Ursolic acid attenuates HMGB1-induced LOX-1 expression in vascular endothelial cells in vitro and inhibits atherogenesis in hypercholesterolemic mice in vivo.
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Abstract
Ursolic acid (UA), a triterpenoid compound found in plants, is used in both the human diet and in medicinal herbs and possesses a wide range of benefits, including antioxidative and anti-inflammatory effects. Additionally, UA may inhibit lipid absorption in pancreatic cells and enhance lipolysis in adipocytes. Oxidized LDL (oxLDL) acts as a major mediator of endothelium dysfunction, which mediates atherogenesis. Until now, we have not known what role UA plays in the absorption of oxidized LDL in vascular endothelial cells. Regardless of whether UA affects oxLDL uptake mediated by specific oxLDL receptors (such as lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1), scavenger receptor expressed by endothelial cells (SREC), and scavenger receptor B1 (SR-B1)), it is unclear if UA acts on endothelial cells. However, high-mobility group box 1 (HMGB1) is known to accumulate in atherosclerotic lesions and mediates vascular inflammation, although the mechanisms are not understood. Therefore, in this study, human coronary artery endothelial cells (HCAECs) were used in vitro and hypercholesterolemic mice were used in vivo to investigate the effects and mechanisms of HMGB1 and UA on oxLDL uptake. The results demonstrated that HMGB1 enhances oxLDL uptake through induction of LOX-1 in HCAECs and hypercholesterolemic mice. In vitro data showed that exposing HMGB1-stimulated HCAECs to UA decreased the LOX-1-mediated absorption of oxLDL through a cyclooxygenase (COX)-2-related nitric oxide (NO) signaling pathway. Similarly, UA administration decreased LOX-1, but not SREC and SR-B1 expression, in HMGB1-treated hypercholesterolemic mice. These findings suggest that UA may be a potential therapeutic agent for hypercholesterolemia-induced atherosclerosis.
INTRODUCTION

Ursolic acid (3β-hydroxy-urs-12-en-28-oic-acid) (UA) is a triterpenoid compound found in plants. It is well known that UA possesses biological benefits, including antioxidative 
 ADDIN EN.CITE 
[1, 2]
, anti-inflammatory 
 ADDIN EN.CITE 
[2]
, and anticarcinogenic 
 ADDIN EN.CITE 
[3]
 effects. The molecular structure of UA is shown in figure 1A. Increasing evidence suggests that UA may combat free-radical-induced lipid peroxidation 
 ADDIN EN.CITE 
[4]
, increase the activity of endothelial nitric oxide synthase (eNOS), inhibit nicotinamide adenine dinucleotide phosphate oxidase 4 expression 
 ADDIN EN.CITE 
[5]
, decrease ethanol-mediated liver and heart damage 
 ADDIN EN.CITE 
[6, 7]
, and attenuate high glucose-induced apoptosis 
 ADDIN EN.CITE 
[8, 9]
. Additionally, UA appears to have anti-inflammatory actions, such as the inhibition of arachidonate metabolism 10[]
, attenuation of inducible NOS and cyclooxygenase-2 expression 
 ADDIN EN.CITE 
[11]
, and attenuation of prostaglandin E2 synthesis 
 ADDIN EN.CITE 
[12]
. In the 1990s, scientists thought that UA may have the ability to suppress lipid metabolism and peroxidation 4[]
. More recent evidence has demonstrated that dietary UA may prevent ultraviolet-B radiation-induced lipid peroxidation in lymphocytes 13[]
 and may contribute to the inhibition of lipid absorption by decreasing lipase activity in pancreatic cells and enhancing lipolysis in adipocytes 
 ADDIN EN.CITE 
[14, 15]
. Fatty acids are usually derived from triglycerides or phospholipids. Fatty acid intake and metabolism may play a role in the pathogenesis of essential hypertension and atherosclerosis 16[]
. In vitro experiments have demonstrated that UA potently inhibits the activity of fatty acid synthase 17[]
. Furthermore, UA induces the expression of the low density lipoprotein (LDL) receptor in liver cells, which results in the increased clearance of LDL particles and a reduced level of LDL-cholesterol in the plasma 18[]
. Recently, much attention has been given to the investigation of oxidized LDL (oxLDL) as a major mediator of endothelial activation and/or dysfunction. However, until now, the effect of UA on the absorption of oxLDL in vascular endothelial cells, which is involved in atherogenesis, was not known. 

Specific oxLDL receptors, including lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1), scavenger receptor expressed by endothelial cells (SREC), and scavenger receptor B1 (SR-B1), have been described in endothelial cells. These receptors facilitate the uptake of oxLDL and subsequent endothelial activation, transformation of macrophages to foam cells, and smooth muscle cell proliferation 
 ADDIN EN.CITE 
[19, 20]
 during atherogenesis. The expression of LOX-1, SREC, and SR-B1 are also regulated by oxidative stress and cytokines. Additionally, in atherosclerotic lesions, high-mobility group box 1 (HMGB1) is expressed by endothelial cells, smooth muscle cells, and infiltrated macrophages. While HMGB1 is released from cells, it is also a strong stimulator of leukocytes and may mediate inflammation 21[]
. Previous evidence has shown that HMGB1 induces the secretion of cytokines 
 ADDIN EN.CITE 
[22]
 in macrophages, induces proliferation in smooth muscle cells 
 ADDIN EN.CITE 
[23]
, and elicits inflammatory responses in endothelial cells 
 ADDIN EN.CITE 
[24]
. However, it remains unclear whether oxLDL uptake-related scavenger receptor expression is affected by HMGB1 stimulation in endothelial cells.

In this study, we hypothesized that HMGB1 may affect oxLDL-uptake by receptor regulation, which may be prevented by UA treatment. Therefore, we used human coronary artery endothelial cells (HCAECs) in vitro to explore the cellular events and possible underlying mechanisms. Furthermore, we also examined the effects of UA and HMGB1 in increasing neointimal hyperplasia, LOX-1, SREC and SR-B1 expression in hypercholesterolemic mice in vivo. 
MATERIALS and METHODS

Reagent

UA ((98.5% purity) and other reagents were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). UA was dissolved in ethanol as a 10 mM stock solution and stored at 4°C.

Manufacture of recombinant HMGB1

The segment containing the open-reading frame of the HMGB1 was originally amplified by RT-PCR of the human coronary artery endothelial cell RNA. The following gene-specific primers were used: Pr-HMGB1-F1: acatgggcaaaggagatcctaag and Pr-HMGB1-R1: ctgcgctagaaccaacttattc. The amplified HMGB1 cDNA fragment was cloned into a pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA, USA) and subsequently cloned in-frame into the EcoRI site of pRSETA (Invitrogen, Carlsbad, CA, USA) for expression in E. coli. BL21 cells were transformed with the pRSET-A-HMGB1 expression vector, and HMGB1 recombinant proteins were purified by ProBond™ Nickel-Chelating resin according to the ProBondTM Purification System manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).
Cell culture
HCAECs were purchased from Cascade Biologics (Portland, OR, USA) and were grown in endothelial cell growth medium (medium 200, Cascade Biologics) supplemented with 2% fetal bovine serum (FBS), 1 µg/mL hydrocortisone, 10 ng/mL human epidermal growth factor, 3 ng/mL human fibroblast growth factor, 10 µg/mL heparin, 100 U/mL penicillin, 100 pg/mL streptomycin, and 1.25 mg/mL Fungizone (Gibco, NY, USA). All cells were grown at 37(C in a humidified 5% CO2 atmosphere, and the growth medium was changed every other day. The cells were used at passages 3-8. 

Measurement of HMGB1 protein cytotoxicity
Cell cytotoxicity of recombinant HMGB1 protein was analyzed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. HCAECs were grown in 96-well plates and incubated with various concentrations (0.1-2 (g/ml) of recombinant HMGB1 for 6-36 h. Subsequently, 0.5 μg/ml of MTT was added to each well, and incubation was continued at 37°C for an additional 4 h. Dimethyl sulfoxide (DMSO) was added to each well, and the absorbance was recorded at 530 nm using a DIAS Microplate Reader (Dynex Technologies, VA, USA). 
Uptake of DiI-LDL by HCAECs

Human LDL (d:1.019-1.063 g/ml) was isolated by sequential ultracentrifugation of fasting plasma samples from healthy adult males. The native LDL was oxidized as described in our previous report 
 ADDIN EN.CITE 
[25]
. The oxLDL was labeled with 1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine perchlorate (DiI) as described previously 26[]
. To examine the cellular uptake of oxLDL, HCAECs were seated on culture slides and incubated for 4 hours in cultured medium containing 80 µg/mL of DiI-labeled oxLDL. At the end of the treatment, cells were washed with PBS, mounted on cover slips, and examined by confocal microscopy.
Cell enzyme-linked Immunosorbent assay (Cell ELISA)

To measure the cell-surface expression of LOX-1, SREC, and SR-B1, HCAECs in 96-well plates were pretreated with UA and HMGB1 for a variety of concentrations and durations. Expression of cell-surface receptors was measured by separate incubation for 30 min at room temperature with specific antibodies against human LOX-1, SREC, or SR-B1, and then with horseradish peroxidase-conjugated secondary antibodies. Binding of the secondary antibody was determined by incubating the plates in the dark for 15 min with 100 ml of 3% o-phenylenediamine and 0.03% H2O2 in 50 mM citrate buffer and 100 mM phosphate buffer, then terminating the reaction by the addition of 50 ml of 2M H2SO4. Surface expression of adhesion molecules was quantified by reading the OD at 490 nm in an ELISA plate reader.

Western blot analysis

Total cell lysates were extracted from the HCAECs. Proteins were separated by SDS-PAGE and were transferred to a PVDF membrane. The membranes were probed using mouse anti-phosphorylated eNOS (Millipore, CA, USA), rabbit anti- cyclooxygenase (COX)-1 (R&D Systems, MN, USA), and mouse anti-COX-2 (Santa Cruz Biotechnology, CA, USA) antibodies. Mouse anti-(-actin (Labvision/NeoMarkers, CA, USA) and mouse anti-eNOS (Millipore, CA, USA) antibodies were used as loading controls. The proteins were visualized using an enhanced chemiluminescence (ECL) detection kit (Amersham Biosciences, NJ, USA). 
Measurement of prostaglandin E2 levels

HCAECs were subcultured into 10 cm dishes and cultured as indicated in the figure legends. At the selected time points, the culture supernatant was centrifuged at 1,000 g for 5 min; then, 100 (l of the supernatant was assayed for prostaglandin E2  (PGE2) by enzyme immunoassay (R&D Systems, MN, USA).
Animal study

All animals were treated according to protocols approved by the Institutional Animal Care Committee of the Taipei Medical University (Taipei, Taiwan). The experimental procedures and animal care conformed to the “Guide for the Care and Use of Laboratory Animals” published by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996). Thirty-six male outbred C57BL/B6 mice (8-10 weeks old) were purchased from BioLASCO Taiwan Co., Ltd. All mice were kept in microisolator cages on a 12-h day/night cycle. After 1 week on a commercial mouse chow diet (Scientific Diet Services, Essex, UK) with water ad libitum, 24 mice were placed on a 0.2% high-cholesterol (HC) diet (Harlan Laboratories Inc., Madison, WI, USA), and 12 animals remained on a normal diet.
The animals were divided into 5 groups. Group 1 was the naïve control group; group 2 received the HC diet; group 3 received the HC diet and intravenous injections of HMGB1 through the tail vein twice a week; group 4 received the HC diet, intraperitoneal injections of UA (2 mg/kg of body weight (BW)) once a week, and intravenous injections of HMGB1 through the tail vein twice a week; group 5 received the HC diet, intraperitoneal injections of UA (5 mg/kg of BW) once a week, and intravenous injections of HMGB1 through the tail vein twice a week. After 6 weeks of experimentation, the animals were anesthetized by intraperitoneal injection of Xylocaine (2 mg/kg of BW) plus Zoletil (containing a dissociative anesthetic, Tiletamine/Zolazepam at a ratio of 1:1; 5 mg/kg of BW). The thoracic aortas were harvested and gently dissected free of adherent tissue.
Morphometry and immunohistochemistry

The thoracic aortas were divided into halves, immersion-fixed with 4% buffered paraformaldehyde, and embedded in paraffin. Each embedded-block was sectioned into 5 groups (each group interval of 100 (m) with serial 5-(m-thick sections. Each thoracic aorta possesses 50 section. Morphometric analysis of 50 arterial cross-sections per animal was performed using Hematoxylin and eosin (H&E) staining and an LV-2 Image Analyzer (Winhow Instruments, Taipei, Taiwan). The intimal and medial areas of each arterial cross-section specimen were measured, and the atherosclerotic area/total surface area ratio was determined.
Immunohistochemical staining was performed using goat anti-LOX-1 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA), rabbit anti-SR-B1 (Millipore, MA, USA), and goat anti-SREC (Abcam, CA, USA) antibodies. 
Biochemical measurements
Blood samples for biochemical measurements were collected from each animal before the experiment and at 2, 4, and 6 weeks after the start of the experiment. Samples were collected from the mandibular artery into sodium citrate-containing tubes and separated by centrifugation. Serum blood urea nitrogen (BUN), creatinine, alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate, total-cholesterol, and triglycerides were measured using the SPOTCHEMTM automatic dry chemistry system (SP-4410; Arkray, Japan). The mouse plasma HMGB1 levels were determined using an enzyme-linked immunosorbent assay kit (Oxford Biosystems Inc., Oxford, UK).

Statistical analyses

Values are expressed as the means ( SEM. Statistical evaluation was performed using Student’s t-test and 1- or 2-way ANOVA followed by Dunnett’s test. A probability value of P < 0.05 was considered significant.

RESULTS 

The effects of recombinant HMGB1 on HCAECs

The cell viability of HCAECs was not altered following treatment with 0.1-2 (g/mL HMGB1 for 24 hours when compared with control cells (0.1 (g/mL: 98.6 ± 7.5% of control, 0.25 (g/mL: 95.3 ± 9.4% of control, 0.5 (g/mL: 99.1 ± 5.3% of control, 1 (g/mL: 102.3 ± 12.3% of control, and 2 (g/mL: 97.6 ± 10.5% of control)(Figure 1B). Treatment with 1 (g/mL of HMGB1 for 6-36 hours also did not affect HCAEC proliferation (Figure 1C). According to the results, treatment with 0.1-2 (g/mL of recombinant human HMGB1 for 6-36 hours did not affect the cell viability of the HCAECs. Concentrations of 1 (g/mL of HMGB1 and 1-5 (g/mL of ursolic acid 
 ADDIN EN.CITE 
[27]
 were therefore used in subsequent experiments.
HMGB1 induces LOX-1 expression and enhances DiI-oxLDL uptake in HCAECs, which is inhibited by ursolic acid treatment


A DiI-oxLDL uptake assay was performed to investigate whether oxLDL uptake is enhanced in HMGB1-stimulated HCAECs. Confocal microscopy demonstrated that treatment with HMGB1 for 18 h significantly increased DiI-oxLDL uptake in the HCAECs (Figure 2A). Pretreatment of cells with 2.5 or 5 (g/mL ursolic acid for 24 hours may significantly decrease the DiI-oxLDL uptake in HMGB1-treated groups. Previous evidence demonstrated that LOX-1, SREC and SR-B1 were originally identified on the membrane of vascular endothelial cells, mediating the uptake of oxLDL. Pretreatment with 10 (g/mL LOX-1 competition antibody, but not SREC and SR-B1 antibodies, may decrease the DiI-oxLDL uptake in HMGB1-treated groups. We analyzed the receptor expression in the HCAECs. Cell ELISA demonstrated that 1 (g/mL HMGB1 treatment for 18 h may induce membrane LOX-1 expression but not SREC or SR-B1 expression (Figure 2). However, pretreatment of cells with 2.5 or 5 (g/mL of ursolic acid for 24 hours may inhibit the membrane LOX-1 expression under HMGB1 stimulation for 18 hours. According to these results, we predict that HMGB1 enhances DiI-oxLDL uptake in HCAECs, which may result from the increased LOX-1 expression. Ursolic acid inhibits the oxLDL uptake significantly in HMGB1-treated HCAECs and is mediated by the decreasing of LOX-1 expression.

Ursolic acid reduces LOX-1 expression via inhibition of COX-2 protein in HMGB1-treated HCAECs

HMGB1 is proposed to modulate the expression of COX-2 involved in the inflammation 
 ADDIN EN.CITE 
[28]
. Activation of COX-2 and PGE2 production mediates atherosclerogenesis by oxLDL, which contributes to plaque rupture had been discussed 29[]
. However, whether inducible COX-2 mediates LOX-1 expression in endothelial cells is unclear until now. To determine whether COX-2 involves in HMGB1-induced LOX-1 expression, and whether ursolic acid reduces LOX-1 expression via inhibition of COX-2 protein in HMGB1-treated HCAECs, western blotting was performed. Western blot analysis showed that treatment with HMGB1 induced COX-2 protein expression in a dose-dependent manner but had no effect on COX-1 protein expression (Figure 3A). The densitometry bar graph demonstrates that after treatment with HMGB1 for 12 hours, COX-2 protein expression increased by about twofold. Pretreatment of cultures with 10 (M NS-398, (a COX-2 inhibitor)
 ADDIN EN.CITE 
[30, 31]
, markedly inhibited HMGB1-induced LOX-1 expression (Figure 3B). Although COX-2 protein expression increased after treatment with 1 (g/mL of HMGB1 for 12 hours, this effect was significantly decreased by 24 hours of pretreatment with 2.5 or 5 (g/mL of ursolic acid (Figure 3C). In cells incubated with ursolic acid alone, COX-1 and COX-2 protein levels were similar to those in unstimulated HCAECs (data not shown). Prostaglandin E2 (PGE2) is a primary product of arachidonic metabolism and is synthesized via the COX and prostaglandin synthesis pathway. Unstimulated HCAECs produced low amounts of PGE2 (5.6 ± 2.5 pg/ml), and this result was not affected by incubation with ursolic acid alone (data not shown).When the cells were incubated with 1 (g/mL of HMGB1 for 18 hours, the concentration of PGE2 in the medium increased, reaching levels of 45.3 ± 6.8 pg/ml. When cells were precultured in medium containing 2.5 or 5 (g/mL ursolic acid for 24 hours then incubated with 1 (g/mL of HMGB1 for 18 hours, only background levels of PGE2 were released (13.8 ± 8.5 pg/ml of protein at 2.5 (g/mL ursolic acid and 12.4 ± 5.2 pg/ml of protein at 5 (g/mL ursolic acid, respectively)(Figure 3D). These results shows that ursolic acid reduces LOX-1 expression via inhibition of COX-2 protein level and attenuates PGE2 production in HMGB1-treated HCAECs. 

Ursolic acid reduces LOX-1 expression via the promotion of eNOS activity in HMGB1-treated HCAECs

The eNOS is a ubiquitous signaling molecule that regulates vascular cells physiological and pathological events in vessels 32[]
. Our previous study demonstrated that eNOS activity may be involved in LOX-1 expression in endothelial cells 
 ADDIN EN.CITE 
[25]
. Therefore, we next investigated whether the eNOS activity/phosphorylation is also involved in LOX-1 expression in HMGB1-stimulated HCAECs. In control group, HCAECs had high level of eNOS activity. After 18 hours of incubation, eNOS phosphorylation at Ser1,177 was significantly decreased in 0.25, 0.5, and 1 (g/mL HMGB1 protein-stimulated HCAECs compared with control conditions (Figure 4A). 
Furthermore, pretreatment with NS-398 for 1 hour may reverse the inhibition of eNOS phosphorylation in HMGB1-treated HCAECs. Since NOS inhibition is observed in states of increased release of COX-2-derived prostanoid 33


[ ADDIN EN.CITE , 34]
 and COX-2 inhibition could also be involved in the modulation of eNOS expression 35


[ ADDIN EN.CITE ]
, this result most likely indicated that HMGB1 protein influences eNOS activity mediated by COX-2 expression. The potential involvement of eNOS- and COX-2-related mechanisms in the manifestation of the effects of ursolic acid on HMGB1-stimulated cells was also examined. Preincubation with 100 μM of the NO donor S-nitroso-N-acetylpenicillamine (SNAP) or S-nitrosocysteine (SNOC) for 4 hours significantly ameliorated membrane LOX-1 expression in HMGB1-treated cells. In contrast, incubation with 10 μM of the NO synthase inhibitor NG-nitro-L-arginine methyl ester (L-NAME) for 24 hours significantly increased naïve membrane LOX-1 expression in HCAECs. However, the L-NAME may reverse the inhibition effect of NS-398 in LOX-1 expression in HMGB1-treated HCAECs (Figure 4B). When cells were pre-cultured in medium containing 2.5 or 5 (g/mL ursolic acid for 24 hours, the downregulation of eNOS activity was reversed in HMGB1-stimulated HCAECs (Figure 4C). Preincubation with SNAP or SNOC for 4 hours significantly enhanced eNOS activity in HMGB1-treated cells (Figure 4D). These results show that ursolic acid reduces LOX-1 expression by increasing COX-2-related eNOS activity in HMGB1-treated HCAECs.
HMGB1 infusion indeed induces plasma HMGB1 and lactate elevation in mice


Plasma HMGB1 levels in experimental mice were analyzed to monitor the efficiency of HMGB1 infusion. A previous study showed an HMGB1-induced increase of serum lactate, an indication of systemic inflammation. Therefore, the serum lactate levels were checked and are shown in Table 1. In the control and HC diet groups, HMGB1 levels did not change during the experiment. However, HMGB1 increased in all the HMGB1-receiving groups at week 2 and continued to increase throughout the experimental period in HMGB1, HC diet+HMGB1, and HC diet+HMGB1+2 mg/kg BW UA groups. Lactate levels increased at week 6 after treatment with HMGB1. Interestingly, treatment with 5 mg/kg BW of UA may effectively decrease the plasma level of HMGB1 at week 4, which was similar to the HC diet+HMGB1 group. Similarly, serum lactate may decrease after treatment with 2 mg/kg BW or 5 mg/kg BW of UA for 6 weeks. These results demonstrate that treatment with UA may decrease the level of HMGB1 and lactate.

During the experimental period, weight gain and final weight did not differ significantly between the groups of animals (data not shown). As shown in Table 2, serum AST, ALT, BUN, and creatinine levels also showed no significant difference between groups. Serum total cholesterol levels were increased after the 2-week HC diet except in the HC diet+HMGB1+5 mg/kg BW UA group. Compared to the HC diet+HMGB1 group, UA treatment did inhibit the serum total cholesterol level at week 6, although the levels are also higher than that in the control group. Additionally, serum triglyceride levels increased significantly in the HC diet and HC diet+HMGB1 groups at week 2, and continued to increase throughout the experimental period. In contrast, UA treatment may inhibit the elevation of serum triglyceride levels.

HMGB1 enhances atherosclerotic lesion formation and LOX-1 expression in HC diet-fed mice 

Representative photographs of the atherosclerotic lesion formation in aortas stained with hematoxylin and eosin from the 5 groups are shown in figure 5A. There were no atherosclerotic lesions in the aortas of control and HC diet mice. Compared with sections from the control or HC diet groups, the sections of the aorta from the HC diet + HMGB1 group showed severe atherosclerotic lesion formation. In contrast, aortas had only slight lesion formation in the 2 µg/kg BW UA treatment group and markedly decreased lesion formation in the 5 µg/kg BW UA treatment group compared with the HC diet + HMGB1 group. These results demonstrate that administration of HMGB1 protein significantly increased atherosclerotic plaque formation in the HC diet-fed mice. UA treatment may effectively inhibit the lesion formation. 
Immunohistochemical staining was performed using antibodies against LOX-1, SREC and SR-B1 on sections of the aortas (Figure 5B). Compared with the control group, strong and positive LOX-1 staining was observed in the atherosclerotic lesions of the HMGB1 + HC diet treatment group. The expression of SREC and SR-B1 remained unchanged following the HMGB1 treatment plus HC diet in the mouse aortas. However, administration of UA may not only prevent atherosclerotic lesion formation but also decrease the LOX-1 expression in the vessel wall. These results demonstrate that UA administration significantly decreased LOX-1 expression in the vessel wall, which may have resulted in decreased lesion formation in the HC diet + HMGB1 treatment mice. 

DISCUSSION

HMGB1 and cardiovascular diseases
HMGB1 is expressed in all vertebrate cells and is a highly conserved and ubiquitous protein present in nearly all types of cells. It is a non-histone chromosomal protein 215 amino acids in length with two domains composed of 80 amino acids that regulate gene transcription 36[]
, modulate the activities of steroid hormone receptors 37[]
, mediate neuritic outgrowth 
 ADDIN EN.CITE 
[38]
, stimulate cell proliferation 
 ADDIN EN.CITE 
[39]
, and act as an endogenous immune adjuvant 
 ADDIN EN.CITE 
[40]
. However, HMGB1 has been identified as a mediator of cardiovascular diseases. Tumor growth factor (TGF)-( increases HMGB1 production by monocytes and contributes to lesion progression in human atherosclerosis 
 ADDIN EN.CITE 
[22]
. Although previous data has demonstrated that HMGB1 might have a beneficial role in the treatment of myocardial infarction 41[]
 and promotes improvement of ischemia injury 
 ADDIN EN.CITE 
[42]
, it has been shown to induce tissue factor cascade expression (a major stimulator of the blood coagulation) 
 ADDIN EN.CITE 
[43]
 and increase the permeability of the endothelial cell monolayer 44[]
, which impairs the function of the blood vessels. 

Until now, the levels of HMGB1 in healthy human and sickness are still controversial. However, there are many pathological states in which patients present with a higher HMGB1 level than normal 45[]
. Patients with acute coronary syndrome or severe heart failure have more than 50 ng/dL plasma of HMGB1 
 ADDIN EN.CITE 
[45, 46]
. Increased expression of HMGB1 in human atherosclerotic lesion was presented 22


[ ADDIN EN.CITE ]
. Gibot et al. demonstrated that HMGB1 plasma concentrations are associated with severity of septic shock; in contrast, normal subjects generally have no more than 100 ng/dL plasma of HMGB1 
 ADDIN EN.CITE 
[47]
. In this animal study, the mice were treated with HMGB1 in 0.2 (g/kg BW and the plasma levels of HMGB1 may reach to more than 350 ng/dL at weeks 2. These reached levels of HMGB1 are much higher than the clinical observation in human. Although previous studies found that the high HMGB1 level is related to the occurrence and survival of sepsis, reductions in body weight, poor appetite and activity, and vital sign changes were not observed in the HMGB1 treatment mice in this study (data not show). Because HMGB1-increased serum lactate is an indicator of systemic inflammation, the level of lactate was used to monitor HMGB1 injection. The normal blood lactate level in humans is 1-0.5 mmol/L. Hyperlactatemia is defined as a mild to moderate persistent increase in blood lactate concentration (2-6 mmol/L) without metabolic acidosis 48[]
. The Table 1 shows that the levels of lactate may reach to more than 10 mmol/L at weeks 6 in the HMGB1 and HMGB1+HC diet groups. These results indicated that HMGB1 induces chronic systemic inflammation effectively in this model. Although the HMGB1 measured by the ELISA kit cannot be distinguished from recombinant human HMGB1 or injury-induced secretion of HMGB1 in mice, it is clear that the elevated HMGB1 in the bloodstream damaged the blood vessels. 
It is well known that disturbance of lipid metabolism and high plasma level of HMGB1 play critical roles during atherogenesis, whether HMGB1 interfere with lipid metabolism in human is still unclear. In our study, serum total cholesterol and triglyceride levels were not increased in normal diet+HMGB1 group, and continued to keep normal throughout the experimental period. Therefore, we believe that HMGB1 did not directly alter the lipid metabolic pathway in mice. Presently, we are the first group to demonstrate that HMGB1 increases LOX-1 expression in vascular endothelial cells and enhances atherogenesis in hypercholesterolemic mice. In the further, it is necessary to elucidate the relationship between HMGB1 expression and lipid metabolism in human. Because it is difficult to induce atherosclerosis by feeding normal wild-type mice fed a HC diet, ApoE knock-out mice are often used. Therefore, the fact that only the HC diet fed-C57BL/B6 mice showed no significant accumulation of atherosclerotic lesion is reasonable in this study; however, the combination of HC diet and HMGB1 stimulation accelerated the large plaque formation and LOX-1 expression in the mouse aorta. This is concordant with the in vitro results. Therefore, we believe that the dose of the HMGB1 used in the study is reasonable and effective. This model is worthy of continued use in the study of atherosclerosis.
Expression and regulation of LOX-1

Recently, there has been much evidence of ox-LDL as a major mediator of endothelial dysfunction. Specific ox-LDL receptors, including LOX-1 and scavenger receptors, have been described in endothelial cells, macrophages, and smooth muscle cells. LOX-1 is a scavenger receptor that functions as the primary oxLDL receptor in endothelial cells and is implicated in oxLDL-induced endothelial dysfunction and atherosclerosis. These receptors facilitate uptake of ox-LDL and subsequent endothelial activation, transformation of macrophages to foam cells, and smooth muscle cell proliferation 
 ADDIN EN.CITE 
[19, 20]
. Additionally, LOX-1 may mediate angiotensin converting enzyme 
 ADDIN EN.CITE 
[49]
 and matrix metalloproteinases 
 ADDIN EN.CITE 
[50]
 expression as well as regulate the migration of remnant-like lipoprotein particle-induced smooth muscle cells 
 ADDIN EN.CITE 
[51]
. In contrast, the deletion or blockade of the LOX-1 receptor may prevent the DNA damage of endothelial cells 
 ADDIN EN.CITE 
[52, 53]
, decrease the collagen accumulation in atherosclerotic lesions 
 ADDIN EN.CITE 
[54]
, and attenuate arterial restenosis after injury 
 ADDIN EN.CITE 
[55]
. However, the expression of LOX-1 is susceptible to stress and inflammation. Enhancing LOX-1 expression in monocytes in high glucose environments was inhibited by treatment with inhibitors of protein kinase C (PKC), mitogen-activated protein kinases (MAPKs), nuclear factor-(B (NF-(B), and activated protein-1 (AP-1)
 ADDIN EN.CITE 
[56]
. LOX-1 is upregulated in endothelial cells by stimulation of cytokines 
 ADDIN EN.CITE 
[57]
, nitric oxide deficiency 
 ADDIN EN.CITE 
[25, 58]
 and activating octamer-1 (Oct-1)59[]
. In addition, peroxisome proliferation-activated receptor (PPAR)-( ligands 
 ADDIN EN.CITE 
[60]
, anti-diabetic agent 
 ADDIN EN.CITE 
[61]
, polyphenolic compounds from red wine 
 ADDIN EN.CITE 
[62]
, and statins 
 ADDIN EN.CITE 
[63, 64]
 also regulate LOX-1 expression.      
In this experiment, HMGB1 was indeed shown to induce LOX-1 expression in endothelial cells and experimental mouse aorta, which has not been demonstrated in previous studies. Because LOX-1 may play an important role in the pathogenesis of atherosclerosis, the identification and regulation of LOX-1 and understanding of its signal transduction pathways might improve our insight into the pathogenesis of atherosclerosis and provide a selective treatment approach. 
Although past studies have shown that MAPKs, NF-(B, Oct-1 and AP-1 participate in the pathway of LOX-1 expression, we also found that HMGB1 may reduce eNOS activity through the increase of COX-2 expression, which regulates LOX-1 expression; however, the real mechanisms underlying HMGB1 regulation of LOX-1 expression in endothelial cells are not yet understood. 
Ursolic acid regulates COX-2-related inflammation

The COXs, of which COX-1 and COX-2 are most well known, are enzymes that are responsible for the formation of important biological mediators and cellular inflammatory responses. The COX-1 enzyme is endogenous and is constitutively present in most mammalian tissues that help maintain homeostasis. In contrast, COX-2 is produced in large amounts in response to inflammation and mitogen-activated tissue. Multiple lines of evidence suggest that COX-2 is able to regulate carcinogenesis, atherogenesis, and inflammation. UA is a selective inhibitor of COX-2 catalyzed prostaglandin biosynthesis 65[]
. Treatment with UA inhibits phorbol 12-myristate 13-acetate (PMA)-induced AP-1 activity and the binding of c-Jun to the COX-2 promoter 
 ADDIN EN.CITE 
[12]
 and also inhibits carcinogen-induced I(-B phosphorylation 
 ADDIN EN.CITE 
[66]
. Additionally, production of COX-2 mRNA is dependent on the generation of reactive oxygen species (ROS) to drive ERK 1/2 and p38 MAPK activation as well as NF-(B-mediated transcription at the COX-2 promoter 67


[ ADDIN EN.CITE ]
. HMGB1 induces the production of ROS, which causing multiple pathological changes in gene expression 68


[ ADDIN EN.CITE ]
. UA is a potent inhibitor of ROS produced in the cellular system 69[]
. Although we did not analyze the situation of the ROS in this study, we also speculate that UA may have the potential in regulation of ROS production which mediating the COX-2 expression. UA has been characterized as the agent responsible for the inhibition of lipoxygenase and COX-2 activity in macrophages, platelets and monocytic cells 
 ADDIN EN.CITE 
[10, 11]
 involving atherogenesis. Even though the references showed evidences that UA inhibits the COX-2 activity, according to our study we speculate that inhibition of COX-2 protein expression/level perhaps also play a critical role in UA-inhibited PGE2 production. However, previous evidence has shown that increased PGE2 production and COX-2 activity results in upregulation of inducible NO (iNOS)
 ADDIN EN.CITE 
[70]
 and that PI3K-Akt-eNOS signaling is involved in COX-2 expression in vascular cells. Evidence that eNOS activity may mediate LOX-1 expression in vascular cells and macrophages has also been presented 
 ADDIN EN.CITE 
[25]
. Although recent studies suggest that UA plays a role in regulating HMGB1-induced oxLDL uptake and LOX-1 expression by mediating NO production and COX-2 expression in endothelial cells, more investigation of the effects of UA on CD36, SR-A, the LDL receptor, and other scavenger receptors in vascular smooth cells, monocytes, and endothelial progenitor cells is needed to clarify the potency of UA in combating atherosclerosis.
Ursolic acid and lipid metabolism

Lipid metabolism refers to the processes that involve the intercourse, absorption, and degradation of lipids. However, the presence of a lipid metabolic disorder is one of the main causes of atherosclerosis. Until now, few studies had proposed mechanisms for the role of UA in lipid metabolism. In in vitro studies, UA contributes to the inhibition of lipid absorption through the inhibition of pancreatic lipase and by increasing lipolysis in adipocytes 
 ADDIN EN.CITE 
[14]
. UA-mediated lipolysis might induce lipase translocation, a decrease in perilipin A expression, and the upregulation of adipose triglyceride lipase 15[]
. Dietary UA confers protection from ultraviolet-B radiation-induced lipid peroxidation via the elimination of reactive oxygen species in human lymphocytes 71[]
. Additionally, UA regulates fatty acid synthase through the inactivation of acetyl/malonyl transferase 17[]
 and significantly affects statin pharmacokinetics, including the slowing of the elimination of statin 72[]
. In an in vivo study, UA increases the conversion of cholesterol into bile acid, which may lead to a reduction in cholesterol and low density lipoprotein-cholesterol levels in the circulation 18[]
; we predict that this is the mechanism by which UA decreases the total cholesterol level in experimental mice in this study. Although UA is a promising candidate for the treatment of obesity 15[]
, we are the first group to demonstrate that UA attenuates LOX-1 expression in vascular endothelial cells and inhibits atherogenesis in hypercholesterolemic mice. In the future, we need to conduct more cellular and molecular experiments to study the impact and underlying mechanisms of UA on lipid metabolism. 

Conclusion

This study shows that HMGB1 induces LOX-1 expression in HCAECs. This is the first study to show that UA, an antioxidant, inhibits HMGB1-inducible LOX-1 expression in HCAECs by reducing COX-2 expression and consequently decreasing PGE2 production as well as increasing eNOS activation. Because overexpression of LOX-1 by vascular endothelial cells is a crucial step in the pathogenesis of atherosclerosis, our study implies that UA may have therapeutic potential in the prevention of cardiovascular diseases. UA may also be beneficial in multiple pathological events involving inhibition of COX-2 expression and increased eNOS activity, including inflammation and atherosclerosis.
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Figure legends

Figure 1 Cytotoxicity of HMGB1 in HCAECs. Cell viability was assessed by the MTT assay. A, The molecular structure of UA. B, Treatment of HCAECs with 0.1-2 μg/mL HMGB1 for 24 hours. C, Treatment of HCAECs with 1 μg/mL HMGB1 for 6-36 hours. Data are expressed as the mean ± SEM of the percentage of control (naïve HCAECs at the same time point) of 3 experiments performed in triplicate. *p < 0.05 was considered to be significant.
Figure 2 HMGB1 induces LOX-1 expression and enhances DiI-oxLDL uptake in HCAECs, which is inhibited by ursolic acid treatment. A, HCAECs were pretreated with UA for 24 hours or 10 (g/mL of specific competition antibodies for 1 hour followed by DiI-oxLDL uptake in 1 (g/mL HMGB1-induced HCAECs. Intracellular DiI-oxLDL was observed using confocal microscopy. Hoechst staining was used to identify the HCAEC nuclei. B, Pretreatment with 1-5 (g/mL UA for 24 hours followed by 1 (g/mL HMGB1 treatment for 18 h; the membrane LOX-1 expression was analyzed by cell ELISA. C, Pretreatment with 1-5 (g/mL UA for 24 hours followed by 1 (g/mL HMGB1 treatment for 18 h; the membrane SREC expression was analyzed by cell ELISA. D, Pretreatment with 1-5 (g/mL UA for 24 hours followed by 1 (g/mL HMGB1 treatment for 18 h; the membrane SR-B1 expression was analyzed by cell ELISA. Data represent the results of 3 independent experiments (mean ± SEM). *p < 0.05 compared with the unstimulated group.
Figure 3 HMGB1 induces LOX-1 expression via expression of COX-2, which is inhibited by ursolic acid treatment in HCAECs. A, HCAECs were treated for 12 hours with 0.25-1 µg/mL of HMGB1, and COX-1 and COX2 expression were analyzed by western blot analysis. (-actin was used as loading controls. The density of the bands was quantified with densitometry, and the data are illustrated in a bar graph (▓: COX-1; □: COX-2). B, HCAECs were pretreated with 5 or 10 µM NS-398 for 1 hour prior to stimulation with 1 (g/mL HMGB1 protein for 18 hours. The membrane LOX-1 expression was analyzed by cell ELISA. C, COX-1 and COX-2 expression were analyzed by western blotting after 12 hours of culture in control or 1 µg/mL HMGB1 protein in the absence or presence of UA (1-5 µg/mL)-containing medium. (-actin was used as loading controls. The density of the bands was quantified with densitometry, and the data are illustrated in a bar graph (▓: COX-1; □: COX-2). D, UA inhibits the increase in PGE2 levels in HMGB1-stimulated HCAECs. Cells grown to confluency in 10 cm dishes were incubated for 24 hours with 1, 2.5, or 5 µg/mL UA and then stimulated for 18 hours with 1 (g/mL of HMGB1 protein. The medium was then collected, and the PGE2 concentration was measured by ELISA. Data represent the results of 3 independent experiments. *p < 0.05 was considered to be significant.
Figure 4 HMGB1 induces LOX-1 expression via inhibition of eNOS activity, which is reversed by ursolic acid treatment in HCAECs. A, HCAECs were treated for 18 hours with 0.25-1 µg/mL of HMGB1 or pretreated with 10 µM NS-398 for 1 hour prior to stimulation with 1 (g/mL HMGB1 protein for 18 hours. The eNOS activation (phosphorylation) was quantified by western blot analysis. Total eNOS was used as loading controls. The density of the bands was quantified by densitometry, and the data are illustrated in a bar graph. B, HCAECs were pretreated with 100 µM SNOC or SNAP for 4 hours, 10 µM NS-398 for 1 hour or 10 µM L-NAME for 24 hours prior to stimulation with 1 µg/mL HMGB1 protein for 18 hours. C, Phosphorylation of eNOS was analyzed after 18 hours of culture in control or HMGB1 protein in the absence or presence of UA-containing medium. D, HCAECs were pretreated with 100 µM SNOC or SNAP for 4 hours prior to stimulation with 1 µg/mL HMGB1 protein for 18 hours. The eNOS activation (phosphorylation) was quantified by western blot analysis.  Total eNOS was used as loading controls. The density of the bands was quantified with densitometry, and the data are illustrated in a bar graph. All data represent the results of 3 independent experiments. *p < 0.05 was considered to be significant.
Figure 5 HMGB1 induces atherosclerotic lesion formation in HC diet-fed mice, and this formation was prevented by UA treatment. (A) Representative photographs of atherosclerotic lesions (fatty streak) in the cross-sections of aortas stained with hematoxylin and eosin. The bar graph shows the atherosclerotic area/total surface area ratio, and the results are expressed as the mean ± SEM. *p< 0.05. (B) The lumen is uppermost in all sections, and the internal elastic laminae are indicated with arrows. Immunohistochemistry was performed to assess LOX-1 (brown signal), SREC, and SR-B1 in mice aortas. Hematoxylin and eosin staining of corresponding sections was used for nucleus identification.
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