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Anti-atherogenic effect of statins: role of nitric
oxide, peroxynitrite and haem oxygenase-1
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Background and purpose: The pleiotropic effects of HMG-CoA inhibitors (statins), which include anti-inflammation, antioxi-
dation and immunomodulation, are not yet fully understood. The present study was designed to elucidate the role of nitric
oxide (NO), peroxynitrite (ONOO-) and haem oxygenase-1 (HO-1) in the anti-atherogenic effect of statins.
Experimental approach: Normal and atherosclerotic New Zealand rabbits were treated with atorvastatin or simvastatin in the
presence or absence of inhibitors and promoters of endothelial nitric oxide synthase (eNOS) and HO-1. NO and ONOO-

released from isolated aortae by calcium ionophore were measured with nanosensors placed 6 � 2 nm from aortic endothe-
lium. Expression of eNOS and HO-1 protein, HO activity, plasma malondialdehyde (MDA) and vessel wall thickness were also
measured.
Key results: Hypercholesterolaemia decreased eNOS expression by 31 � 3%, decreased NO (230 � 16 vs. 433 � 17 nmol·L-1

control) and increased cytotoxic ONOO- (299 � 15 vs. 187 � 11 nmol·L-1 control). The concentration ratio of [NO]/[ONOO-]
decreased from 2.3 � 0.1 (normal) to 0.7 � 0.1 indicating an increase of nitroxidative stress in atherosclerotic endothelium.
Expression of HO-1 protein increased by 20 � 8% in atherosclerosis and further increased (about 30%) after treatment with
statins. Statins partially restored the [NO]/[ONOO-] balance (1.5 � 0.1 for atorvastatin and 1.4 � 0.1 simvastatin), decreased
MDA and wall thickening. Promoters of eNOS and HO-1 (L-arginine and haemin) ameliorated the [NO]/[ONOO-] ratio while
their inhibitors (L-NAME or tin-protoporphyrin) showed no improvement in these ratio.
Conclusions and implications: Atherosclerosis induced an endothelial [NO]/[ONOO-] balance indicative of endothelial
dysfunction. Statins showed anti-atherosclerotic effects mediated by HO-1/eNOS, restoring the [NO]/[ONOO-] imbalance and
reducing lipid peroxidation.
British Journal of Pharmacology (2009) 156, 1256–1266; doi:10.1111/j.1476-5381.2009.00125.x; published online 18
February 2009
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Introduction

The three haem oxygenases (HO) are the rate-limiting
enzymes in the oxidative degradation of haem into carbon
monoxide, bilirubin and iron. HO-1 is the inducible form,
while HO-2 and HO-3 are constitutively expressed (Maines,
1988). HO-1 is postulated to be a component of cellular
defence mechanisms against oxidative stress-mediated injury
with anti-atherogenic effects in the vasculature (Elbirt and

Bonkovsky, 1999; Yet et al., 2003). The antioxidant activity of
HO-1 derives not only from the elimination of pro-oxidant
haem but also from the biological activities of its reaction
products. Bilirubin, at physiological plasma concentrations,
exerts strong antioxidant effects by inhibiting oxidation of
low density lipoprotein (LDL) and scavenging a variety of
active oxygen species. High normal plasma levels of bilirubin
were reported to be inversely related to atherogenic risk and
to provide protection against endothelial damage (Baranano
et al., 2002; Novotny and Vitek, 2003; Kawamura et al., 2005).
Another product of HO activivty, CO, has been recognized as
an endogenous mediator that regulates vascular functions. It
has mild vasodilatory and antiplatelet aggregating properties
through its action on guanylyl cyclase (Ishikawa, 2003). Fur-
thermore, CO has potent anti-inflammatory effects and plays
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a major anti-proliferative role by inhibiting the synthesis of
growth factors from vascular cells (Togane et al., 2000; Peyton
et al., 2002). While several previous studies demonstrated that
nitric oxide (NO) is a determinant in the modulation of the
activity of HO-1 leading to resistance of the endothelium to
oxidative stress (Motterlini et al., 1996; Durante et al., 1997;
Foresti and Motterlini, 1999; Polte et al., 2000; Foresti et al.,
2003), others have reported that NO inhibits HO-1 activity
(Wang et al., 2003).

Statins (HMG-CoA reductase inhibitors) are now widely
prescribed to patients with ischaemic heart disease (Werner
et al., 2002). Besides the therapeutic use in hyperlipidaemia,
the antioxidant, anti-inflammatory and immunomodulatory
benefits of statins have been reported, although the mecha-
nisms underlying these benefits are not yet completely under-
stood (Wierzbicki et al., 2003; Liao, 2005). The present study
was designed to elucidate the role of NO, peroxynitrite
(ONOO-) and HO-1 in the anti-atherogenic effect of statins.
We postulated that a vasoprotective effect of statins might be
based on increased NO concentration, induction of HO-1 and
decreased ONOO-. This study indicated that HO-1 was a
molecular target for statins through the NO pathway and that
HO-1 favourably affected the NO/ONOO- balance and the
functional activity of endothelial nitric oxide synthase
(eNOS).

Methods

Animal protocol
All procedures used in this study were approved by the Ohio
University Animal Care Committee. The study was carried out
on adult male New Zealand white rabbits (Harlan Industries,
Indianapolis, IN). The animals (1.5–2 kg) were randomized
into 10 groups of six animals each: one control group and
other groups which were maintained on a 2% cholesterol-
containing diet for 2 months. After 1 month on this diet, the
animals were treated as follow: non-treated group; atorvasta-
tin group; simvastatin group; atorvastatin + L-NAME (eNOS
inhibitor) group; simvastatin + L-NAME group; L-arginine
(eNOS substrate) group; atorvastatin + tin-protoporphyrin
(SnPP, HO-1 inhibitor) group; simvastatin + SnPP group; and
a haemin (HO-1 inducer) group. The doses of statins
(3 mg·kg-1·day-1, orally), L-NAME (15 mg·kg-1·day-1, orally),
L-arginine (1.5 mg·kg-1·day-1, orally), SnPP (7.5 mg·kg-1·day-1,
i.v.) and haemin (25 mg·kg-1·day-1, i.v.) were chosen from
published data (Le Tourneau et al., 1999; Verd et al., 1999;
Ishikawa et al., 2001a,b).

Collection of blood samples and isolation of aortas
The animals were anaesthetized with a mixture of ketamine/
xylazine (35/2 mg·kg-1, i.p.) and then given an overdose of
pentothal (120 mg·kg-1). Blood was taken through cardiac
puncture and plasma was used for biochemical assay of lipid
peroxides. The thoracic aorta was excised, placed into cold
(4°C) phosphate buffered saline (PBS) and cleaned of adherent
connective tissue under a dissection microscope (Leica DME,
Miller Precision Optical Instruments, Philadelphia, PA). Each
isolated aorta was then cut into two segments along the long

vessel axis. One of these segments of aorta was used for
electrochemical measurements of NO and ONOO- and the
other segment of the aorta for measurements of eNOS, HO-1
protein expression (by Western blotting analysis), HO-1 activ-
ity and total protein concentrations.

Determination of lipid peroxides
The total amount of lipid peroxides in plasma was assayed by
the thiobarbituric acid method described previously (Ohkawa
et al., 1979).

Nitric oxide and peroxynitrite measurements
Measurements of NO and ONOO- were performed with two
electrochemical nanosensors, their design was based on pre-
viously developed and well-characterized chemically modi-
fied carbon-fibre technology (Malinski and Taha, 1992). The
sensors operated in a three-electrode system, consisting of the
sensor working electrode, a platinum wire counter electrode,
and a standard reference electrode. The current proportional
to NO or ONOO- concentration was measured simultaneously
by sensors (300 � 30 nm diameter) at constant potential of
0.63 and -0.40 V respectively. An open segment of the aorta
was cut into six samples (about 3 ¥ 5 mm each). Each sample
was placed in an organ bath filled with 2 mL PBS and gassed
continuously with 95% O2 : 5% CO2 (flow rate, 2 mL·min-1) at
37°C. The sample was immobilized with polyethylene glycol.

A module of NO and ONOO- sensors was placed in close
proximity (6 � 2 mm) of the surface of the endothelium with
the help of a computer-controlled micromanipulator. Then,
gas flow (O2 : CO2) was terminated and NO and ONOO- con-
centrations were measured after injection of a receptor inde-
pendent stimulus for eNOS agonist, the calcium ionophore
A23187 (1 mmol·L-1). Linear calibration curves were con-
structed for each sensor from 10 nmol·L-1 to 1 mmol·L-1 before
and after measurements with aliquots of NO (1.76 mmol·L-1)
and ONOO- (180 mmol·L-1) standard solutions, prepared
according to previously described methods (Beckman and
Crow, 1996).

Determination of eNOS and HO-1 protein expression
eNOS and HO-1 expressions were analysed by using Western
blotting methods. Immunoblotting was performed with
the use of a monoclonal antibody to eNOS (Sigma, USA) at
a dilution of 1:3000 or monoclonal antibody to HO-1
(Calbiochem) at a dilution of 1:2000 in a non-fat milk/PBS.
The membrane was subsequently probed with a secondary
anti-mouse antibody conjugated to horseradish peroxidase
(Amersham Life Sciences) at a dilution of 1:2000 and devel-
oped with chemiluminescence. The membrane was then
exposed to X-ray film (Kodak), which was subsequently
developed. Densitometry was performed by use of the NIH
Image software.

Determination of total HO enzyme activity
Haem oxygenase activity was determined in microsomal frac-
tions from tissue homogenates of aortas by monitoring the
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conversion of haem into bilirubin. Bilirubin was measured
spectrophotometrically according to the method described by
Yet et al. (1997). Aortas were isolated from the animals, imme-
diately washed, stripped and homogenized in 2¥ volumes of
ice-cold homogenization buffer containing complete protease
inhibitors. The homogenate was centrifuged at 10 000¥ g for
15 min at 4°C. The supernatant was further centrifuged at
100 000¥ g for 1 h at 4°C and the aortic microsomal pellets
were resuspended in 1 mL of 100 mmol·L-1 PBS (pH 7.4) con-
taining complete protease inhibitors. The liver cytosol super-
natant fraction from the control animal served as the source
of biliverdin reductase. Briefly, the liver from normal control
rabbit was homogenized in 100 mmol·L-1 PBS (pH 7.4) con-
taining protease inhibitors and centrifugation at 18 000¥ g for
15 min followed by centrifugation at 100 000¥ g for 1 h. The
resulting supernatant containing biliverdin reductase was
used in the experiment.

A reaction mixture (1 mL) containing the aortic microso-
mal fraction of the samples (1 mg protein), 33 mmol·L-1

haemin (as a substrate for the enzyme), 2 mmol·L-1 glucose-
6-phosphate, 0.25 U glucose-6-phosphate dehydrogenase,
0.8 mmol·L-1 NADPH and 2 mg protein of the prepared liver
cytosol (as a source of biliverdin reductase) was incubated at
37°C for 1 h in the dark. The reaction mixture without
NADPH generating system served as a blank. At the end of the
incubation period, the reaction was stopped by chilling on ice
and the bilirubin was extracted by addition of 1 mL chloro-
form then shaken and centrifuged at 10 000¥ g for 10 min.
The absorbance of the chloroform layer was spectrophoto-
metrically measured at 464 and 530 nmol·L-1 (Beckmann
DU-640 spectrophotometer) and the extracted bilirubin was
calculated by the difference in absorbance between 464
and 530 nm (extinction coefficient, e = 40 mmol·L-1·cm-1 for
bilirubin in chloroform). HO enzyme activity was expressed
as nanomoles of bilirubin formed per milligram of protein per
hour (nmol bilirubin mg protein-1 h-1).

Statistical analysis
Data are expressed as mean � SEM, with a value of P < 0.05
considered statistically significant. Statistical evaluation was
performed by ANOVA, followed by Student’s t-test. All analysis
was made with the statistical software Microcal Origin (Micro-
cal Software, Inc., Northampton, MA).

Results

Effect on endothelial haem oxygenase-1 expression and activity
The expression of HO-1 increased (Figure 1A) with a parallel
increase in total HO activity (Figure 2A) in the ‘non-treated’
atherosclerotic group when compared with the control group.
However, treatment of the atherosclerotic groups with statins
significantly increased HO-1 expression and the total HO
activity when compared with the ‘non-treated’ atheroscle-
rotic group (Figures 1A and 2A). Interestingly, treatment with
L-NAME added to the statin decreased the expression of HO-1
with parallel decreases in the activity of the enzyme, com-
pared with the ‘non-treated’ atherosclerotic group. In con-
trast, treatment with L-arginine showed an appreciable

increase in HO-1 expression (Figure 1B) and total HO activity
(Figure 2B) when compared with the ‘non-treated’ atheroscle-
rotic group. Adding SnPP to the treatment with statins
increased the expression of HO-1 (Figure 1C) and significantly
inhibited its activity (Figure 2B), compared with the ‘non-
treated’ atherosclerotic group. The highest increase in HO-1
expression (Figure 1C) and total HO activity (Figure 2B) were
observed after treatment with haemin, relative to the ‘non-
treated’ atherosclerotic group.

Endothelial release of nitric oxide and peroxynitrite
Amperometric curves (current proportional to NO or ONOO-

concentration vs. time) are presented in Figure 3A and B
respectively; and mean NO and ONOO- peak concentrations
are shown in Figure 3C. Compared with the results of stimu-
lation with the calcium ionophore in the control animals, the
peak NO concentration was dramatically decreased while the

Figure 1 Immunoblots showing the expression of HO-1 protein
from isolated aortas of: (A) normal and atherosclerotic rabbits treated
with atorvastatin or simvastatin for 1 month; (B) atherosclerotic
groups either co-treated with L-NAME and atorvastatin/simvastatin
or treated with L-arginine; (C) atherosclerotic group either co-treated
with SnPP and atorvastatin/simvastatin or treated with haemin. Rep-
resentative Western blots and the bar graph show analysis of four
separate experiments; *P < 0.05 versus control and **P < 0.05 versus
atherosclerotic group.
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peak ONOO- concentration was increased in the ‘non-treated’
atherosclerotic rabbits. Treatment of atherosclerotic rabbits
with statins partially restored the NO output and significantly
reduced ONOO- release. The ratio of NO/ONOO- concentra-
tions (k = [NO]/[ONOO-]) was used in this study as an indi-
cator of endothelial dysfunction. At high levels of
bioavailable NO and/or low levels of cytotoxic ONOO-, the k
value is high indicating normal endothelial function. In
normal functioning aortic endothelial cells, the k value was
2.3 (Figure 3D) and in the ‘non-treated’ atherosclerotic group,
there was a threefold reduction in k value, indicating a highly
dysfunctional endothelium. However, treatment with statins
significantly restored this ratio. Adding L-NAME to the statins
prevented the changes in peak NO and ONOO- concentra-
tions induced by the statins alone and these values
(Figure 4A) were now not different from those in the ‘non-
treated’ atherosclerotic group. In contrast, treatment with
L-arginine appreciably increased NO release with a concomi-
tant decrease in ONOO- concentration (Figure 4A). The ratio

of [NO]/[ONOO-] from the groups of animals in Figure 4A are
shown in Figure 4C and emphasize the marked reduction in
this ratio for statins + L-NAME groups with no significant
difference from the ratio in the ‘non-treated’ atherosclerotic
group. Treatment with L-arginine noticeably increased this
ratio and appreciably restored the endothelial function. In
Figure 4B the effects of adding SnPP to the statins is shown.
SnPP did not affect the increase in peak NO induced by the
statins but it did repress the decrease in ONOO- release by
statins (compare Figures 3C and 4B). In contrast and a more
interesting finding is that, in the atherosclerotic group treated
with haemin, the NO peak concentration was partly but sig-
nificantly increased with a parallel decrease in ONOO- release,
all relative to the ‘non-treated’ atherosclerotic group. In the
assessment of the corresponding [NO]/[ONOO-] ratios
(Figure 4D), treatment with statins + SnPP did not signifi-
cantly improve this ratio, while there was a marked increase
in this ratio between the haemin-treated group and the ‘non-
treated’ atherosclerotic group.

Endothelial nitric oxide synthase expression
There was a marked decreases in eNOS expression in the
‘non-treated’ atherosclerotic group compared with the
control group (Figure 5A) and treatment of the atherosclerotic
groups with statins partly reversed this decrease. This reversal
of effects on eNOS expression by statins was partly dependent
on NO and HO-1. Combined treatment of atherosclerotic
groups with statins + L-NAME significantly increased the
expression of eNOS enzyme, compared with the ‘non-treated’
atherosclerotic group (Figure 5B). Moreover, L-arginine pro-
duced a significant increase of eNOS expression, compared
with the ‘non-treated’ atherosclerotic group and treatment
with statins + SnPP (Figure 5C) also increased the expression
of eNOS, to about the same extent as treatment with
L-arginine. Similarly, treatment of the atherosclerotic animals
with haemin (Figure 5C) produced significant increase in
eNOS expression, relative to that in the ‘non-treated’ athero-
sclerotic group. A slight (25 � 5%) decrease in inducible nitric
oxide synthase (iNOS) expression was observed after treat-
ment of atherosclerotic groups with statins (data not shown).

Plasma malondialdehyde (MDA)
Figure 6A shows that MDA concentration increased signifi-
cantly in the ‘non-treated’ atherosclerotic group, compared
with the basal level in the control group. Treatment of the
atherosclerotic group with statins resulted in a remarkable
decrease in the MDA level. The per cent change in ONOO-

concentration showed a linear correlation with the increase
in MDA concentration (Figure 6B). Addition of either
L-NAME or SnPP to the treatment with statins produced no
significant changes of plasma levels of MDA, compared with
‘non-treated’ atherosclerotic group, abolishing the effects of
the statins. Interestingly, treatment with either L-arginine or
haemin produced partial, but significant, decreases in MDA
levels, compared with the ‘non-treated’ atherosclerotic group.

Histopathological examination of the aortic arch
The histopathological assessments of the aortic arch from
the control group revealed a normal structure. The endot-

Figure 2 Total activity of HO, measured in the aortas of the different
animal groups: (A) normal animals (control) and atherosclerotic
animals treated with atorvastin or simvastatin; (B) atherosclerotic
groups either treated with statins (atorvastatin or simvastatin) and
L-NAME or SnPP or treated with L-arginine or haemin. n = 6 for each
bar; *P < 0.05 versus control group and **P < 0.05 versus atheroscle-
rotic group.
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helium was found to form a continuous layer with no par-
ticular changes in the intima and there was no
accumulation of lipids in the aortic wall (Figure 7A). In con-
trast, aortas of all rabbits fed on a high-cholesterol diet
showed significant fatty streaks and pathological lesions of
different intensities between groups. The aortae from the
atherosclerotic group presented a thickening of the intima
that occurred throughout the whole surface of the examined
specimens. Numerous foam cells, lipid droplets and elastic
fibres were also found. However, treatment with statins
showed a less pronounced deposition of fatty streaks than
the non-treated group and the intima was thickened but the
athermanous plaques were never as high and wide as
the plaques in the aorta of the non-treated animals. The
significant increase in vessel wall (VW) thickness in the
‘non-treated’ atherosclerotic group (Figure 7B) was partly

prevented by atorvastatin treatment, although still higher
than in the control group. The combination treatment of
statin + L-NAME produced aortae with fatty streaks and ath-
erosclerotic lesions larger than those observed with animals
treated with statins alone. Qualitatively similar histopatho-
logical changes were observed in the aortic arch from
animals co-treated with statins + SnPP. However, treatment
with either L-arginine or haemin reduced the thickening of
the intima with less foam cells and lipid droplets between
the first elastic membranes lying under the intima. The
mean values for VW (Figure 8B) confirmed that co-treatment
with statins and either L-NAME or SnPP did not improve
VW, compared with the ‘non-treated’ atherosclerotic group.
In contrast, the VW in either L-arginine or haemin-treated
groups was appreciably lowered relative to the ‘non-treated’
atherosclerotic group.

Figure 3 Typical amperograms of the changes in NO (A) and ONOO- (B) concentrations, recorded by nanosensors from isolated aortas of
normal and atherosclerotic rabbits treated with atorvastatin or simvastatin for 1 month. The release of NO and ONOO- were stimulated by
1 mmol·L-1 calcium ionophore A23187 (Cal at arrow) in control group and atherosclerotic groups, non-treated or treated with atorvastatin or
simvastatin. (C) Calcium ionophore-stimulated maximal NO and ONOO- release, and (D) ratio of NO concentration to ONOO- concentration
of the above corresponding groups. n = 6 for each bar; *P < 0.05 versus control group and **P < 0.05 versus atherosclerotic group.
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Discussion and conclusion

This study sheds new light on the interaction of statins with
the eNOS/HO-1 pathways and emphasizes a regulatory inter-
action between NO and HO-1 to mediate the vasculoprotec-
tive actions of statins during atherosclerosis. Restoration of
eNOS functional activity with higher [NO]/[ONOO-] ratios
and decreased lipid oxidation were probably the most
common mechanisms by which HO-1 was able to produce its
anti-atherosclerotic effects.

Effect of statins on HO-1 expression and activity through NO, as
a signalling molecule
The results from this work indicate that HO-1 was clearly
expressed, albeit at a low level, in the arteries of atheroscle-
rotic rabbits, which could be a process of adaptation to
hypercholesterolaemia. We postulated that under patho-

physiological conditions affecting vascular functions, such as
atherosclerosis, increased HO-1 would play a beneficial role
by affecting anti-inflammatory and vasodilatory mecha-
nisms. It has already been suggested that induction of HO-1
during atherosclerosis might ameliorate oxidative stress and
represent an adaptive response to hypercholesterolaemia
(Nakayama et al., 2001).

We characterized the effects of statins on HO-1 expression
and activity in aortic tissues of atherosclerotic rabbits and
the results demonstrated that the antioxidant enzyme,
HO-1, is an intracellular site of action for statins. It was
reported that statins induce in vivo expression of HO-1,
which appears to be a class effect of statins and occurs not
only in the vasculature but also extravascularly (Hsu et al.,
2006). Moreover, a study by Lee et al. (2004) stated that sim-
vastatin up-regulated HO-1 expression in vascular smooth
muscle cells, while Uchiyama et al. (2006) reported that sim-
vastatin enhanced HO-1 expression in aortic endothelial

Figure 4 Calcium ionophore-stimulated maximal NO and ONOO- release from isolated aortas of atherosclerotic groups either co-treated with
L-NAME and atorvastatin/simvastatin or treated with L-arginine (A), and from isolated aortas of atherosclerotic group either co-treated with
SnPP and atorvastatin/simvastatin or treated with haemin (B). In C & D are shown the ratios of NO concentration to ONOO- concentration,
from the treatment groups shown in A and B. n = 6 for each bar; *P < 0.05 versus atherosclerotic group.
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cells. In contrast, others showed that, the protective effect of
statins at their pharmacological concentrations is not medi-
ated by enhancement of HO-1 expression or activity but
may involve eNOS expression (Loboda et al., 2006). We
believe that the results from our study resolve some of the
discrepancies regarding the effects of statins on HO-1 expres-
sion, especially when we explored the role of NO in this
induction. Interestingly, L-NAME, an inhibitor of eNOS,
abolished the HO-1 expression and activity stimulated by
statins. In support for this, we found that treatment of ath-
erosclerotic group with L-arginine augmented the increase
in HO-1 expression and activity. Therefore, a parallel con-
clusion can be drawn regarding the involvement of endog-
enous NO in statin-stimulated HO-1 expression. This has
been confirmed by others and has led to speculation that
HO-1 is in fact responsible for cytoprotective effects attrib-
uted to NO (Motterlini et al., 1996; Foresti and Motterlini,
1999; Polte et al., 2000; Foresti et al., 2003). NO causes the
release of free haem from haem proteins and because free

haem is known to transcriptionally up-regulate its own deg-
radation by HO, the release of haem by NO may induce
HO-1 expression (Durante et al., 1997; Foresti et al., 2006).
Moreover, it has been demonstrated that cGMP is a crucial
mediator in the endothelial regulation of HO-1 expression
and that endothelial protection afforded by the NO/cGMP
system is causally related to the induction of HO-1 (Polte
et al., 2000). Based on these previous studies and consider-
ing the outcome of our experiments, it is plausible that the
increased expression of HO-1 by statins could be mediated
through NO and might explain some pleiotropic effects of
these drugs.

Figure 5 Immunoblots showing the expression of eNOS protein
from isolated aortas of: (A) normal and atherosclerotic rabbits treated
with atorvastatin or simvastatin for 1 month; (B) atherosclerotic
groups either co-treated with L-NAME and atorvastatin/simvastatin
or treated with L-arginine; (C) atherosclerotic group either co-treated
with SnPP and atorvastatin/simvastatin or treated with haemin. Rep-
resentative Western blot and bar graph show analysis of four separate
experiments; *P < 0.05 versus control group and **P < 0.05 versus
atherosclerotic group.

Figure 6 Plasma malondialdehyde (MDA) levels on the different
treatment groups: (A) control group and atherosclerotic animals
treated with atorvastin or simvastatin; (B) MDA levels plotted against
% changes (vs. control) in ONOO- production in control, non-treated
atherosclerotic group and atherosclerotic group treated with atorv-
astatin and simvastatin; (C) Atherosclerotic groups either co-treated
with statins (atorvastatin or simvastatin) and L-NAME or SnPP or
treated with L-arginine or haemin. n = 6 for each bar; *P < 0.05 versus
control group and **P < 0.05 versus atherosclerotic group.
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Role of HO-1 on statin-restored [NO]/[ONOO-] ratio
We postulated that induction of HO-1 may play a significant
role in the antioxidant and anti-inflammatory effects of
statins. Accordingly, we investigated the effect of HO-1 in
statin-induced restoration of [NO]/[ONOO-] ratios and eNOS
functional activity. Atherosclerotic animals were co-treated
with statins and SnPP to study how much blocking of HO-1
could affect the vasculoprotective actions of statins. In addi-
tion, we treated atherosclerotic animals with haemin (HO-1
inducer) and compared the effects from HO-1 induction with
that obtained from statins. This study indicated that, in
animals treated with statins, inhibition of HO-1 by SnPP did
not affect the increase in NO release and eNOS expression.
However, it clearly abolished the decrease in ONOO- level. As
one of the antioxidative roles of statins is shifting the
[NO]/[ONOO-] balance towards NO with a direct decrease of
ONOO- levels; the increase in ONOO- level by SnPP during
statins therapy, confirmed that HO-1 plays an important role
in mediating the antioxidative effect of statins. This HO-1
inhibitor, SnPP, increased the oxidathve stress as reflected by
the increase in ONOO- and overall decrease in [NO]/[ONOO-]
ratio. In contrast, haemin reduced ONOO- and oxidative
stress and increased [NO]/[ONOO-] ratio in atherosclerotic
animals. NO and ONOO- profiles after haemin treatment

were similar to those after statin treatment. Thus, the HO-1
enzyme seems to act as an antioxidant mediator during ath-
erosclerosis. These findings revealed a direct effect of HO-1 on
increasing the [NO]/[ONOO-] ratio, as a result of improve-
ment in the functional activity of eNOS enzyme. In support of
this, Ahmed et al. (2005) and Turkseven et al. (2005) con-
firmed the vascular cytoprotective mechanism of HO-1 in
diabetic rat models. They demonstrated that, while inhibition
of HO-1 activity magnified O2

- production, induction of HO-1
increased eNOS expression level with a concomitant increase
in endothelial relaxation and a decrease in iNOS expression
and O2

- generation. Up-regulation of HO-1 expression renders
endothelial cells resistant to oxidative stress by increasing
other antioxidant genes, including superoxide dismutase
(SOD) and catalase which in turn, decreases O2

- production
(Turkseven et al., 2005). Moreover, up-regulation of HO-1
gene expression was shown to decrease the availability of the
haem-mediated activation of nicotinamide adenine dinucle-
otide phosphate [NAD(P)H] oxidase and O2

- generation (Taille
et al., 2004). This could explain the antioxidant properties of
HO-1 and the beneficial effects observed in several cardiovas-
cular diseases in which involvement of oxidases is well
described. Our findings suggest that the concentration of
ONOO- (one of the main components of oxidative stress)
decreased with an increase of HO-1 expression. Based on these
findings, it is plausible to assume that HO-1 and its enzymic
products are indeed of functional relevance and responsible,
at least in part, for the observed antioxidant and anti-
inflammatory effects of statins. Both membrane-bound eNOS
and NAD(P)H, as well as mitochondria may contribute to the
overall generation of ONOO- in endothelial cells (Wolin et al.,
2005). An increase in ONOO- formation in endothelium may
also be partially attributed to the decrease of activity/
expression of xanthine oxidase and/or SOD. The nanotech-
nological set-up used in this study is not suitable for
measuring ONOO- directly in mitochondria without disturb-
ing cell membranes and stimulating NO and O2

- release.
Therefore, these studies elucidate mainly ONOO- generation
by membrane-bound eNOS and NAD(P)H.

Role of eNOS and HO-1 on lipid peroxidation
Increased lipid peroxidation is a characteristic feature of
inflammatory vascular diseases (Cyrus et al., 2001). From this
study, a marked increase in MDA (index for lipid peroxida-
tion) was observed in atherosclerotic animals. It appears that
ONOO- must be involved in the oxidation of LDL and gen-
eration of oxidized lipids (Radi et al., 1991) and it is more than
two orders of magnitude more potent than H2O2 in catalysing
lipid oxidation (Patel et al., 1996). We demonstrated here that
the decrease in the endothelial ONOO- production by statins
correlated with a decrease in lipid peroxidation. Therefore,
based on this study, we postulate that the beneficial effect of
statins in lowering lipid peroxidation in atherosclerosis
involves an increase in eNOS expression, enhanced produc-
tion of NO, NO-dependent augmentation of HO-1 expression,
activity, and increase of the [NO]/[ONOO-] ratio, similar to
that observed in non-sclerotic animals. Activities of both
enzymes, eNOS and HO-1, are necessary for the restoration of
the [NO]/[ONOO-] balance. As we demonstrated here, either

Figure 7 Representative microscopic analysis of lesion area of the
aortic arch sections from control and atherosclerotic rabbits treated
with atorvastatin for 1 month and stained with haematoxylin and
eosin (¥100); L, lumen; FS, fatty streak; VW, vessel wall; F, adventitial
fatty tissue. (B) % change of the vessel wall thickness of the aortic
arch from normal control or from atherosclerotic control was quan-
titated using an image analysis system. n = 6 for each bar; *P < 0.05
versus control group and **P < 0.05 versus atherosclerotic group.
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inhibition of eNOS or HO-1 abolished the inhibitory effect of
statins on lipid peroxidation while L-arginine or haemin
decreased lipid peroxidation. Compatible with these findings,
plasma lipid peroxides were elevated in the aortas of SnPP-
treated atherosclerotic rabbits (Ishikawa et al., 2001a). These
authors postulated that the anti-atherogenic properties of
HO-1 were mediated through the prevention of lipid peroxi-
dation. The effect of L-arginine in decreasing MDA is most
probably due to improved eNOS functional activity, increase
in NO, increase in HO-1 expression and decrease of ONOO-

generation. This corroborates with previous observations that
L-arginine improved NO generation and increased HO-1
expression in hypercholesterolaemic rabbits (Le Tourneau
et al., 1999; Lanteri et al., 2006). Similarly, the potential effect
of haemin in decreasing plasma MDA is due to its induction

of HO-1, which has strong antioxidative activity that was
proven by others (Ishikawa et al., 2001b).

Role of statins, NO and HO-1 on atherosclerotic lesion formation
High cholesterol diet for 2 months produced marked athero-
sclerotic changes in rabbits, which were evaluated by histo-
pathological examination in the form of marked fatty streaks
with multiple plaque lesions and increasing in the thickness
of the VW. Statin treatment had led to reduction of the intima
of the aorta with atheromatous plaques. The anti-atherogenic
effects of statins could be attributed not only to its hypolipi-
daemic effects but also to its antioxidant activity through
increasing the [NO]/[ONOO-] ratio and lowering lipid perox-
ide formation. In support for this finding, while co-treatment

Figure 8 Representative microscopic analysis of lesion area of the aortic arch sections from atherosclerotic rabbits co-treated with atorvastatin
and L-NAME or SnPP and treated with either L-arginine or haemin for one month; stained with haematoxylin and eosin (¥100); L, lumen; FS,
fatty streak; VW, vessel wall; F, adventitial fatty tissue. (B) % change of the vessel wall thickness of the aortic arch from normal control or
atherosclerotic control was quantitated using an image analysis system. n = 6 for each bar; *P < 0.05 versus control group and **P < 0.05 versus
atherosclerotic group.
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with statins and L-NAME produced hypolipidaemic effects
(data not shown), it failed to produce any improvement in the
VW thickness. Also, treatment with L-arginine decreased the
formation of atherosclerotic lesions with some improvement
in VW thickness.

The study presented here suggests that the increase in HO-1
expression and activity by statins may have an anti-
atherosclerotic effect. Several lines of evidence supported
this idea. First, inhibition of HO-1 activity, in statin + SnPP
groups, prevented the regression of atherosclerotic plaques
produced by statins treatment alone. This coincides with the
results reported by others, that treatment of atherosclerotic
rabbits with SnPP resulted in a significant progression of ath-
erosclerotic lesion formation (Ishikawa et al., 2001a). Also, the
haemin-treated group had smaller lesions with minor but
significant improvements in VW thickness, when compared
with the atherosclerotic group. The anti-atherogenic effect of
haemin was ascribed to its induction of HO-1 that has anti-
oxidant activity. The increase in eNOS functional activity
with subsequent increase in bioavailable NO, an improve-
ment of [NO]/[ONOO-] balance and decrease of lipid oxida-
tion are indeed responsible for such anti-atherogenic effect of
HO-1 during the atherosclerotic process.

HO-1 plays an important role in many aspects of human
physiology, as well as in pathological events such as athero-
sclerosis. The induction of HO-1 maybe considered a thera-
peutic strategy for treating inflammatory diseases. In this
work, we have identified a novel mechanism related to induc-
tion of HO-1 by statins, which is mediated through the NO
pathway and could explain some of pleiotropic effects of
these drugs. Activation of the HO-1 pathway may be one of
the important mechanisms by which statins inhibit inflam-
matory disorders and protect the endothelium from oxidative
damage by increasing the [NO]/[ONOO-] ratio with improve-
ment of eNOS functional activity and decreasing lipid perox-
ide formation.

Acknowledgements

This study was supported by grant HL-55397 from the United
States Public Health Service, Marvin White Endowment and
the BNNT Program (Ohio University).

Conflicts of interest

None.

References

Ahmed H, McLaughlin BE, Soong J, Marks GS, Brien JF, Nakatsu K
(2005). The source of endogenous carbon monoxide formation in
human placental chorionic villi. Cell Mol Biol (Noisy-le-grand) 51:
447–451.

Baranano DE, Rao M, Ferris CD, Snyder SH (2002). Biliverdin reduc-
tase: a major physiologic cytoprotectant. Proc Natl Acad Sci USA 99:
16093–16098.

Beckman JSWDA, Crow JP (1996). Methods in Nitric Oxide. John Wiley
and Sons, Ltd: New York.

Cyrus T, Tang LX, Rokach J, FitzGerald GA, Pratico D (2001). Lipid
peroxidation and platelet activation in murine atherosclerosis.
Circulation 104: 1940–1945.

Durante W, Kroll MH, Christodoulides N, Peyton KJ, Schafer AI
(1997). Nitric oxide induces heme oxygenase-1 gene expression and
carbon monoxide production in vascular smooth muscle cells. Circ
Res 80: 557–564.

Elbirt KK, Bonkovsky HL (1999). Heme oxygenase: recent advances in
understanding its regulation and role. Proc Assoc Am Physicians 111:
438–447.

Foresti R, Motterlini R (1999). The heme oxygenase pathway and its
interaction with nitric oxide in the control of cellular homeostasis.
Free Radic Res 31: 459–475.

Foresti R, Hoque M, Bains S, Green CJ, Motterlini R (2003). Haem and
nitric oxide: synergism in the modulation of the endothelial haem
oxygenase-1 pathway. Biochem J 372: 381–390.

Foresti R, Bains S, Sulc F, Farmer PJ, Green CJ, Motterlini R (2006). The
interaction of nitric oxide with distinct hemoglobins differentially
amplifies endothelial heme uptake and heme oxygenase-1 expres-
sion. J Pharmacol Exp Ther 317: 1125–1133.

Hsu M, Muchova L, Morioka I, Wong RJ, Schroder H, Stevenson DK
(2006). Tissue-specific effects of statins on the expression of heme
oxygenase-1 in vivo. Biochem Biophys Res Commun 343: 738–744.

Ishikawa K (2003). Heme oxygenase-1 against vascular insufficiency:
roles of atherosclerotic disorders. Curr Pharm Des 9: 2489–2497.

Ishikawa K, Sugawara D, Goto J, Watanabe Y, Kawamura K, Shiomi
M et al. (2001a). Heme oxygenase-1 inhibits atherogenesis in
Watanabe heritable hyperlipidemic rabbits. Circulation 104: 1831–
1836.

Ishikawa K, Sugawara D, Wang X, Suzuki K, Itabe H, Maruyama Y et al.
(2001b). Heme oxygenase-1 inhibits atherosclerotic lesion forma-
tion in ldl-receptor knockout mice. Circ Res 88: 506–512.

Kawamura K, Ishikawa K, Wada Y, Kimura S, Matsumoto H, Kohro T
et al. (2005). Bilirubin from heme oxygenase-1 attenuates vascular
endothelial activation and dysfunction. Arterioscler Thromb Vasc Biol
25: 155–160.

Lanteri R, Acquaviva R, Di Giacomo C, Caltabiano R, Li Destri G,
Vanella L et al. (2006). Heme oxygenase 1 expression in postis-
chemic reperfusion liver damage: effect of L-arginine. Microsurgery
26: 25–32.

Le Tourneau T, Van Belle E, Corseaux D, Vallet B, Lebuffe G, Dupuis B
et al. (1999). Role of nitric oxide in restenosis after experimental
balloon angioplasty in the hypercholesterolemic rabbit: effects on
neointimal hyperplasia and vascular remodeling. J Am Coll Cardiol
33: 876–882.

Lee TS, Chang CC, Zhu Y, Shyy JY (2004). Simvastatin induces heme
oxygenase-1: a novel mechanism of vessel protection. Circulation
110: 1296–1302.

Liao JK (2005). Effects of statins on 3-hydroxy-3-methylglutaryl coen-
zyme a reductase inhibition beyond low-density lipoprotein cho-
lesterol. Am J Cardiol 96: 24F–33F.

Loboda A, Jazwa A, Jozkowicz A, Dorosz J, Balla J, Molema G et al.
(2006). Atorvastatin prevents hypoxia-induced inhibition of endot-
helial nitric oxide synthase expression but does not affect heme
oxygenase-1 in human microvascular endothelial cells. Atheroscle-
rosis 187: 26–30.

Maines MD (1988). Heme oxygenase: function, multiplicity, regula-
tory mechanisms, and clinical applications. FASEB J 2: 2557–2568.

Malinski T, Taha Z (1992). Nitric oxide release from a single cell
measured in situ by a porphyrinic-based microsensor. Nature 358:
676–678.

Motterlini R, Foresti R, Intaglietta M, Winslow RM (1996).
NO-mediated activation of heme oxygenase: endogenous cytopro-
tection against oxidative stress to endothelium. Am J Physiol 270:
H107–H114.

Anti-atherogenic effect of statins
G Heeba et al 1265

British Journal of Pharmacology (2009) 156 1256–1266



Nakayama M, Takahashi K, Komaru T, Fukuchi M, Shioiri H, Sato K
et al. (2001). Increased expression of heme oxygenase-1 and biliru-
bin accumulation in foam cells of rabbit atherosclerotic lesions.
Arterioscler Thromb Vasc Biol 21: 1373–1377.

Novotny L, Vitek L (2003). Inverse relationship between serum biliru-
bin and atherosclerosis in men: a meta-analysis of published
studies. Exp Biol Med (Maywood) 228: 568–571.

Ohkawa H, Ohishi N, Yagi K (1979). Assay for lipid peroxides in
animal tissues by thiobarbituric acid reaction. Anal Biochem 95:
351–358.

Patel RP, Diczfalusy U, Dzeletovic S, Wilson MT, Darley-Usmar VM
(1996). Formation of oxysterols during oxidation of low density
lipoprotein by peroxynitrite, myoglobin, and copper. J Lipid Res 37:
2361–2371.

Peyton KJ, Reyna SV, Chapman GB, Ensenat D, Liu XM, Wang H et al.
(2002). Heme oxygenase-1-derived carbon monoxide is an auto-
crine inhibitor of vascular smooth muscle cell growth. Blood 99:
4443–4448.

Polte T, Abate A, Dennery PA, Schroder H (2000). Heme oxygenase-1
is a cGMP-inducible endothelial protein and mediates the cytopro-
tective action of nitric oxide. Arterioscler Thromb Vasc Biol 20: 1209–
1215.

Radi R, Beckman JS, Bush KM, Freeman BA (1991). Peroxynitrite-
induced membrane lipid peroxidation: the cytotoxic potential of
superoxide and nitric oxide. Arch Biochem Biophys 288: 481–487.

Taille C, El-Benna J, Lanone S, Dang MC, Ogier-Denis E, Aubier M
et al. (2004). Induction of heme oxygenase-1 inhibits NAD(P)H
oxidase activity by down-regulating cytochrome b558 expression
via the reduction of heme availability. J Biol Chem 279: 28681–
28688.

Togane Y, Morita T, Suematsu M, Ishimura Y, Yamazaki JI, Katayama
S (2000). Protective roles of endogenous carbon monoxide in
neointimal development elicited by arterial injury. Am J Physiol
Heart Circ Physiol 278: H623–H632.

Turkseven S, Kruger A, Mingone CJ, Kaminski P, Inaba M, Rodella LF
et al. (2005). Antioxidant mechanism of heme oxygenase-1 involves
an increase in superoxide dismutase and catalase in experimental
diabetes. Am J Physiol Heart Circ Physiol 289: H701–H707.

Uchiyama T, Atsuta H, Utsugi T, Ohyama Y, Nakamura T, Nakai A
et al. (2006). Simvastatin induces heat shock factor 1 in vascular
endothelial cells. Atherosclerosis 188: 265–273.

Verd JC, Peris C, Alegret M, Diaz C, Hernandez G, Vazquez M et al.
(1999). Different effect of simvastatin and atorvastatin on key
enzymes involved in VLDL synthesis and catabolism in high fat/
cholesterol fed rabbits. Br J Pharmacol 127: 1479–1485.

Wang J, Lu S, Moenne-Loccoz P, Ortiz de Montellano PR (2003).
Interaction of nitric oxide with human heme oxygenase-1. J Biol
Chem 278: 2341–2347.

Werner N, Nickenig G, Laufs U (2002). Pleiotropic effects of HMG-CoA
reductase inhibitors. Basic Res Cardiol 97: 105–116.

Wierzbicki AS, Poston R, Ferro A (2003). The lipid and non-lipid effects
of statins. Pharmacol Ther 99: 95–112.

Wolin MS, Ahmed M, Gupte SA (2005). The sources of oxidative stress
in the vessel wall. Kidney Int 67: 1659–1661.

Yet SF, Pellacani A, Patterson C, Tan L, Folta SC, Foster L et al. (1997).
Induction of heme oxygenase-1 expression in vascular smooth
muscle cells. A link to endotoxic shock. J Biol Chem 272: 4295–4301.

Yet SF, Layne MD, Liu X, Chen YH, Ith B, Sibinga NE et al. (2003).
Absence of heme oxygenase-1 exacerbates atherosclerotic lesion
formation and vascular remodeling. FASEB J 17: 1759–1761.

Anti-atherogenic effect of statins
1266 G Heeba et al

British Journal of Pharmacology (2009) 156 1256–1266


