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Chronic administration of
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BACKGROUND AND PURPOSE
Adipocyte fatty acid-binding protein (A-FABP) is up-regulated in regenerated endothelial cells and modulates inflammatory
responses in macrophages. Endothelial dysfunction accompanying regeneration is accelerated by hyperlipidaemia. Here, we
investigate the contribution of A-FABP to the pathogenesis of endothelial dysfunction in the aorta of apolipoprotein E-deficient
(ApoE-/-) mice and in cultured human endothelial cells.

EXPERIMENTAL APPROACH
A-FABP was measured in aortae of ApoE-/-mice and human endothelial cells by RT-PCR, immunostaining and immunoblotting.
Total and phosphorylated forms of endothelial nitric oxide synthase (eNOS) were measured by immunoblotting. Changes in
isometric tension were measured in rings of mice aortae

KEY RESULTS
A-FABP was expressed in aortic endothelium of ApoE-/- mice aged 12 weeks and older, but not at 8 weeks or in C57 wild-type
mice. Reduced endothelium-dependent relaxations to acetylcholine, UK14304 (selective a2-adrenoceptor agonist) and A23187
(calcium ionophore) and decreased protein presence of phosphorylated and total eNOS were observed in aortae of 18
week-old ApoE-/- mice compared with age-matched controls. A 6 week treatment with the A-FABP inhibitor, BMS309403,
started in 12 week-old mice, improved endothelial function, phosphorylated and total eNOS and reduced plasma triglyceride
levels but did not affect endothelium-independent relaxations. The beneficial effect of BMS309403 on UK14304-induced
relaxations was attenuated by Pertussis toxin. In cultured human microvascular endothelial cells, lipid-induced A-FABP
expression was associated with reduced phosphorylated eNOS and NO production and was reversed by BMS309403.

CONCLUSIONS AND IMPLICATIONS
Elevated expression of A-FABP in endothelial cells contributes to their dysfunction both in vivo and in vitro.

Abbreviations
A-FABP, adipocyte fatty acid-binding protein; ApoE-/-, apolipoprotein E-knockout; BMS309403
{2-[2′-(5-ethyl-3,4-diphenyl-1H-pyrazol-1-yl)biphenyl-3-yloxy] acetic acid}; eNOS, endothelial nitric oxide synthase
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Introduction
Endothelial dysfunction occurs early in vascular disease
(Vanhoutte, 2004; 2009). It is characterized by a reduced
bioavailability of nitric oxide (NO) in the intimal layer
of the arterial wall and an increased production of
endothelium-derived vasoconstrictor prostanoids (Van-
houtte, 2004; 2009; Vanhoutte and Tang, 2008; Tang and
Vanhoutte, 2009). The constitutive form of NO synthase
(eNOS) is the enzyme responsible for the conversion of
L-arginine into NO in normal endothelial cells. Both Gi (Per-
tussis toxin-sensitive) and Gq proteins couple endothelial cell
membrane receptors to eNOS. The former mediate the
responses to a2-adrenoceptor agonists and serotonin (5-HT)
and the latter those to bradykinin and ADP (Flavahan et al.,
1989; Shimokawa et al., 1991; Vanhoutte, 2004; 2009).
Accelerated turnover of the endothelium is observed in
aging and involves apoptotic death and desquamation, fol-
lowed by regeneration of endothelial cells (Vanhoutte, 2004;
2009; Hoenig et al., 2008). Endothelial regeneration also
contributes to the natural repair process in response to vas-
cular injury, which results in an altered endothelial pheno-
type exhibiting selective dysfunction of the Gi-proteins
coupled to eNOS and premature senescence (Shimokawa
et al., 1991; Taddei et al., 2001; Kennedy et al., 2003). When
endothelial regeneration and hypercholesterolemia are com-
bined (a condition known to accelerate atherosclerosis),
endothelium-dependent relaxations are impaired further,
suggesting exacerbation of the pathological changes in
regenerated endothelium (Shimokawa et al., 1991). The con-
junction of the reduced production of NO, the increased
generation of reactive oxygen species (ROS), and the
increased generation/presence of oxidized forms of low-
density lipoprotein (LDL) in the regenerated endothelium
sets the stage for the inflammatory response that leads to
atherosclerosis (Vanhoutte and Shimokawa, 1989; Taddei
et al., 2001; Kennedy et al., 2003; Vanhoutte, 2004; 2009;
Lee et al., 2007; Libby, 2007; Yildiz, 2007; Pierce et al., 2009;
Rodríguez-Mañas et al., 2009).

The gene encoding for adipocyte fatty acid-binding
protein (A-FABP) is not expressed in native endothelial cells,
but appears in cell cultures derived from porcine regenerated
coronary endothelial cells (Lee et al., 2007). A-FABP activates
both the NFkB pathway and c-Jun NH2-terminal kinase
(JNK), which in turn up-regulates the transcriptional activity
of inflammatory genes such as the chemokine CCL2 (MCP-1),
interleukins and tumor necrosis factor (TNFa) in macroph-
ages (Makowski et al. 2001; 2005; Furuhashi et al., 2007; Hui
et al., 2010). A-FABP contributes to the formation of foam
cells and atherosclerotic plaques (Makowski and Hotamisligil,
2005; Furuhashi et al., 2008; Krusinová and Pelikánová,
2008). In humans, high circulating levels of A-FABP are asso-
ciated with an increased risk of developing atherosclerosis
(Yeung et al., 2007). By contrast, in apolipoprotein E-/-

(ApoE-/-) mice, the targeted disruption of the A-FABP gene or
pharmacological inhibition of A-FABP activity reduces the
expression of several chemoattractant and inflammatory
cytokines in macrophages, and inhibits the transformation of
macrophages into foam cells, thereby leading to a significant
attenuation of atherosclerosis (Boord et al., 2002; Furuhashi
et al., 2007).

In the ApoE-/- mice, hyperlipidemic conditions exacerbate
endothelial dysfunction, as reflected by an impairment of
acetylcholine-induced, endothelium-dependent relaxations
(Williams et al., 2000; Crauwels et al., 2003; Kawashima,
2004; Hans et al., 2009). The present study was designed to
test the hypothesis that A-FABP plays a role in the endothelial
dysfunction of the ApoE-/- mouse.

Methods

ApoE-/- mice
All animal care and experimental procedures were approved
by the institutional animal ethics committee (Committee on
the Use of Live Animals in Teaching & Research) of The
University of Hong Kong. C57BL/6J mice (wild-type strain;
ApoE+/+ mice) and ApoE-/- mice were studied. Mice homozy-
gous for the Apoetm1Unc mutation were provided by the
Jackson Laboratory (Bar Harbor, Maine, ME, USA). The breed-
ing line was maintained by directly pairing male and female
homozygous mutated Apoetm1Unc mice. The mice were main-
tained under pathogen-free conditions in filter-topped cages
in an air-conditioned room at constant temperature (23 �

1°C), fed a standard laboratory diet (LabDiet, 5053, PMI;
St. Louis, MO, USA) and given water ad libitum. To study
endothelial function, ApoE-/- mice 8 to 18 weeks old, and
age-matched wild-type mice were compared. To determine
the effects of pharmacological inhibition of the actions
of A-FABP, either the A-FABP inhibitor BMS309403
(15 mg·kg-1·day-1) (Furuhashi et al., 2007) or vehicle (4%
Tween 80) were administered chronically by daily oral gavage
for 6 weeks in ApoE-/- mice (starting at weeks 12 of age). Mice
were anaesthetized with a bolus injection of pentobarbitone
sodium (230 mg·kg-1) and their aorta removed and dissected
for ex vivo studies.

Blood samples from mice with or without BMS309403
treatment were collected at the time of death by direct punc-
ture of the heart. They were centrifuged at 1500¥ g for 15 min
at 15°C and the plasma was collected. The triglyceride con-
centration was determined with 20 mL plasma using a com-
mercially available measurement kit (WAKO, Osaka, Japan).
Plasma levels of LDL and high density lipoprotein (HDL)
cholesterol were determined using another commercially
available HDL and LDL/VLDL Cholesterol Quantification Kit
(BioVision, Mountain View, CA, USA). Glucose was measured
with a commercial biochemical assay kit from Stanbio Labo-
ratory (Boerne, TX, USA) and insulin was measured with a
commercial ELISA kit from Mercodia (Uppsala, Sweden).

Isometric tension measurements
Mice were anaesthetized with a bolus injection of pentobar-
bitone sodium (230 mg·kg-1) and their aorta removed and
dissected free of adherent connective tissues. Rings (2 mm in
length) with endothelium were suspended in a Halpern-
Mulvany myograph (Model 610 M, Danish Myo Technology
A/S, Denmark) using 40 mm stainless steel wires for recording
of isometric contractile force (PowerLab 4SP, ADInstrruments,
Colorado Springs, CO USA) (Tang et al., 2005). The prepara-
tions were immersed in Krebs’ Ringer bicarbonate solution
(37°C, aerated with a 95% O2/5% CO2 gas mixture, pH7.4) of
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the following composition (in mM): NaCl 118, KCl 4.7,
CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, and glucose
11.1 (control solution). The rings were allowed to equilibrate
in control solution for one hour at a resting tension of
500 mN. After stabilization, they were then stretched step by
step and exposed to 60 mM KCl (15 min) until a maximal,
reference contraction was obtained. To demonstrate the pres-
ence of endothelium, relaxations to 10 mM acetylcholine
were obtained during a contraction to 0.5 mM U46619
(thromboxane TP receptor agonist); if the relaxation to ace-
tylcholine was less than 80%, the preparations were excluded
from further experimentation.

To study endothelium-dependent relaxations, cumulative
concentration–relaxation curves to acetylcholine (0.1 nM to
0.1 mM), the calcium ionophore A23187 (0.1 nM to 1 mM)
and the a2-adrenoceptor agonist UK14304 (0.1 nM to
10 mM) were obtained [in the absence or presence of
NG-nitro-L-arginine methyl ester (L-NAME) (10 mM)] during
sustained contractions to U46619 (10 to 50 nM; to achieve a
level of contraction approximating 90% of the reference
response to 60 mM KCl). To study endothelium-independent
relaxations, cumulative concentration–relaxation curves to
sodium nitroprusside (1 nM to 0.1 mM) were obtained also
during sustained contractions to U46619. Some preparations
were incubated with Pertussis toxin (PTX; 400 ng·mL-1) or its
solvent (0.1 mM sodium phosphate; pH 7.0) for 90 min
before obtaining a concentration–response curve to UK14304
(Shimokawa et al., 1989; 1991).

RNA preparation and real-time PCR
The endothelial layer of the aorta of wild-type and ApoE-/-

mice was collected by gently scraping as described (Lee et al.,
2007). Total RNA was extracted directly with RNA lysis thio-
cyanate (RLT) buffer (containing 25–50% guanidinium thio-
cyanate) using a RNeasy Mini kit (Qiagen, Valencia, CA, USA).
Samples were stored immediately at -70°C until use. Total
RNA was added to a reverse transcription mixture [(40 mL;
first strand buffer, 10 mM DTT, 0.5 mM DNTPs, 10 ng·mL-1

Oligo(dT) (Gibco-BRL, Grand Island, NY, USA), 1 unit·mL-1

Rnasin, 1 unit·mL-1 Moloney murine leukemia virus reverse
transcriptase (M-MLV RT; Gibco-BRL)] for 10 min at room
temperature followed by 37°C for 60 min. The product was
denatured by exposing the samples to 94°C for 7 min to
produce the first-strand cDNAs. Two microliters of the total
reverse transcription product were added to a reaction
mixture (20 mL) containing 10 mL 2X SYBER Green master
mix (Applied Biosystems, Warrington, UK) and the primers
(sense and anti-sense; 1 mM) for the polymerase chain reac-
tion (PCR). Real-time PCR technique was used to determine
the mRNA expression. The PCR products were amplified
using a primer pair specific for mouse A-FABP: 5′-CCGC
AGACGACAGGA-3′ and 5′-CTCATGCCCTTTCATAAACT-3′
(177 bp) (Furuhashi et al., 2007), smooth muscle alpha actin:
5′ -AGCAGAACAGAGGAATGCAGTGGAAGAGAC-3′ and
5′ -CCTCCCACTCGCCTCCCAAACAAGGAGC-3′ (146 bp)
(Wamhoff et al., 2008) and GAPDH, 5′-AATGACCCCTTC
ATTGACCTCC-3′ and 5′-GCTTCCCATTCTCAGCCTTGAC-3′
(100 bp). The purity of the endothelial mRNA was demon-
strated by a minimal expression level of smooth muscle
a-actin (<1:10 when compared with aortic smooth muscle
samples).

Real-time PCR analysis was performed using a 7900HT
Fast Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA). The cycling conditions to amplify PCR products of
A-FABP, smooth muscle a-actin and GAPDH were 50°C for
2 min; 95°C for 10 min; 95°C for 15 s, 60°C for 1 min; and
95°C for 15 s. Each sample was analyzed in duplicate. Results
were normalized to the copy numbers of GAPDH gene prod-
ucts. The PCR products were visualized on 1.2% (w/v) agarose
gels using ethidium bromide to ensure that they formed a
single band of the expected size.

Immunostaining
Fixed sections of aortic samples were re-hydrated in serial
concentrations of ethanol (100 to 50%). Endogenous per-
oxidase activity was blocked by incubation with 3% hydro-
gen peroxide in methanol for 20 min with constant
shaking. Following incubation of the slides with IgG block-
ing reagent, the sections were incubated with a primary
antibody against A-FABP (1:50) or von Willebrand factor
(1:100) overnight at 4°C. For immunohistochemistry, after
washing in phosphate buffer solution containing 0.01%
Triton X-100, the sections were incubated for 30 min in
biotinylated antibody against IgG (Vector). After washing,
they were exposed to a solution of Vectastain Elite ABC
[horseradish peroxidase (HRP)] until color developed.
Double immunoflorescent staining of A-FABP and von
Willebrand factor was achieved by incubating the slides
with Alexa Fluor® 488 (Ex495/Em519, green) and Alexa
Fluor® 594 (Ex590/Em617, red) for anti-goat and anti-rabbit
IgG secondary antibodies (1:1500), respectively, after incu-
bation with the primary antibodies and extensive washing
according to the manufacturer’s instruction. Immunoflores-
cence of the sections was visualized using an inverted fluo-
rescent microscope (Leica Microsystems GmbH, Wetzlar,
Germany).

Western blotting
Total protein from aortae of ApoE-/- and C57 wild-type mice
at 18 weeks of age or cultures of human microvascular endot-
helial cells (HMECs) were collected and then lysed in ice-cold
lysis buffer (20 mM Tris-HCl, 1% Triton X-100, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate,
1 mM b-glycerophosphate, 1 mM sodium orthovanadate)
containing a cocktail of protease inhibitors (1 mM phenylm-
ethylsulfonyl fluoride, 100 ng·mL-1 trypsin inhibitor,
20 mg·mL-1 leupeptin and 1 mM pepstatin). Protein lysates
were sonicated further for 15 s on ice to facilitate homogeni-
zation. The protein concentration was determined using the
Bradford assay. Total protein (40–50 mg) was separated on a
polyacrylamide gel (7.5% or 15%) and blotted on polyvi-
nylidene difluoride (PVDF) membranes (180 mA, 1.5 h). The
blot was incubated for one hour in TBS containing 5% fat-free
milk (Lee et al., 2007). Membranes were incubated with anti-
bodies against A-FABP, phosphorylated eNOS (Ser1177) and
total eNOS at 4°C overnight. This was followed by incubation
of the HRP-labelled secondary antibody (Amersham,
Freiburg, Germany) prior to image detection by enhanced
chemiluminescence using a commercially available kit
(Amersham) (Lee et al., 2007).
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Human endothelial cells
HMECs were obtained from Lonza (Basel, Switzerland) and
grown at 37°C in humidified 5% CO2 95% air. The medium
was changed every two days. Cells [at passage 6 to 8] were
treated with various concentrations of palmitate (0.1 to
0.3 mM) dissolved in bovine serum albumin as control for
24 h. Some cells were treated with 0.3 mM palmitate with or
without 50 mM BMS309403 for 24 h followed by stimulation
with 100 nM insulin for 20 min. Samples of protein (40 mg)
from total lysates were used for the detection of A-FABP,
phospho-eNOS (Ser1177) and total eNOS using Western blot-
ting (Lee et al., 2007). In other cell cultures, the cGMP level
was measured using a commercial ELISA kit as described (Wang
et al., 2009).

Data analysis
Concentration–relaxation curves are shown [calculated using
GraphPad Prism 5 (La Jolla, CA, USA)] to compare the
responses with various agonists. The maximal relaxation and
the concentrations causing 50% of the maximal response
(EC50) are also reported. The intensity of Western blot images
was calculated with a computerized program (Multi-Analyst
version 1.1, Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Data are expressed as means � SEM. Statistical analysis was
performed using Student’s unpaired t-test for single compari-
son, and/or two-way ANOVA followed by Bonferroni post hoc
test for multiple comparisons. P values equal to or less than
0.05 were considered to indicate statistically significant
differences.

Materials
The selective A-FABP inhibitor BMS309403 {2-[2′-(5-ethyl-3,4-
diphenyl-1H-pyrazol-1-yl)biphenyl-3-yloxy] acetic acid} was
manufactured as described (Hui et al., 2010). Acetylcholine,
A23187, insulin, L-NAME, palmitate, sodium nitroprusside
and UK14304 were purchased from Sigma Chemical
Company (St. Louis, MO, USA) and PTX was purchased from
List Biological (Campbell, CA, USA). U46619 was purchased
from Biomol (Plymouth Meeting, PA, USA). Antibody against
mouse A-FABP (which shows less than 5% cross-reactivity
with recombinant mFABP5, rFABP2 and rFABP1 according to
the product insert) was purchased from R & D Systems

(AF1443; Minneapolis, MN, USA) and that against von Will-
ebrand factor from Sigma Chemical Company. Alexa Fluor®
488 and Alexa Fluor® 594 anti-goat and anti-rabbit IgG sec-
ondary antibodies were purchased from Invitrogen (Carlsbad,
California, USA). The antibodies against phosphorylated
eNOS (Ser1177) (p-eNOS; 1:1000) and total eNOS (eNOS;
1:2500) were from Transduction Laboratories (Lexington, KY,
USA). Drug concentrations are expressed as final molar con-
centrations in the bath solution.

Results

Plasma levels of lipids, glucose and insulin
At 18 weeks of age, the body weight of wild-type, vehicle-
treated and BMS309403-treated ApoE-/- mice was 28.1 � 0.6,
25.7 � 1.2 and 26.7 � 0.7 g, respectively. The plasma levels
of triglycerides and LDL-C were significantly elevated in
18 week-old ApoE-/- mice with or without BMS309403 treat-
ment (15 mg·kg-1·day-1) while the HDL-C was reduced signifi-
cantly compared with the wild-type mice of the same age
(Table 1). The glucose and insulin levels were comparable in
the wild-type and ApoE-/- mice. The only significant effect of
6 weeks of treatment with BMS309403 was to reduce the
triglyceride level.

Presence of A-FABP in the endothelium
The mRNA expression of A-FABP was minimal in the aorta of
18 weeks old wild-type and 8 weeks old ApoE-/- mice, but it
increased progressively in the aortic endothelial cell layer of
ApoE-/- mice from 12 to 18 weeks of age (Figure 1).

The immunohistochemical staining revealed the presence
of A-FABP protein in the endothelium of ApoE-/- mice at the
age of 12 weeks but not in that of younger animals (Figure 2).
The immunofluorescent staining analysis showed co-
localization of A-FABP and von Willebrand factor in the
endothelial cells of 12 weeks old ApoE-/- mice but not in the
wild-type controls (Figure 3).

Relaxations
Untreated mice. The sustained contractions to U46619 (10 to
50 nM) were not significantly different between aortae of

Table 1
Plasma lipid, glucose and insulin levels in wild-type, ApoE-/- mice without (vehicle) or with BMS309403 (BMS) treatment at 18 weeks of age

Plasma level (mmol·L-1) C57 wk18 ApoE-/-+Vehicle ApoE-/-+BMS

Triglyceride 0.66 � 0.18 2.77 � 0.27** 1.47 � 0.25**†

LDL-C 0.36 � 0.08 2.91 � 0.27** 2.51 � 0.04*ns

HDL-C 0.60 � 0.06 0.35 � 0.05* 0.33 � 0.08*ns

Glucose 195.30 � 15.7ns 218.07 � 9.0ns 220.62 � 9.40ns

Insulin (mg·L-1) 1.76 � 0.26ns 1.23 � 0.17ns 1.33 � 0.17ns

Data are shown as means � SEM *P < 0.05; **P < 0.01; compared with the wild-type control. †P < 0.05; compared with the ApoE-/- mice
without BMS309403 treatment.
ns, not significant. n = 5.
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wild-type and ApoE-/- mice from 8 to 18 weeks of age (data
not shown).

There were no significant differences in relaxations to
acetylcholine, UK14304 and sodium nitroprusside between
aortae of wild-type mice at 8, 12 and 18 weeks of age.
However, the relaxations to A23187 were significantly
reduced in aortae of 12 weeks old wild-type mice compared
with those of the younger group (Figure 4; Table 2).

The relaxations to acetylcholine, the a2-adrenoceptor
agonist UK 14304 and the calcium ionophore A23187 were
impaired in aortae of ApoE-/- of all age groups. The maximal
relaxation to UK14304 and acetylcholine was significantly
reduced while the EC50 was significantly increased in aortae of

ApoE-/- of all age groups. However, the maximal relaxation to
A23187 was significantly increased in aorta of ApoE-/- at 12
weeks of age while the EC50 was significantly increased in
aorta of ApoE-/- at 18 weeks of age (Figure 4; Table 2).

Except for an enhanced relaxation in aortae of 18 weeks
old ApoE-/-, there were no statistically significant differences
in the relaxations, maximal relaxation and EC50 to sodium
nitroprusside between the different experimental groups
(Figure 4; Table 2).

Chronic treatment with BMS309403
BMS309403 is an aromatic biphenyl azol compound that
competes with fatty acids for the binding pocket of A-FABP
with high specificity (Furuhashi et al., 2007). Chronic admin-
istration of BMS309403 (15 mg·kg-1·day-1; from 12 to 18
weeks of age) in ApoE-/- mice significantly improved the
relaxations, maximal relaxation and EC50 to UK14304
(Figure 5; Table 2), acetylcholine (Figure 6; Table 2) and
A23187 (except for the maximal relaxation; Figure 6;
Table 2), compared with those obtained in aortae from age-
matched, vehicle-treated ApoE-/- mice, without significantly
affecting responses to sodium nitroprusside (Figure 5;
Table 2).

Incubation with PTX (400 ng·mL-1) before obtaining the
UK14304-induced relaxation abolished the potentiating
effect of the chronic treatment with BMS309403 on the
response to the a2-adrenoceptor agonist. No impairment in
UK14304-induced relaxation was observed with PTX in the
aortae of vehicle-treated mice (Figure 7).

In aortae isolated from both BMS309403-treated and
vehicle-treated ApoE-/- mice, the relaxation evoked by
UK14304 was abolished by incubation with L-NAME
(10 mM) (Figure 5). L-NAME abolished also the relaxations to
acetylcholine and A23187 (data not shown).

eNOS levels
The levels of both the total and phosphorylated eNOS
(Ser1177) were significantly reduced in aortae of 18 week-old
ApoE-/- compared with the wild-type controls of the same
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Figure 1
Quantitative real-time PCR for mRNA expression of adipocyte fatty
acid-binding protein (A-FABP) in aortae of wild-type and apolipopro-
tein E-deficient (ApoE-/-) mice. Data are shown as means � SEM
*P < 0.05 compared with the wild-type control (C57 wk18). n = 3–4.

ApoE-/- 8 weeks old ApoE-/- 12 weeks old

Figure 2
Immunohistochemical staining for adipocyte fatty acid-binding protein in the aortic endothelium of apolipoprotein E-deficient (ApoE-/-) mice at
8 and 12 weeks of age (¥400).

BJP MYK Lee et al.

1568 British Journal of Pharmacology (2011) 162 1564–1576



age. The phosphorylated to total eNOS ratio was not changed
significantly (Figure 8A).

Chronic treatment with BMS309403 (15 mg·kg-1·day-1)
for 6 weeks significantly increased the phosphorylated eNOS

(Ser1177) and total eNOS but not the phosphorylated to total
eNOS ratio in aortae of 18 weeks old ApoE-/-mice, compared
with values in aortae from the vehicle-treated mice
(Figure 8B).

vWFA-FABP A-FABP + vWF

vWFA-FABP A-FABP + vWF

C57 WT 12 weeks old 

ApoE-/- 12 weeks old 

Figure 3
Immunofluorescent staining for adipocyte fatty acid-binding protein (A-FABP) (green) and von Willebrand factor (vWF; red) in the aortic
endothelium of C57 wild-type mice and apolipoprotein E-deficient (ApoE-/-) mice at 12 weeks of age (¥400).

Table 2
EC50 values and maximal relaxations of aortic rings

Max.
relaxation WT

8 weeks
ApoE-/-

8 weeks
WT
12 weeks

ApoE-/-

12 weeks
WT
18 weeks

ApoE-/-

18 weeks
ApoE-/-

18 weeks + BMSEC50

UK14304 95.07 � 1.46 75.56 � 0.00*** 92.55 � 4.74 69.61 � 4.40*** 90.80 � 0.97 66.22 � 4.66** 87.82 � 2.99†

-8.27 � 0.27 -7.17 � 0.0* -7.77 � 0.19 -6.75 � 0.37* -7.77 � 0.09 -6.76 � 0.25* -7.76 � 0.18†

Ach 87.01 � 0.97 63.06 � 9.57*** 90.53 � 2.76 78.12 � 3.35*** 84.39 � 1.89 68.01 � 4.91*** 90.49 � 2.57†

-6.73 � 0.12 -5.71 � 0.51*** -6.86 � 0.16 -6.45 � 0.08* -6.64 � 0.18 -5.95 � 0.22* -7.01 � 0.11†

A23187 69.88 � 7.50 88.15 � 3.59 ns 69.42 � 3.41 84.54 � 4.48* 65.45 � 3.26 62.73 � 8.16 ns 68.19 � 7.67 ns

-7.14 � 0.34 -7.00 � 0.09 ns -6.85 � 0.11 -6.90 � 0.04 ns -6.87 � 0.13 -6.34 � 0.11* -6.87 � 0.19†

SNP 99.51 � 1.43 99.23 � 1.76 ns 95.29 � 0.81 95.77 � 0.53 ns 95.13 � 1.79 76.94 � 17.47 ns 96.98 � 1.34 ns

-7.72 � 0.12 -7.77 � 0.17 ns -7.28 � 0.14 -7.41 � 0.07 ns -7.27 � 0.17 -7.66 � 0.09 ns -7.88 � 0.15 n.s.

The EC50 values (log M) and maximal relaxation (%) in response to various endothelium-dependent vasodilators [UK14304, acetylcholine
(ACh), A23187 and sodium nitroprusside (SNP)] in wild-type mice (8 to 18 weeks of age), ApoE-/- (8 to 18weeks of age) and ApoE-/- mice
with chronic treatment (18 weeks of age; ApoE-/- 18 wk + BMS) for 6 weeks. Data are shown in parallel for age-matched C57 mice. Data are
shown as means � SEM *P < 0.05; **P < 0.01; ***P < 0.000 compared with the wild-type control. †P < 0.01; compared with the ApoE-/- mice
without BMS309403 treatment. ns not significant. n = 5–7.
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HMECs
Real-time PCR analysis showed that palmitate increased the
A-FABP mRNA expression in a dose-dependent manner in
HMECs (Figure 9A). The protein abundance of A-FABP was
elevated significantly following incubation with the fatty
acid for 24 h (Figure 9B). Palmitate decreased eNOS phospho-

rylation under both basal and insulin-stimulated conditions
(Figure 9C), but did not affect the expression of total eNOS.
The change in eNOS phosphorylation was accompanied by a
decreased level of cGMP (Figure 9D). The impaired eNOS
phosphorylation and cGMP production by palmitate were
prevented by simultaneous incubation with BMS309403
(Figure 9E, F).
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Figure 4
Endothelium-dependent relaxations induced by (A) acetylcholine, (B) A23187, (C) UK14304 (acting on a2-adrenoceptors on the endothelium)
and endothelium-independent relaxations, (D) induced by sodium nitroprusside of U46619-contracted rings in aortae of age-matched wild-type
(C57) and apolipoprotein E-deficient (ApoE-/-) mice at 8, 12 and 18 weeks old. Data are shown as means � SEM *P < 0.05; **P < 0.01 compared
with the control of age-matched C57 mice. n = 6–8.
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Discussion

The present study demonstrates the role of endothelial
A-FABP in endothelial dysfunction.

Endothelial dysfunction is characterized by impairment
of endothelium-dependent relaxations/dilatations (Van-
houtte, 2004; 2009). Endothelial regeneration leads to dys-
function in pigs and humans (Shimokawa et al., 1989;
Vanhoutte, 2004; Lee et al., 2007; Rodríguez-Mañas et al.,
2009). Endothelial dysfunction is further impaired and the
atherosclerotic process is accelerated when endothelial regen-
eration occurs under hypercholesterolemic conditions
(Shimokawa and Vanhoutte, 1988; 1989; Williams et al.,
2000; Crauwels et al., 2003; Kawashima, 2004; Hans et al.,
2009). In the present study, relaxations to the endothelium-
dependent vasodilators acetylcholine (muscarinic agonist),
UK14304 (a2-adrenoceptor agonist) and A23187 (calcium
ionophore) were impaired in the aorta of ApoE-/- mice from 8
to 18 weeks of age compared with age-matched wild-type
controls. Since in the present study, L-NAME, an inhibitor of
eNOS, abolished the endothelium-dependent relaxations
irrespective of the chronic treatment imposed, they can be
attributed to the release of endothelium-derived NO (Lloréns
et al., 2007). By contrast to the response to the endothelium-

dependent agonists, the relaxation induced by the
endothelium-independent vasodilator sodium nitroprusside
was not different between the ApoE-/- mice and wild-type
mice at the age of either 8 or 12 weeks. However, such
endothelium-independent relaxation was enhanced at 18
weeks of age in ApoE-/- mice, making the endothelial dys-
function even more obvious. The amounts of both phospho-
rylated eNOS (Ser1177) and total eNOS were down-regulated
in aortae of 18 weeks old ApoE-/- mice although the ratio of
Ser1177 phosphorylated to total eNOS was not changed sig-
nificantly. Taken in conjunction, these findings suggest that
impaired endothelial NO production and endothelial dys-
function occur early in life in the ApoE-/- mice and are due to
a reduced production of NO rather than to a diminished
sensitivity of the vascular smooth muscle to the endothelial
mediator.

A-FABP is a cytoplasmic small lipid binding protein abun-
dantly expressed in adipocytes, which can be released into
the blood stream (Yeung et al., 2009). As a lipid-binding chap-
erone, it facilitates the intracellular transport of fatty acids.
A-FABP also reversibly binds fatty acids or cholesterol and
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Figure 5
Relaxations of U46619-contracted rings induced by UK14304
(upper), and sodium nitroprusside (SNP) (lower) in aortae of 18
weeks old apolipoprotein E-deficient (ApoE-/-) mice treated with
BMS309403 (15 mg·kg-1·day-1; ApoE-/-+BMS) or vehicle (4% Tween
80; ApoE-/-) for 6 weeks. In one set of experiments, the in vitro effect
of NG-nitro-L-arginine methyl ester (L-NAME) (45 min of incubation
at 10 mM) was determined (upper). Responses in wild-type mice
(C57 wk 18) without any treatment are shown for comparison. Data
are shown as means � SEM ***P < 0.000 compared with the respec-
tive control. n = 6–8.
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Figure 6
Endothelium-dependent relaxations of U46619-contracted rings
induced by acetylcholine (upper) and the calcium ionophore A23187
(lower) in aortae of apolipoprotein E-deficient (ApoE-/-) mice after
chronic treatment [BMS309403 (15 mg·kg-1·day-1; ApoE-/-+BMS) or
vehicle (4% Tween 80; ApoE-/-)] for 6 weeks. Responses in wild-type
mice (C57 wk 18) without any treatment are shown for comparison.
Data are shown as means � SEM *P < 0.05; **P < 0.01; ***P < 0.000
compared with the respective control. n = 6–10.
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hence modulates many lipid-signalling cascades for meta-
bolic and inflammatory responses, which have been linked to
atherosclerosis (Wellen and Hotamisligil, 2005). Its expres-
sion can be induced in macrophages by lipopolysaccharide/
Toll receptor activation (Kazemi et al., 2005), oxidized LDL
(Fu et al., 2000), peroxisome proliferator-activated receptor
(PPAR)-g agonists, and decreased by treatment with
cholesterol-lowering statins (Llaverias et al., 2004). The
modulation of inflammatory responses and the activation of
the NFkB pathway by A-FABP significantly up-regulates the
transcriptional activity of various inflammatory components
including TNF-a and cyclooxygenase-2 (Makowski et al.,
2005), which play an important role in the formation of foam
cells and atherosclerotic plaques (Makowski et al., 2001). This
involvement of A-FABP in inflammatory reactions by activa-
tion of the NFkB-dependent pathway (Makowski et al., 2005),
would result in increased oxidative stress (Pierce et al., 2009),
which in turn could lead to a reduced NO bioavailability
(Rodríguez-Mañas et al., 2009), explaining the reduced
endothelium-dependent relaxations observed in the present
studies.

High circulating levels of A-FABP are also associated with
an increased risk of developing atherosclerosis (Yeung et al.,
2007). In addition, in the pig coronary artery, the genomic
expression of A-FABP is induced preferentially in endothelial
cells after regeneration (Lee et al., 2007). In the present study,
A-FABP was detected by real-time PCR, as well as by immuno-
histochemical and immunofluorescent staining in the aortic
endothelium of ApoE-/- mice at 12 weeks of age and onwards
but not in younger ApoE-/- or in wild-type mice up to 18 weeks

of age. The co-localization of endothelial A-FABP and von
Willebrand factor indicate the presence of A-FABP in the
endothelial layer. These observations suggest that the appear-
ance of A-FABP parallels that of endothelial dysfunction.

To examine the potential beneficial role of inhibition of
A-FABP in endothelial dysfunction, BMS309403, an orally
active small-molecule inhibitor of A-FABP (Furuhashi et al.,
2007), was used in both in vivo and in vitro experiments. The
in vivo experiments reported here demonstrate that the
inhibitor administered for 6 weeks in ApoE-/- mice (starting at
the 12th week of age, a time at which A-FABP was detected
first in the aortic endothelial cells of these mice) improved
the endothelium-dependent relaxations induced by acetyl-
choline, UK14304 and A23187 without affecting responses in
preparations of age-matched vehicle-treated animal. Such
improvement was associated with an increase in phosphory-
lated (Ser1177) and total eNOS in the treated-group. By con-
trast, the endothelium-independent relaxation to sodium
nitroprusside was not affected by the chronic treatment with
BMS309403. This reveals that inhibition of A-FABP plays a
beneficial effect specifically on the endothelium but not at
the level of the vascular smooth muscle cells. This improve-
ment is likely to be related, at least in part, to Gi proteins
because incubation with PTX reduced the enhancement in
UK14304-induced relaxation caused by the A-FABP inhibitor,
a reduction that was not observed in vehicle-treated mice.
Inhibition by PTXof UK14304-induced endothelium-
dependent relaxations is also observed in porcine coronary
arteries, illustrating the Gi protein dependency of the
response to the a2-adrenoceptor agonist (Shimokawa et al.,
1989; 1991).

The plasma levels of triglycerides and LDL-C were aug-
mented and those of HDL-C reduced, in ApoE-/- mice com-
pared with the wild-type mice, in confirmation of earlier
observations (Williams et al., 2000; Moghadasian et al.,
2001). The chronic treatment with BMS309403 improved the
lipid profile in terms of a reduced level of triglycerides while
the plasma glucose and insulin levels remained unaffected.
These observations are in line with the therapeutic effect of
the orally active A-FABP inhibitor reported to reduce the
formation of fatty streak lesions and macrophage-derived
foam cells in ApoE-/- mouse models with severe atherosclero-
sis under the influence of a high fat diet (Furuhashi et al.,
2007).

The experiments in cultured human endothelial cells
demonstrated that A-FABP can be induced at both the mRNA
and protein levels by fatty acids such as palmitate. Concomi-
tantly, palmitate decreased eNOS phosphorylation, both
under basal conditions and during activation by insulin,
resulting in a decreased production of cGMP. The latter is an
indicator of NO production (Fournet-Bourguignon et al.,
2000) and its reduced accumulation would explain the
impairment in endothelium-dependent relaxation observed
in the present ex vivo studies with mouse arteries (Lee et al.,
2007). This interpretation is strengthened by the observation
that the selective inhibitor of A-FABP ameliorates the lipid-
induced impairment in eNOS phosphorylation and cGMP
production in the human endothelial cells.

In conclusion, the present findings demonstrate the age-
dependent presence of A-FABP in the endothelium of ApoE-/-

mice with endothelial dysfunction at 12 weeks of age and
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Endothelium-dependent relaxations of U46619-contracted rings
induced by UK14304 in aortae of apolipoprotein E-deficient (ApoE-/-)
mice after chronic treatment with BMS309403 (15 mg·kg-1·day-1;
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onwards. This phenomenon is likely to be related to endot-
helial dysfunction. Inhibition of A-FABP with BMS309403,
both in vivo and in vitro, improved endothelial function
in terms of eNOS phosphorylation, NO production or

endothelium-dependent relaxations. These findings suggest
that pharmacological inhibition of A-FABP represents a
viable strategy for treating endothelial dysfunction and
atherosclerosis.
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