has shown that eNOS phosphorylation at both the threonine-495 residue
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and serine-1177 residue facilitates eNOS uncoupling and an increased production of
superoxide.(16) These coordinated eNOS phosphorylation events following treatment with
20-HETE, may contribute to disruption of eNOS-Hsp90 complex.

The present work suggests that 20-HETE effects endothelial function through eNOS-Hsp90
disassociation. Other possibilities include inhibition of the formation of the eNOS dimer,
also required for normal function or possibly direct interaction between the Hsp90
chaperone and 20-HETE, preventing the eNOS from binding. Investigation of these other
pathways of action is warranted. Furthermore, we acknowledge that the dose of 20-HETE
used in the cell culture experiments was higher than that used in the ex vivo ring studies. At
1μM concentrations, the effects of 20-HETE on cultured endothelial cells were not
observed. This may be partly due to insufficient uptake by the cell either via sequestration in
the media or reaction with oxygen. Given no receptor for 20-HETE has been identified, it
remains unknown as to how the cells take up 20-HETE and in what form. Further work to
elucidate this pathway is also warranted. In summary, the present study has demonstrated
that 20-HETE gives rise to eNOS-Hsp90 disassociation and this results in reduced
endothelial function as measured via response to phenylephrine and acetylcholine.
Treatment with AICAR, an AMPK activator is able to prevent the adverse effects of 20-
HETE both in an endothelial cell culture system and ex vivo aortic vessels. This may in part
explain the negative association we have previously observed between 20-HETE and
endothelial function.(6)
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Figure 1.
Mouse aortic ring (a) constriction with increasing doses of phenylephrine. 2-way ANOVA
with repeated measures analysis, p = 0.05 versus control and p = 0.025 versus AICAR+20-
HETE (n=6–9) and (b) relaxation in response to increasing doses of acetylcholine, following
pre-constriction with phenylephrine. 2-way ANOVA with repeated measures analysis, p =
0.05 versus control, p = 0.04 versus AICAR and p = 0.03 versus AICAR+20-HETE (n=5).
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Figure 2.
eNOS immunprecipitation of HUVECs treated with 20-HETE (10μM), under basal and
VEGF stimulated conditions (n=3). Fold change where black bars are p-eNOS/eNOS and
white bars are Hsp90/eNOS. ANOVA with Dunnett's post-hoc analysis *p<0.05 versus
control.
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Figure 3.
eNOS immunoprecipitation of HUVECs pre-treated with AICAR (1mM, 1hr), followed by
20-HETE (10μM) under (a) basal and (b) VEGF stimulated conditions (n=3). (c) eNOS
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immunoprecipitation of HUVECs pre-treated with AICAR and/or Compound C (20μM, 1
hr), followed by 20-HETE (10μM). Fold change where black bars are p-eNOS/eNOS and
white bars are Hsp90/eNOS.
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Figure 4.
Phosphorylation of (a) Akt and (b) eNOS in HUVECs following acute and chronic treatment
with 20-HETE (10μM). ANOVA with Dunnett's post-hoc analysis *p<0.05 versus control.
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Figure 5.
Intracellular ROS production following (a) acute 20-HETE treatment. ANOVA with
Dunnett's post-hoc analysis, p < 0.05 versus control (n=4) and (b) chronic 20-HETE
treatment. ANOVA with Dunnett's post-hoc analysis (n=4). Extracellular ROS production
(c) following acute and chronic 20-HETE treatment. ANOVA with Dunnett's post-hoc
analysis (n=4).
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