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Abstract

Background: Atherosclerosis is a chronic inflammatory disease of the vessel wall associated with oxidized low-density lipoprotein (oxLDL)-induced apoptosis of
endothelial cells. Coenzyme Q10 (CoQ10), a potent antioxidant and a critical intermediate of the electron transport chain, has been reported to inhibit LDL
oxidation and thus the progression of atherosclerosis. However, its molecular mechanisms on endothelial cells remain still unclarified.
Methods: In this study, primary human umbilical vein endothelial cell cultures treated with oxLDL were used to explore the protective effects of CoQ10.
Results: Our results showed that CoQ10 attenuated the oxLDL-induced generation of reactive oxygen species and improved the antioxidant capacity. CoQ10 also
attenuated the oxLDL-mediated down-regulation of endothelial nitric oxide synthase (eNOS) and up-regulation of inducible nitric oxide synthase (iNOS). In
addition, CoQ10 suppressed oxLDL-activated NF-κB and downstream inflammatory mediators, including expression of adhesion molecules, release of
proinflammatory cytokines and the adherence of monocytic THP-1 cells. Moreover, CoQ10 attenuated oxLDL-altered proapoptotic responses. The inhibitor of
eNOS (L-NIO 10 μM) and iNOS (1400W 10 μM) as well as NO enhancer (SNP 10 μM) were used to clean up the mechanism.
Conclusion: These results provide new insight into the possible molecular mechanisms by which CoQ10 protects against atherogenesis by NO-related pathways.
© 2011 Published by Elsevier Inc.
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1. Introduction

Atherosclerotic cardiovascular disease is associated with oxidative
stress [1]. There is an increasing body of evidence showing that
oxidized low-density lipoprotein (oxLDL)-induced apoptosis of
vascular endothelial cells participates in the pathogenesis of athero-
sclerosis. The early stages of the atherosclerotic process are initiated
by accumulation of oxLDL and activation of endothelial cells with
subsequent expression of adhesion molecules and increased binding
of monocytes to the vascular endothelium. Proinflammatory cyto-
kines, such as interleukin 8 (IL-8) and tumor necrosis factor α (TNF-
α), which are released when endothelial cells are exposed to oxLDL,
up-regulate the expression of cell adhesion molecules. This series of
adverse changes is also associated with a decrease in the bioavail-
ability of nitric oxide (NO); NO is produced in endothelial cells by the
constitutively expressed enzyme endothelial nitric oxide synthase
(eNOS). Considerable evidence indicates that oxLDL-induced

http://dx.doi.org/10.1016/j.jnutbio.2011.01.011
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http://dx.doi.org/10.1016/j.jnutbio.2011.01.011
mailto:shchiou@vghtpe.gov.tw
http://dx.doi.org/10.1016/j.jnutbio.2011.01.011


48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108
109
110

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

127

128
129
130
131
132
133
134
135

136

137
138
139
140
141
142
143
144
145
146

147

148
149
150
151
152
153
154
155

156

157
158
159
160
161
162
163
164

165

166
167
168
169

170

171
172
173
174
175
176
177

2 K.-L. Tsai et al. / Journal of Nutritional Biochemistry xx (2011) xxx–xxx
endothelial dysfunction is associated with down-regulation of eNOS
and up-regulation of inducible nitric oxide synthase (iNOS). Reactive
oxygen species (ROS), especially superoxide, generated by oxLDL
directly reacts with NO to form peroxynitrite, a stable molecule that is
toxic to endothelial cells. As a superoxide scavenger, NO inhibits the
generation of hydrogen peroxide and impedes the activation of NF-κB
and the subsequent expression of inflammatory mediators that
promote leukocyte adhesion [2] and macrophage recruitment [3].

Moreover, several pathways involved in the cytotoxicity of oxLDL
are dependent on the generation of ROS [4]. At high concentrations,
ROS can induce cell injury and death by oxidatively modifying
proteins, carbohydrates, nucleic acids and lipids. In addition, the
proapoptotic effects of oxLDL-induced ROS generation in endothelial
cells involve the disturbance of mitochondrial membrane permeabil-
ity followed by cytochrome c release and subsequently the activation
of executioner caspases [5]. Therefore, therapeutic interventions
involving inhibitors of oxLDL-induced endothelial apoptosis may
prevent the development of atherogenic diseases as well as reduce
the morbidity and increase the survival rate of patients with
cardiovascular diseases.

Coenzyme Q10 (CoQ10) is a key component of mitochondrial
oxidative phosphorylation and adenosine triphosphate production
[6]. It has also been shown that CoQ10 located in the mitochondria,
lysozomes, Golgi and plasma membranes has antioxidant activity
either by directly reacting with free radicals or by regenerating
tocopherol and ascorbate from their oxidized state [6]. In humans,
CoQ10 content is highest at 20 years old in the lung, heart, spleen,
liver and kidney and then gradually decreases upon further aging [7].
In addition, patients with cardiovascular disease show decreased
CoQ10 levels in themyocardium [8]. CoQ10 has been reported to have
numerous biologic effects. For example, it has been shown in vitro
that CoQ10 promotes cellular membrane repair via patch formation
[9], affects the expression of genes involved in G-protein-coupled
receptor-mediated JAK/STAT signaling pathways and mediates
inflammatory-related response by inhibiting NF-κB activation [10].
In addition, it has been shown in vivo that CoQ10 reduces exercise-
induced muscular injury and leads to a reduction in plasma
concentrations of the oxidative stress marker malondialdehyde [11],
attenuates hypertension-mediated oxidative damage [12], increases
the antioxidant capacity of glutathione reductase and superoxide
dismutase (SOD) [13] and attenuates obesity-induced inflammation
and oxidative stress damage [14]. Hamilton et al. [15] showed that
CoQ10 improved endothelial dysfunction in statin-treated type II
diabetic patients. Clinically, CoQ10 has potential for use in prevention
and treatment of cardiovascular diseases such as myocardial
infarction, congestive heart failure and other drug-induced/disease-
induced cardiomyopathies [8,16]. Daily supplementation of CoQ10
decreases plasma LDL concentration as well as increase HDL
concentration in humans with hypercholesterolemia [17]. Chapidze
et al. [18] reported that treatment with CoQ10 provide roles in
positive modification of oxidative stress, anti-atherogenic fraction of
lipid profile, atherogenic ratio and platelet aggregability; moreover,
CoQ10 revealed anti-aggregatory ability in patients with coronary
atherosclerosis [19].

However, the direct effects of CoQ10 against oxidative stress-
induced endothelial injury have not been well clarified. In this study,
we explored whether CoQ10 attenuates oxLDL-induced damage by
modulating the NO-related pathways.

2. Materials and methods

2.1. Reagents

Fetal bovine serum, M199 and trypsin–EDTA were obtained from Gibco (Grand
Island, NY); low serum growth supplement was obtained from Cascade (Portland, OR);
CoQ10 (purity ≥98% by HPLC), 2′,7′-bis-2-carboxyethyl-5 (and -6)-carboxyfluores-
cein-acetoxymethyl ester (BCECF-AM), 1400 W, (L-N5-(1-iminoethyl)ornithine hydro-
chloride; L-NIO), sodium nitroprusside (SNP),4,6-diamidino-2-phenylindole (DAPI),
EDTA, penicillin, and streptomycin were obtained from Sigma (St. Louis, MO); the
terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)
staining kit was obtained from Boehringer Mannheim (Mannheim, Germany); the SOD
activity assay kit and the catalase activity assay kit were obtained from Calbiochem
(San Diego, CA); 2′,7′-dichlorofluorescein acetoxymethyl ester (DCF-AM), Fura-2 AM
and the EnzChek caspase 3 assay kit were purchased from Molecular Probes (Eugene,
OR); 5,58,6,68-tetraethylbenzimidazolcarbocyanine iodide (JC-1) and anti-active
caspase 3 were obtained from BioVision (Palo Alto, CA); anti-vascular cell adhesion
molecule 1 (VCAM-1), anti-intercellular adhesion molecules (ICAM-1) and anti-
E-selectin, IL-8 and endothelin 1 (ET-1) ELISA kits and the annexin V apoptosis kit were
purchased from R&D Systems (Minneapolis, MN); anti-eNOS, anti-iNOS, anti-
nitrotyrosine, anti-cyclooxygenase II (COX-II), anti-P53, anti-phospho-P53, anti-
cytochrome c, anti-Bcl 2 and anti-Bax were obtained from Transduction Laboratories
(San Diego, CA).

2.2. Cell cultures

This study was approved by the Research Ethics Committee of the China Medical
University Hospital. After receiving written informed consent from the parents, fresh
human umbilical cords were obtained from neonates after birth, suspended in Hanks'
balanced salt solution (Gibco) and stored at 4°C. Human umbilical vein endothelial
cells (HUVECs) were isolated with collagenase and used at passages 2–3 as described
previously [20]. THP-1, a humanmonocytic leukemia cell line, was obtained from ATCC
(Rockville, MD) and cultured in RPMI with 10% FBS at a density of 2 to 5×106 cells/ml,
as suggested in the product specification sheet provided by the vendor.

2.3. Lipoprotein separation

The protocol for LDL separation used in this study has been described previously
[21]. Briefly, native LDL was isolated from fresh normolipidemic human serum by
sequential ultracentrifugation (ρ=1.019–1.210 g/ml) in KBr solution containing 30
mM EDTA. Immediately before oxidation, LDL was separated from EDTA and from
diffusible low molecular mass compounds by gel filtration on PD-10 Sephadex G-25 M
gel (Pharmacia, St-Quentin, France) in 0.01 M phosphate-buffered saline (PBS; 136.9
mM NaCl, 2.68 mM KCl, 4 mM Na2HPO4, 1.76 mM KH2PO4, pH 7.4). Copper-modified
LDL (1 mg protein/ml) was prepared by exposing LDL to 10 μM CuSO4 for 16 h at 37°C.
The oxLDL we studied had a TBARS value of 16–20 nM/mg protein of LDL protein;
native LDL had no detectable TBARS.

2.4. Determination of cytotoxicity and indices of apoptosis

To determine the effect of CoQ10 on oxLDL-induced cytotoxicity, HUVECs were
incubated with indicated concentrations of CoQ10 (chloroform-dissolved) for 2 h and
then exposed to 130 μg/ml oxLDL for an additional 24 h. Cell viability was assessed by
the MTT assay [22], CoQ10 was present during oxLDL exposure. Apoptotic cells were
determined by annexin V and TUNEL assays. In preparation for flow cytometry, cells
were harvested and stained with both annexin V and PI for 10 min. They were then
washed in PBS, dissolved in HEPES buffer. Apoptotic cells assessed by the TUNEL assay
were visualized under a fluorescence microscope or analyzed by flow cytometry [23].

2.5. Measurement of ROS production

HUVECs (104 cells/well) in 96-well plates were preincubated with various
concentrations of CoQ10 for 2 h and then incubated with 10 μM DCF-AM for 1 h; the
fluorescence intensity was measured with a fluorescence microplate reader (Labsys-
tems, CA) calibrated for excitation at 485 nmand emission at 538 nm (before and after 2
h of stimulationwith 130 μg/ml oxLDL), CoQ10was present during oxLDL exposure. The
percentage increase in fluorescence per well was calculated by the formula [(Ft2−Ft0)/
Ft0]×100, where Ft2 is the fluorescence at 2 h of oxLDL exposure and Ft0 is the
fluorescence at 0 min of oxLDL exposure.

2.6. Measurement of antioxidant enzyme activity

To determine the effects of CoQ10 after oxLDL exposure, SOD and catalase activity
in the homogenate was determined by an enzymatic assay method using a commercial
kit according to the manufacturer's instructions. Enzyme activity was converted to
units per milligram of protein.

2.7. Immunoblotting

To determine whether CoQ10 could attenuate the oxLDL-induced expression of
apoptosis-regulating proteins, HUVECs were pretreated with CoQ10 for 2 h and then
stimulated with oxLDL for 24 h; CoQ10 was present during oxLDL exposure. At the end
of stimulation, cells were lysed in RIPA buffer. Proteins were then separated by
electrophoresis on SDS-polyacrylamide gel. After the proteins had been transferred
onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA), the blot was
incubated with blocking buffer (1× PBS and 5% nonfat dry milk) for 1 h at room
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temperature and then probed with primary antibodies (eNOS, iNOS, nitrotyrosine,
COX-II, phosphorylated P53, P53, Bcl-2, Bax; 1:1000 dilutions) overnight at 4°C,
followed by incubation with horseradish peroxidase-conjugated secondary antibody
(1:5000) for 1 h. The intensities were quantified by densitometric analysis (Digital
Protein DNA Imagineware, Huntington Station, NY).

2.8. Nitrite (NO2
−) accumulation

NO2
− accumulation was used as an indicator of NO production in the medium and

was assayed by Gries reagent [24]. Briefly, 100 μl of Gries reagent (1% sulfanilamide–
0.1% naphthylethylene diamine dihydrochloride–2.5% H3PO4) (Sigma) was added to
100 μl of each supernatant in triplicate wells of 96-well plates. The plates were read in a
microplate reader (Molecular Devices, Palo Alto, CA) at 550 nm against a standard
curve of NaNO2 in culture medium.

2.9. NF-κB assay

To explore the effects of CoQ10 on oxLDL-induced NF-κB activation, HUVECs were
pretreated with CoQ10 for 2 h and then stimulated with oxLDL (130 μg/ml) for 1 h. In
some cases, HUVECs were incubated with specific eNOS inhibitor (L-NIO, 10 μM),
specific iNOS inhibitor (1400W, 10 μM) or exogenous NO donor SNP (25 μM) for 1 h
before the treatment with CoQ10 and oxLDL, CoQ10 was present during oxLDL
exposure. To prepare nuclear extracts for the NF-κB assay, the cells were first
resuspended in buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM KCl,
0.5 mM dithiothreitol and 0.2 mM phenylmethylsulfonyl fluoride (PMSF), followed by
vigorous vortexing for 15 s. The samples were allowed to stand at 4°C for 10 min and
then were centrifuged at 2000 rpm for 2 min. The pelleted nuclei were resuspended in
30 μL buffer containing 20 mM HEPES (pH 7.9), 25% glycerol, 420 mM NaCl, 1.5 mM
MgCl2, 0.2 mMEDTA, 0.5 mMdithiothreitol and 0.2mMPMSF and incubated for 20min
on ice. The nuclear lysates were then centrifuged at 15,000 rpm for 2min. Supernatants
containing the solubilized nuclear proteins were stored at−70°C for subsequent NF-κB
assay. NF-κB activity was measured by an NF-κB p65 Active ELISA kit (Imgenex, San
Diego, CA) according to themanufacturer's instructions. The absorbance at 405 nmwas
determined using a microplate reader (spectraMAX 340).

2.10. Assay for ET-1 and IL-8 secretion

HUVECs were pretreated with the indicated concentrations of CoQ10 for 2 h
followed by treatment with oxLDL (130 μg/ml) for 24 h; CoQ10 was present during
oxLDL exposure. At the end of the oxLDL incubation period, cell supernatants were
removed and assayed for ET-1 and IL-8 concentrations using an ELISA kit obtained from
R&D Systems. Data are expressed in nanograms per milliliter of duplicate samples.

2.11. Adhesion assay

HUVECs at 1×105 cells/ml were cultured in 96-well plates. Cells were pretreated
with the indicated concentrations of CoQ10 for 2 h followed by oxLDL (130 μg/ml) for
24 h; CoQ10 was present during oxLDL exposure. The medium was then removed and
0.1 ml/well of THP-1 cells (prelabeled with BECF-AM 4 μM for 30 min in RPMI at 1×106

cell/ml density) were added to fresh RPMI. The cells were allowed to adhere at 37°C for
1 h in a 5% CO2 incubator. Plates were washed three times with to remove the
nonadherent cells by M199. The number of adherent cells was estimated by
microscopic examination and then the cells were lysed with 0.1 ml 0.25% Triton
X-100. The fluorescence intensity was measured with a fluorescence microplate reader
(Lab System) calibrated for an excitation at 485 nm and for emission at 538 nm.

2.12. Adhesion molecule expression

To determine whether CoQ10 could attenuate the adhesion molecule expression
induced by oxLDL, HUVECs were pretreated with CoQ10 for 2 h and stimulated with
oxLDL (130 μg/ml) for 24 h; CoQ10 was present during oxLDL exposure. At the end of
stimulation, HUVECs were harvested and incubated with fluorescein isothiocyanate
(FITC)-conjugated antibody (R&D Systems) for 45 min at room temperature. Their
immunofluorescence intensity was analyzed by flow cytometry using a Becton
Dickinson FACScan flow cytometer (Mountain View, CA).

2.13. Measurement of [Ca2+]i

To determine the effect of CoQ10 on the oxLDL-induced increase in intracellular
calcium concentration, HUVECs were seeded onto 24-mm glass coverslips, pretreated
with CoQ10 for 2 h and then stimulated with oxLDL (130 μg/ml) for 24 h. The cells on
the coverslips were loaded with 2 μM fura-2 AM (Molecular Probe) in M199 and
allowed to stand for 30 min at 37°C. After loading, the cells were washed with PBS to
remove excess fluorescent dye. Then, the fluorescence of the cells on each coverslip
was measured and recorded using an inverted Olympus microscope IX-70. [Ca2+]i in
endothelial cells was monitored at an emission wavelength of 510 nm with excitation
wavelengths alternating between 340 and 380 nm with the use of a cooled charge-
coupled device (CCD) camera (MicroMAX, 782YHS; Roper Scientific, Trenton, NJ),
recorded using SimplePCI 6.0 (Compix Institute, Cranberry Township, PA) and
calculated using Grynkiewicz's method [25].

2.14. Measurement of mitochondrial membrane potential

The lipophilic cationic probe fluorochrome 5,58,6,68-tetraethylbenzimidazolcar-
bocyanine iodide (JC-1) was used to explore the effects of CoQ10 on mitochondria
membrane potential (ΔΨm). JC-1 exists either as a green fluorescent monomer at
depolarized membrane potentials or as a red fluorescent J-aggregate at hyperpolarized
membrane potentials. After treating cells with oxLDL (130 μg/ml) for 24 h in the
presence or absence of various concentrations of CoQ10, cells were rinsed with M199
and JC-1 (5 μM) was loaded. After 20 min of incubation at 37°C, cells were examined
under a fluorescence microscope. Determination of the ΔΨm was carried out using a
FACScan flow cytometer [26].

2.15. Isolation of cytosolic fraction for cytochrome c analysis

After treating cells with oxLDL in the presence or absence of CoQ10, the cells were
collected and lysed with lysis buffer for 20 min on ice. The samples were homogenized
by 10 passages through two 2-gauge needle. The homogenate was centrifuged at
12,000 rpm for 20 min at 4°C. A volume of cell lysates containing 30 μg of protein was
analyzed by Western blot analysis for cytochrome c (1:1000) and β-actin (1:50,000).

2.16. Measurement of active caspase 3

To explore the effects of CoQ10 on oxLDL-induced caspase 3 activation, HUVECs
were pretreated with CoQ10 for 2 h and then stimulated with oxLDL (130 μg/ml) for 24
h. In some cases, HUVECs were incubated with specific eNOS inhibitor (L-NIO, 10 μM),
specific iNOS inhibitor (1400W, 10 μM) or exogenous NO donor SNP (25 μM) for 1 h
before the treatment with CoQ10 and oxLDL. The level of active caspase-3 was detected
by flow cytometry using a commercial fluorescein active caspase kit (Mountain View,
CA) under a fluorescencemicroscope. The activity of caspase 3was alsomeasured by an
EnzChek caspase-3 assay kit according to the manufacturer's instructions (Molecular
Probes). After being lysed by repeated freeze–thaw cycles. Equal amounts of protein
(50 μg) were added to the reaction buffer containing 5 mM of caspase 3 substrate
Z-DEVD-R110, and the mixture was incubated at room temperature for 30 min. The
fluorescence generated from cleavage of the substrate by caspase 3 was monitored
with a fluorescence microplate reader (Labsystems) calibrated for excitation at 496 nm
and for emission at 520 nm.

2.17. Statistical analyses

Results are expressed as mean±S.E. Differences between groups were analyzed
using one-way ANOVA followed by Bonferroni's post hoc test. A P value b0.05 was
considered statistically significant.

3. Results

3.1. CoQ10 blocked phosphatidylserine translocation and DNA damage
and cell death induced by oxLDL in HUVECs

After exposure to oxLDL, the number of shrunken cells or cells
with blebbingmembranes was significantly lower in HUVECs that had
been pretreated with CoQ10 than in those that had not been exposed
to CoQ10 (Fig. 1A). As seen in Fig. 1B, the viability of HUVECs was
reduced by almost 55% after exposure to oxLDL; however, CoQ10
significantly increased the viability in a dose-dependent manner.
Normal LDL (nLDL) was used as one negative control, as our finding,
the viability of HUVECs was not repressed after exposure to nLDL.

In addition, CoQ10 treatment was not cytotoxic up to a
concentration of 50 μM. The ED50 (half-maximal effective concen-
tration) of CoQ10was 4.2 μMafter exposure to 130 μg/ml oxLDL for 24
h. Therefore, 130 μg/ml of oxLDL and 2.5–20 μM of CoQ10 were used
in the following experiments.

The annexin V and TUNEL assays were used to ascertain the
apoptotic effects of oxLDL and the antiapoptotic effects of CoQ10 in
HUVECs. Flow cytometric analysis revealed that the percentage of
apoptotic cells in untreated HUVECs was less than 3%. In HUVECs
exposed to oxLDL, however, the percentage of apoptotic cells (20.4%)
and necrotic cells (10.9%) was markedly higher. The percentage of
apoptotic cells in HUVECs pretreated with 20 μM CoQ10 (4.9%) was
close to that in untreated HUVECs (2.9%) (Fig. 1C).



Fig. 1. Effects of CoQ10 on oxLDL-induced endothelial cell death. HUVECs were incubated with oxLDL (130 μg/ml) or nLDL in the absence or presence of indicated concentration of CoQ10 for 24 h. Photomicrographs from phase-contrast
microscopy (A). Viability was determined viaMTT assay. Effects of CoQ10 on oxLDL-induced endothelial apoptosis (B). HUVECs were incubated with oxLDL (130 μg/ml) in the a ence or presence of indicated concentrations of CoQ10 for
24 h. Apoptotic and necrotic death of oxLDL-exposed HUVECs were measured using a FITC-labeled annexin V assay and PI staining. Flow cytometry was used for confirmat (C). HUVECs were incubated with oxLDL in the absence
(middle) or presence (right) of 10 μMCoQ10 for 24 h. The lower right quadrants represent the apoptotic cells and the upper right quadrants represent the necrotic cells. Late apo otic death of oxLDL-exposed HUVECs was evaluated using
the TUNEL assay (D). Data are expressed as the mean±S.E. of three independent analyses (E). #Pb.05 vs. untreated control; ⁎Pb.05 vs. oxLDL treatment.
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The TUNEL and DAPI staining assays were then used to clarify the
protective effects of CoQ10 against oxLDL-induced DNA damage. As
shown in Fig. 1D,E, cells incubatedwith oxLDL for 24 h showed typical
features of apoptosis, including the formation of condensed nuclei.
Those morphologic features were not observed in HUVECs pretreated
with CoQ10.

3.2. CoQ10 inhibited oxLDL-induced intracellular ROS generation
in HUVECs

To clarify whether the observed antiapoptotic effect of CoQ10 can
be attributed to reduction in oxidative stress. We found that
treatment with oxLDL for 2 h produced an eightfold increase in ROS
generation. Pretreatment of HUVECs with CoQ10 (2.5–20 μM) led to a
dose-dependent reduction in ROS (Fig. 2A, B, all Pb.05). In this
investigation, nLDL was used as one negative control, as our result,
there are no significance difference between control group and nLDL
group in intracellular ROS level.

To examine the mechanisms involved in the antioxidant action of
CoQ10 in HUVECs exposed to oxLDL, we analyzed the activities of
antioxidant enzyme activity in HUVECs treated with 130 μg/ml of
oxLDL for 2 h. As shown in Fig. 2C,D, the activity of SOD and catalase
were reduced by 48% and 68%, respectively, in cells exposed to oxLDL;
in contrast, pretreatment of cells with CoQ10 (2.5–20 μM) signifi-
cantly potentiated the activity of those antioxidant enzymes in a
dose-dependent manner (all Pb.05).
Fig. 2. The protective effects of CoQ10 on oxLDL-mediated ROS generation in HUVECs. After p
were incubated with the H2O2-sensitive fluorescent probe DCF-AM (10 μM) for 1 h, followed by
ROS level in control cells (left) and HUVECs stimulated with oxLDL (middle) in the presence
fluorescence microplate reader. Fluorescence distribution of DCF-AM oxidation was express
HUVECs stimulated with oxLDL in the absence or presence of indicated concentrations of CoQ1
#Pb.05 vs. untreated control; ⁎Pb.05 compared with oxLDL treatment.
3.3. CoQ10 protects against oxLDL-induced release of ET-1 and
suppression of NOS protein expression

To validate weather NO and NO synthase were involved in CoQ10
suppress oxLDL-induced injury. We, therefore, studied the effects of
CoQ10 on protein expression of eNOS and iNOS as well as NO content
and formation of nitrotyrosine. As shown in Fig. 3A,B, exposure to
oxLDL resulted in significantly lower eNOS expression, higher iNOS
expression and higher levels of nitrotyrosin than control cells;
however, in HUVECs pretreated with 10 μM CoQ10, the levels of
eNOS, iNOS and nitrotyrosin expression were close to those seen in
control cells. Furthermore, the oxLDL-enhanced release of NO
(Fig. 3C) was also suppressed in HUVECs pretreated with CoQ10
and the selective iNOS inhibitor 1400W but not eNOS inhibitor L-NIO.

It has been speculated that reduced NO release/bioavailability
and enhanced release of ET-1 may contribute to oxLDL-induced
endothelial dysfunction and the development of atherosclerosis [27].
Our results display that CoQ10 inhibited oxLDL-enhanced ET-1
secretion (Fig. 3D).

3.4. CoQ10-mediated protective function involving eNOS action and
CoQ10 mitigated the NF-κB and NF-κB-related proinflammatory
response in HUVECs

NF-κB is a vital player in the regulation of inflammatory response,
apoptosis and cell survival [28]. In addition, NO inhibits cleavage of
reincubation for 2 h with the indicated concentrations of CoQ10 (2.5–20 μM), HUVECs
treatment with 130 μg/ml oxLDL or nLDL for 2 h. (A) Fluorescence images exhibited the
of 10 μM CoQ10 (right). (B) Fluorescence intensity of HUVECs was measured with a

ed as a percentage of increased intensity. The activity of (C) SOD and (D) catalase in
0 were determined. Data are expressed as themean±S.E. of three independent analyses.
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Fig. 3. CoQ10 suppressed the oxLDL-induced down-regulation of eNOS, up-regulation of iNOS protein expression (A, B) and oxLDL-enhanced NO release (C). In addition, CoQ10
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IκB and NF-κB activation [29]. We hypothesized that oxLDL induces
NF-κB activation by reducing the bioavailability of NO and that oxLDL-
induced NF-κB activation could be reversed by CoQ10. As shown in
Fig. 4A, pretreatment of HUVECs with CoQ10 conspicuously inhibited
the oxLDL-induced activation of NK-κB. Moreover, cells pretreatment
with L-NIO partially antagonized the inhibitory effect of CoQ10.
Additionally, cells pretreated with 1400W or exogenous donor of
NO (SNP) showed a marked reduction in the activation of NF-κB
(all Pb.05).

Proinflammatory cytokines, COX-II and adhesion molecules were
mediated by NF-κB. All of the proinflammatory events subsequently
lead to the tethering and adherence of monocytic cells to endothelial
cells. Our results showed that pretreatment with CoQ10 attenuated
the release of IL-8 (Fig. 4B), the expression of COX-II (Fig. 4C,D), the
adhesion of monocytic THP-1 cells to HUVECs exposed to oxLDL (Fig.
4E, F) and the expression of adhesion molecules (ICAM-1, VCAM-1
and E-selectin) (Fig. 4G).

3.5. CoQ10 suppressed the oxLDL-induced apoptic responses

Intracellular calcium rise is involved in oxLDL-induced endothelial
apoptosis [30]. To validate the protective effect of chronic exposure of
HUVECs to a detrimental concentration of oxLDL on intracellular
calcium concentration, we incubated HUVECswith oxLDL (130 μg/ml)
in the absence or presence of different concentrations of CoQ10. Our
finding that the 340/380 ratio of [Ca2+]i elevated in oxLDL-exposed
cells after 24 h was reduced in cells pretreatment of CoQ10 (Fig. 5A,
all Pb.05).

The increase in intracellular Ca2+ triggers the activation of several
calcium-dependent d proapoptotic signaling transduction pathways.
In addition, calcium is the most important signal for opening of the
mitochondrial permeability transition pore (PTP), a mechanism that
triggers apoptosis. As a consequence of both the dysfunction of the
electrochemical gradient caused by pore opening and rupture of the
outer mitochondrial membrane, the mitochondrial membrane po-
tential (Ψm) generally collapses. We, therefore, determined the
mitochondrial permeability to understand whether CoQ10 preserves
mitochondrial stability after exposure to oxLDL. As shown in Fig. 5B,
oxLDL depolarized the mitochondrial transmembrane potential in
HUVECs, as shown by the increase in green fluorescence (middle
panel); however, pretreatment with CoQ10 contributed to the
maintenance of mitochondrial transmembrane potential, as indicated
by repression of green fluorescence and restoration of red fluores-
cence (right panel). The results of flow cytometry supported those
findings (Fig. 5C).

Apoptosis regulator proteins in the Bcl-2 family govern mitochon-
drial outermembrane permeabilization and can be either proapopto-
tic or antiapoptotic. Cheng et al. [31] reported that oxLDL-induced
generation of ROS in endothelial cells leads to the activation of P53,
which subsequently induces a conformational change in Bax that



Fig. 4. Effects of CoQ10 on oxLDL-induced NF-κB activation. HUVECswere pretreated with each inhibitor 1 h before incubated for additional 1 hwith oxLDL (130 μg/ml). Nucleic proteins were extracted for nuclear translocation assay of NF-
κBp65 (A). Effects of CoQ10 on oxLDL-induced IL-8 release, COX-II expression, adhesionmolecule expression and adhesiveness of THP-1 monocytic cells to HUVECs. HUVECs were pretreated with indicated concentrations of CoQ10 for 2 h
followed by stimulation with oxLDL (130 μg/ml) for another 24 h. (B) Media were collected for ELISA assay of IL-8 protein levels. (C, D) Protein levels of COX-II were assessed by Western blotting. (E, F) THP-1 cells preloaded with BECEF
were incubated with HUVECs for 1 h. The adhesiveness of HUVECs to THP-1 was measured as described in the Materials andMethods. (G) Cell surface expression of ICAM-1, VCAM-1 and E-selectin was determined by flow cytometry. The
values represent means±S.E. from three separate experiments. #Pb.05 vs. untreated control; ⁎P b0.05 vs. oxLDL treatment. &Pb.05 vs. oxLDL+CoQ10 treatment.
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Fig. 5. Effects of CoQ10 on oxLDL-triggered intracellular calcium rise (A). HUVECs were pretreated with indicated concentrations of CoQ10 for 2 h followed by stimulation with oxLDL (130 μg/ml) for another 24 h. The measurement of
intracellular calcium is described in the Materials andMethods. The influence of CoQ10 onmitochondrial transmembrane permeability transition induced by oxLDL. (B)ΔΨmwas inspected with the signal frommonomeric and J-aggregate
JC-1 fluorescence, as described in the Materials and Methods. (left) No treatment; (middle) oxLDL; (right) oxLDL + CoQ10. (C) JC-1 fluorescence was confirmed by flow cytometry. (D–F) Immunoblotting analysis of apoptotic cells in
HUVECs exposed to oxLDL and CoQ10. HUVECs were incubated with 130 μg/ml oxLDL in the absence or presence of indicated concentrations (2.5–20 μM) of CoQ10 for 24 h. Representative Western blots and summary data showing that
oxLDL up-regulated proapoptotic (phosphorylated P53, Bax) and down-regulated antiapoptotic (Bcl-2) proteins and led to an increase in the concentration of cytosolic cytochrome c. Intervention with CoQ10 suppressed the above-
mentioned oxLDL-induced responses. Results were confirmed by densitometric analysis; the values are presented as means±S.E. of three separate experiments. #Pb.05 vs. untreated control; ⁎Pb.05 vs. oxLDL treatment.
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enables the mitochondrial translocation of that proapoptotic protein.
Our results showed that CoQ10 significantly reduced the activation of
P53 and the expression of Bax and significantly increased the
expression of the antiapoptotic protein Bcl-2 in a concentration-
dependent manner (Fig. 5C–E).

Disintegration of mitochondrial membrane function contributes to
the release of cytochrome c from the mitochondria. As shown in
Fig. 5C,F, CoQ10 reduced the cytosolic cytochrome c level in oxLDL-
exposed HUVECs.

3.6. CoQ10 prevented oxLDL-induced caspase 3 activation

To examine whether CoQ10 ultimately influences the activity of
this apoptotic effector in modulating apoptosis, we studied the effects
of CoQ10 on oxLDL-induced activation of caspase 3 using fluorescence
microscopy and flow cytometry. As shown in Fig. 6A,B, CoQ10
inhibited oxLDL-induced caspase 3 activation. We also determined
the activity of caspase 3 using the EnzCaspase-3 assay kit. As seen in
Fig. 6C, CoQ10 effectively inhibited the cleavage of caspase 3 activated
by oxLDL. Simultaneous treatment of HUVECs with CoQ10 and eNOS
inhibitor partially abolished the inhibitory effects of CoQ10 on
caspase 3 activity. Furthermore, the addition of 1400W or SNP
definitely inhibited oxLDL-induced activation of caspase 3.

4. Discussion

In the present study, we demonstrated that CoQ10 ameliorated
oxLDL-induced endothelial dysfunction by inhibiting inflammatory
and oxidative damage that leads to cellular apoptosis. Specifically,
CoQ10 suppressed the generation of ROS, which subsequently
attenuated the oxLDL-impaired expression of antioxidant enzymes,
increased the bioavailability of NO, reduced ET-1 secretion, stabilized
the mitochondrial membrane and maintained the endothelial [Ca2+]i
level, thereby preventing the release of cytochrome c, a molecule
required for the activation of the proapoptotic protein caspase 3.

The generation of ROS and the activities of antioxidant enzymes
must be kept in balance to preserve homeostasis and a stable
intracellular redox state for normal cell function. Consistent with
findings from previous studies that CoQ10 supplementation reversed
the oxidative stress-induced suppression of antioxidant enzyme
expression [13,32], our findings show that pretreatment with
CoQ10 suppressed the oxLDL-induced reduction in SOD and catalase
activities and resulted in decreased ROS generation in endothelial
cells exposed to oxLDL (Fig. 2).

The relationship between NO and cellular inflammation is
complex because NO is cytotoxic at high concentrations and has a
protective effect at low concentrations. High levels of NO have the
opportunity to react with superoxide leading to peroxynitrite
formation and cell toxicity [33]. It has been shown that iNOS-derived
overproduction of NO can lead to activation of NF-κB, which in turn
leads to the up-regulation of several major proinflammatory
mediators such as COX-2, iNOS and the adhesion molecules. In the
present study, we found that pretreatment of CoQ10 suppressed the
oxLDL-induced down-regulation of eNOS and up-regulation of iNOS.
Furthermore, our data revealed that 1400W but not L-NIO represses
NO formation (Fig. 3C), indicating that oxLDL-facilitated NO gener-
ation mainly through iNOS. In addition, pretreatment with L-NIO
partially antagonized the effect of CoQ10 on inhibition of NF-κB, and
pretreatment with 1400W or SNP partially reversed the oxLDL-
induced activation of NF-κB, suggesting that the protective effect of
CoQ10 is due to its ability to modulate the NO-mediated signaling
pathway (Fig. 5A).

Intracellular calcium signaling is associated with the development
of atherosclerosis and several cardiovascular diseases. Vindis et al.
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[34] showed that oxLDL-induced apoptosis in endothelial cells
involves two distinct calcium-dependent pathways, the first mediat-
ed by calpain/mPTP/cytochrome c/caspase-3 and the second mediat-
ed by apoptosis-inducing factor, which is caspase-independent.
Clinical studies have shown that calcium channel blockers, such as
azelnidipine and dihydropyridine, protect against oxidative stress-
related injuries by inhibiting intracellular ROS generation, mitigating
NF-κB activation and inhibiting the expression of adhesion molecules
and proinflammatory factors [35,36]. We found that CoQ10 protects
against oxLDL-induced apoptosis by suppressing the oxLDL-induced
rise in intracellular calcium.

Endothelial cell damage induced by oxLDL was mediated through
the mitochondrial-dependent apoptotic pathway. There is evidence
that NF-κB activation is accompanied by elevated P53 levels,
indicating that NF-κB might play a critical role in regulating P53
[37], which subsequently induces a conformational change in Bax that
enables the mitochondrial translocation of that proapoptotic protein
[31]. Our results showed that CoQ10 significantly reduced the
activation of NF-κB, suppressed the expression of P53 and the
expression of Bax and led to a significant increase in expression of
the antiapoptotic protein Bcl-2, which prevented the release of
cytochrome c and further activation of caspase 3. It has been linked to
the inhibition of caspase activation and prevention of endothelial
apoptosis caused by oxLDL [38]. Our findings that CoQ10 reduced the
activity of caspase 3 in oxLDL-treated HUVECs and that inhibitors of
eNOS partially blocked this effect clearly identify the antiapoptotic
effect of CoQ10 is due, at least in part, to its ability to modulate the
NO-mediated signaling pathway.

The concentrations (2.5–20 μM) we used to attenuate oxLDL-
induced endothelial cell dysfunction are similar to those investigated
to mitigate other oxidative stress-related responses. For example, 10
μM of CoQ10 was shown to inhibit high glucose-induced endothelial
cell adhesion molecule expression, restore high glucose-mitigated
eNOS expression and attenuate high-glucose-induced ROS generation
and endothelial cell apoptosis [39]. The dosage of 3000mg/day, which
reach a plasma concentration of 8.69 μM, is safe and tolerable in
patients with Parkinson's disease [40]. In this study, pretreatment
with 2.5 μM, a physiologically achievable concentration, was enough
to mitigate oxLDL-induced ROS generation, restore the suppression of
antioxidant enzyme activities induced by oxLDL and suppress the
activation of ROS-mediated proapoptotic signaling pathways.

In summary, we have demonstrated that CoQ10 suppressed
oxidative stress-related responses by modulating NO-related signal-
ing. Our results provide insight into some of the mechanisms by
which CoQ10 protects against endothelial damage.
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