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BACKGROUND AND PURPOSE
Nitric oxide (NO) plays an important role in endothelial function, and impaired NO production is involved in hypertension.
Therefore, compounds that regulate endothelial NO synthase (eNOS) may be of therapeutic benefit. A novel, low molecular
weight compound AVE3085 is a recently developed compound with the ability to enhance eNOS transcription. The present
study investigated the effects of AVE3085 in endothelial dysfunction associated with hypertension.

EXPERIMENTAL APPROACH
Spontaneously hypertensive rats (SHRs) were treated with AVE 3085 (10 mg·kg·day-1, orally) for 4 weeks. Isometric force
measurement was performed on rings of isolated aortae in organ baths. Protein expression of eNOS, phosphorylated-eNOS
and nitrotyrosine in the aortae were examined by Western blotting. mRNA for eNOS in rat aortae were examined by
reverse-transcriptase polymerase chain reaction (RT-PCR).

KEY RESULTS
AVE3085 greatly improved endothelium-dependent relaxations in the aortae of SHRs. This functional change was
accompanied by up-regulated expression of eNOS protein and mRNA, enhanced eNOS phosphorylation and decreased
formation of nitrotyrosine. Furthermore, AVE3085 treatment reduced the blood pressure in SHR without affecting that of
hypertensive eNOS-/- mice.

CONCLUSIONS AND IMPLICATIONS
The eNOS-transcription enhancer AVE3085 restored impaired endothelial function in a hypertensive model. The present study
provides a solid basis for the potential development of eNOS-targeting drugs to restore down-regulated eNOS, as a new
strategy in hypertension.
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tumour necrosis factor; WKY, Wistar Kyoto rat

Introduction
The vascular endothelium plays a pivotal role in the patho-
physiology of the cardiovascular system. Nitric oxide (NO),
generated by endothelial NO synthase (eNOS), is physiologi-
cally important in vascular homeostasis. NO is a key regulator
of endothelial cell growth (Ziche et al., 1994), migration
(Murohara et al., 1999), vascular remodelling (Rudic et al.,
1998) and angiogenesis (Ziche et al., 1994). In addition, NO
protects against mitochondrial oxidative stress (Borniquel
et al., 2006), and a crucial role is played by eNOS in the
functional activity of stem and progenitor cells (Aicher et al.,
2003).

eNOS is constitutively present in the endothelium, and
its expression is regulated by various biophysical, biochemi-
cal and hormonal stimuli, under both physiological and
pathological conditions. Physiological stimuli which
up-regulate the eNOS expression include shear stress, growth
factors and hormones such as oestrogens (Li et al., 2002;
Searles, 2006; Chan et al., 2010). Stimulation of
b-adrenoceptors can also increase the eNOS activity in cul-
tured endothelial cells (Kou and Michel, 2007). Other com-
pounds in clinical use are also able to increase the eNOS
expression and activity, including statins (Laufs et al., 1998),
angiotensin-converting enzyme inhibitors (Linz et al., 1999),
angiotensin AT1 receptor antagonists and dihydropyridine
calcium channel blockers (Ding and Vaziri, 1998; Leung
et al., 2006).

Endothelial dysfunction is closely associated with dis-
turbed NO production and eNOS regulation in vascular
pathogenesis. For example, hypertension is associated with a
decreased NO formation (Huang et al., 1995), while impaired
bioavailability of NO is a characteristic found in patients
with atherosclerosis (Zeiher et al., 1993). Serum amyloid A
induces endothelial dysfunction involving eNOS down-
regulation (Wang et al., 2008). Tumour necrosis factor
(TNF)-a decreases eNOS expression at the post-
transcriptional level (Yan et al., 2008). Likewise, soluble
CD40 ligand (CD40L), a trimeric transmembrane protein and
a member of the TNF family, also reduces the levels of eNOS
mRNA and protein, stability of eNOS mRNA, eNOS activity
and cellular NO content (Chen et al., 2008). Other pathologi-
cal situations involving endothelial dysfunction include
HIV-1 protein expression (Kline et al., 2008) and homocys-
teine imbalance (Zhou et al., 2006), together with the actions
of variety of endogenous factors including the chemokine
CXCL1 (growth-related oncogene-a;GRO-a), a member of
the CXC chemokine family involved in the development of
atherosclerosis (Bechara et al., 2007), C-reactive protein
(Schwartz et al., 2007) and Rho-kinase (Shin et al., 2007). In
some rare conditions such as chronic alcohol-induced hyper-
tension (Husain et al., 2007) and neonatal persistent pulmo-
nary hypertension (Gien et al., 2007), eNOS expression is
also decreased.

AVE compounds were developed to enhance eNOS activ-
ity. AVE9488 has been reported to increase eNOS activity
(Sasaki et al., 2006), and the combination of an up-regulated
eNOS expression and a reversal of eNOS uncoupling are prob-
ably responsible for the observed anti-atherosclerotic action
of AVE9488 (Wohlfart et al., 2008). Another new compound,
AVE3085, was also found to increase eNOS levels and reverse
vascular dysfunction and inflammation in the hindlimbs in a
rat model of diabetes (Riad et al., 2008). In addition, we have
demonstrated that AVE3085 is effective in protecting coro-
nary artery endothelium against hypoxia–reoxygenation
injury during cardioplegic exposure (Xue et al., 2010).

The present study aimed to investigate the actions
of AVE3085 in ameliorating endothelial dysfunction in
hypertension.

Methods

All animal care and experimental procedures were in accor-
dance with institutional guidelines and conformed to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication no.
85–23, revised 1996).

Animals and drug treatment
Adult male spontaneously hypertensive rats (SHR) and nor-
motensive Wistar Kyoto rats (WKY) (6 months old) were
purchased from the Laboratory Animal Service Center,
Chinese University of Hong Kong. Adult male eNOS-/- mice (4
months old) were from Johannes Gutenberg University,
Mainz, Germany. Rats were assigned to four groups: SHR +
AVE, SHR + vehicle, WKY + AVE and WKY + vehicle. In the
AVE-treated groups, AVE3085 was administrated to rats by
oral gavage once daily for 4 weeks (10 mg·kg·day-1), whilst in
the non-treatment groups, SHR or WKY rats received vehicle
(5% methylcellulose) daily for 4 weeks. Male eNOS-/- mice
(n = 7) were treated for up to 8 weeks with AVE3085 in chow
at a concentration of 150 mg·kg-1, resulting in a daily dose of
about 30 mg·kg-1. A higher dose of AVE3085 was used for
mice than in rats (10 mg·kg-1) because of the higher meta-
bolic rate in mice than in rats (Rucker and Storms, 2002).
Pilot studies showed that similar plasma exposure profiles
were achieved when using the selected doses: 10 mg·kg-1 for
rats and 30 mg·kg-1 for mice.

Systolic blood pressure measurement
Systolic blood pressure was measured by a non-invasive tail-
cuff method. A pressure signal from the tail artery was
detected by a pulse transducer relayed via a NIBP controller
and a Powerlab, and recorded by Chart software (all from
AD Instruments, Sydney, Australia). Pressure measurements
were measured five times for each rat to obtain an average
value.
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Blood vessel preparation
The thoracic aorta was dissected out, cleaned of surrounding
connective tissue and placed in freshly prepared ice-cold and
oxygenated Krebs–Henseleit solution containing (mmol·L-1):
119 NaCl, 4.7 KCl, 2.5 CaCl2, 1 MgCl2, 25 NaHCO3, 1.2
KH2PO4 and 11 D-glucose, and then cut into ring segments
(~3 mm in length). Each ring was suspended between two
stainless steel hooks in a 10 mL organ bath filled with Krebs
solution. Bathing solution was continuously bubbled with
95% O2 and 5% CO2 and maintained at 37°C (pH of 7.3–7.5).
An optimal baseline tone of 2 g was applied to all rings.
Relaxations in response to acetylcholine (ACh) and to sodium
nitroprusside (SNP) were examined in phenylephrine-
contracted rings.

Primary culture of rat aortic endothelial cells
Aortae of WKY and SHR were dissected in sterilized
phosphate-buffered saline (PBS). After digestion by 0.2% col-
lagenase for 15 min at 37°C, RPMI-1640 (Gibco, Grand
Island, NY, USA) was added, and endothelial cells were col-
lected by centrifugation at 57¥ g for 5 min. Thereafter, the
pellet was gently resuspended in RPMI-1640 supplemented
with 10% fetal bovine serum and cultured in a 75 mm culture
flask. To remove other cell types, the medium was changed
after 1 h incubation and maintained until 70% confluence
before use (Chan et al., 2000).

Western blot analysis of eNOS,
phosphorylated-eNOS (p-eNOS)
and nitrotyrosine
Aortae were isolated and frozen in liquid nitrogen and
homogenized in an ice-cold radioimmunoprecipitation assay
lysis buffer that contained 1 mg·mL-1 leupeptin, 5 mg·mL-1

aprotinin, 100 mg·mL-1 phenylmethylsulphonyl fluoride,
1 mmol·L-1 sodium orthovanadate, 1 mmol·L-1 EDTA,
1 mmol·L-1 EGTA, 1 mmol·L-1 sodium fluoride and 2 mg·mL-1

b-glycerolphosphate. Tissue or cell lysates were centrifuged at
20 000¥ g for 20 min. The supernatants were collected, and
protein concentrations were analyzed using the Lowry
method (Bio-rad, Hercules, CA). Protein samples were sepa-
rated by electrophoresis on a 10% SDS-poly-acrylamide gel
and transferred onto an immobilon-P polyvinylidene difluo-
ride (PVDF) membrane (Millipore, Billerica, MA). Non-
specific binding sites were blocked by 5% non-fat milk or 1%
BSA in 0.05% Tween-20 phosphate-buffered saline (PBST),
then incubated overnight at 4°C with primary antibodies
against p-eNOS(Ser1177) (1:1000; Upstate Biotechnology, Lake
Placid, NY, USA), total eNOS (1:500; BD Transduction Labo-
ratories, Lexington, KY, USA), or nitrotyrosine (1:1000;
Upstate Biotechnology) and GAPDH (1:3000; Ambion,
Austin, TX, USA), followed by a horseradish peroxidase-
conjugated swine anti-rabbit or anti-mouse IgG (DakoCyto-
mation, Carpinteria, CA), developed with an enhanced
chemiluminescence detection system (ECL reagents, Amer-
sham Pharmacia, Uppsala, Sweden) and finally exposed to
X-ray films. Equal protein loading was verified with use of a
housekeeping anti-GAPDH antibody. Densitometry was per-
formed using a documentation programme.

Reverse-transcriptase polymerase chain
reaction (RT-PCR) analysis of eNOS mRNA
RT-PCR was performed with the primers: eNOS, 5′-TGGC
CGTGGAACAACTGGA-3′ (sense) and 5′-TGAGCTGACAGA
GTAGTACC-3′ (antisense); GAPDH, 5′-TATGATGACATCA
AGAAGGTGG-3′ (sense) and 5′-CACCACCCTGTTGCTGTA-3′
(antisense). The arterial rings were snap-frozen in liquid
nitrogen and homogenized, and mRNA was extracted using
the Aurum total RNA Mini kit (Bio-Rad, Hercules, CA, USA)
according to manufacturer’s instructions. The extracted RNA
was reverse transcribed using the iScriptTM cDNA synthesis kit
(Bio-Rad). RNA templates were mixed with iScript reaction
mix, iScript reverse transcriptase and nuclease-free water, and
incubated for 5 min at 25°C, 30 min at 42°C, 5 min at 85°C
and stopped at 4°C. PCR was performed with Taq DNA poly-
merase (Invitrogen, Carlsbad, CA, USA) with thermal cycles
of 5 min at 95°C, 30 cycles of 1 min at 95°C, 1 min at 60°C,
1 min at 72°C, finally followed by 7 min at 72°C. PCR
product was then fractionated electrophoretically on a 1%
agarose gel containing 0.5 mg·mL-1 ethidium bromide. Sizes
of the fragments were 350 bp for eNOS and 210 bp for
GAPDH. Densitometry was performed using a documenta-
tion program (FluorChem, Alpha Innotech Corp., San
Leandro, CA). Data were normalized with GAPDH and com-
pared with WKY.

Statistical analysis
Results were expressed as mean � s.e.mean on rings from a
number (n) of different rats. The cumulative concentration-
response relationship was analyzed with a non-linear curve
fitting (GraphPad Prism, Version 4.0, La Jolla, CA, USA).
Protein expression was normalized to GAPDH and then
expressed relative to control. Student’s t-test was used and
concentration–response curves were analysed by one-way
ANOVA followed by Bonferroni post hoc tests. P < 0.05 indicates
significant difference.

Materials
Phenylephrine, acetylcholine and SNP were from Sigma (St.
Louis, MO, USA). Aliskiren was obtained from Novartis (Basel,
Switzerland). AVE3085 (CAS no. 450348–85-3, empirical
formula C17H13F2NO3) was provided by Sanofi-Aventis (Frank-
furt, Germany) (Wohlfart et al., 2008).

Results

Effect of 4 week AVE3085 treatment
on endothelium-dependent and
-independent relaxations
Treatment with AVE3085 for 4 weeks significantly improved
ACh-induced endothelium-dependent relaxations in the
aortae of SHRs (Emax = 58.0 � 3.1% vs. 33.2 � 3.0%, P < 0.01;
Figure 1A) without affecting those in WKY aortae (Figure 1B).
By contrast, SNP-induced endothelium-independent relax-
ations in WKY and SHR aortae were not affected by treatment
with AVE3085 (Figure 1C, D).
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Effect of AVE3085 treatment on eNOS
and p-eNOS levels
In the aortae of SHR, the protein level of both eNOS and
p-eNOS was reduced compared with those in WKY aortae;
AVE3085 treatment for 4 weeks increased levels of p-eNOS
(Figure 2A, B) and eNOS (Figure 2A, C) in SHR aortae without
affecting levels of eNOS and p-eNOS in WKY aortae
(Figure 2A–C).

Effect of AVE3085 treatment on eNOS
mRNA expression
Compared with WKY aortae, SHR aortae showed significantly
reduced eNOS mRNA expression (Figure 2D). Such down-
regulation was reversed by 4 week treatment with AVE3085.
eNOS mRNA expression was also up-regulated in WKY aortae
by AVE3085 treatment (Figure 2D).

Effect of AVE3085 treatment on
nitrotyrosine formation
Nitrotyrosine (60 kDa) formation significantly increased in
SHR aortae, and this increase was reduced by 4 week AVE3085
treatment (Figure 3).

Effect of 2 h incubation with AVE3085
on endothelium-dependent and
-independent relaxations
Aortae from untreated SHR or WKY rats were incubated ex
vivo with AVE3085 (10 mmol·L-1) for 2 h. This in vitro treat-
ment markedly increased ACh-induced relaxations in SHR
aortae (50.2 � 4.5% vs. 26.9 � 4.4%, P < 0.05; Figure 4A)

without affecting those in WKY aortae (Figure 4B). Again,
there was no difference in SNP-induced relaxations in WKY
and SHR aortae with or without AVE3085 treatment
(Figure 4C, D).

Effect of 2 h AVE3085 treatment on eNOS
and p-eNOS levels
Exposure to AVE3085 (10 mmol·L-1) for 2 h increased p-eNOS
(Figure 5A) and eNOS levels (Figure 5B) in SHR aortae without
affecting those in WKY aortae (Figure 5A, B).

Effect of the removal of endothelium on eNOS
expression after AVE3085 treatment
Incubation with AVE3085 (10 mmol·L-1) for 12 h significantly
increased the eNOS expression in SHR aortae with intact
endothelium (Figure 6B). AVE3085 also increased the eNOS
expression in WKY aortae (Figure 6A). The level of eNOS was
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Figure 1
Effect of treatment with AVE3085 for 4 weeks on endothelium-
dependent and -independent relaxations in aortae of SHRs. AVE3085
treatment (4 weeks) significantly improved acetylcholine (ACh)-
induced endothelium-dependent relaxations in the aortae of SHRs
(A) without affecting those in WKY aortae (B). Sodium nitroprusside
(SNP)-induced relaxations were comparable in WKY and SHR aortae
treated with or without AVE3085 (C and D). Data are mean � SEM
of six to eight rats. **P < 0.01 versus SHR.
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Figure 2
Effect of 4 weeks of AVE3085 treatment on eNOS and p-eNOS
expressions and eNOS mRNA in SHR aortae. Representative images
(A) and summarized diagram (B and C) showing that AVE3085
treatment for 4 weeks increased levels of p-eNOS (B) and eNOS (C)
protein in SHR aortae without affecting those of WKY aortae. (D)
AVE3085 treatment for 4 weeks enhanced eNOS mRNA expression in
both SHR and WKY aortae. Data are mean � SEM of four rats. *P <
0.05 versus WKY, #P < 0.05 versus SHR and †P < 0.05 versus WKY.
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very low in both WKY (Figure 6A) and SHR (Figure 6B) aortae
after mechanical removal of the endothelium, and AVE3085
did not increase the eNOS expression in aortae without
endothelium (Figure 6A, B).

Effect of AVE3085 on primary endothelial
cells from WKY and SHR aortae
AVE3085 (10 mmol·L-1) incubation for 12 h increased the
eNOS expression in primary cultures of endothelial cells from
both WKY and SHR aortae, and this increase was inhibited by
co-incubation with transcription inhibitor actinomycin D
(0.1 mmol·L-1) (Figure 6C).

Anti-hypertensive effect of AVE3085 in SHR
Oral administration of AVE3085 at 10 mg·kg·day-1 for 4 weeks
reduced systolic blood pressure in SHRs (151.8 � 1.8 vs. 170.0
� 4.0 mmHg, P < 0.001). The anti-hypertensive effect of
AVE3085 was comparable with that of aliskiren
(10 mg·kg·day-1 for 4 weeks), a renin inhibitor (147.7 �

1.3 mmHg). By contrast, 4 week AVE3085 treatment had no
effect on blood pressure in WKY rats (114.8 � 2.3 vs. 121.5 �

4.2 mmHg) (Figure 7A). Male eNOS-/- mice of 4 month old
had a significantly higher systolic blood pressure than the

Figure 3
Effect of 4 week AVE3085 treatment on nitrotyrosine formation in
SHR aortae. The formation of nitrotyrosine (60 kDa) was significantly
increased in SHR aortae and was reduced by treatment with AVE3085
for 4 weeks. Data are mean � SEM of four rats. *P < 0.05 versus WKY
and #P < 0.05 versus SHR.
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Figure 4
Effect of 2 h AVE3085 incubation on endothelium-dependent and
-independent relaxations in SHR aortae. Two-hour incubation with
AVE3085 (10 mmol·L-1) increased acetylcholine (ACh)-induced
endothelium-dependent relaxations in SHR aortae (A) without affect-
ing those in WKY aortae (B). No differences were observed in the
sodium nitroprusside (SNP)–induced relaxations in WKY and SHR
aortae with and without AVE3085 treatment (C and D). Data are
mean � SEM of six to eight rats. *P < 0.05 versus SHR.
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Effect of 2 h AVE3085 treatment on eNOS and p-eNOS levels in SHR
aortae. AVE3085 (10 mmol L–1) incubation for 2 h increased the levels
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wild-type C57BL/6J mice (113.4 � 1.4 vs. 91.1 � 2.3 mmHg,
P < 0.05), which is in accordance with previously published
values (Wohlfart et al., 2008). Treatment of eNOS-/- mice with
AVE3085 (30 mg·kg·day-1) up to 8 weeks had no effect on
blood pressure (Figure 7B).

Discussion

The present study demonstrated that oral administration of
AVE3085 for 4 weeks reduced blood pressure in SHR, and that
treatment with AVE3085 either acutely for 2 h or chronically
for 4 weeks markedly augmented endothelium-dependent
relaxations in SHR aortae in vitro. We suggest that the effect of

AVE3085 is causally associated with the increase in eNOS
expression, and this is supported by the fact that AVE3085
treatment did not reduce blood pressure in eNOS-deficient
mice.

Although it still remains unclear whether endothelial dys-
function is a primary abnormality, or such dysfunction arises
as a consequence of elevated blood pressure, it is clear that
the endothelium undoubtedly participates in the pathogen-
esis of hypertension. In the present study, we showed that
AVE3085 is effective in lowering blood pressure in hyperten-
sive rats. AVE3085 restored the impaired endothelium-
dependent relaxations in the aortae of SHRs, and hence, the
improved endothelial function might be related to its anti-
hypertensive effect.

Figure 6
Effect of 12 h AVE3085 treatment on eNOS expression in aortae with
or without endothelium and in primary endothelial cells. AVE3085
(10 mmol·L-1, 12 h) increased eNOS expression in SHR (B) aortae
with endothelium. eNOS expression was very low in both WKY and
SHR aortae after removal of endothelium. Data are mean � SEM of
six rats. *P < 0.05 versus control with endothelium, #P < 0.05 versus
control with endothelium. In primary endothelial cells from both
WKY (WKY EC) and SHR (SHR EC) aortae, AVE3085 (10 mmol·L-1,
12 h) increased eNOS expression, which was inhibited by
co-incubation with the transcription inhibitor actinomycin D
(0.1 mmol·L-1) (C). Data are mean � SEM of four rats. *P < 0.05
versus control, #P < 0.05 versus AVE3085 from each group.

Figure 7
Anti-hypertensive effects of AVE3085 in SHR. In (A) oral administra-
tion of AVE3085 for 4 weeks reduced systolic blood pressure in SHR
but had no effects on systolic blood pressure in WKY rats. In panel
(B), male eNOS-/- mice (4 months old) had a significantly higher
systolic blood pressure than the wild-type C57BL/6J mice, but treat-
ment of eNOS-/- mice with AVE3085 for up to 8 weeks had no effect
on blood pressure. Data are mean � SEM of five to seven animals.
WT: wild-type mice, AVE(+): with AVE3085 treatment, AVE(–):
without AVE3085 treatment. ##P < 0.001 versus WKY control, **P <
0.001 versus control, *P < 0.05 versus WT.
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Hypertension is associated with a decreased NO produc-
tion (Huang et al., 1995). Currently, one of the strategies of
treating hypertension is to use vasodilators. By targeting
endogenous eNOS production instead of directly relaxing
vascular smooth muscle, the present results may suggest an
alternative therapeutic approach to the traditional treatment
strategy by preventing the pathological changes in endothe-
lial cells in hypertension, that is, the eNOS down-regulation
that results in a reduced generation of NO. We have clearly
shown that this strategy is useful in SHRs. However, whether
this approach can be applied to hypertensive patients still
requires further investigation.

The key role of oxidative stress is recognized in the patho-
logical mechanisms of endothelial dysfunction associated
with atherosclerosis, coronary artery disease, diabetes and
hypertension (Li and Shah, 2004). As a marker of
NO-dependent oxidative stress, the increased formation of
nitrotyrosine in SHR aortae, as shown in the present study,
further suggests a positive role of oxidative stress in the
pathogenesis of vascular dysfunction in hypertension. Fur-
thermore, the decreased nitrotyrosine formation observed
after AVE3085 treatment suggests that this compound may
have potential in inhibiting vascular oxidative stress.

Since AVE3085 enhances eNOS expression, this raises the
possibility of eNOS uncoupling after treatment with this
eNOS enhancer. However, our previous study showed that
AVE9488, a structurally similar eNOS enhancer, possesses a
capacity to up-regulate eNOS expression and facilitates the
re-coupling of oxygen reduction and NO synthesis in eNOS
(Wohlfart et al., 2008). AVE3085 may also be able to reverse
eNOS uncoupling although further studies are warranted.
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