Quercetin is a potent anti-atherosclerotic compound by activation of SIRT1 signaling under oxLDL stimulation
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SCOPE: Atherosclerosis is believed to be an independent predictor of cardiovascular diseases. A growing body of evidence suggests that quercetin is a potent antioxidant and anti-inflammatory compound. The molecular mechanisms underlying its protective effects against oxidative stress in human endothelial cells remain unclear. This study was designed to confirm the hypothesis that quercetin inhibits oxidized low-density lipoprotein (oxLDL)-induced endothelial oxidative damage by activating SIRT1 and to explore the role of AMPK, which is a negative regulator of NADPH oxidase and free radicals.

METHODS AND RESULTS: HUVECs were treated with oxLDL with or without quercetin pretreatment. We found that quercetin pretreatment increased SIRT1 mRNA expression. In fact, quercetin protected against oxLDL-impaired SIRT1 and AMPK activities and reduced oxLDL-activated NOX2 and NOX4. However, silencing SIRT1 and AMPK diminished the protective function of quercetin against oxidative injuries. The results also indicated that oxLDL suppressed Akt/eNOS, impaired mitochondrial dysfunction, and enhanced ROS formation, activating the NF-κB pathway. 
CONCLUSION: These results provide new insight regarding the possible molecular mechanisms of quercetin. Quercetin suppresses oxLDL-induced endothelial oxidative injuries by activating SIRT1 and by modulating the AMPK/NADPH oxidase/AKT/eNOS signaling pathway.
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Abbreviations: AMPK, AMP-activated protein kinase; SIRT1, Sirtuin 1; DHE, dihydroethidium; DPI, diphenyleneiodonium; eNOS, endothelial NO synthase; HUVECs, human umbilical vein endothelial cells; oxLDL, oxidized low-density lipoprotein; siRNA, small interfering RNA
Introduction
    Atherosclerosis causes coronary artery disease (CAD) in humans and is believed to be an independent predictor of cardiovascular diseases [1]. Many potential mechanisms by which atherosclerosis is facilitated by chronic pro-inflammatory responses via re-modeling the structure of the arterial wall have been confirmed 
 ADDIN EN.CITE 
[2]
. Additionally, increased age is one of the primary risk factors for metabolic disorders and cardiovascular diseases. During atherosclerosis progression, blood vessels are bombarded by different types of stresses. For example, high blood tension, glucose, and oxidized low-density lipoprotein (oxLDL) cause human endothelial dysfunction via a variety of oxidative stresses [3]. In addition, endothelial cells become more sensitive to oxidative stress-induced endothelial dysfunction 
 ADDIN EN.CITE 
[4]
, indicating that aging represses the endogenous protective ability of endothelial cells under oxidative attack. 
    In general, reactive oxygen species (ROS)-derived oxidative stress plays a key role in inducing endothelial dysfunction 
 ADDIN EN.CITE 
[5]
. In human endothelial cells, the NADPH oxidase system is critical for ROS formation under oxidative stimulation and is a primary facilitator of the progression of endothelial dysfunction 
 ADDIN EN.CITE 
[6]
. High concentrations of free radicals impair NO bioavailability and reduce telomere length, thereby causing apoptosis, DNA injury and endothelial aging 
 ADDIN EN.CITE 
[7]
. Ox-LDL-induced endothelial dysfunction is associated with disturbances in mitochondrial membrane permeability and subsequent endothelial apoptosis [8]. The presence of activated NF-B expression in atherosclerotic lesions indicates a potential role of NF-B in atherosclerotic pathology; local inflammatory events are associated with atherosclerotic pathology, and NF-B is involved in this process 


[9-11] ADDIN EN.CITE . NF-(B plays primary roles in the up-regulation of adhesion molecules and in the secretion of Interleukin 8 (IL-8) 


[12] ADDIN EN.CITE . These events are well-known important indicators of atherosclerotic lesion progression [13]. Thus, therapeutic approaches involving the repression of oxLDL-induced endothelial dysfunction may prevent atherosclerosis progression.
    Sirtuin 1 (SIRT1) is a mammalian ortholog of yeast silent information regulator 2 (Sir2). SIRT1 plays an important role in regulating the pathogenesis of chronic conditions such as diabetes, neurodegenerative diseases, chronic inflammatory pulmonary diseases and other cardiovascular diseases 
 ADDIN EN.CITE 
[14]
. The function of SIRT1 correlates closely with extended lifespan, as recognized in previous studies 
 ADDIN EN.CITE 
[15]
. SIRT1 promotes NO bioavailability via the de-acetylation of endothelial NOS (eNOS) 
 ADDIN EN.CITE 
[16]
 and functions as a free radical repressor by inhibiting the activity of NADPH and up-regulating the activities of anti-oxidant enzymes such as SOD 
 ADDIN EN.CITE 
[17, 18]
. Evidence from animal studies and in vitro investigations has found that SIRT1 modulates inflammatory responses, apoptotic events, aging and cell growth in human endothelial cells 
 ADDIN EN.CITE 
[19, 20]
. 

    Quercetin is a flavonol compound that can be found in dietary fruits, nuts and vegetables [21]. The anti-oxidant and anti-inflammatory effects of quercetin have been published in previous studies. Mariee et al suggested that quercetin reduces lipemic-oxidative hepatic damage in hypercholesterolemic rats 


[12] ADDIN EN.CITE . The Bhaskar group demonstrated that quercetin prolongs atherosclerosis progression in animals fed a hypercholesterolemic diet 


[22] ADDIN EN.CITE . However, the cytoprotective effects of quercetin are unknown. Despite the well-investigated anti-inflammatory and antioxidant effects of quercetin, few studies have demonstrated the protective mechanisms of quercetin against oxLDL-induced endothelial dysfunction. By contrast, previous research has successfully shown that quercetin pretreatment inhibits oxLDL-induced cell death 


[23] ADDIN EN.CITE , also known as apoptosis. Previous studies have suggested that quercetin intake increases SIRT1 and adenosine monophosphate-activated protein kinase (AMPK) expression levels, indicating that quercetin might be a SIRT1 activator 


[24] ADDIN EN.CITE . Therefore, whether quercetin can protect human endothelial cells from inflammation and whether SIRT1 is involved in this signaling currently remains unknown. In the present study, we investigated the underlying mechanism of the effect of quercetin on oxLDL-induced endothelial inflammation. Additionally, we hypothesized that quercetin reduces oxLDL-induced endothelial inflammation via SIRT1 activation, thereby promoting AMPK function in human endothelial cells. 
Materials and Methods 
Cell culture and reagents Human umbilical vein endothelial cells (HUVECs) were obtained from ATCC. HUVECs were cultured in M199 basal medium supplemented with low-serum growth supplement and penicillin (50 IU/ml)–streptomycin (50 µg/ml). THP-1, a human monocytic 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. Trypsin-EDTA was used to passage the cells. M199 and trypsin-EDTA were obtained from Gibco (Grand Island, NY, USA). Low-serum growth supplement was purchased from Cascade (Portland, OR, USA). Additionally, 5,58,6,68-tetraethylbenzimidazolcarbocyanine iodide (JC-1) was purchased from BioVision (Palo Alto, CA, USA). LY333531, dihydroethidium (DHE), diphenyleneiodonium (DPI), DCHC, AICAR, EX-527, SC79, Compound C, penicillin and streptomycin were purchased from Sigma (St. Louis, MO, USA). Dil-oxLDL was obtained from Kalen (770232-9) (MD, USA). Antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and from Abcam (Cambridge, UK). HRP-conjugated anti-rabbit secondary antibodies were purchased from Transduction Laboratories (CA, USA). Anti-vascular cell adhesion molecule 1 (VCAM-1), anti-intercellular adhesion molecule 1 (ICAM-1), anti-E-selectin and interleukin 8 (IL-8) ELISA kits were purchased from R&D Systems (Minneapolis, MN, USA)
Lipoprotein separation The protocol for LDL separation used in this study has been described previously 
 ADDIN EN.CITE 
[25]
. 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 a 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, and 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 hours at 37°C. The oxLDL used has a TBARS value of 16–20 nM/mg LDL protein; native LDL has no detectable TBARS.
ROS production measurement The effect of quercetin on ROS production in HUVECs was determined by DHE. Confluent HUVECs (104 cells/well) cultured in 96-well plates were pre-incubated with various concentrations of quercetin for two hours. Then, oxLDL was added to the medium in the absence or presence of quercetin for an additional two hours. After the medium was removed from the wells, the cells were incubated with 10 μM DHE for approximately one hour. The fluorescence intensity was measured using a fluorescent microplate reader (LabSystems, CA, USA) calibrated with excitation at 540 nm and emission at 590 nm. The percentage increase in fluorescence per well was calculated by the formula [(Ft2−Ft0)/Ft0]×100, where Ft2 is the fluorescence at two hours of oxLDL exposure, and Ft0 is the fluorescence at zero hours of oxLDL exposure.
Small interfering RNA (siRNA) transfection On-target Plus SMART pool siRNAs for non-targeting control and SIRT1 and AMPK-α were purchased from Dharmacon. Two days after the cells were transfected, the cells were treated with a reagent as indicated for further experiments.
mRNA isolation and quantitative real-time PCR Total RNA was isolated from HUVECs using a RNeasy kit (Qiagen, Valencia, CA, USA). Oligonucleotides for SIRT1 and β-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 homologous search within the human genome (BLAST, National Center for Biotechnology Information, Bethesda, MD, USA) and confirmed by dissociation curve analysis. The oligonucleotide sequences used are as follows: SIRT1 sense primer, 5’-TGTGGTAGAGCTTGCATTGATCTT-3’; SIRT1 anti-sense primer, 5’-GGCCTGTTGCTCTCCTCAT-3’; β-actin sense primer, 5’-AGGTCATCACTATTGGCAACGA-3’; β-actin anti-sense primer, 5’-CACTTCATGATGGAATTGAATGTAGTT-3’. PCR was performed using SYBR Green and an ABI 7000 Sequence Detection System (Applied Biosystems) according to the manufacturer’s guidelines.

Nuclear and cytosolic extract preparation Nuclear and cytosolic extracts were isolated using a Nuclear and Cytoplasmic Extraction kit (Pierce Chemical, Rockford, IL). The nuclear extracts (supernatants) were stored at −80 °C until use.
Immunoblotting After stimulating HUVECs with oxLDL, the cells were washed, scraped from dishes, and lysed in RIPA buffer. Then, proteins were separated by SDS-PAGE. After the proteins had been transferred onto a PVDF membrane, the blot was incubated with blocking buffer for one hour at room temperature and then probed with primary antibodies overnight at 4 °C, followed by incubation with horseradish peroxidase-conjugated secondary antibody for one hour.
NF-κB assay NF-κB activity was measured using an NF-κB-p65 Active ELISA kit (Imgenex, San Diego, CA) according to the manufacturer’s instructions. The absorbance at 405 nm was determined using a microplate reader (SpectraMax 340).

Cytosolic fraction isolation for cytochrome c analysis After HUVECs were stimulated with oxLDL in the presence or absence of quercetin, the cells were collected and lysed with lysis buffer for 20 minutes on ice. The samples were homogenized by 10 passages through two 2-gauge needle. Then, the homogenate was centrifuged at 12,000 rpm for 20 minutes at 4°C. A volume of cell lysates containing 30 μg protein was analyzed by Western blot analysis.
Apoptosis investigation After HUVECs were treated with oxLDL, they were rinsed twice in PBS before fixation for 30 minutes at room temperature in 4% paraformaldehyde. Next, the slides were washed in PBS before incubation in a prepared solution of 0.1% Triton X-100 and 0.1% sodium citrate for 5 minutes. Then, the slides were incubated with 100 µl TUNEL reaction mixture in a humidified atmosphere for 1 hour at 37°C in the dark, followed by washing in PBS. TUNEL-stained apoptotic cells were visualized under a fluorescence microscope or analyzed by flow cytometry.
IL-8 secretion assay 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. The data are expressed in nanograms per milliliter of duplicate samples.

Adhesion assay HUVECs were cultured in 96-well plates following oxLDL treatment. Then, the medium was removed, and 0.1 ml THP-1 cells/well was added to fresh RPMI. The cells were allowed to adhere at 37°C for one hour in a 5% CO2 incubator. Then, plates were washed three times with M199 to remove the non-adherent cells. Finally, the number of adherent cells was estimated by microscopic examination.
Adhesion molecule expression At the end of stimulation, HUVECs were harvested and incubated with fluorescein isothiocyanate (FITC)-conjugated antibody (R&D Systems) for 45 minutes at room temperature. Their immunofluorescent intensity was analyzed by flow cytometry using a Becton Dickinson FACScan flow cytometer (Mountain View, CA).
Mitochondrial membrane potential measurement The lipophilic cationic probe fluorochrome 5,58,6,68-tetraethylbenzimidazolcarbocyanine iodide (JC-1) was used to explore the effects of quercetin on mitochondria membrane potential (ΔΨm). JC-1 exists as either a green fluorescent monomer at depolarized membrane potentials or a red fluorescent J-aggregate at hyperpolarized membrane potentials. After treating cells with oxLDL (150 μg/ml) for 24 hours in the presence or absence of quercetin, they were rinsed with M199, and then JC-1 (5 μM) was added. After the cells were incubated with JC-1 for 20 minutes at 37°C, they were examined under a fluorescence microscope. 
Statistical analyses The results are expressed as the means ± SDs. Statistical analyses were performed using one-way or two-way ANOVA, following by Tukey’s test as appropriate. A p-value<0.05 was considered statistically significant.
Results
Quercetin protects against oxLDL-suppressed SIRT1 expression SIRT1 is a known protector that represses cardiovascular dysfunction 
 ADDIN EN.CITE 
[26]
. Few articles have confirmed whether quercetin regulates SIRT1 function and protects endothelial cells from oxidative damage. Therefore, we demonstrated that quercetin incubation promoted SIRT1 expression by real-time PCR (Fig. 1A). To further confirm whether SIRT1 was involved in oxLDL-induced oxidative damage in human endothelial cells, total protein samples from HUVECs exposed to 150 g/ml oxLDL for 24 hours were investigated by Western blot analysis. Fig. 1B and 1C show that exposing HUVECs to oxLDL for 24 hours repressed SIRT1 (sc-74504) expression levels significantly compared with those of the control HUVECs. -Actin (sc-47778) was used as an internal control. Moreover, quercetin pretreatment protected against oxLDL-impaired SIRT1 function in a dose-dependent manner. Quercetin was dissolved in DMSO; therefore, DMSO was used as a vehicle control 
 ADDIN EN.CITE 
[27]
. Resveratrol has been reported to reduce oxidative stress-induced vascular cell dysfunction by modulating SIRT1 function. Therefore, we used resveratrol as a positive control. Western blot analysis data confirmed that resveratrol reversed the oxLDL-inhibited SIRT1 expression. This result is consistent with previous reports. AICAR, the pharmacological activator of AMPK, did not reverse oxLDL-induced SIRT1 inhibition, indicating that AMPK is the downstream target in oxLDL-induced SIRT1 repression. Moreover, we used Dil-labeled oxLDL to investigate the molecular target of quercetin. Fig. 1D shows that quercetin treatment reduced oxLDL uptake in endothelial cells. 
Quercetin protects against oxLDL-induced AMPKα dephosphorylation by modulating SIRT1 AMPK can switch and alter many cellular pathways to prevent oxidative stress-induced injuries. Previous reports have also indicated the oxLDL decreases AMPKα activity 
 ADDIN EN.CITE 
[2]
. Therefore, we investigated the protective effects of quercetin on oxLDL-induced AMPKα (sc-109907) dephosphorylation. As shown in Fig. 2A and 2B, we found that quercetin reduced the oxLDL-induced suppression of AMPKα phosphorylation in HUVECs in a dose-dependent manner. As expected, pharmacological SIRT1 activators (resveratrol and DCHC) and the AMPK activator (AICAR) significantly mitigated the oxLDL-induced suppression of AMPKα phosphorylation. To confirm whether SIRT1 is involved in the protective effects of quercetin on oxLDL-deactivated AMPKα, we silenced SIRT1 gene expression by siRNA. The results shown in Fig. 2C and 2D demonstrate the inhibitory effects of quercetin on oxLDL-induced AMPK dephosphorylation and the lack of these inhibitory effects upon siSIRT1 treatment. Taken together, these results indicate that quercetin protects against the oxLDL-impaired AMPK activity that may largely modulate SIRT1 function in human endothelial cells. The siRNA knockdown efficiencies were confirmed by Western blot analysis.
Quercetin reduced oxLDL-induced NADPH oxidase activation and ROS formation NADPH oxidase has been shown to activate oxLDL-induced endothelial dysfunction 
 ADDIN EN.CITE 
[28]
. NOX2 is a prominent NADPH oxidase subunit that is expressed in both the cytosol fraction and membrane fraction 
 ADDIN EN.CITE 
[29]
. Therefore, we tested the effects of quercetin on activating NOX1 oxidase after oxLDL stimulation. Western blot results indicated that the NOX2 (sc-130548) and NOX4 (sc-30141) levels were higher in HUVECs exposed to oxLDL for 24 hours than in control cells. Quercetin, AICAR, and DCHC pretreatment of oxLDL-exposed cells led to the inhibition of NOX2 and NOX4 up-regulation (Fig. 3A, 3B, and 3C). However, the protective effects of quercetin on oxLDL-induced NOX2 and NOX4 overexpression were diminished by si-SIRT1 and si-AMPK. NADPH oxidase activation is known to increase intracellular ROS generation. Thus, fluorescent intensity was used to confirm the protective effects of quercetin on oxLDL-induced ROS formation. In Fig. 3D, our data show that stimulating HUVECs with oxLDL induced the up-regulation of ROS generation. However, quercetin pretreatment of HUVECs clearly reduced the oxLDL-induced increase in ROS levels. Moreover, HUVECs treated with quercetin plus SIRT1 inhibitor (EX-527) and AMPK inhibitor (Compound C) suppressed the protective effect of quercetin on ROS formation. Furthermore, DCHC and AICAR both mitigated the oxLDL-enriched ROS concentration. These data indicated that SIRT1 plays a primary role in regulating the redox status. Thus, considering our findings from inhibitor experiments, we hypothesized that quercetin attenuates oxLDL-induced ROS generation primarily by modulating the SIRT1/AMPK/NADPH oxidase mechanisms. 
Quercetin protects against oxLDL-impaired AKT expression Akt plays a vital role in promoting cell survival under oxidative stress. Thus, we examined whether quercetin protects against the oxLDL-impaired AKT phosphorylation. As shown in Fig. 4A and 4B, we found that oxLDL largely decreased the phosphorylation level of AKT (sc-135650) in human endothelial cells. Quercetin pretreatment reversed the oxLDL-impaired AKT phosphorylation. Additionally, the SIRT1 activator DCHC, the AMPK activator AICAR and the ROS inhibitor DPI reversed the oxLDL-induced reduction in AKT phosphorylation. Pharmacological inhibitors blocked the protective effect of quercetin against oxLDL-induced AKT dephosphorylation.
Quercetin reverses oxLDL-induced FoxO3a inhibition SIRT1 is known as an anti-apoptotic molecule because of its abilities to inhibit p53 and to activate FoxO3a 
 ADDIN EN.CITE 
[30]
. The probable role of FoxO3a in oxLDL-induced endothelial dysfunction remains unclear. Compared with the control cells, oxLDL-treated cells displayed reduced FoxO3a (ab17026) expression (Fig. 5A and 5B). Quercetin, DCHC, AICAR, and DPI pretreatments protected against oxLDL-impaired FoxO3a expression. In fact, AKT was recognized in early genetic and biochemical investigations as a major modulator of FoxO3a function in different organisms [31]. Our data confirmed that SC97 (AKT activator) mitigates oxLDL-reduced FoxO3a levels, thus indicating that AKT plays an important role in oxLDL-induced FoxO3a inhibition in human endothelial cells. FoxO3a and AKT cooperate to maintain the mitochondria function and to reduce apoptosis under oxidative stress as reported in a previous study 
 ADDIN EN.CITE 
[32]
. In some cases, endothelial cells pretreated with DCHC, AICAR, SC79, and DPI resulted in significant effects on inhibiting AKT repression. EX-527 and Compound C antagonized the protective effect of quercetin. Taken together, these results indicated that quercetin protects against oxLDL-induced AKT repression most likely via the SIRT1/AMPK/ROS pathway. Because of the electrochemical gradient dysregulation induced via pore initiation and outer mitochondrial membrane damage, the mitochondrial membrane potential (Ψm) collapses 
 ADDIN EN.CITE 
[25]
. Therefore, we assessed mitochondrial permeability to clarify whether quercetin prevents oxLDL-induced mitochondrial membrane potential depolarization. Consequently, we found that the mitochondrial membrane potential was collapsed by oxLDL treatment in HUVECs. However, the quercetin intervention blocked oxLDL-induced mitochondrial membrane potential depolarization (Fig. 5C). Manganese superoxide dismutase (​Mn-SOD), also called SOD2, is an antioxidant enzyme that resides in mitochondria. FoxO3a is known as an anti-apoptotic factor under oxidative stimulation via the transactivation of Mn-SOD 


[33] ADDIN EN.CITE . Next, we focused on investigating the anti-apoptotic function of quercetin and the expression of Mn-SOD (Fig. 5D and 5E). We confirmed that quercetin treatment reversed oxLDL-impaired Mn-SOD expression. Moreover, cytosolic cytochrome c (Fig. 5F and 5G) and TUNEL assays (Fig. 5H) confirmed that quercetin functions as an anti-apoptotic compound under oxidative stress conditions. 
Quercetin mitigates oxLDL-induced eNOS impairment A previous report demonstrated that NO secretion by endothelial cells is impaired by oxLDL, thereby inducing cell death in HUVECs 
 ADDIN EN.CITE 
[34]
. Moreover, both SIRT1 and FoxO3a increase eNOS activity in endothelial cells. However, whether quercetin attenuates HUVECs from oxLDL-induced eNOS impairment remains unknown. As shown in Fig. 6A and 6B, oxLDL significantly reduced eNOS (sc-654) protein expression in endothelial cells after 24 hours of exposure; however, this tendency was reversed largely by quercetin intervention. Moreover, we also found that HUVECs pretreated with DCHC, AICAR, SC79 and DPI displayed significant protective effects on mitigating eNOS impairment. As exceptions, EX-527 and Compound C treatments attenuated the protective effect of quercetin. Thus, we conclude that quercetin reduced oxLDL-induced eNOS impairment by a SIRT1/AMPK/ROS/AKT-dependent mechanism.
Quercetin inhibits NF-κB activation via SIRT1/AMPK/eNOS/SIRT1 AMPK, AKT and eNOS negatively regulate NF-κB activity 
 ADDIN EN.CITE 
[35, 36]
. We hypothesized that oxLDL induces NF-κB activation by inhibiting SIRT1/AMPK/AKT activity and NO bioavailability. To test this hypothesis, we isolated nuclear NF-B-p65 and investigated NF-B activity. As shown in Fig. 7A, quercetin pretreatment of endothelial cells reduced the oxLDL-mediated activation of NK-κB. HUVEC pretreatment with DCHC, AICAR, SC79, DPI and SNP (no donor) resulted in a significant effect on inhibiting NK-κB activation. However, EX-527, Compound C, LY294002 (AKT inhibitor) and eNOS siRNA antagonized the protective effect of quercetin. Pro-inflammatory cytokines were triggered by NF-κB, which led to the adherence of monocytic cells to endothelial cells. Next, we confirmed the inhibitory abilities of quercetin on oxLDL-promoted pro-inflammatory events.  The results from the NF-B activity assay were similar to those of the pro-inflammatory cytokine IL-8 assay (Fig. 7B). Quercetin also mitigated the adhesion of monocytic THP-1 cells to oxLDL-treated HUVECs (Fig. 7C) and the up-regulation of adhesion molecules (ICAM-1, VCAM-1 and E-selectin) (Fig. 7D). Taken together, our data indicated that quercetin prevents oxLDL-induced endothelial inflammation via a SIRT1/AMPK/ROS/AKT/eNOS-dependent mechanism. Moreover, a previous study revealed that quercetin is present primarily in a conjugated form in human blood 
 ADDIN EN.CITE 
[37]
. We used quercetin-3-glucuronide (Q3GA) to determine whether conjugated quercetin also protects endothelial cells against oxLDL-induced endothelial dysfunction. NF-B assay results indicated IL-8 release and adhesion molecule expression, confirming that Q3GA also mitigated oxLDL-induced endothelial inflammation. However, Q3GA requires a higher concentration (20 M) to achieve the protective effects of 10 M quercetin (Fig. 7A and B).
Discussion

    Although both the anti-inflammatory and antioxidant capabilities of quercetin are well studied, whether quercetin protects human endothelial cells against oxidative damage remained unclear. In the present study, we successfully demonstrated that quercetin pretreatment mitigates oxLDL-induced oxidative injuries in HUVECs. Quercetin up-regulates SIRT1 expression and increases AMPK activity, thus providing potent protective effects against oxidative damage. The signaling pathways of quercetin-mediated anti-atherosclerotic effects involve repressing NOX2 activation, thereby reducing ROS formation and maintaining mitochondrial function. Moreover, quercetin repressed NF-κB activation and up-regulated adhesion molecule expression under oxLDL treatment (Fig. 8).
    A previous study reported that ROS are generated from either extracellular or intracellular sources in human endothelial under oxidative injuries, thus promoting the progression of endothelial aging by modulating different signaling transduction pathways [38]. SIRT1 is the most studied molecule of the human sirtuin family and is highly expressed in human endothelial cells and vessels 
 ADDIN EN.CITE 
[39]
. Mattagajasingh et al reported that SIRT1 plays an important role in regulating endothelial function 
 ADDIN EN.CITE 
[40]
. Moreover, the anti-atherosclerotic effects of SIRT1 have been previously confirmed in numerous reports using in vitro or in vivo investigations 
 ADDIN EN.CITE 
[41, 42]
. The up-regulation of SIRT1 expression or enhancement of SIRT1 activity reduces oxidative stress-facilitated endothelial dysfunction 
 ADDIN EN.CITE 
[4]
. Increasing SIRT1 activity via pharmacological drug administration inhibits oxidative stress-induced endothelial apoptosis and dysfunction 
 ADDIN EN.CITE 
[43]
. In the present study, we confirmed that quercetin treatment increases SIRT1 mRNA expression as determined by real-time PCR and reverses the oxLDL-impaired SIRT1 protein expression as determined by Western blot analysis (Fig. 1).
    Primarily, SIRT1 and AMPK have similar roles in regulating cellular signaling. Quercetin was shown to be a potent AMPK agonist in a previous study [44]. Up-regulating the SIRT1/AMPK axis has been an effective strategy to inhibit oxidative injury-induced endothelial dysfunction 
 ADDIN EN.CITE 
[6]
. Blocking AMPK activity activates protein kinase C (PKC), thereby facilitating intracellular ROS formation and oxidative stress augmentation 
 ADDIN EN.CITE 
[2]
. AMPK suppresses the hyperglycemia-induced oxidative damage in adult cardiomyocytes by targeting NADPH oxidase. Moreover, AMPK has been shown to mitigate human endothelial death by activating Akt/eNOS/NO signaling 
 ADDIN EN.CITE 
[45]
. Our data indicated that both a SIRT1 activator (DCHC) and AMPK activator (AICAR) protect against oxLDL-impaired AMPK, AKT, and eNOS expression (Figs. 2, 4, 6). However, AICAR treatment failed to protect against oxLDL-repressed SIRT1 expression (Fig. 1B). This finding indicates that SIRT1 might function upstream as a regulator to enhance AMPK activity under oxLDL stimulation. The results from siRNA silencing of SIRT1 function demonstrated that quercetin reverses the oxLDL-inhibited AMPK expression by modulating SIRT1 (Fig. 2C and 2D). 
    Furthermore, oxLDL increases intracellular ROS generation through multiple sources such as NADPH oxidase 
 ADDIN EN.CITE 
[46]
. NOX2 is a prominent NADPH oxidase subunit that is expressed in both the cytosol fraction and membrane fraction 
 ADDIN EN.CITE 
[29]
. Its activation has been demonstrated in a pathogenic arterial wall 
 ADDIN EN.CITE 
[47]
. Dikalov et al suggested that NOX2-induced mitochondrial superoxide formation plays a key role in regulating endothelial dysfunction 
 ADDIN EN.CITE 
[48]
. Moreover, previous reports have also stated that NOX2 inhibition might promote novel pharmacological targets for managing hypercholesterolemia and metabolic diseases 
 ADDIN EN.CITE 
[49, 50]
. In this study, we clearly demonstrated that quercetin reduces oxLDL-induced NOX2 and NADPH oxidase activation, thereby repressing oxLDL-induced increases in ROS formation in human endothelial cells (Fig. 2).
    In atherosclerotic damage, high ROS concentrations cause multiple types of mitochondrial dysfunction, including injured mitochondrial dynamics and altered oxidative phosphorylation abilities 
 ADDIN EN.CITE 
[51]
. Mitochondrial dysfunction correlates positively with atherosclerosis progression [52]. In fact, SIRT1 functions as a positive regulator of antioxidant genes by targeting and enhancing FoxO3a/PGC-1α. This mechanism contributes to maintaining mitochondrial function in human endothelial cells 
 ADDIN EN.CITE 
[53]
. Our data indicated that quercetin prevents oxLDL-induced FoxO3a inhibition by modulating the SIRT1/AMPK/NOX2/AKT pathway. We also clearly confirmed that quercetin represses oxLDL-induced mitochondrial dysfunction and mitochondrial antioxidant (MnSOD) expression (Fig. 5).
    A previous study reported that AMPK activation promotes NO secretion by increasing eNOS phosphorylation in human endothelial cells and vessels 
 ADDIN EN.CITE 
[54]
. Both AMPK and AKT are important regulators of eNOS activity in vessels [55]. Kondo et al suggested that caloric restriction provides an effective way to increase SIRT1 function by activating the AMPK/eNOS axis, thus leading to the benefits of vascular reconditioning after ischemia 
 ADDIN EN.CITE 
[56]
. Thus, we provided evidence that quercetin mitigates the oxLDL-inhibited eNOS expression via SIRT1 and AMPK signaling (Fig. 6). In addition, intracellular ROS was able to promote p38 MAPK activity and to inhibit PI-3K/AKT expression. Both of these activities led to the up-regulation of NF-κB activity, subsequently facilitating the downstream pro-inflammatory events. Our results suggested that some of the negative responses of oxLDL treatment included AMPK/Akt/eNOS repression, NF-κB activation, and pro-inflammatory responses (Fig. 7). These negative responses were reversed by quercetin intervention, which indicates that the protective effect of quercetin is due, at least in part, to its ability to enhance the AMPK/Akt/eNOS/NO signaling pathway. 
    Currently, people are concerned about using natural compounds or products as daily supplements to prevent metabolic diseases to and reduce the risk factors of cardiovascular diseases 
 ADDIN EN.CITE 
[57]
. Moreover, the findings from clinical trials have concluded that dietary anti-oxidant intake had positive outcomes in preventing atherogenesis [58]. Additionally, daily supplements of quercetin have been shown to be safe and tolerable; long-term intake (2 years) and high doses (2000 mg/kg) of quercetin did not cause toxicity in animals 
 ADDIN EN.CITE 
[59, 60]
. 
 The limitation of this study is that both human macrophages and vascular smooth cells participate in atherosclerosis progression. However, we did not mention the protective effects of quercetin on oxLDL-induced oxidative injuries in human macrophages and vascular smooth cells. This issue will be our primary direction for future studies. 
    We don’t measure the anti-atherosclerosis effects in high fat diet-induced atherosclerosis in animals. However, we still demonstrated the benefits of quercetin for oxidative stress protection. In conclusion, quercetin prevents the oxLDL-impaired SIRT1 inhibition that is closely linked to endothelial dysfunction. Quercetin reduces the oxLDL-repressed AMPK-α activation and oxLDL-activated NADPH oxidase expression, thereby maintaining Akt/eNOS functions and mitigating NF-κB signaling. In addition, quercetin also inhibits the oxLDL-impaired mitochondrial dysfunction by modulating FoxO3a. This study was performed in vitro, and as such, further studies are required to confirm the extent to which quercetin suppresses the oxLDL-promoted pro-atherogenic effects and quercetin efficacies in vivo. Overall, our findings provided additional evidence that quercetin provides beneficial effects on cardiovascular health.
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Figure legends
Fig. 1 Quercetin enhances SIRT1 expression and protects against oxLDL-impaired SIRT1 expression. HUVECs were pretreated with quercetin (2.5–0 μM) for 24 hours. SIRT1 mRNA expression was analyzed by real-time PCR (A). SIRT1 mRNA expression was normalized to the level of β-actin. HUVECs were pretreated with quercetin (2.5–10 μM), resveratrol (20 μM) or AICAR (100 μM) for 2 hours, followed by exposure to oxLDL (150 μg/mL) for another 24 hours. At the end of the incubation period, the cells were lysed, and SIRT1 protein expression was analyzed by Western blot analysis (B). SIRT1 protein levels were normalized to that of β-actin. (D) DiI-labeled oxLDL uptake in human endothelial cells was investigated by fluorescence microscopy. Human endothelial cells were incubated in DiI-labeled oxLDL for 24 hours with or without quercetin treatment. Then, the cells were washed, fixed, and examined by fluorescence microscopy. DiI-labeled oxLDL uptake is shown in red. The data are presented as the mean±SD of three different experiments. ♯p<0.05 compared with untreated control HUVECs. *p<0.05 compared with oxLDL-stimulated HUVECs.
Fig. 2 Inhibitory effect of quercetin on oxLDL-repressed endothelial AMPK expression. HUVECs were pretreated with quercetin (2.5–10 μM) for 24 hours, followed by exposure to oxLDL (150 μg/ml) for another 24 hours. In some cases, various pharmacological activators such as SIRT1 activators (resveratrol and DCHC) and an AMPK activator (AICAR) were added for 1 hour before oxLDL treatment (A, B). HUVECs were transfected with sirt1 siRNA for 48 hours and then treated with 10 μM quercetin for 1 hour, followed by exposure to 150 μg/ml oxLDL for 1 hour (C, D). At the end of the incubation period, the levels of phosphorylated AMPK were determined by immunoblotting. The protein levels of p-AMPK-α were normalized to that of AMPK-α (sc-398861). The data are presented as the mean±SD of three different experiments. #p<0.05 compared with untreated control HUVECs. *p<0.05 compared with oxLDL-stimulated HUVECs. &p<0.05 compared with oxLDL+quercetin treatment.
Fig. 3 Quercetin attenuates oxLDL-induced NADPH oxidase activation and ROS formation. HUVECs were pretreated with 10 μM quercetin for 24 hours, followed by exposure to oxLDL (150 μg/ml) for another 24 hours. In some cases, various pharmacological activators such as SIRT1 activators (resveratrol and DCHC) and an AMPK activator (AICAR) were added for 1 hour before oxLDL treatment. siRNAs were used to silence SIRT1 and AMPK expression. At the end of the incubation period, the cells were lysed, and NOX2 and NOX4 protein levels were analyzed by Western blot analysis. The protein levels of NOX2 and NOX4 were normalized to that of β-actin (A, B, C). The fluorescence intensity of cells was measured using a fluorescence microplate reader to measure ROS concentrations. The fluorescence distribution of DHE oxidation is expressed as a percentage of increased intensity to quantify the ROS level in those cells treated with different inhibitors or activators (D). The data are presented as the mean±SD of three different experiments. #p<0.05 compared with untreated control HUVECs. *p<0.05 compared with oxLDL-stimulated HUVECs. &p<0.05 compared with oxLDL+quercetin treatment.

Fig. 4 Protective effect of quercetin on oxLDL-repressed endothelial AKT expression. HUVECs were pretreated with 10 μM quercetin for 24 hours, followed by exposure to oxLDL (150 μg/ml) for another 24 hours. In some cases, various pharmacological activators such as a SIRT1 activator (DCHC) and an AMPK activator (AICAR) were added for 1 hour before oxLDL treatment. Some inhibitors were added for 1 hour before quercetin treatment (A, B). At the end of the incubation period, the levels of both phosphorylated AKT were determined by immunoblotting. The protein levels of p-AKT were normalized to that of AKT (sc-377457). The data are presented as the mean±SD of three different experiments. p<0.05 compared with untreated control HUVECs. *p<0.05 compared with oxLDL-stimulated HUVECs. &p<0.05 compared with oxLDL+quercetin treatment.

Fig. 5 Protective effect of quercetin on oxLDL-impaired mitochondrial dysfunction. HUVECs were pretreated with 10 μM quercetin for 24 hours, followed by exposure to oxLDL (150 μg/ml) for another 24 hours. In some cases, various pharmacological drugs such as SIRT1 activators (resveratrol and DCHC), an AMPK activator (AICAR), an NADPH oxidase inhibitor (DPI), and an AKT activator (SC79) were added for 1 hour before oxLDL treatment. EX-527 and Compound C were used to inhibit SIRT1 and AMPK expression. At the end of the incubation period, the cells were lysed, and FoxO3a protein expression was analyzed by Western blot analysis. The protein levels of FoxO3a were normalized to that of β-actin (A, B). The influence of quercetin on mitochondrial transmembrane permeability transition was induced by oxLDL. (C) ΔΨm was inspected with the signal from monomeric and J-aggregate JC-1 fluorescence as described earlier. No treatment, above; oxLDL, middle; oxLDL + quercetin, below. MnSOD expression levels were confirmed by Western blot analysis (D, E). Representative Western blots and summary data showing cytosolic cytochrome c levels (F, G). TUNEL assay was used to determine oxLDL-induced apoptosis (H). The data are presented as the mean±SD of three different experiments. #p<0.05 compared with untreated control HUVECs. *p<0.05 compared with oxLDL-stimulated HUVECs. &p<0.05 compared with oxLDL+quercetin treatment.
Fig. 6 Protective effect of quercetin on oxLDL-decreased eNOS expression. HUVECs were pretreated with 10 μM quercetin for 24 hours, followed by exposure to oxLDL (150 μg/ml) for another 24 hours. In some cases, various pharmacological drugs such as SIRT1 activators (resveratrol and DCHC), an AMPK activator (AICAR), an NADPH oxidase inhibitor (DPI), and an AKT activator (SC79) were added for 1 hour before oxLDL treatment. EX-527 and Compound C were used to inhibit SIRT1 and AMPK expression. At the end of the incubation period, the cells were lysed, and eNOS protein expression was analyzed by Western blot analysis. The protein levels of eNOS were normalized to that of β-actin (A, B).
Fig. 7 Protective effect of quercetin on oxLDL-induced endothelial inflammation. (A) HUVECs were pretreated with each drug for 1 hour before incubation and then incubated for an additional 1 hour with oxLDL (150 μg/ml). Nucleic proteins were extracted for nuclear translocation assay of NF-κB-p65. Pro-inflammatory cytokine expression was tested using an IL-8 ELISA kit (B). The adhesiveness of HUVECs to THP-1 was confirmed by microscopy (C). Cell surface expression of ICAM-1, VCAM-1 and E-selectin was determined by flow cytometry (D).
Fig. 8 Schematic diagram showing the cytoprotective signaling of quercetin in oxLDL-induced endothelial dysfunction.
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