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oxidative injuries by the modulation of LOX-1-mediated

ROS generation via the AMPK/PKC/NADPH oxidase
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Scope: The lectin-like oxidized low-density lipoprotein receptor (LOX-1) is one pivot receptor

for oxidized low-density lipoprotein (oxLDL) in human endothelial cells. Co-enzyme Q10

(Co Q10) has been widely used in clinical intervention. However, the molecular mechanisms

underlying its protective effects against oxidative stress in endothelial cells are still largely

unknown. This study was designed to test the hypothesis that Co Q10 mitigates oxLDL-

induced endothelial oxidative injuries via modulation of LOX-1-mediated reactive oxygen

species (ROS) generation and explored the role of AMP-activated protein kinase (AMPK), a

negative regulator of NADPH oxidase.

Methods and results: Human umbilical vein endothelial cells (HUVECs) were pretreated with

Co Q10 and then incubated with oxLDL for 24 h. Co Q10 attenuated oxLDL-elicited LOX-1

expression and ROS generation by suppression of NADPH oxidase activation. Co Q10 rescued

dephosphorylation of AMPK caused by oxLDL that in turn led to an activation of NADPH

oxidase by PKC. The results were confirmed using AMPK siRNA. Moreover, oxLDL-

suppressed Akt/eNOS and enhanced p38 phosphorylation, which in turn activated NF-kB

pathway. These detrimental events were ameliorated by Co Q10.

Conclusion: These results provide new highlight onto the possible molecular mechanisms of

how Q10 suppresses oxLDL-induced endothelial oxidative injuries by the modulation of LOX-

1-mediated ROS generation via the AMPK/PKC/NADPH oxidase signaling pathway.
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1 Introduction

Atherosclerosis is a chronic vascular inflammatory disease.

It is widely accepted that oxidized low-density lipoprotein

(oxLDL) plays a key role in the early stages of atherosclerotic

lesions [1]. The lectin-like oxLDL receptor (LOX-1) has been

identified as one of the main receptors for oxLDL [2]. LOX-1

is expressed in macrophages, smooth muscle cells, and

vascular endothelial cells, all of which are cell types involved

in the development of atherosclerosis. In addition, LOX-1

has been detected in atherosclerotic lesions [3]. In addition

to oxLDL, LOX-1 has a variety of other ligands, including

angiotensin II, endothelin-1, and tumor necrosis factor-a
(TNF-a). Furthermore, LOX-1 is important for sensing shear

stress [4]. In endothelial cells, it is well documented that the

binding of oxLDL to LOX-1 rapidly elevates ROS levels

through the activation of NADPH oxidase [5] and that the

activation of NADPH oxidase can then further upregulate

LOX-1 expression [6]. In addition, increased LOX-1 expres-

sion can trigger diverse downstream signals such as the

activation of p38 mitogen-activated protein kinase (MAPK),

the enhancement of nitric oxide (NO) catabolism through

superoxide generation, and the decrease in NO release due

to attenuated endothelial NO synthase (eNOS) [7], which

activates NF-kB and subsequent downstream pro-inflam-

matory responses [8, 9].

The NOX family of NADPH oxidases is the major source

of ROS in endothelial cells. NADPH oxidase is composed of

the two membrane components, Nox2 (also called gp91) and

p22phox in addition to the three cytoplasmic proteins,

p47phox, p67phox, and the small GTPase Rac-1. The process

by which the NADPH oxidase enzyme complex is activated

begins with the phosphorylation of p47phox, which causes

the translocation of the p47phox/p67phox complex to the

plasma membrane. There, p47phox interacts with p22phox,

while p67phox acts as the NOX activator through direct

protein–protein interaction. Studies have demonstrated that

PKC plays an important role in the activation of NADPH

oxidase through phosphorylation of p47phox in platelets [10],

myocytes [11], pancreatic islet cells [12], and vascular cells

[13]. Furthermore, the dietary flavonoid quercetin exerts

anti-hypertensive effects through the suppression of PKC-

activated NADPH oxidase [14]. In addition, pravastatin and

3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors

inhibit both the insulin-induced translocation of p47phox

from the cytosol to the membrane as well as ROS generation

through a PKCd-dependent mechanism [15].

AMP-activated protein kinase (AMPK), a serine/threo-

nine protein kinase, is uniquely expressed in mammalian

cells and involved in the regulation of cellular metabolism

and energy balance [16]. AMPK can also influence a number

of signaling cascades that are expected to have anti-athero-

sclerotic effects, such as the improvement of NO bioavail-

ability, the attenuation of free radical generation, and the

activation of angiogenic factors [17]. Several lines of

evidence have demonstrated that PKC, which is negatively

regulated by AMPK, is required for the activation of

NADPH oxidase [18, 19], and the inhibition of PKC contri-

butes to the attenuation of NADPH oxidase-derived ROS

production [20]. Natural compounds, such as resveratrol [21]

and quercetin [22], have been reported to exert strong anti-

oxidant and anti-inflammatory activities through the acti-

vation of AMPK.

Co-enzyme Q10 (Co Q10) is essential for the mitochon-

drial respiratory electron transport chain and possesses anti-

oxidant effects. Co Q10 gradually decreases with age [23–25],

and is widely utilized as a dietary supplement to prevent

oxidative stress-related diseases [26–30]. Many biological

effects of Co Q10 have been reported. For example, Co Q10

increases mitochondrial function, increases ATP formation

[31] and protects against high-fat diet-induced hyperlipide-

mia [32]. Clinical studies have shown that the administra-

tion of Co Q10 in atherosclerotic patients has a positive

effect on endothelial function [33]. In addition, Co Q10

improves clinical parameters in patients following coronary

artery bypass surgery and other cardiovascular diseases

[34–37]. Studies have demonstrated that Co Q10 supple-

mentation lowers oxidative stress and inflammation both in

vivo [38, 39] and in vitro [40], but the underlying mechan-

isms have yet to be elucidated. A recent study demonstrated

that supplementation with Co Q10 lowers age-related

NADPH oxidase levels in healthy subjects [41]. Therefore,

we sought to explore whether Co Q10 could protect against

LOX-1-mediated endothelial oxidative injuries through the

modulation of NADPH oxidase, and if so, whether AMPK, a

negative regulator of both PKC-activated NADPH oxidase

and Akt/eNOS/NO signaling was involved in the process.

2 Materials and methods

2.1 Reagents

Fetal bovine serum, M199, and trypsin-EDTA were obtained

from Gibco (Grand Island, NY, USA); low-serum growth

supplement was obtained from Cascade (Portland, OR,

USA); Co Q10, Compound C, Ro-32-0432, hispidin, diphe-

nyleneiodonium (DPI), TEMPLO, NAC, trolox, ethylene

diamine tetraacetic acid (EDTA), penicillin and streptomy-

cin were obtained from Sigma (St. Louis, MO, USA); dihy-

droethidium (DHE) was purchased from Molecular Probes

(Eugene, OR, USA); anti-monocyte chemoattractant

protein-1 (MCP-1), anti-CXC chemokine receptor 6

(CXCR6), anti-LOX-1 and interleukin 6 (IL-6) ELISA kits

were purchased from R&D Systems (Minneapolis, MN,

USA); anti-p22phox and anti-gp91 were obtained from Santa

Cruz (CA, USA); and anti-NF-kB/p65, anti-I-kBa, anti-

AMPK, anti-AMPK-a, anti-AKT, anti-phospho AKT, anti-

phospho eNOS, anti-eNOS, anti-PCNA, anti-phospho p38,

anti-p38, anti-PKC and anti-phospho PKCab were obtained

from Transduction Laboratories (CA, USA). Anti-Rac-1 and

anti-p47phox were obtained from BD Biosciences (NJ, USA).
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2.2 Cell cultures

The Research Ethics Committee of China Medical Univer-

sity Hospital approved these experiments. After receiving

written informed consent from parents, neonatal human

umbilical cords were obtained after birth and suspended in

Hanks’ Balanced Salt Solution (HBSS) (Gibco) at 41C.

Human umbilical vein endothelial cells (HUVECs) were

isolated with collagenase and used at passages 2 and 3 [42].

After dissociation, the cells were collected and cultured

on gelatin-coated culture dishes in medium 199 with

low-serum growth supplement, 100 IU/mL penicillin and

0.1 mg/mL streptomycin. Subcultures were performed with

trypsin-EDTA. Media was refreshed every two days.

2.3 Lipoprotein separation

Human plasma was obtained from the Taichung Blood

Bank (Taichung, Taiwan) and LDL was isolated using

sequential ultracentrifugation (r5 1.019–1.063 g/mL) in

KBr solution containing 30 mM EDTA. It was protected

from light, stored at 41C in a sterile environment and used

within three days as previously described [43]. Immediately

before the oxidation 154 tests, LDL was separated from

EDTA and diffusible low–molecular-mass compounds by

gel filtration on PD-10 Sephadex G-25 M gel (Pharmacia) in

0.01 mol/L phosphate-buffered saline (136.9 mmol/L NaCl,

2.68 mmol/L KCl, 4 mmol/L Na2HPO4, 1.76 mmol/L

KH2PO4) at pH 7.4. Copper-modified LDL (1 mg protein/

mL) was prepared by exposing LDL to 10 mM CuSO4 for 16 h

at 371C. CuSO4 was removed by PD10 columns after

oxidizing in the prepared oxLDL.

2.4 Measurement of ROS production

ROS are specific mediators of atherogenic stimuli that

induce leukocyte adhesion to endothelial cells. In addition,

the role of ROS in oxLDL-mediated cytotoxicity is speculated

to be caused by the induction of apoptosis and the activation

of the caspase cascade [44]. The effect of Co Q10 on ROS

production in HUVECs was determined by DHE. Confluent

HUVECs (104 cells/well) in 96-well plates were pre-

incubated with various concentrations of Co Q10 for 2 h.

oxLDL was then added to the medium in the absence or

presence of Co Q10 for an additional 2 h. After removing

medium from the wells, the cells were incubated with

10 mM DHE for 1 h. The fluorescence intensity was

measured with a fluorescence microplate reader (Labsystem,

CA, USA) calibrated with an excitation at 540 nm and

emission at 590 nm. The percentage increase in fluores-

cence 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 h of oxLDL

exposure.

2.5 Isolation of mRNA and quantitative real-time

PCR

Total RNA was isolated from HUVECs using the RNeasy kit

(Qiagen, Valencia, CA, USA). Oligonucleotides for LOX-1

and b-actin were designed using the computer software

package Primer Express 2.0 (Applied Biosystems, Foster

City, CA, USA). All of the oligonucleotides were synthesized

by Invitrogen (Breda, The Netherlands). Oligonucleotide

specificity was determined by a homology search within the

human genome (BLAST, National Center for Biotechnology

Information, Bethesda, MD, USA) and confirmed by

dissociation curve analysis. The oligonucleotide sequences

were as follows: LOX-1 sense primer, 50-GATGCCCCACTT-

GTTCAGAT-30; anti-sense primer, 50-CAGAGTTCGCACC-

TACGTCA-30; b-actin sense primer, 50-AGGTCATCACTA-

TTGGCAACGA-30; anti-sense primer, 50-CACTTCATGA-

TGGAATTGAATGTAGTT-30. PCR was performed with

SYBR Green in an ABI 7000 sequence detection system

(Applied Biosystems) according to the manufacturer’s

guidelines.

2.6 Preparation of nuclear and cytosolic extracts

Nuclear and cytosolic extracts were isolated with a Nuclear

and Cytoplasmic Extraction kit (Pierce Chemical, Rockford,

IL, USA). After the incubation period, HUVECs were

collected by centrifugation at 600� g for 5 min at 41C.

The pellets were washed twice with ice-cold PBS,

followed by the addition of 0.2 mL of cytoplasmic

extraction buffer A and vigorous mixing for 15 s. Ice-cold

cytoplasmic extraction buffer B (11 mL) was added to the

solution. After vortex mixing, nuclei and cytosolic fractions

were separated by centrifugation at 16 000� g for 5 min.

The cytoplasmic extracts (supernatants) were stored at

�801C. Nuclear extraction buffer was added to the

nuclear fractions (pellets), which were then mixed by

vortexing on the highest setting for 15 s. The mixture was

put on ice, and a 15-s vortex was performed every 10 min for

a total of 40 min. Nuclei were centrifuged at 16 000� g for

10 min. The nuclear extracts (supernatants) were stored at

�801C until use.

2.7 Preparation of membrane and cytosolic extracts

A cellular membrane fraction was prepared with Mem-PER

(Pierce) according to the manufacturer’s instructions. The

Mem-PER system consists of three reagents: reagent A is a

cell lysis buffer, reagent B is a detergent dilution buffer and

reagent C is a membrane solubilization buffer. After the

incubation period, HUVECs were collected by centrifuga-

tion at 600� g for 5 min at 41C. Each cell pellet, containing

5� 106 cells, was lysed at room temperature using Mem-

PER reagent A. Membrane proteins were solubilized on ice
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with Mem-PER reagent C diluted 2:1 with Mem-PER

reagent B. Reagents A and B/C were supplemented with

Halt protease inhibitor cocktail (Pierce Biotechnology). The

solubilized protein mixture was centrifuged at 10 000� g for

3 min at 41C to remove cellular debris. The clarified super-

natant was heated at 371C for 10 min, followed by centri-

fugation at 10 000� g for 2 min to produce separated

membrane and hydrophilic protein fractions. The hydro-

phobic fraction of membrane proteins (bottom layer) was

stored at �801C until use.

2.8 Immunoblotting

To determine whether Co Q10 could ameliorate the oxLDL-

induced activation LOX-1-mediated signaling pathways,

HUVECs were grown to confluence, pre-treated with Co

Q10 for 2 h, and then stimulated with oxLDL for 24 h. At

the end of stimulation the cells were washed, scraped

from dishes and lysed in RIPA buffer. Proteins were then

separated by electrophoresis on SDS-polyacrylamide gel.

After the proteins had been transferred onto a poly-

vinylidene difluoride membrane (Millipore, Bedford, MA,

USA), the blot was incubated with blocking buffer for

1 h at room temperature and then probed with primary

antibodies overnight at 41C, followed by incubation with a

horseradish peroxidase-conjugated secondary antibody for

1 h. To control equal loading of total protein in all lanes,

blots were stained with mouse anti-b-actin antibody. The

bound immunoproteins were detected by an enhancer

chemiluminescent assay (ECL; Amersham, Berkshire, UK),

and intensities were quantified by densitometric analysis

(Digital Protein DNA Imagineware, Huntington Station,

NY, USA).

2.9 Transfection with small-interfering RNA (siRNA)

ON-TARGETplus SMARTpool siRNAs for non-targeting

controls was purchased from Dharmacon Research (Lafay-

ette, CO, USA). AMPKa1 siRNA (sc-270142) was purchased

from Santa Cruz. Transient transfection was carried

out using INTERFERinTM siRNA transfection reagent

(Polyplus Transfection, Huntingdon, UK) according to the

manufacturer’s guide. Three days after transfection,

cells were treated with the indicated reagent for further

experiments.

2.10 Statistical analyses

The results are expressed as mean7SD. Differences

between the groups were analyzed using one-way ANOVA

followed by Student’s t test. A p-value o0.05 was considered

statistically significant.

3 Results

3.1 Co Q10 attenuated oxLDL-induced LOX-1

expression

LOX-1 mRNA (Fig. 1A) and protein expression (Fig. 1B and

C) were increased after exposure to oxLDL (130 mg/mL) in

HUVECs. However, pre-treatment of HUVECs for 2 h with

Co Q10 (2.5–20 mM) before exposure to oxLDL for 24 h
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Figure 1. Inhibitory effect of Co Q10 on oxLDL-induced endo-

thelial LOX-1 gene (A) and protein expression (B, C). HUVECs

were pretreated with Co Q10 (2.5–20 mM) or DPI (5 mM) for 2 h,

followed by exposure to oxLDL (130mg/mL) for a further 24 h. At

the end of the incubation period, cells were lysed and LOX-1

mRNA and protein were analyzed by real-time PCR and Western

blotting, respectively. Both mRNA and protein levels of LOX-1

were normalized to the level of b-actin. Data are mean7SD of

three different experiments. ]po0.05 compared with untreated

control HUVECs. �po0.05 compared with oxLDL-stimulated

HUVECs.
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resulted in the reduction of LOX-1 expression in a dose-

dependent manner. Furthermore, pre-treatment the ROS

inhibitor DPI markedly inhibited oxLDL-upregulated LOX-1

expression, indicating that ROS plays a key role in the

increased expression of LOX-1.

3.2 Co Q10 modulated oxLDL-induced membrane

assembly of NADPH oxidase

Next, we determined the effects of Co Q10 on NADPH

oxidase activation after exposure to oxLDL. Membrane

translocation assays showed that the levels of p47phox and

Rac-1 in membrane fractions of HUVECs were higher in

cells treated with oxLDL for 1 h than in control cells. In

addition, we found that the protein levels of gp91 and

p22phox were significantly increased in HUVECs exposed to

oxLDL for 24 h. However, pretreatment of oxLDL-exposed

cells with Co Q10 led to a dose-dependent reduction in the

membrane assembly of p47phox and Rac-1 as well as the

suppression of gp91 and p22phox protein expression

(Fig. 2A–C).

3.3 Co Q10 protected against oxLDL-facilitated ROS

production

Fluorescence microscopy and flow cytometry were used to

evaluate the protective effects of Co Q10 on oxLDL-induced

ROS generation. Our data showed that exposure to oxLDL

for 2 h resulted in a near 10-fold increase in ROS, while pre-

treatment with Co Q10 (2.5–20mM) significantly inhibited

oxLDL-induced ROS generation in a dose-dependent manner

(Fig. 3B, all po0.05), fluorescence images were detected by

fluorescence microscopy (Fig. 3A). In addition, pre-treat-

ment with an LOX-1 monoclonal antibody (anti-LOX-1 mAb)

and an inhibitor of NADPH oxidase (DPI) abrogated oxLDL-

elicited ROS, suggesting that ROS generation (one of the

earliest signals after oxLDL exposure) was largely dependent

on the binding of oxLDL to LOX-1 and the subsequent acti-

vation of NADPH oxidase. To examine the relevance

between Co Q10 and AMPK-suppressed PKC-mediated

NADPH oxidase activation, pharmacological inhibitors of

AMPK (compound C), PKC-a (Ro-32-0432) and PKC-b
(hispidin) were added for 1 h prior to oxLDL treatment. As

expected, the ability of Co Q10 to reduce ROS was abolished
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Figure 2. Co Q10 attenuated the level of NADPH oxidase membrane assembly. HUVECs were pretreated for 2 h with the indicated

concentrations of Co Q10 followed by stimulation with oxLDL (130 mg/mL) for 1 or 24 h. Preparation of membrane and cytosolic proteins is

described in Section 2. Representative Western blots (A) and summary data (B, C) showed that Co Q10 protected against oxLDL-induced

p47phox and Rac-1 translocation to the plasma membrane, and gp91 as well as p22phox expression. The levels of cytosolic protein and
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]po0.05 compared with untreated control HUVECs. �po0.05 compared with oxLDL-stimulated HUVECs.
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in cells pre-treated with compound C, indicating that the

activation of AMPK is involved in the effects of Co Q10. In

addition, the inhibitors of PKC-a (Ro-32-0432) and PKC-b
(hispidin) reduced oxLDL-induced ROS by 30 and 42%,

respectively. Ultimately, several well-established anti-oxidant

drugs, TEMPOL, trolox and NAC, were used to further

compare the ROS inhibitive efcacy of Co Q10. Our results

suggested that TEMPLO at the concentration of 5 mM, NAC

at the concentration of 0.5 mM, trolox at the concentration of

10mM, those concentrations were used to repress oxidative

stress-induced injury, was not as potent as Co Q10 20mM in

ROS reduction.

3.4 Co Q10 reversed oxLDL-induced dephosphoryla-

tion of AMPK-a and phosphorylation of PKC-ab

To further confirm whether AMPK activation was involved

in the inhibitory effect of Co Q10 on oxLDL-ROS generation,

the protein levels of phosphorylated AMPK were determined

by Western blot. As shown in Fig. 4A and B, treatment of

HUVECs with oxLDL (130 mg/mL) for 1 h led to a reduction

of phosphorylated AMPK-a. In addition, Co Q10 blocked the

oxLDL-induced suppression of AMPK-a phosphorylation in

HUVECs pretreated with Co Q10 in a dose-dependent

manner (2.5–20mM, all po0.05).

Previous studies indicate that PKC isoforms likely play an

important role in the regulation of the NADPH subunit

expression and, in particular, the translocation of p47phox

from the cytosol to the membrane [45, 46]. AMPK-a
can inhibit ROS production through the suppression of

protein kinase C (PKC), which prevents the activation

of NADPH oxidase [20]. We therefore sought to determine

whether Co Q10 affected oxLDL-induced PKC activation.

As shown in Fig. 4C and D, oxLDL markedly increased

phosphorylation of PKC-ab after 1 h exposure.

However, there was a marked reduction in PKC-ab phos-

phorylation in HUVECs that had been pre-treated with

20mM Co Q10. In addition, oxLDL-induced PKC-ab activa-

tion was abolished by adding the AMPK inhibitor

(compound C) and partially abolished by adding an inhibitor

of PKC-a (Ro-32-0432) or PKC-b (hispidin), suggesting that

PKC-a/b is a target of Co Q10 downstream of AMPK

activation.

3.5 Knockdown of AMPK impairs the inhibitory

effects of Co Q10 on oxLDL-induced PKC-ab and

p47phox activation

To further determine whether AMPK was involved in the

inhibitory effects of Co Q10 on PKC-ab-mediated oxLDL-
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untreated control HUVECs. �po0.05 compared with oxLDL-stimulated HUVECs. &po0.05 compared with oxLDL1Co Q10 treatment.
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induced NADPH oxidase activation, we silenced AMPK-a1

gene expression using siRNA. As shown in Fig. 5A and B,

transfection with AMPK-a1 siRNA for 72 h effectively

reduced the protein levels of AMPK-a1 (Fig. 5C). Further-

more, the inhibitory effects of Co Q10 on oxLDL-induced

membrane translocation of PKC-ab and p47phox were abol-

ished in HUVECs transfected with AMPK-a1 siRNA.

3.6 Co Q10-mediated protection involves Akt/eNOS

activation

Akt plays a major role in promoting cell survival in response

to various stimuli in addition to activating endothelial nitric

oxide synthase (eNOS) that causes nitric oxide (NO)

production. Studies have reported that oxLDL decreased Akt

and eNOS phosphorylation in endothelial cells [47]. In

contrast, activation of Akt and eNOS were shown to repress

apoptosis and promote cell survival [48]. To investigate

whether AMPK/Akt/eNOS signaling is involved in the

protective effects of Co Q10, we performed a Western blot

analysis using phosphor-specific Akt (Ser473) and phos-

phor-specific eNOS (Ser1177) antibodies. As expected,

Co Q10 significantly reversed the dephosphorylation of Akt

and eNOS (caused by oxLDL) in a dose-dependent manner

(Fig. 6A–C, all po0.05).

3.7 Co Q10 protects against oxLDL-mediated NF-kB

activation by modulation of p38 MAPK

The oxLDL-generated ROS can upregulate p38 MAPK as

well as downregulate phosphoinositide 3-kinase (PI3K),

both of which leads to the activation of NF-kB that subse-

quently triggers downstream pro-inflammatory responses

[49]. As shown in Fig. 7, oxLDL induced phosphorylation of

p38 MAPK was attenuated in cells pre-treated with Co Q10

in a dose-dependant manner.

NF-kB is a family of dimers composed of members of the

Rel/NF-kB family [50]. Activation of NF-kB requires the

dissociation of the inhibitory factor I-kB. Upon dissociation,

NF-kB is rapidly translocated to the nucleus, where it

presents as a p65/p50 heterodimer and binds directly to its

cognate DNA sequence [51]. As shown in Fig. 7A and D, I-kB

was degraded after exposure to oxLDL, thereby causing the

nuclear translocation of NF-kB p65. In contrast, in cells pre-

treated with various concentrations of Co Q10 or SB203580,

a specific inhibitor of p38MAPK, NF-kB activation was
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markedly inhibited (all po0.05). Moreover, activated NF-kB

could subsequently trigger serious inflammatory responses,

including the release of cytokines and expression of adhesion

molecules that could lead to endothelial oxidative injuries.

Our results showed that oxLDL induced a significant increase

of IL-6 and MCP-1. However, pretreatment with Co Q10

attenuated the release of IL-6 (Fig. S1A) and the expression

level of adhesion molecules MCP-1 and CXCR-6 (Fig. S1B).

4 Discussion

LOX-1 was initially identified in endothelial cells as a

molecule that induced endothelial dysfunction when
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triggered by oxLDL. When oxLDL binds to LOX-1 it induces

rapid RhoA and Rac1 activation, resulting in NADPH

oxidase activation and eNOS downregulation [52]. In this

present study, we first demonstrated that Co Q10 decreased

the expression of LOX-1 in HUVECs that had been exposed

to oxLDL. Second, we showed that Co Q10 inhibited

superoxide generation (one of the earliest signals in oxLDL

stimulation), thereby blocking the LOX-1-mediated signal-

ing pathway and the further generation of ROS. In addition,

our results indicate that Co Q10 ameliorated oxLDL-induced

dephosphorylation of AMPK, which led to PKC-ab-mediated

NADPH oxidase activation and subsequent superoxide

generation in addition to impaired Akt/eNOS/NO signaling.

Furthermore, Co Q10 reversed oxLDL-reduced bioavail-

ability of NO, allowing p38-mediated NF-kB activation.

Because the regulation of LOX-1 involves NF-kB [5], the

inhibition of LOX-1 may result in a reduction in the oxida-

tive stress-dependent activation of NF-kB.

Extensive reports have demonstrated that oxLDL strongly

stimulates ROS production by NADPH oxidase [53], which

further upregulates the expression of LOX-1 in endothelial

cells leading to increased oxLDL uptake. In this study, we

demonstrated that oxLDL-enhanced LOX-1 expression was

inhibited by Co Q10 and the NADPH oxidase inhibitor DPI.

In addition, oxLDL-enhanced ROS generation was atte-

nuated by Co Q10 and a monoclonal antibody to LOX-1,

indicating that Co Q10 has a crucial role of in NADPH

oxidase-derived ROS and LOX-1 gene regulation. These

findings were consistent with previous studies showing that

resveratrol protected endothelial cells from oxLDL-induced

oxidative stress through the inhibition of NADPH oxidase

activity [54] and that the NADPH oxidase inhibitor apocynin

reversed glucose-induced oxidative stress via NADPH

oxidase activation and contributed to both LOX-1 upregula-

tion and eNOS downregulation [6].

AMPK is activated by various types of stress associated

with ATP depletion such as hypoxia, heat shock, metabolic

poisoning, and in muscle, exercise. AMPK phosphorylates

multiple targets that switch off anabolic pathways and

switch on alternative catabolic pathways [55]. AMPK has

been reported to prevent endothelial dysfunction by upre-

gulating the Akt/eNOS/NO pathway [56] and by suppres-

sing the PKC-mediated activation of NADPH oxidase in

vascular tissues [20]. Recently, Dong et al. demonstrated that

tempol, a potent anti-oxidant, attenuated oxLDL triggered

endoplasmic reticulum stress via the activation of AMPK
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[57]. In this present article, we revealed that Co Q10 reduces

oxLDL-activated LOX-1 expression thereby promoting

inflammatory responses in human endothelial cells. The

mechanism of Co Q10-mediated anti-inflammation involves

NADPH oxidase and PKC activation through AMPK

dependent effect. Activation of AMPK function protects

against oxidative damage as well as maintains endothelial

function in oxidative situation [58–60]. In clinical strategies,

AMPK activators are used as one cardiovascular disease for a

long time, such as statins or rosiglitazone [61, 62]. Statins

are well-established cardiovascular medicines to repress

cholesterol levels acting by attenuating 3-hydroxy-3-methyl-

glutaryl-Co enzyme A (HMG-CoA) reductase. The inhibition

of mevalonate formatted from HMG-CoA leads a reduction

effect in the cholesterol synthesis. In addition, the AMPK

activators, such as statins, are reported as a protector to

improve endothelial function, suppress endothelial free

radical generation and reduce plaque rapture [63, 64].

Rosiglitazone, is another AMPK activator, had been used as

anti-diabetic agents and anti-insulin resistance [65, 66].

Clinical parameters confirmed that rosiglitazone reduces

LDL, increase HDL as well as reduces triglycerides in

human plasma [67]. Besides, previous study reported rosi-

glitazone protect against sodium arsenite-induced vascular

endothelial dysfunction and intracellular ROS generation,

indicating that rosiglitazone acts the role of anti-oxidant [68].

In addition, metformin, an AMPK activators also, was

reported have positive effects of endothelial parameters in

DM patients [69, 70]. As mentioned earlier, AMPK activators

are considered as anti-atherogenic properties.

Recently, people are interesting in natural products or

anti-oxidant extracts as a daily supplement to protect against

cardiovascular disease [71], at the same time, the results of

clinical trials confirmed dietary anti-oxidants supplement

had positive outcomes in preventing atherogenesis [72, 73].

Several natural products or food extracts are able to modu-

late AMPK function, for example, uaringenin, resveratrol,

and kaempferol are able to upregulate AMPK expression

level, thereby promoting cells survival and cells growth

[74–77]. However, there are no studies interpreting the

relationship between Co Q10 and AMPK, our group firstly

make a cross-link between Co Q10 and AMPK. According to

our data, AMPK knockdown impaired the inhibitory effects

of Co Q10 on oxLDL-facilitated NADPH oxidase activation

as well as PKC phosphorylation, providing a link between

the Co Q10 and AMPK activation. These findings are in

agreement with previous studies that demonstrated that

AMPK acts as a negative regulator of NADPH oxidase. For

example, AMPK negatively regulates NOX4-dependent acti-

vation of p53 and epithelial cell apoptosis [78], in addition to

preventing the serine phosphorylation and membrane

translocation of p47phox [55]. These new findings identify Co

Q10 as a novel molecule that mitigates oxLDL-induced

endothelial oxidative damage, suggesting that Co Q10 may

be used as a newer pharmacological agent to treat or control

chronic inflammation diseases in cardiovascular system.

AMPK promotes endothelial function by suppressing

NADPH oxidase-derived superoxide production and by

regulating eNOS through the phosphorylation of Ser1177

and Ser635 [79, 80]. NO produced by eNOS have anti-

inflammatory and protective effects mediated by the inhi-

bition of NF-kB activation through the stabilization of the

IkB-a protein in addition to mediating the nitrosylation of

Cys 62 on the p50 subunit [81]. ROS derived from NADPH

oxidase not only reduced the bioavailability of NO, but also

activated p38 MAPK, both of which caused NF-kB activation
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Figure 8. Schematic diagram

showing cytoprotective signal-

ing of Co Q10 in oxLDL-induced

endothelial dysfunction. As

depicted, Co Q10 mitigates

oxLDL-induced LOX-1 expres-

sion, AMPK-a deactivation, PKC

phosphorylation, NADPH

oxidase activation and ROS

generation and attenuates

oxidative stress-related signal-

ing transduction pathways, the

- indicates activation or

induction, and indicates inhibi-

tion or blockade.
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and the nuclear translocation and subsequent regulation of

pro-inflammatory molecules including cytokines, chemo-

kines, enzymes and adhesion molecules [5]. In the present

study, we found that some of the adverse effects of oxLDL,

namely the inhibition of AMPK/Akt/eNOS and the activa-

tion of p38 MAPK and NF-kB, were abrogated by Co Q10

treatment, suggesting that the protective effect of Co Q10 is

due, at least in part, to its ability to upregulate the AMPK/

Akt/eNOS/NO signaling pathway.

Daily intake of Co Q10 is safe and tolerable. The maxi-

mum dosage for clinical trial studies was 3000 mg/day/

person, and the plasma Co Q10 concentration after daily

intake of Co Q10 was 8.69 mM [82]. In our study, results

demonstrated that the lowest concentration of Co Q10 pre-

treatment (2.5mM) still provided protection from oxLDL-

related injury. The concentration of Co Q10 we used to

attenuate oxLDL-mediated injury is easily physiologically

achieved.

In summary, Co Q10 prevents the oxLDL-induced LOX-

1-mediated ROS generation that is closely linked to endo-

thelial dysfunction. Co Q10 reverses oxLDL-repressed

AMPK-a activation as well PKC-activated NADPH oxidase,

thereby maintaining the function Akt/eNOS and mitigating

p38 MAPK and NF-kB activation (Fig. 8). This study was

performed in vitro, and as such, further studies are required

to confirm the extent to which Co Q10 suppresses oxLDL-

facilitated pro-atherogenic effects as well as the effectiveness

of Co Q10 in vivo. Our findings add to a growing body of

evidence that Co Q10 has beneficial effects on cardiovascular

health.
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