Ginkgo biloba extract attenuates oxLDL-induced endothelial dysfunction via an AMPK-dependent mechanism
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Ou H, Hsieh Y, Yang N, Tsai K, Chen K, Tsai C, Chen I, Wu B, Lee S. Ginkgo biloba extract attenuates oxLDL-induced endothelial dysfunction via an AMPK-dependent mechanism. J Appl Physiol 114: 274–285, 2013. First published November 29, 2012;
doi:10.1152/japplphysiol.00367.2012.—Atherosclerosis is a complex inflammatory arterial disease, and oxidized low-density lipoprotein (oxLDL) is directly associated with chronic vascular inflammation. Previous studies have shown that Ginkgo biloba extract (GbE) acts as a therapeutic agent for neurological and cardiovascular disorders. However, the mechanisms mediating the actions of GbE are still
largely unknown. In the present study, we tested the hypothesis that GbE protects against oxLDL-induced endothelial dysfunction via an AMP-activated protein kinase (AMPK)-dependent mechanism. Human umbilical vein endothelial cells were treated with GbE, followed by oxLDL, for indicated time periods. Results from Western blot
showed that GbE inhibited the membrane translocation of the NADPH oxidase subunits p47phox and Rac-1 and attenuated the increase in protein expression of membrane subunits gp91 and p22phox caused by oxLDL-induced AMPK dephosphorylation and subsequent PKC activation. AMPK-1-specific small interfering RNA-transfected cells that had been exposed to GbE followed by oxLDL revealed elevated levels of PKC and p47phox. In addition, exposure to oxLDL resulted
in reduced AMPK-mediated Akt/endothelial nitric oxide (NO) synthase signaling and the induction of phosphorylation of p38 mitogenactivated protein kinase, which, in turn, activated NF-B-mediated inflammatory responses, such as the release of interleukin-8, the expression of the adhesion molecule, and the adherence of monocytic cells to human umbilical vein endothelial cells. Furthermore, oxLDL upregulated the expression of inducible NO synthase, thereby augmenting the formation of NO and protein nitrosylation. Pretreatment with GbE, however, exerted significant cytoprotective effects in a dose-dependent manner. Results from this study may provide insight into a possible molecular mechanism by which GbE 
protects against oxLDL-induced endothelial dysfunction.
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OXIDIZED LOW-DENSITY LIPOPROTEIN (oxLDL) plays a crucial role in the initiation and progression of atherosclerosis. Oxidative stress and the generation of reactive oxygen species (ROS), including superoxide and nitric oxide (NO), are thought to play
an important role in the regulation of pro-atherosclerotic and anti-atherosclerotic processes in the vessel wall. Increased levels of ROS can lead to decreased NO bioavailability, resulting in a reduced ability of the endothelium to control vessel
tone. In addition, excess ROS can induce downstream inflammatory responses by activating diverse signaling pathways through covalent modifications of target molecules (“redox signaling”), such as nuclear factor-B (NF-B). NO produced
by endothelial NO synthase (eNOS) is an important vasodilator that possesses multiple anti-atherosclerotic properties. For example, eNOS-derived NO has been shown to inhibit platelet aggregation, impede the expression of vascular adhesion molecules, and suppress vascular smooth muscle cell proliferation.
The major sources of ROS generation include the mitochondrial respiratory chain and enzymes such as NADPH oxidase (NOX), xanthine oxidase, uncoupled NOS, 5-lipooxygenase, and cyclooxygenases (COX). The effects of ROS, however, are
counterbalanced by a large number of endogenous antioxidants and antioxidant enzymes, such as superoxide dismutase, catalase, and glutathione reductases. Enhanced NOX activity has been reported to be strongly associated with the development of atherosclerosis (34). The mechanisms involved in oxLDLinduced
superoxide generation via activation of endothelial NOX have been well characterized. The process by which the NOX enzyme complex is activated begins with the phosphorylation of p47phox, which causes the translocation of the p47phox/p67phox complex to the plasma membrane, where p47phox interacts with p22phox and p67phox acts as the NOX activator through direct protein-protein interaction (3). ROS
produced by NOX have been reported to be involved in apoptosis of endothelial cells, oxidation of low-density lipoproteins, as well as hypertrophy and proliferation of vascular myocytes. AMP-activated protein kinase (AMPK), a heterotrimeric enzyme
consisting of a catalytic subunit () and two regulatory subunits ( and ), is an energy sensor that is ubiquitously expressed in vascular cells. AMPK-1 is the major isoform of AMPK, and AMPK-2 is the minor isoform in endothelial cells. AMPK regulates energy balance and controls metabolism in cells. The enzyme can also be activated by extracellular stimuli, such as leptin, adiponectin, and catecholamines (18, 36). AMPK has been reported to possess anti-atherosclerotic effects by upregulating the Akt/eNOS/NO signaling pathway (20) and by suppressing the activation of NOX in vascular tissues (19). The most direct evidence for a link between AMPK and NOX comes from a study by Alba et al. (1), who showed that treatment of neutrophils with 5=-aminoimidazole-4-carboxamide ribonucleoside (AICAR), an AMPK activator, or 5=-AMP suppressed the production of superoxide induced by phorbol esters or formyl peptides (fMLP). In addition, AMPK has been suggested to attenuate phosphorylation of the p47phox subunit, thus preventing its transmembrane 
activation (1).
Ginkgo biloba extract (GbE), a defined complex mixture containing 24% Ginkgo flavone glycoside and 6% terpenlactones (ginkgolides, bilobalide), is extracted from the leaves of the Ginkgo biloba tree. It is widely used clinically in Asia for the
treatment of mild cognitive impairment. The flavonoids (ginkgoflavone glycosides, bioflavonoids) and terpenoids (ginkgolides and bilobalide) in GbE have been found to possess anti-tumor (38), anti-aging (6), hepatoprotective (23), and cardioprotective
properties (32). Although GbEs possess some protective effects against the development of atherosclerosis, the mechanism remains to be fully elucidated. Our recent investigation demonstrated that GbE attenuated oxLDL-induced oxidative
functional damage in endothelial cells by reducing the degree of ROS generation, one of the earliest signals in oxLDLinduced endothelial dysfunction (27). In addition, Lin et al. (16) reported that GbE inhibits endotoxin-induced smooth
muscle cell proliferation via suppression of toll-like receptor 4 expression and NOX activation. Liu et al. (17) reported that isoginkgetin, a compound derived from the leaves of Ginkgo biloba, enhanced adiponectin secretion from differentiated adiposarcoma cells via AMPK activation. We, therefore, explored whether inhibition of NOX correlates with the protective effect of GbE against oxLDL-induced endothelial dysfunction, and, if so, whether AMPK, an upstream regulator of PKC-mediated NOX activation and the Akt/eNOS signaling pathway, is involved
in the process.

MATERIALS AND METHODS
Reagents. Chemicals were obtained from the following companies: GbE, a defined complex mixture containing 24% Ginkgo flavone glycoside (primarily composed of quercetin, kaempferol, isorhamnetin) and 6% terpenlactones (ginkgolides A, B, and C and bilobalide) extracted from Ginkgo biloba leaves, was obtained from Dr. Willmar
Schwabe (Karlsruhe, Germany); compound C, diphenyleneiodonium (DPI), Ro-32–0432, hispidin, and AICAR were obtained from Sigma (St. Louis, MO); medium 199 (M199), fetal bovine serum, and trypsin-EDTA were obtained from Gibco (Grand Island, NY); low serum growth supplement was obtained from Cascade Biologics
(Portland, OR); dihydroethidium (DHE) was obtained from Molecular Probes (Eugene, OR); anti-eNOS, anti-phospho-eNOS, anti-Rac-1, and anti-p47phox were purchased from BD Biosciences Pharmingen (San Diego, CA); anti-gp91, anti-p22phox, anti-NF-B/p65, anti- IB-, anti-inducible NO synthase (iNOS), and anti-nitrotyrosine
were obtained from Transduction Laboratories; anti-flotillin-1, antip38, anti-phospho-p38, anti-PKC-/, anti-phospho-AMPK-, and anti-AMPK- were obtained from Cell Signaling. AMPK-1-specific small interfering RNA (siRNA) (sc-29673) was purchased from Santa Cruz Biotechnology.
Cell cultures. This experiment was approved by the Research Ethics Committee of the China Medical University Hospital. After receiving written consent from the parents, fresh human umbilical cords were obtained from normal full-term neonates shortly after birth and suspended in Hanks’ balanced salt solution (Gibco) at 4°C.
Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cords with collagenase and used at passage 2–3, as previously described (14). After dissociation, the cells were collected and cultured on gelatin-coated culture dishes in M199 with low-serum growth supplement, 100 IU/ml penicillin, and 0.1 mg/ml streptomycin. Subcultures were performed with trypsin-EDTA. Media were
refreshed every 2 days. The identity of umbilical vein endothelial cells was confirmed by their cobblestone morphology and strong positive immunoreactivity to von Willebrand factor. THP-1, a human monocytic leukemia cell line, was obtained from ATCC (Rockville, MD) and cultured in RPMI with 10% fetal bovine serum at a density of 2–5  106 cells/ml, as suggested in the product specification sheet
provided by the vendor. Lipoprotein separation. Human plasma was obtained from the Taichung Blood Bank (Taichung, Taiwan), and LDL was isolated using sequential ultracentrifugation (  1.019 –1.210 g/ml) in KBr solution containing 30 mM EDTA, stored at 4°C in a sterile, dark
environment, and used within 3 days, as previously described (28). Immediately before the oxidation tests, LDL was separated from EDTA and from diffusible low-molecular-weight 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 M CuSO4 for 16 h at 37°C.
Measurement of ROS production. The effect of GbE on ROS production in HUVECs was determined by a fluorometric assay using DHE as a probe for the presence of superoxide. After preincubation for 2 h with the indicated concentrations of GbE, HUVECs were incubated with DHE for 1 h, followed by incubation with oxLDL for
2 h. In parallel experiments, cells were preincubated with inhibitor of AMPK (compound C), inhibitor of PKC- (Ro32–0432), inhibitor of PKC- (hispidin), or inhibitor of ROS (DPI) 1 h before treatment with GbE. The fluorescence intensity was measured at 540-nm excitation and 590-nm emission (before and after exposure to oxLDL) using a fluorescence microplate reader (Labsystems). The percentage increase
in fluorescence per well was calculated by the formula [(Ft2Ft0)/Ft0]  100, where Ft2 is the fluorescence at 2 h of oxLDL exposure, and Ft0 is the fluorescence at 0 min of oxLDL exposure.
Preparation of nuclear and cytosolic fractions. Nuclear and cytosolic fractions were isolated with a Nuclear and Cytoplasmic Extraction kit (Pierce Chemical, Rockford, IL). After the incubation period, HUVECs were collected by centrifugation at 600 g for 5 min at 4°C. 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 l) 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 	80°C. 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 iced, 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 	80°C until use. Preparation of membrane and cytosolic fractions. 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 centrifugation
at 600 g for 5 min at 4°C. Each cell pellet, containing 5  106
cells, was lysed at room temperature using Mem-PER reagent A.
Membrane proteins were solubilized on ice 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 4°C to remove cellular debris. The clarified supernatant
was heated at 37°C for 10 min, followed by centrifugation at 10,000
g for 2 min to produce separate membrane and hydrophilic protein
fractions. Immunoblotting. HUVECs were grown to confluence, pretreated with GbE for 2 h, and then stimulated with oxLDL for indicated time periods. After treatment, cytosolic/membrane protein fractions of cells were extracted with a Mem-PER kit, and cytosolic/nuclear protein fractions of cells were extracted with a Cytoplasmic Extraction kit, according to the manufacturer’s instructions (Pierce). AMPK, phospho-
AMPK, eNOS, phospho-eNOS, iNOS, p38, phospho-p38, nitrotyrosine,
COX-II, and IB levels in cytosol, the membrane translocation
of p47phox, Rac-1, and PKC-/, and the nuclear translocation
of NF-B p65 were determined by SDS-PAGE and immunoblot
assay. The blots were incubated with blocking buffer (1 PBS and
5% nonfat dry milk) for 1 h at room temperature and then probed with
primary antibodies (1:1,000 dilutions) overnight at 4°C, followed by
incubation with horseradish peroxidase-conjugated secondary antibody
(1:5,000) for 1 h. To control equal loading of total protein in all
lanes, blots were stained with mouse anti -actin antibody (1:50,000
dilution) for cytosolic fractions, mouse anti-flotillin-1 (1:1,000) for
plasma membrane fractions, and anti-PCNA (1:1,000) for nuclear
fractions. The bound immunoproteins were detected by an enhanced
chemiluminescent assay (Amersham, Berkshire, UK). The intensities
were quantified by densitometric analysis (Digital Protein DNA Imagineware,
Huntington Station, NY). Transfection with siRNA. On-target Plus SMART pool siRNAs
for nontargeting control and AMPK-1 were purchased from Santa
Cruz Biotechnology. Transient transfection was carried out using
INTERFERin siRNA transfection reagent (Polyplus Transfection),
according to the manufacturer’s instructions. Three days after
transfection, cells were treated with reagent, as indicated for
further experiments. Enzyme-linked immunosorbent assay. Interleukin (IL)-8 concentrations in the cell culture supernatants were determined using the
Quantikine Human Immunoassay kit. Briefly, HUVECs were cultured to confluence in 24-well plates and pretreated for 2 h with or without indicated concentrations of GbE, followed by incubation with oxLDL (130 g/ml) for 24 h. At the end of the treatment period, 100-l aliquots of cell culture media were transferred to anti-IL-8 antibodycoated wells and incubated for 2 h. Peroxidase-conjugated secondary
polyclonal antibody was then added to each well. Following a wash to remove any unbound antibody-enzyme reagents, a substrate solution was added to each well, and the reaction was allowed to develop for
20 min. Color development was stopped, and absorbance was measured
at 450 nm using a microplate reader (Molecular Devices,
Sunnyvale, CA). Adhesion molecule expression. To determine whether GbE could
modify oxLDL-induced adhesion molecule expression, HUVECs
were grown to confluence and pretreated with GbE for 2 h and then
stimulated with oxLDL (130 g/ml) for 24 h. At the end of stimulation,
HUVECs were harvested and incubated with FITC-conjugated
anti-monocyte chemotactic protein-1 (MCP-1) for 45 min at room
temperature. After HUVECs had been washed three times, their
immunofluorescence intensity was analyzed by flow cytometry using
a Becton Dickinson FACScan (Mountain View, CA).
Adhesion assay. HUVECs at a density of 1  105 cells/ml were
cultured in 96-well flat-bottom plates (0.1 ml/well) for 1–2 days.
HUVECs were then pretreated with the indicated concentrations of
GbE for 2 h, followed by stimulation with oxLDL (130 g/ml) for 24
h. Medium was removed, and 0.1 ml/well of THP-1 cells (prelabeled
with BCECF-AM 4 M for 30 min in RPMI at 1  106 cell/ml
density) were added to HUVECs. Cells were allowed to adhere at
37°C for 1 h in a 5% CO2 incubator. Nonadherent cells were gently
aspirated. Plates were washed three times with M-199. 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 at 485-nm excitation and 538-nm
emission using a fluorescence microplate reader (Labsystems).
Statistical analyses. Results are expressed as means 
 SE. Differences between groups were analyzed using one-way ANOVA followed
by Bonferroni’s post hoc test. A P value 0.05 was considered to represent statistical 
significance.

RESULTS
GbE decreased the oxLDL-induced membrane assembly of
the NOX complex. First, we determined whether GbE suppresses
the oxLDL-induced activation of NOX. The membrane translocation
assay showed that the levels of p47phox and Rac-1 in
membrane fractions were three- to fourfold higher in HUVECs
treated with oxLDL for 1 h than in untreated cells (Fig. 1, A–C).
In addition, the protein levels of gp91 and p22phox were
significantly higher in HUVECs exposed to oxLDL for 24 h
than in untreated cells. However, pretreatment of oxLDLexposed
cells with GbE (12.5–100 g/ml) led to a dosedependent
reduction in membrane translocation of p47phox and
Rac-1 and a dose-dependent reduction in protein levels of gp91
and p22phox (Fig. 1, D–F, all P 0.05). GbE inhibited the oxLDL-mediated suppression of AMPK phosphorylation. AMPK has been shown to act as a physiological
suppressor of NOX in endothelial cells (2). We, therefore,
analyzed whether GbE protects against the oxLDL-mediated
suppression of AMPK phosphorylation. As shown in
Fig. 2, A and B, treatment of HUVECs with oxLDL (130
g/ml) for 1 h resulted in the suppression of phosphorylation
of AMPK-; however, pretreatment with GbE blocked the
oxLDL-induced suppression of phosphorylation of AMPK-
in a dose-dependent manner (Fig. 2, A and B, all P 
 0.05). GbE protected against oxLDL-mediated PKC activation.
Previous studies have shown that AMPK- inhibits the activation
of PKC (4, 21), and that PKC is an upstream mediator
of NOX (8). We, therefore, explored whether GbE suppresses
the activity of NOX by interfering with the PKC signaling
pathway. As shown in Fig. 2, C and D, HUVECs exposed to
oxLDL for 1 h revealed a marked increase in the level of
phosphorylated PKC-/ relative to controls; however, HUVECs
that had been pretreated with GbE before being exposed to
oxLDL showed a dose-dependent decrease in the level of phosphorylated
PKC-/ relative to HUVECs that had been exposed
to oxLDL only. In addition, the effect of GbE on suppression of
oxLDL-induced PKC-/ activation was abolished by adding
the AMPK inhibitor (compound C), suggesting that PKC-/
is a target of GbE downstream of AMPK activation.
Knockdown of AMPK impairs the inhibitory effects of GbE
on oxLDL-induced activation of PKC and subsequent membrane
translocation of p47phox and Rac-1. To further determine
whether GbE-induced activation of AMPK inhibits oxLDLinduced
activation of PKC-/ and the subsequent activation
of NOX, we silenced AMPK-1 gene expression by transfecting
HUVECs with AMPK-1-specific siRNA. The level of
AMPK-1 protein expression was reduced by 70% relative to
control cells 48 h after transfection with AMPK-1 siRNA
(data not shown). As shown in Fig. 3, the inhibitory effects of
GbE on oxLDL-induced phosphorylation of PKC-/ and
membrane translocation of p47phox and Rac-1 were abolished
in cells that had been transfected with AMPK-1 siRNA.
GbE suppressed the generation of ROS induced by oxLDL in
HUVECs. Next, we examined the suppressive effects of GbE
and various pharmacological inhibitors on oxLDL-induced
ROS generation using DHE as a fluorescence probe. We found
that treatment with 130 g/ml oxLDL for 2 h resulted in a
10-fold increase in ROS generation, relative to control cells,
whereas the level of ROS was similar to that in the control
group that had been pretreated with GbE (100 g/ml) (Fig. 4).
In addition, the generation of ROS caused by oxLDL was
inhibited by the PKC- inhibitor Ro32-0432, the PKC- inhibitor
hispidin, and the NOX inhibitor DPI. Furthermore, the
effect of GbE on suppression of oxLDL-induced ROS was
antagonized in cells that had been pretreated with the inhibitor
AMPK (compound C), indicating that GbE inhibited oxLDLinduced
ROS generation via modulation of AMPK-suppressed
PKC-/-activated NOX. GbE activates the AMPK/Akt/eNOS signaling pathway. To
investigate whether the AMPK/Akt/eNOS signaling pathway is
involved in the protective effects of GbE, we performed a
Western blot analysis using phosphor-specific Akt (Ser473)
and phosphor-eNOS (Ser1177) antibodies. As expected, cells
exposed to GbE exhibited a dose-dependent increase in levels
of phosphorylated Akt and eNOS (Fig. 5, A–C, all P 0.05).
To further explore whether AMPK functions upstream of
Akt/eNOS, cells were transfected with AMPK-specific siRNA.
We found that GbE-induced attenuation of oxLDL-impaired
Akt/eNOS was abolished in cells that had been transfected with
AMPK-specific siRNA and in cells that had been exposed to
compound C (Fig. 5). In addition, application of AICAR, a
specific activator of AMPK, resulted in normal Akt/eNOS
signaling, which suggests that GbE targets the Akt/eNOS
pathway.
GbE inhibited NF-B activation via modulation of p38
MAPK. ROS-induced activation of p38 MAPK results in the
nuclear translocation and subsequent activation of NF-B,
which, in turn, regulates the expression of proinflammatory
genes (26). We, therefore, determined whether the effects of
GbE are associated with the p38 MAPK-NF-B signaling
pathway. We found that oxLDL had no effect on the level of
p38 MAPK expression; however, exposure to oxLDL mark- edly increased the level of phosphorylation of p38 MAPK. In parallel experiments, pretreatment with GbE resulted in a dose-dependent reduction in levels of p38 MAPK phosphorylation
(Fig. 6, A and B). NF-B is a heterodimeric protein composed of different
combinations of members of the Rel family of transcription
factors. Its activation requires the dissociation and subsequent
nuclear translocation of IB, where NF-B presents as a
primary p65/p50 heterodimer that binds directly to its cognate
DNA sequence. As shown in Fig. 6, A, C, and D, after exposure
to oxLDL, IB was degraded, thereby causing nuclear translocation
of NF-Bp65 (all P 0.05). GbE inhibited the expression of inflammatory proteins and
the adherence of monocytes. We explored the effect of GbE on
downstream inflammatory events related to NF-B activation
in endothelial cells exposed to oxLDL, namely the expression
of COX-II, the release of the inflammatory cytokine IL-8, and
expression of the adhesion molecule MCP-1. The protein
levels of COX-II, IL-8, and MCP-1 were significantly higher in
HUVECs that had been incubated for 24 h with oxLDL at 130
g/ml than in untreated control cells; however, GbE significantly
inhibited these NF-B-mediated inflammatory responses
in a dose-dependent manner (Fig. 7, A–D). To test the
effect of GbE on monocyte adhesion to HUVECs, confluent
monolayers of HUVECs were pretreated with GbE (100 g/
ml) for 2 h and then stimulated with oxLDL (130 g/ml) for 24
h, followed by incubation with THP-1 cells for 1 h at 37°C. As
shown in Fig. 7E, oxLDL stimulated the adherence of THP-1
cells to HUVECs; however, GbE treatment inhibited the attachment
of those adhesion molecules to HUVECs. Simultaneous
treatment of HUVECs with oxLDL plus GbE and
pharmacological inhibitors, including the AMPK inhibitor
compound C, abolished the inhibitory effects of GbE on
monocytic adherence. Furthermore, the addition of inhibitors
of PKC isoforms, namely Ro32-0432 (PKC- inhibitor) and
hispidin (PKC- inhibitor), definitely attenuated the degree of
monocytic adherence caused by oxLDL. GbE attenuated oxLDL-enhanced iNOS protein expression and protein nitrosylation. Next, we determined the effects of GbE on protein expression of iNOS as well as NO content and the formation of nitrotyrosine, a stable final metabolite of peroxynitrate that can serve as a fingerprint for peroxynitrite-mediated damage of cellular proteins after exposure to oxLDL. As shown in Fig. 8, oxLDL-enhanced iNOS protein expression levels returned
to levels close to those seen in control cells when HUVECs were treated with 100 g/ml GbE before stimulation with oxLDL. Furthermore, we found that pretreatment with GbE suppressed the oxLDL-induced release of NO and the nitrosylation of tyrosine residues. In addition, cells exposed to the iNOS inhibitor 1400W showed 
markedly lower levels of NO.

DISCUSSION
Our laboratory’s previous study demonstrated that GbE
attenuates oxLDL-induced oxidative functional damage in endothelial
cells by modulating the ROS-mediated apoptotic
signaling pathway (27). In this study, we demonstrated that
GbE quenches oxidative stress by activating AMPK, a negative
regulator of PKC-activated NOX. Furthermore, we showed
that GbE protected against the aberrant phosphorylation of Akt
and eNOS, which normally leads to the suppression of p38-
mediated NF-B activation and, consequently, the suppression
of downstream inflammatory responses, such as the release of
IL-8 and the expression of the adhesion molecule MCP-1 in
human endothelial cells (Fig. 9).
NOX-derived ROS plays an important role in the development
of atherosclerotic lesions. In addition, the activation of
Rac-1 and p47phox is involved in the generation of superoxide,
a molecule that stimulates inflammatory gene expression
through a redox-sensitive signaling pathway in vascular endothelial
cells (25). Hsieh et al. showed that antioxidants capable
of reducing ROS levels protected against the development of
endothelial dysfunction, and that antioxidants that did not
reduce ROS levels were ineffective (10). AMPK dysregulation
has been shown to contribute to obesity and to the vascular
consequences of metabolic syndrome. AMPK acts as a negative
regulator of NOX by preventing the serine phosphorylation and
membrane translocation of p47phox (35). Our findings that expo-sure of AMPK-specific siRNA-transfected HUVECs to GbE
resulted in the translocation of p47phox and the activation of
Rac-1 and PKC provide compelling evidence that GbE exerts
its protective effects via the AMPK signaling pathway. Our
results are consistent with those reported in recent studies. For
example, tempol, a potent antioxidant, was shown to inhibit
oxLDL-triggered endoplasmic reticulum stress in vivo via
activation of AMPK (7), and rosiglitazone, a hypoglycemic
agent, was shown to activate AMPK, which, in turn, prevented
PKC-activated NOX caused by high glucose (4).
Cross talk between AMPK and Akt protein kinases is required
for several cellular responses in endothelial cells, but the relative role of the two kinases remains controversial. Some
studies have reported that Akt acts as a negative regulator of
AMPK. In rat hearts, it has been shown that insulin treatment
decreased AMPK Thr172 phosphorylation in an Akt-dependent
manner (9). In perfused mouse hearts, insulin treatment resulted
in reduced phosphorylation of AMPK Thr172, which was
inversely correlated with Akt phosphorylation (13). In addition,
transgenic mice overexpressing a constitutively active
form of Akt displayed decreased phosphorylation of cardiac
AMPK, and isolated neonatal cardiac myocytes infected with
an adenovirus expressing constitutively active forms of Akt
suppressed AMPK phosphorylation (13). This kind of inhibition
has been attributed to the direct phosphorylation of
AMPK-1 by Akt, which negatively interferes with the liver
kinase B1-mediated phosphorylation of AMPK-1 (9). Hu et
al. (11) found that exposure of H2O2-stimulated endothelial
cells to an Akt inhibitor resulted in a marked increase in
AMPK activity. In contrast, some studies have demonstrated
that AMPK lies upstream of Akt in the pathway leading to
eNOS activation and NO production (29, 31). It has been
shown that transduction with a dominant-negative form of
AMPK suppressed Akt Ser473 phosphorylation and eNOS activity in endothelial cells in response to hypoxia (22). The
finding that the inhibitory effects of the dominant-negative
form of AMPK on endothelial cell migration and differentiation
could be reversed by cotransduction with a constitutively
active Akt (22) is consistent with the idea that Akt is a
downstream kinase of AMPK in the signaling pathways leading
to eNOS activation. In HUVECs, Ouchi et al. found that
transduction with a dominant-negative form of AMPK abolished
adiponectin-induced Akt phosphorylation, eNOS phosphorylation,
and cell migration and differentiation (29). However,
they also noted that transduction of HUVECs with a
dominant-negative form of Akt blocked the adiponectin-stimulated
phosphorylation of Akt and eNOS and inhibited the
migration and differentiation of cells without altering AMPK
phosphorylation, suggesting that AMPK is upstream of Akt in
this pathway (29). In bovine aortic endothelial cells, siRNAmediated
knockdown of AMPK-1 resulted in impaired vascular
endothelial growth factor-stimulated Akt phosphorylation,
eNOS phosphorylation, cell migration, and tube formation,
whereas Akt knockdown did not affect AMPK activation
(15). Our experiments involving siRNA-mediated knockdown
approaches to silence AMPK-1 yielded results that are consistent
with these latter observations. In the present study, we
demonstrated that the ability of GbE to attenuate oxLDLinduced
Akt dephosphorylation and eNOS activation was abolished
in cells exposed to a pharmacological inhibitor of AMPK
and in cells that had undergone transfection with AMPK
siRNA (Fig. 5). In addition, AICAR, a specific activator of
AMPK, reversed the oxLDL-induced impairment of Akt/eNOS
signaling, indicating that Akt/eNOS is a target of GbE downstream
of AMPK activation. NO is produced by eNOS at concentrations in the nanomolar
range under normal physiological conditions. At those concentrations,
NO has been shown to have anti-inflammatory and
protective effects by inhibiting the activation of NF-B via
stabilizing the IB- protein and mediating the nitrosylation of
Cys62 on the p50 subunit (30). In contrast, iNOS produces NO
at concentrations in the micromolar range. At those concentrations,
NO can lead to activation of NF-B, which, in turn, leads
to the upregulation of several major proinflammatory mediators,
such as cytokines and adhesion molecules, and increased
monocytic adherence. In the present study, we found that some
of the adverse effects of oxLDL, namely inhibition of Akt and
eNOS phosphorylation and activation of p38 and NF-B, were
abrogated by GbE treatment. In addition, pretreatment with
compound C, a selective AMPK inhibitor, abolished the suppressive
effects of GbE on oxLDL-induced PKC-/ phosphorylation
(Fig. 2, C and D) and antagonized the effect of
GbE on inhibition of monocytic adherence (Fig. 7E), suggesting
that the protective effect of GbE is due, at least in
part, to its ability to upregulate AMPK, a suppressor of
PKC-mediated p47phox activation, and stimulate the Akt/
eNOS signaling pathway. The plasma concentration of circulating oxLDL in healthy
individuals is thought to be low (1–5 g protein/ml). Huang et al.
(12) found that the plasma concentration of circulating oxLDL
was seven times higher in patients with acute myocardial angina
than in healthy control subjects. Furthermore, Nishi et al. (24)
found that oxLDL levels in carotid plaques were nearly 70 times
higher than oxLDL levels in plasma. Thus the concentrations of
oxLDL used in this work are a reasonable estimate of those
present in patients with vascular disease due to endothelial
dysfunction. The dose of GbE used in the present study (range,
12.5–100 g/ml) is relatively high compared with the levels of
its flavonoid constituents found in plasma after ingestion. For
example, Ude et al. (33) reported that a single dose of 600 mg/kg EGb 761 administered to rats resulted in maximum
plasma concentrations of 176 ng/ml for quercetin, 341 ng/ml
for kaempferol, and 183 ng/ml for isorhamnetin/tamarixetin.
However, repeated administration of the same dose for 8 days
led to an approximate 4.5-fold increase in the plasma concentration
of quercetin, an 11.5-fold increase in that of kaempferol,
and a 10-fold increase in the plasma concentration of
isorhamnetin/tamarixetin (33). It is reported that GbE phospholipid
dramatically improve its bioavailability in rat (5).
However, the circulating levels of flavonoids and terpene
trilactones in human plasma after a single dose of GbE are still
unknown because the pharmacokinetics of the pharmacologically
active components of GbE have not been completely
established. It is also unknown whether prolonged use of
GbE leads to chronic accumulation of some of the components
in different tissues. In humans, the recommended
intravenous dose of GbE for patients with chronic vascular
disease is 87.5 mg/day (37). A rough estimation (e.g., 5
liters of blood) of the potentially achieved plasma levels
(10 –20 g/ml) suggests that the concentrations (12–100
g/ml) used in the present study may have been achieved
after intravenous application of GbE.
In summary, we found that GbE attenuates oxLDL-induced
endothelial dysfunction via an AMPK-dependent mechanism.
Our findings provide insight into a possible molecular mechanism
by which GbE protects against oxLDL-induced endothelial
dysfunction.
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Fig. 1. Ginkgo biloba extract (GbE) attenuated the level of NADPH oxidase membrane assembly. Human umbilical vein endothelial cells (HUVECs) were pretreated for 2 h with the indicated concentrations of GbE, followed by stimulation with oxidized low-density lipoprotein (oxLDL) (130 g/ml) for 1 h (A–C) or 24 h (D–F). Preparation of membrane and cytosolic proteins is described in the MATERIALS AND METHODS section. The levels of cytosolic protein and membrane protein were normalized to the levels of -actin and flotillin-1, respectively. Representative Western blots (A and D) and summary data (B, C, E, and F) show that GbE protected against oxLDL-induced p47phox (B) and Rac-1 (C) translocation to the plasma membrane, as well as inhibited the expression of gp91 (E) and p22phox (F). The values represent means 
 SE from three separate experiments. #P 0.05 vs. untreated control. *P 
 0.05 compared with oxLDL-treated cells. DPI and DP, diphenyleneiodonium.
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Fig. 2. Administration of GbE as well as that of various pharmacological inhibitors protected against oxLDL-induced AMP-activated protein kinase (AMPK)
dephosphorylation (A and B) and subsequent PKC activation (C and D). HUVECs were pretreated with GbE (12.5–100 g/ml) for 2 h, followed by exposure
to oxLDL (130 g/ml) for a further 1-h period. In PKC phosphorylation experiments, inhibitors of AMPK (compound C), PKC- (Ro32–0432), and PKC- (hispidin) were added 1 h before the administration of GbE. Representative Western blots (A and C) and summary data (B and D) show that GbE protected against oxLDL-induced AMPK dephosphorylation and PKC-/ phosphorylation. The values represent means SE of three separate experiments. #P0.05 vs. untreated control. *P0.05 compared with 
oxLDL treatment.
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Fig. 3. The effect of GbE on oxLDL-enhanced PKC-/ and p47phox activation
was blocked in cells that had been transfected with AMPK-1-specific small
interfering RNA (siRNA) (siAMPK-1). In AMPK knockdown experiments,
HUVECs were transfected with AMPK-1 siRNA for 48 h and then treated
with 100 g/ml of GbE for 2 h, followed by exposure to 130 g/ml oxLDL for
1 h. Preparation of membrane and cytosolic proteins is described in the
MATERIALS AND METHODS section. The levels of cytosolic and membrane
proteins were normalized to the levels of -actin and flotillin-1, respectively.
Representative Western blots (A) and summary data (B) show that GbE
protected against oxLDL-induced AMPK dephosphorylation and PKC-/
phosphorylation and p47phox and Rac-1 translocation to the plasma membrane.
The values represent means SE of three separate experiments. #P 0.05 vs.
untreated control. *P 0.05 compared with oxLDL treatment. &P 0.05 compared with 
oxLDL plus GbE treatment.
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Fig. 4. Effects of GbE on oxLDL-induced ROS generation in endothelial cells.
HUVECs were preincubated for 2 h with GbE (100 g/ml), followed by
treatment with 130 g/ml oxLDL for another 2 h. To evaluate the role that
AMPK plays in suppressing PKC-mediated NADPH oxidase activation in cells
exposed to oxLDL, cells were preincubated with compound C, Ro32-0432,
hispidin, or DPI 1 h before treatment with GbE. The values represent means 
SE of three separate experiments. #P 0.05 vs. untreated control. *P 0.05 compared with oxLDL treatment.
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Fig. 5. GbE prevented the impairment of the Akt/endothelial nitric oxide (NO)
synthase (eNOS) pathway caused by exposure to oxLDL. HUVECs were
pretreated for 2 h with the indicated concentrations of GbE followed by oxLDL
(130 g/ml) for an additional 1 h. In a parallel experiment, HUVECs were
transfected with AMPK siRNA for 48 h before treatment with oxLDL.
A: Western blot was carried out to evaluate the expression of Akt, eNOS,
phospho-Akt (p-Akt), and phospho-eNOS (p-eNOS). B: p-Akt/Akt expression
ratio. C: p-eNOS/eNOS expression ratio. The values represent means SE of
three separate experiments. #P0.05 vs. untreated control. *P 0.05 compared with oxLDL treatment. &P0.05 compared with oxLDL plus GbE
treatment.
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Fig. 6. Effect of GbE on p38-mediated NF-B activation caused by oxLDL. Pretreatment of HUVECs with indicated concentrations of GbE attenuated p38
activation, IB- degradation, and NF-B activation caused by oxLDL. HUVECs were pretreated with GbE (12.5–100 g/ml) for 2 h, followed by incubation with oxLDL (130 g/ml) for 1 h. A: at the end of the incubation period, cells were lysed, and proteins were analyzed by Western blot. B–D: protein levels of phospho-p38, NF-B, and IB- were normalized to the level of total p38, PCNA, and -actin, respectively. Data illustrated on the graph bars represent the mean SE of three separate experiments. #P0.05 vs. untreated control. *P 0.05 compared with oxLDL treatment.
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Fig. 7. Effects of GbE on NF-B-mediated inflammatory responses. HUVECs were pretreated for 2 h with or without indicated concentrations of GbE (12.5–100
g/ml), followed by incubation with oxLDL (130 g/ml) for 24 h. B–D: at the end of the incubation period, the levels of COX-II, interleukin (IL)-8, and
monocyte chemotactic protein (MCP)-1 protein expression were determined by Western blot, ELISA, and flow cytometry, respectively. E: cells were pretreated
with each inhibitor 1 h before GbE treatment and then incubated for 24 h with oxLDL (130 g/ml). OxLDL-induced adhesiveness of THP-1 to HUVECs was
measured as described in the MATERIALS AND METHODS section. The values represent means SE from three separate experiments. #P 0.05 vs. untreated control. 
*P0.05 compared with oxLDL treatment.
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Fig. 8. GbE suppressed the oxLDL-induced upregulation of inducible NO synthase (iNOS) protein expression and nitration of tyrosine residues (A–C) and
oxLDL-enhanced NO (D). HUVECs were pretreated for 2 h with the indicated concentrations of GbE, followed by stimulation with oxLDL (130 g/ml) for 24 h. At the end of the incubation period, the level of iNOS and nitrotyrosine (normalized to the levels of -actin) were determined by immunoblotting; contents of NO in media were assayed using Griess reagent and ELISA. The values represent means SE from three separate experiments. #P0.05 vs. untreated control. *P0.05 compared with 
oxLDL treatment.
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Fig. 9. Schematic diagram showing the signaling cascades involved in the attenuation of inflammatory responses in oxLDL-exposed cells treated with GbE. As depicted, GbE
inhibited the signaling cascades initiated by oxLDL-generated ROS. Lines with arrowheads indicates activation or induction, and lines with bars on the end indicate 
[bookmark: _GoBack]inhibition or blockade.
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