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vascular injury. These include the disruption of
endothelial cell layer,10,11 the release of growth fac-
tors via activation of circulating leukocytes and
macrophages,12-15 and the overproduction of reactive
oxygen species (ROS) which activate redox-sensitive
signalling pathways,16 an effect which still remains
to be elucidated. 

ROS such as superoxide (O2
−), hydrogen peroxide

(H2O2), and hydroxyl radicals (OH.) can directly cause
cell damage, induce the expression of proinflammatory
genes, and has been shown to enhance the catabolism
of nitric oxide (NO) via the formation of peroxynitrite
(ONOO−). On the other hand, peroxynitrite generation
after balloon injured arterial vessels leads to neointima
formation that has been shown to be prevented by pre-
treatment of rats with novel antioxidant molecules.16

Despite the available evidence, however, the underlying

Lectin-like oxyLDL receptor-1 (LOX-1) has recently been
suggested to be involved in smooth muscle cell (SMC)
proliferation and neointima formation in injured blood
vessels. This study evaluates the effect of the nonvolatile
fraction (NVF), the antioxidant component of bergamot
essential oil (BEO), on LOX-1 expression and free radical
generation in a model of rat angioplasty. Common carotid
arteries injured by balloon angioplasty were removed after
14 days for histopathological, biochemical, and immuno-
histochemical studies. Balloon injury led to a significant
restenosis with SMC proliferation and neointima forma-
tion, accompanied by increased expression of LOX-1

receptor, malondialdehyde and superoxide formation, and
nitrotyrosine staining. Pretreatment of rats with BEO-
NVF reduced the neointima proliferation together with
free radical formation and LOX-1 expression in a dose-
dependent manner. These results suggest that natural
antioxidants may be relevant in the treatment of vascular
disorders in which proliferation of SMCs and oxyLDL-
related endothelial cell dysfunction are involved.
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Evidence suggests that vascular injury due to
catheter-directed arterial interventional pro-
cedures can lead to proliferation of suben-

dothelial vascular smooth muscle cells (SMCs) and
neointima formation leading to vascular occlusion
and restenosis.1-9 Many factors have been shown to
stimulate the proliferation of SMCs subsequent to
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molecular and cellular mechanisms of the oxidative
process of injured vessels remain unclear. 

Recently, it has been shown that oxidative stress
accelerates the oxidative modification of low-density
lipoprotein (LDL).16 The increased concentration of
oxyLDL is followed by an inflammatory response in
vascular tissues which is accompanied by overexpres-
sion of the lectin-like oxyLDL receptor-1 (LOX-1),17-24

an effect which is accounted to trigger SMC prolifer-
ation. The enhanced expression of LOX-1 can be
inhibited by antioxidants, indicating that restoring the
oxidant balance into vascular tissues may be relevant
in the maintenance of vascular homeostasis.25

In order to allow the vascular tissues protection
from oxidative insults, conventional peptidyl free radi-
cal scavengers were used for in vivo settings showing
limited effect, perhaps due to their short half life and
their very low penetration in vascular tissues. As a
result of the increased interest in biologically active
compounds in food, many research studies have
investigated the detection and quantification of natu-
ral nonpeptidyl antioxidants.25,26 Among them, citrus
plants have shown a variety of antioxidant compounds
including flavonoids, lemonoids, and coumarines.27,28 

Recently, evidence has been collected indicating that
the nonvolatile fraction of bergamot essential oil (Citrus
Bergamia Risso and Poiteau) is rich in natural antioxi-
dants such as furocoumarins (bergapten and bergamot-
tin, in particular), coumarins, and flavonoids,27-30 which
have been suggested to exert a cardioprotective effect in
vivo.27 Beside these preliminary results, however, no
clear evidence has been provided on the potential ben-
efits of bergamot oil extract administration in the treat-
ment of vascular injury disease. This study has been
designated to evaluate the potential protective effect of
nonvolatile fraction of bergamot essential oil (BEO-
NVF) on neointima formation and LOX-1 overexpres-
sion in balloon-injured common carotid arteries and its
correlation with the antioxidant properties of this natu-
ral bergamot oil extract of vascular injuries in vivo. 

Materials and Methods

Male Wistar rats (350−400 g; Charles River Italia,
Calco, Italy) were used for these studies. All rats were
housed and cared for in accordance with the guide-
lines of the Institutional Animal Care and Use
Committee of the University of Catanzaro “Magna
Graecia” in compliance with Italian regulations on
protection of animals used for experimental and other

scientific purposes (D.M. 11692) as well as with
European Economic Community regulations (86/
609/EEC) and National Institutes of Health guidelines
on laboratory animal welfare. All rats were maintained
under identical conditions of temperature (21 ± 1°C),
humidity (60 ± 5%), and light-dark cycle, and chow and
water were available ad libitum.

Vascular Injury Induced by Balloon
Angioplasty

The rats were anesthetized with intramuscular 100
mg/kg ketamine (Sigma Chimica, Milan, Italy) and 5
mg/kg xylazine (Sigma Chimica, Milan, Italy). The
carotid artery was injured using a balloon embolectomy
catheter, as previously described and validated.2 In
brief, the balloon catheter (2F Fogarty, Baxter Corpora-
tion, Santa Ana, California, USA) was introduced
through the left external carotid artery into the carotid
artery and the balloon was inflated at 1.5 atmospheric
pressure using a calibration device (Indeflator Plus 20,
Advanced Cardiovascular System, Inc., Temecula,
California) and pulled 3 times. To keep the duration of
the injury that might influence the vascular SMC pro-
liferation constant, we maintained the time of balloon
inflation to 18 seconds. In an additional group of rats
(sham, n = 10), the effects of the anaesthesia and the
surgical procedure (without the balloon injury) were
also assessed.

Drug Dosage and Administration

NVF of bergamot essential oil (BEO-NVF) was
obtained as previously described.29 BEO-NVF (5−30
μL/kg) or saline was given daily intraperitoneally
(250μL) for 14 days after balloon injury. The same drug
administration protocol was performed in sham rats.
No toxic effects were observed after BEO-NVF admin-
istration over the 14 days of treatment.

Morphology in Evaluation of 
the Carotid Artery

At the indicated time, rats were anesthetized with an
intramuscular injection of 100 mg/kg ketamine and
5 mg/kg xylazine, and the carotid arteries were fixed
by transcardial perfusion at 120 mm Hg with 100 ml
of phosphate-buffered saline (pH 7.2), followed 
by 150 ml of 4% paraformaldehyde (pH 7.2). The
carotid arteries were removed and 6 cross sections
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were cut (each 6 mm in thickness) from the approxi-
mate midportion of the artery. Three sections were
stained with hematoxylin-eosin to demarcate cell types;
the remaining 3 sections were stained with aldehyde
fuchsin and counterstained with Van Gieson’s solution
to demarcate the internal elastic lamina. The sections
were photographed under low power, videodigitized,
and stored in the image analysis system (Mipron,
Kontron Electronics, Eching, Germany) in a 512 × 512
matrix with an 8-bit gray scale and a 12-field view. The
media, neointima, and vessel wall were traced carefully,
and the ratios between the neointima and media were
calculated as shown previously.2 All histological studies
were performed in a blinded fashion.

Malondialdehyde Determinations

Malondialdehyde (MDA) used as a biochemical
marker for lipid peroxidation was measured 14 days
after induction of balloon injury in the carotid artery
of either untreated or BEO-NVF-treated rats. Injured
carotid artery of rat was surgically identified, removed,
frozen in liquid nitrogen, then homogenized in potas-
sium chloride (1.15%). Chloroform (2 mL) was then
added to each homogenate and spun for 30 minutes.
The organic layer of the sample was removed and
dried under nitrogen gas and reconstituted with 100
μL of saline. MDA generation was evaluated by the
assay of thiobarbituric acid (TBA)-reacting com-
pounds. The addition of a solution of 20 μL of
sodium dodecyl sulphate (SDS; 8.1%), 150 μL of
20% acetic acid solution (pH3.5), 150 μL of 0.8%
TBA, and 400 μL of distilled water produced a chro-
mogenic product which was extracted in n-butanol
and pyridine. Next, the organic layer was removed
and MDA levels were read at 532 nm and expressed
as nmol MDA/g wet tissue.

Immunohistochemistry 

After transcardiacal perfusion, the carotid arteries
were fixed in 4% paraformaldehyde. Cryosections
(each 6 μm in thickness) were blocked for 1 hour
with 100% normal horse serum (Vector Laboratories,
Burlingame, California), followed by application of the
primary antinitrotyrosine antibody (1:2000, Cayman
Chemicals, Michigan, USA) overnight at 4°C; then
sections were washed with PBS and incubated 
with secondary biotinylated goat antirabbit IgG anti-
body (Chemicon, Billerica, USA) for 1 hour at room
temperature (RT). Sections were washed as before

and treatment with peroxidase-conjugated avidin−
biotin-complexes (Vectastain Elite ABC peroxidase kit;
Vector Laboratories, Burlingame, CA) and the metal
enhanced DAB kit (Pierce Chemical, Rockford, IL) was
performed by manufacturer’s instructions.

Detection of In Situ Generation of
Reactive Oxygen Species (ROS)

To detect in situ generation of ROS in the carotid
artery specimens, fluorescence microphotography with
dihydroethidium (DHE) was performed. Fourteen days
after induction of balloon injury in carotid artery 
of either untreated or BEO-NVF-treated rats, injured
carotid arteries of rat was surgically identified, removed,
and then frozen in liquid nitrogen. Frozen samples
were cut into 6 μm-thick sections and placed on glass
slides. Sections were washed with PBS (2 × 10 min-
utes) and then incubated with DHE (10 μM) in a
light-protected chamber for 40 minutes. After washing
with PBS, sections were examined for the hydroethi-
dine oxidation product, ethidium accumulation, by a
laser scanning confocal imaging system (excitation
510 nm; emission 580 nm).

Western Blotting Analysis for LOX-1
Protein

Carotid artery lysates from each experiment (30
μg/lane) were separated by 10% SDS–polyacrylamide
gel electrophoresis and transferred to nitrocellulose
membranes. After incubation in blocking solution (4%
dry nonfat milk, Sigma-Aldrich, St. Louis, MO), mem-
branes were incubated with anti-LOX-1 (1:10 000, gift
from Professor T. Sawamura, Osaka, Japan) overnight
at 4°C. Membranes were rinsed and then incubated
with antimouse IgG antibody (GE Healthcare, Bucking-
hamshire, England) for 1 hour at room temperature.
The specific complex was detected by an enhanced
chemiluminescence detection system (GE Healthcare,
Buckinghamshire, England) and relative intensities of
protein bands were analyzed by MSF-300G scanner
(Microtek International, Inc., Hsinchu, Taiwan).
Membranes were stripped with restore western blot
stripping reagent following the manufacturer’s
instructions (Pierce Chemical, Rockford, IL) and then
blocked (1 hour at room temperature) with blocking
solution and incubated with mouse monoclonal anti-β
actin (2 hours at room temperature, 1:3000 dilution;
Sigma). After rinsing, the membranes were incubated
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with antimouse horseradish peroxidase-conjugated sec-
ondary antibody (1:20 000 dilution; GE Healthcare,
Buckinghamshire, England) and the specific complex
was detected by an enhanced chemiluminescence
detection system and relative intensities of protein
bands were analyzed by MSF-300G scanner. No differ-
ence for β-actin was detected among the lanes.

Statistical analysis

Results are shown as mean ± SEM for number of
animals. Unless specified, statistical analysis was
made using ANOVA followed by post hoc Tukey’s
test. A P value <.05 was considered significant.

Results

In rats undergoing balloon injury of the left common
carotid artery, a significant proliferation of sub-
endothelial vascular SMCs occurred compared with
sham-operated animals (P < .05 and P < .001 for 7
days and 14 days after balloon injury, respectively;
Figures 1 and 2). Indeed, the mechanical injury was
accompanied by disruption of the EC layer of injured
blood vessels with active proliferation of SMCs and
subsequent neointima formation (Figure 1). In partic-
ular, the cross-sectional areas of vessel walls increased
significantly 7 days after injury (n = 20, P < .05; Figure
2B), reaching maximum peaks 14 days after balloon

Figure 1. Balloon injury (BI) is accompanied by neointima formation of the carotid artery, compared to sham-operated rats, in a
time-dependent manner as shown by representative histological examination. Neointimal formation (NI) is increased in injured ves-
sels as shown by representative histological examination. 
M, media; L, lumen. 
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angioplasty (n = 20, P < .001; Figure 2B), an effect
accompanied by similar changes occurring in the
neointima/media ratio (n = 20, P < .05 and P < .001
for 7 and 14 days, respectively, when compared to
sham; Figure 2A). 

Treatment of rats with BEO-NVF (5−30 μL/kg
given i.p. daily after balloon injury) antagonized 
balloon-induced neointima formation (n = 10 for
each dose; Figure 3). Indeed, both cross-sectional area
of injured carotid artery and neointima/media ratio
were reduced dose-dependently by daily administration
of the BEO-NVF (P < .05 for 5μL/kg and P < .001 for
15 and 30 μL/kg when compared to balloon injured
carotids; Figure 4A, B).

Balloon injury was also associated with free radical
formation as measured by malondialdehyde (n = 10, P <
.001 for 14 days after balloon injury when compared to
sham; Figure 5), nitrotyrosine staining in vascular tis-
sues of injured rats (Figure 6), and formation of reac-
tive oxygen species as measured by the expression of
the oxidation of hydroethidine (Figure 7), indicat-
ing overproduction of ROS in balloon-injured carotid
arteries. Similarly, LOX-1 expression was raised in the
injured carotid arteries after angioplasty as shown by
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Figure 2. Neointima/media ratio (A) and cross sectional area
(B) are increased in injured common carotid after balloon injury
(BI) in a time-dependent manner. 
*P < .05, **P < .001 when compared to sham.

Figure 3. Bergamot essential oil nonvolatile fraction (BEO-NVF) (5−30 μL/kg given i.p. daily during the postangioplasty period up
to 14 days) significantly antagonized balloon-induced restenosis dose-dependently.
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western blot analysis (Figure 8). We further analyzed
the specimens 14 days after balloon injury. Treatment
with BEO-NVF (5−30 μL/kg given i.p. daily for 14 days)
antagonized MDA overproduction dose-dependently 
(P < .05 for 5μL/kg and P < .001 for 15 and 30 μL/kg
when compared to balloon injured carotids; Figure 5).
Analysis of nitrotyrosine staining and in situ ROS
generation detected by DHE revealed that the ROS
level generated from the BEO-NVF treated rats was
markedly reduced compared with injured carotids
(Figures 6 and 7). In addition, the daily treatment of
rats with BEO-NVF during the postinjury period sig-
nificantly reduced LOX-1 expression dose-dependently
in vascular tissue (5−30 μL/kg given i.p. daily after bal-
loon injury; Figure 8). 

Discussion

The data presented here show, for the first time, that
bergamot oil extract given i.p. daily for 14 consecutive
days, is able to antagonize SMC proliferation and

neointima formation into rat carotid artery subsequent
to balloon injury. In addition, such a treatment was
clearly related to the antioxidant activity of bergamot
oil components, as shown by the significant reduction
of nitrotyrosine staining into injured blood vessels, an
effect due to the reduced generation of peroxynitrite,
a powerful oxidant free radical. Finally, NVF of berg-
amot oil prevented balloon injury-related overexpres-
sion of LOX-1, the receptor for oxyLDL, an effect
which we have previously shown to underlie the
imbalance of redox status of arterial blood vessels,25

thereby leading to SMC proliferation. As previously
documented, peroxynitrite generation is a crucial step
in activating proliferation of subintimal SMCs which
follows vascular injury; also, LOX-1 expression is
involved in this process, which leads to the reactive
neointima formation.25 Furthermore, it has recently
been shown that treatment with BEO is able to reduce
neuronal damage following excitotoxicity and protect
against N-methyl-D-aspartic acid (NMDA)-induced
cell death by affecting different death pathways.31 In
particular, BEO (0.01%) prevented the accumulation
of intracellular damage caused by 1 mM NMDA.31

Production of ROS that leads to activation of spe-
cific signaling pathways, induction of redox-sensitive
genes, and impairment of endothelium-dependent
relaxation,16 is regulated by hormone-sensitive enzymes
such as the vascular NAD(P)H oxidases, and their
metabolism is coordinated by antioxidant enzymes,
such as superoxide dismutase (SOD), catalase, and glu-
tathione peroxidase. ROS serve as second messengers
to activate multiple intracellular proteins and enzymes,
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Figure 4. The effect of balloon injury (BI) on neointima/media
ratio (A) and cross sectional area (B) of carotid arteries is dose-
dependently reversed by bergamot essential oil nonvolatile frac-
tion (BEO-NVF) (5−30 μL/kg given i.p. daily for 14 days). 
† P < .001 when compared to sham; *P < .05, **P < .001 for
treated vs. BEO-NVF-untreated rats.
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Figure 5. Malondialdehyde (MDA) level increased following
balloon injury. Treatment with bergamot essential oil nonvolatile
fraction (BEO-NVF) (5−30 μL/kg given i.p. daily for 14 days)
antagonized MDA overproduction dose-dependently.
†P < .001 when compared to control; *P < .05 and **P < .001
when compared to BEO-NVF-untreated rats.
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including the epidermal growth factor receptor, c-Src,
p38 mitogen-activated protein kinase, Ras, and Akt/
protein kinase B. Activation of these signaling cascades
and redox-sensitive transcription factors leads to induc-
tion of many genes with important functional roles in
the pathophysiology of vascular cells.16 Thus, ROS par-
ticipate in vascular SMC growth and migration, modu-
lation of EC function, expression of a proinflammatory
phenotype, and modification of the extracellular matrix.
All these events play important roles in vascular dis-
eases, such as hypertension and atherosclerosis, sug-
gesting that ROS and the associated signaling pathways
may represent important therapeutic targets.

Our data indicate that LOX-1 may be a crucial link
between ROS generation and activation of redox-
sensitive genes involved in SMC proliferation. Previous

in vitro studies have indicated that LOX-1 expression
is upregulated by a host of stimuli including inflam-
matory cytokines, mechanical forces, and oxyLDL.32-35

All these lead to ROS production, which has been
shown to upregulate LOX-1 in the reperfused and
injured tissues.25,36,37 In addition, evidence exists to sug-
gest that ROS can activate redox-sensitive transcription
factors such as NF-kB and AP-135 and that the ROS-
related activation of NF-kB and AP-1 leads to activa-
tion of the promoter region of the LOX-1 gene.38

Finally, it has recently been reported that ROS are
generated upon stimulation of LOX-1 by oxyLDL,
which subsequently activate the transcription factor
NF-kB, which in turn upregulate the Ang II type 1
receptor with subsequent overexpression of LOX-1
receptor in a positive feedback fashion.39 Thus, it can

Figure 6. Balloon injury (BI) was accompanied by nitrotyrosine staining in carotid artery 14 days after injury, compared to sham
operated rats. Bergamot essential oil nonvolatile fraction (BEO-NVF) (30 μL/kg given i.p. daily for 14 days) reversed this effect as
shown by representative immunohistochemical analysis of 5 separate experiments. 
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be suggested that the resultant ROS would further
upregulate LOX-1 expression, leading to the formation
of a feedback loop.

These effects are antagonised by the antioxidant
properties shown by the nonvolatile fraction of berg-
amot essential oil. Indeed, both generation of ROS,
as shown by the nitrotyrosine staining, and LOX-1
expression, which occurred earlier than the neoin-
tima formation,25 were counteracted significantly by
the NVF-bergamot essential oil treatment. All these
effects occurred by day 3 (data not shown), suggest-
ing that oxidative stress and LOX-1 expression are
early events in the biochemical changes that can be
found in vascular tissue after induction of injury,
and that restoring antioxidant status by treating rats
with BEO-NVF reduces restenosis of injured arterial
vessels by counteracting free radical formation and

Figure 7. Reactive oxygen species (ROS) generation was monitored by the oxidation of dihydroethidium (DHE) on the sections
from the injured arteries at day 14 whether treated or not with bergamot essential oil nonvolatile fraction (BEO-NVF) (30 μL/kg
given i.p. daily for 14 days). Images are representative of 5 separate experiments.

Figure 8. Neointima formation in carotid artery 14 days after bal-
loon injury is accompanied by intense expression of lectin-like
oxyLDL receptor-1 (LOX-1) receptor as shown by western blotting
analysis. Bergamot essential oil nonvolatile fraction (BEO-NVF)
(5−30 μL/kg given i.p. daily for 14 days) reversed this effect in a
dose-dependent fashion. No difference for β-actin was detected
among the lanes. Gels are representative of 5 separate experiments.
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LOX-1 expression. This indicates that oxidative
stress triggers the cascade of events which generates,
via inflammation of the vascular wall and LOX-1
expression, the proliferation of SMC accompanying
balloon injury and that restoring the antioxidant status
of blood vessels by means of exogenous antioxidant
molecules may exert a protective effect.

In conclusion, our studies suggest that NVF of
bergamot essential oil, a natural antioxidant rich frac-
tion of this citrus, inhibits oxidative stress which
occurs in injured arteries and modulates both LOX-1
expression and neointima formation. This may be rel-
evant as an alternative approach to conventional
antiatherogenic compounds in the treatment of vascu-
lar disorders in which proliferation of vascular SMCs
and oxyLDL-related EC dysfunction occur.
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