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Dan-Lou Prescription Inhibits Foam Cell Formation Induced by ox-LDL via the TLR4/NF-κB and PPARγ Signaling Pathways









	 
	ORIGINAL RESEARCH
published: 29 May 2018
doi: 10.3389/fphys.2018.00590





[image: image]

Dan-Lou Prescription Inhibits Foam Cell Formation Induced by ox-LDL via the TLR4/NF-κB and PPARγ Signaling Pathways

Li-Na Gao1,2,3,4, Xin Zhou1,3,4, Yu-Ren Lu1,3,4, Kefeng Li5, Shan Gao1, Chun-Quan Yu1* and Yuan-Lu Cui1,3,4*

1Tianjin University of Traditional Chinese Medicine, Tianjin, China

2College of Pharmacy, Jining Medical University, Rizhao, China

3Research Center of Traditional Chinese Medicine, Tianjin University of Traditional Chinese Medicine, Tianjin, China

4Key Research Laboratory of Prescription Compatibility among Components, Tianjin University of Traditional Chinese Medicine, Tianjin, China

5Tianjin Sunnypeak Biotech Co., Ltd., Tianjin, China

Edited by:
Jing-Yan Han, Peking University, China

Reviewed by:
Roy Sutliff, Emory University, United States
Yong Wang, Beijing University of Chinese Medicine, China

*Correspondence: Chun-Quan Yu, labtcmdds@tjutcm.edu.cn; ycq-4@163.com; Yuan-Lu Cui, cuiyl@tju.edu.cn

Specialty section: This article was submitted to Vascular Physiology, a section of the journal Frontiers in Physiology

Received: 24 October 2017
Accepted: 02 May 2018
Published: 29 May 2018

Citation: Gao L-N, Zhou X, Lu Y-R, Li K, Gao S, Yu C-Q and Cui Y-L (2018) Dan-Lou Prescription Inhibits Foam Cell Formation Induced by ox-LDL via the TLR4/NF-κB and PPARγ Signaling Pathways. Front. Physiol. 9:590. doi: 10.3389/fphys.2018.00590

Atherosclerosis is the major worldwide cause of mortality for patients with coronary heart disease. Many traditional Chinese medicine compound prescriptions for atherosclerosis treatment have been tried in patients. Dan-Lou prescription, which is improved from Gualou-Xiebai-Banxia decoction, has been used to treat chest discomfort (coronary atherosclerosis) for approximately 2,000 years in China. Although the anti-inflammatory activities of Dan-Lou prescription have been proposed previously, the mechanism remains to be explored. Based on the interaction between inflammation and atherosclerosis, we further investigated the effect of Dan-Lou prescription on macrophage-derived foam cell formation and disclosed the underlying mechanisms. In the oxidative low-density lipoprotein (ox-LDL) induced foam cells model using murine macrophage RAW 264.7 cells, the ethanol extract from Dan-Lou prescription (EEDL) reduced ox-LDL uptake and lipid deposition by inhibiting the protein and mRNA expression of Toll-like receptor (TLR)4 and scavenger receptor (SR)B1. After stimulation with ox-LDL, the metabolic profile of macrophages was also changed, while the intervention of the EEDL mainly regulated the metabolism of isovalerylcarnitine, arachidonic acid, cholesterol, aspartic acid, arginine, lysine, L-glutamine and phosphatidylethanolamine (36:3), which participated in the regulation of the inflammatory response, lipid accumulation and cell apoptosis. In total, 27 inflammation-related gene targets were screened, and the biological mechanisms, pathways and biological functions of the EEDL on macrophage-derived foam cells were systemically analyzed by Ingenuity Pathway Analysis system (IPA). After verification, we found that EEDL alleviated ox-LDL induced macrophage foam cell formation by antagonizing the mRNA and protein over-expression of PPARγ, blocking the phosphorylation of IKKα/β, IκBα and NF-κB p65 and maintaining the expression balance between Bax and Bcl-2. In conclusion, we provided evidences that Dan-Lou prescription effectively attenuated macrophage foam cell formation via the TLR4/NF-κB and PPARγ signaling pathways.
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INTRODUCTION

Atherosclerosis is the major cause of mortality for patients with coronary heart disease worldwide. It is characterized by complex interactions, including lipid deposition, vascular smooth muscle cell proliferation, endothelial dysfunction and extracellular matrix remodeling (Lim and Park, 2014). Since the 1800s, the concept of atherosclerosis related to inflammation has been reported (Wong et al., 2012). Until the 2000s, more and more researchers have appreciate that inflammatory mechanisms couple dyslipidemia to atheroma formation (Libby, 2002). The “inflammation hypothesis” is further strongly acknowledged combining the detection of circulating inflammatory markers in patients and possibility of selective gene modification in mice (Libby et al., 2002). The therapeutic strategies for attenuating inflammation have been the focus of multiple clinical trials and most anti-inflammatory therapies used in phase II and III trials show promising results (Al-Hawwas and Tanguay, 2013).

When lipoproteins are modified in the arterial wall, the immune response is activated, and then, monocyte-derived cells differentiate into macrophages to ingest the accumulated lipoproteins (Moore et al., 2013). After ingesting modified lipoprotein, such as oxidized LDL (ox-LDL), the macrophages are transformed into cholesterol-loaded foam cells. The foamy appearance of the macrophage cytoplasm alters the phenotype, immune function, and migratory capacity and is regarded as an inducer of inflammation deterioration in atherosclerosis (Montero-Vega, 2014). The uptake of ox-LDL can be recognized by SRs including SRA, SRB1 and CD36 (Moore and Tabas, 2011). After CD36 recognizes ox-LDL in association with Toll-like receptor (TLR)s, nuclear factor (NF)-κB is activated and the inflammatory cascade is triggered (Choudhury et al., 2005), deteriorating the initiation and progression of atherosclerosis (Sun et al., 2014). TLR4 signaling has been focused as a potential therapeutic target in ischaemic coronary artery disease (Jia et al., 2014). Various drugs exert anti-atherosclerosis effects, such as statins and thiazolidinediones, via targeting TLR4. Moreover, some traditional Chinese herbs, which have not been applied for the treatment of coronary heart disease, have been proven to be beneficial for the prevention of atherosclerosis. For example, rhubarb exerts an anti-atherosclerotic effect due to anti-inflammatory activities mediated by TLR4 (Zhang et al., 2013). In atherosclerosis, ox-LDL binding to CD36 results in a positive feedback loop via activation of peroxisome proliferator activated receptor gamma (PPARγ) (Lim et al., 2006). PPARγ activation by ox-LDL is related to protein kinase B (PKB), PKC and mitogen-activated protein kinase (MAPK). It has been reported that curcumin blocks ox-LDL-induced foam cell formation in RAW 264.7 cells by inhibiting the expression of CD36 and PPARγ (Min et al., 2013).

It should be noted that macrophages govern the inception, progression and terminal manifestation of the inflammatory response in atherosclerosis (Moore and Tabas, 2011). Various macrophage subtypes are activated by different stimuli within the plaque. Especially, neutrophils and monocyte-derived macrophages participate in early plaque progression (lesion initiation), advanced plaque progression and inflammatory cascade aggravation (Moore and Tabas, 2011; Nahrendorf and Swirski, 2015). The outbreak of atherosclerosis is the result of a fatty streak, which is composed almost entirely of monocyte-derived macrophages (Hartman and Frishman, 2014). As the atheroma develops, T cells, mast cells and other inflammatory cells are also recruited into the intima (Moore and Tabas, 2011). Next, the second critical feature, the necrotic core, triggers plaques breakdown and induces stroke, sudden heart death, and myocardial infarction. In atherosclerosis, the balance of macrophages in the plaque is dynamic (Moore et al., 2013). Responding to different environmental signals, plaque-associated macrophages express pro- and anti-atherogenic factors to influence lipid metabolism, inflammatory responses and plaque stability (Mantovani et al., 2009).

One of the attractive therapeutics for atherosclerosis is to switch a pro-inflammatory phenotype to an anti-inflammatory phenotype (Al-Hawwas and Tanguay, 2013). In the clinic, hydroxymethyl glutaryl coenzyme A reductase inhibitors (statins) have been proven as effective drugs in decreasing low-density lipoprotein (LDL) cholesterol levels in cardiovascular events (Al-Hawwas and Tanguay, 2013). In addition, statins are regarded as anti-inflammatory agents. Many traditional anti-inflammatory agents targeting varied pathways have been tried in patients with the symptoms of atherosclerosis.

Dan-Lou prescription, which is administrated to patients with chest discomfort, is derived from the traditional Chinese medicine compound prescription Gualou-Xiebai-Banxia decoction. Previously, we have prepared the EEDL and identified the eight highest level ingredients gallic acid, salvianic acid, puerarin, daidzin, paeoniflorin, salvianolic acid B, cryptotanshinone and tanshinone IIA (Gao et al., 2015). Although the anti-inflammatory effect has preliminarily been proposed as one of the potential mechanisms of the EEDL for coronary heart diseases treatment, the underlying mechanisms remain unclear. Macrophage-derived foam cell formation is the important warning sign of atherosclerosis. In this study, we attempted to declare the underlying mechanism of the EEDL in macrophage-derived foam cells formation induced by ox-LDL in murine macrophage RAW 264.7 cells, based on the interaction between inflammation and atherosclerosis (Figure 1). SEM imaging, Oil Red O staining and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocyanide percholorate (DiI) labeled ox-LDL uptake were combined to show the cell morphology, lipid accumulation, and ox-LDL uptake. A systematic metabolomics, PCR array, cytokine array and network pharmacological analyses were combined to screen targeting molecules and explore signaling pathways with EEDL intervention. Moreover, the regulation of PPARγ and TLR/NF-κB signaling pathways were verified by real-time reverse-transcription polymerase chain reaction (RT-PCR) and Western blotting.


[image: image]

FIGURE 1. The schematic diagram of the study.



MATERIALS AND METHODS

Reagents

The drug powder of Dan-Lou prescription was provided by Jilin Connell Medicine Co., Ltd. (Jilin, China). The EEDL was prepared as previously described by us (Gao et al., 2015). DMEM-high glucose, Oil Red O and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and were obtained from Sigma–Aldrich Co. (St. Louis, MO, United States). Heat inactivated fetal bovine serum (HI-FBS) was purchased from Biological Industries (Kibbutz Beit-Haemek, Israel). Ox-LDL and DiI labeled ox-LDL (DiI-ox-LDL) were purchased from Yiyuan Biotechnologies (Guangzhou, China). Mammalian Cell Lysis Kit, UNIQ-10 column Trizol total RNA extraction kit, and antibodies for LOX-1, SRB1 and β-actin were obtained from Sangon Biological Engineering Technology & Services Co., Ltd. (Shanghai, China). The TNF-α Mouse ELISA kit and MCP-1 Mouse ELISA kit were obtained from Peprotech (Rocky Hill, CT, United States). The antibody for PPARγ was purchased from proteintech (Chicago, IL, United States). The antibody for COX-2 was obtained from BD Pharmingen (San Diego, CA, United States) and goat anti-mouse IgG peroxidase conjugate was purchased from Merck (Darmstadt, Germany). Antibodies for TLR4, phospho-IKKα/β (P-IKKα/β), P-IκBα and P-NF-κB p65 were purchased from Cell Signaling Technology (Beverly, MA, United States). Antibodies for Bcl-2 and Bax were obtained from Beijing Zhongshan Jinqiao Biotechnology Co., Ltd. (Beijing, China). The Improm-II Reverse Transcription System was purchased from Promega Corporation (Madison, WI, United States). The FastStart Universal SYBR Green Master (ROX) kit was purchased from Roche (Mannheim, Germany). The RT2 First Strand Kit and RT2 SYBR Green Master Mix were obtained from QIAGEN (Hilden, Germany). BAY 11-7082 was obtained from Beyotime Institute of Biotechnology (Haimen, China). Lipofectamine 2000 was obtained from Life Technologies (Carlsbad, CA, United States). The NF-κB Ready-To-Glow Secreted Luciferase Reporter Assay Kit was purchased from Clontech Laboratories, Inc. (Mountain View, CA, United States). The Mouse Cytokine Array Panel A Array kit was obtained from R&D systems (Minneapolis, MN, United States).

Cells and Cell Culture

The murine macrophage cell line RAW 264.7 was obtained from Cell Culture Center of Chinese Academy of Medical Sciences (Beijing, China). Cells were cultured in medium (DMEM supplemented with 10% HI-FBS, 100 U/mL penicillin and 100 μg/mL streptomycin) at 37°C in a fully humidified incubator containing 5% CO2. For all experiments, cells were grown to a confluence of 80–90%, and were subjected to no more than seven cell passages. Different cell densities were cultured for the MTT assay (1.0 × 104 cells per well), SEM imaging (1 × 105 cells per well), Oil Red O staining (4 × 104 cells per well), ELISA (1 × 105 cells per well), real-time reverse-transcription polymerase chain reaction (RT-PCR), PCR array, cytokine array, Western blotting and metabolomics (1.5 × 106 cells per well). Next, cells were treated with medium (5% HI-FBS without phenol), EEDL (400, 200, and 100 μg/mL) or simvastatin (10 μM) in the presence or absence of ox-LDL (100 μg/mL) for another 24 or 48 h for determination. In all experiments, macrophages in the control group were treated medium only without EEDL and ox-LDL.

Cell Viability Assay

To investigate the effect of the EEDL, ox-LDL and simvastatin on RAW 264.7 cells, we firstly screened the concentrations without cytotoxicity using the MTT assay, which is based on the enzyme conversion of MTT in mitochondria (Mosmann, 1983). Briefly, 0.5 mg/mL of MTT was added and incubated for 4 h at 37°C. The resulting formazan crystals were dissolved in DMSO and the absorbance was recorded at 490 nm using an EnSpire Multimode Plate Reader (PerkinElmer, United States).

Cell Micrograph Analysis

Ox-LDL stimulation promotes the macrophages to transform into cholesterol-loaded foam cells with the alteration of phenotype, immune function and migratory capacity. In this study, we observed the cell morphology by SEM imaging. RAW 264.7 cells were washed twice with PBS, and were fixed with 4% paraformaldehyde for 15 min at room temperature. Next, the cells were dehydrated through graded solutions of ethanol (30, 50, 70, 90, and 100%) twice with an incubation of 15 min and subjected to 100% acetonitrile. Finally, samples were prepared by vacuum drying, coated with gold and examined with a SEM (Superscan SS-550, Shimadzu, Japan). The number and diameter of cells were quantitatively analyzed using NIH ImageJ software2 (NIH, United States) and the analyst was blinded to the treatment group.

Oil Red O Staining

Oil Red O staining is a classical method to monitor foam cell formation in macrophages from various origins such as monocyte/macrophage cell lines and bone marrow-derived macrophages (Xu et al., 2010). For Oil Red O staining, RAW 264.7 cells were fixed with 4% paraformaldehyde for 15 min. After washed with PBS, the cells were stained with Oil Red O (dissolved in isopropanol with a final concentration of 0.3 mg/mL) for 30 min. Subsequently, the cells were washed with PBS three times to remove background staining. Finally, lipid formation in intracellular droplets was observed under microscope (Olympus, Japan). Simultaneously, to quantify the extent of foam cells formation, lipid accumulated in the cells was extracted with isopropanol and the absorbance was recorded at 530 nm using an EnSpire Multimode Plate Reader (PerkinElmer, United States).

Fluorescence Imaging of ox-LDL Uptake

To examine cellular ox-LDL uptake, RAW 264.7 cells (5 × 104 cells/well) were cultured overnight in 35-mm dishes. Next, the cells were pre-incubated with medium (without phenol and, with 5% HI-FBS), EEDL (400 μg/mL) or simvastatin (10 μM) in the presence or absence of ox-LDL (100 μg/mL) for 44 h. Next, the culture medium was changed to that containing DiI-ox-LDL (40 μg/mL), followed by incubation for another 4 h to test the specificity of uptake. For nuclear staining, the cells were incubated with DAPI (0.3 μg/mL) for 5 min. Finally, the cells were washed and examined by confocal laser scanning microscope (Zeiss LSM 710, Germany).

Cellular Metabolite Extraction and Metabolomics Profiling

Cellular metabolites can reflect the physiological and pathological states of cells. In this study, metabolomics was used to explore the change in the metabolites before and after EEDL intervention in ox-LDL-induced RAW 264.7 cells. In addition to the control group, cells were treated with medium (without phenol, added 5% HI-FBS) or EEDL (400 μg/mL) with ox-LDL (100 μg/mL) for another 24 h, and the RAW 264.7 cells were washed with pre-chilled PBS three times and scraped with 0.5 mL of pre-chilled extract solution (methanol: ddH2O = 21:79, v/v) into 2-mL centrifuge tubes. Next, 1 mL of CHCl3 was added to the suspension. The samples were sonicated three times (3 s per time), incubated for 15 min on ice for metabolite extraction, and centrifuged at 12,000 ×g for 15 min at 4°C. The supernatants were collected, dried under nitrogen, and, finally, re-extracted with 0.1 mL of mobile phase for LC-MS/MS analysis.

The maintain metabolites were measured by the LC-MS/MS system and comprised a Shimadzu LC-20AD Qtrap 5500 tandem mass spectrum (SCIEX, United States). Briefly, two injections were conducted, one on the positive mode and the other one on the negative mode according to a previous study with modifications (Yuan et al., 2012). Ten microliters of the respective extracts were injected by a PAL CTC autosampler into a 150 × 2 mm, 4 μm apHera NH2 high-performance liquid chromatography (HPLC) column (Supelco, United States) held at 25°C for chromatographic separation. The mobile phase consisted of A (95% ddH2O + 5% acetonitrile + 20 μM ammonium hydroxide, pH 9.4) and B (100% acetonitrile). The flow rate was set at 0.5 mL/min. The elution was carried out as 0–3 min, 95% B; 3–6 min, 75% B; 6–7 min, 0% B; 7–12 min, 0% B, and 12–15 min, 95% B. The mass spectrometer via the electrospray source was operated in both the positive ion (5500 V)/ and negative ion (-4500 V) modes under scheduled multiple reaction monitoring conditions (MRM). The switch time was set at 50 ms. The temperature was 500°C. In total, 420 metabolites were targeted.

Metabolomics data were log2-transformed. The PLS-DA, metabolic pathways and volcano plots were constructed using the Metaboanalyst platform3. Metabolites with variable importance in the projection (VIP) scores greater than 1.5 were considered as significant.

PCR Array and Protein Array Analyses

The effect of the EEDL on the TLR signaling pathway in ox-LDL induced macrophage foam cells was detected by RT2 Profile PCR Array (QIAGEN, Germany). In addition to the control group, RAW 264.7 cells were treated with medium (without phenol, added 5% HI-FBS) or EEDL (400 μg/mL) in the presence of ox-LDL (100 μg/mL) for 24 h. Cells were washed with pre-chilled PBS twice, and total RNA was extracted using the UNIQ-10 column Trizol total RNA extraction kit (Sangon, China) following the commercial instructions. Thereafter, cDNA was synthesized as described by the RT2 First Strand Kit instructions, and equivalent cDNA was mixed with the RT2 SYBR Green Master Mix for each profiling plate using ABI 7500 Real-time PCR system (Applied Biosystems, United States). Data analysis used the ΔΔCT method3.

The Mouse Cytokine Array Panel A Array kit (R&D, United States) was used according to the manufacturer’s instructions to screen the targeting cytokines regulated by EEDL in ox-LDL-induced macrophage foam cells. The procedure of cells treatment was similar to that of PCR array. After cells were washed with pre-chilled PBS twice, protein was extracted using a Mammalian Cell Lysis Kit (Sangon, China) and was quantified by the BCA method (Pierce, United States). In total, 20 μg of protein was run on the array. After the array was scanned into a computer and saved as image files, images were semi-quantified using NIH ImageJ software.

Pathway and Network Analysis by IPA

Twenty-seven gene targets were obtained from PCR array and cytokine profile array analyses. The targeted inflammatory-related genes, chemokines and cytokines were uploaded into the IPA4 to explore the molecular interaction and identify the biological mechanisms, pathways and biological functions of the EEDL in ox-LDL-induced macrophage foam cell formation.

ELISA for TNF-α, MCP-1 and COX-2

To detect the tumor necrosis factor (TNF)-α and monocyte chemoattractant protein (MCP)-1 levels, cell supernatants were collected and analyzed using commercial ELISA kits (Peprotech, United States) according to the manufacturer’s instructions. To determine cyclooxygenase (COX)-2 protein expression, cells were fixed with 4% paraformaldehyde, and a modified original protocol for the cell-based ELISA was applied (Versteeg et al., 2000; Gao et al., 2013). Finally, cells were incubated with 0.2% Janus Green B to calibrate the differences in cell number (Raspotnig et al., 1999).

Real-Time RT-PCR and Western Blot Analyses

Total RNA extract and protein purification were performed simultaneously. Briefly, the cells were washed with pre-chilled PBS twice and mRNA was extracted using the Sangon UNIQ-10 column Trizol total extraction kit (Sangon, China). Reverse transcriptions was performed following the instructions of the ImProm-II Reverse Transcription System cDNA synthesis kit (Promega, United States). The real-time RT-PCR oligonucleotide primers used for mouse PPARγ, LOX-1, SRB1, TLR4, TNF-α, MCP-1, COX-2, Bax, Bcl-2 and β-actin are shown in Table 1.

TABLE 1. The real-time RT-PCR oligonucleotide primers.
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After RNA isolation, protein was precipitated with isopropyl alcohol for 10 min, followed by centrifugation at 12,000 ×g for 10 min. Next, guanidine hydrochloride (0.3 M) was added to denature the protein for 20 min. The protein precipitation was obtained by centrifugation at 7,500 ×g for 5 min. Thereafter, the protein prescription was washed with ethanol. After, aspirating the ethanol, 1% SDS was added to dissolve the protein at 50°C. The protein concentration was determined using BCA assay (Pierce, United States). Equal amounts (20 μg) of protein lysate were separated by SDS-PAGE and boiled for 5 min. Subsequently, the samples were transferred to polyvinylidene difluoride (PVDF) membranes, blocked with TTBS (0.5% Tween 20, 10 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 5% non-fat milk for 1 h at room temperature and incubated with antibodies against PPARγ (1:2000), LOX-1, TLR4, SRB1, P-IKKα/β, P-IκBα and P-NF-κB p65, Bcl-2 and Bax (1:1000) or β-actin (1:5000) overnight at 4°C. The membranes were washed and further incubated with HRP-conjugated secondary antibodies against mouse (1:1000 for Bax and Bcl-2, and 1:10000 for β-actin) or rabbit (1:1000 for LOX-1, P-IKKα/β, P-IκBα and P-NF-κB p65, 1:5000 for PPARγ, TLR4 and SRB1) for 1 h at room temperature. After washing, the protein bands were detected using an ECL detection kit (Millipore, United States) and exposure to Kodak BioMax Light films. The films were scanned into a computer and semi-quantified by NIH ImageJ software.

Transient Cell Transfection and Luciferase Reporter Assay

Activation of NF-κB was monitored using a pNF-κB-MetLuc2 reporter (Clontech, United States) that, contains an NF-κB enhancer element upstream of a secreted luciferase (MetLuc) gene. RAW 264.7 cells were plated in 48-well plates (2.5 × 105 cells per well) overnight. Transfection of cells was performed using Lipofectamine 2000 (Life, United States) according to the manufacturer’s instructions. After transfection for 24 h, the cells were incubated with medium (without phenol, added 5% HI-FBS), EEDL (400, 200, and 100 μg/mL) or BAY 11-7082 (10 μM) for 2 h and then treated with ox-LDL (100 μg/mL). After 3 h, 50 μL of culture media were transferred from each sample into a 96-well plate. Next, 5 μL of substrate buffer was added and luciferase activity was recorded using an EnSpire Multimode Plate Reader (PerkinElmer, United States).

Statistical Analysis

Origin 8.0 software (MicroCal, United States) was applied to perform the statistical analysis. N indicated the number of wells studied in each category. The data were expressed as the means ± SD. For statistical comparisons, the results were analyzed using one-way analysis of variance (ANOVA) and P < 0.05 was considered statistically significant.

RESULTS

Cell Viability Evaluation

The effect of ox-LDL, EEDL and simvastatin on RAW 264.7 cells was detected using the MTT assay (Supplementary Figure S1). Compared with the control group, the EEDL (800 μg/mL) inhibited the cell proliferation (48.02% for EEDL-treated alone group and 46.92% for EEDL+ox-LDL group). However, no significant variation in the optical density was observed among other groups. Additionally, no inhibition was observed in the ox-LDL and simvastatin groups. For further study, we aimed to investigate how EEDL protected cells from ox-LDL-induced macrophage foam cell formation, and to elucidate the underlying mechanism. To avoid the direct effect of EEDL on cell viability, the concentrations of EEDL chosen were 400, 200, and 100 μg/mL.

EEDL Restores Cell Morphology and Suppresses Lipid Deposition

Macrophage-derived foam cells play a vital role in the initiation and development of atherosclerosis (Moore and Tabas, 2011). Thus, it is indispensable to efficiently suppress macrophage foam cell formation for atherosclerosis treatment. SEM micrographs (Figure 2A) displayed that ox-LDL stimulated RAW 264.7 cells to become large, and the antennae increased. In the control group, the cells were characterized by a smooth surface, good refraction and fewer pseudopodia and were defined as “normal cells.” Compared with the control group, ox-LDL decreased the normal cells iper field (1 mm2) to 19.23% (Figure 2B, P < 0.01). Similarly, ox-LDL increased the mean diameter of cells to 182.5% (Figure 2C, P < 0.01), compared with that of the control group. However, the EEDL and simvastatin significantly down-regulated the tendency of ox-LDL to induce abnormal cell morphology (P < 0.05 or P < 0.01).
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FIGURE 2. Cellular morphology and representative photomicrographs of lipid-laden RAW 264.7 cells. (A) Representative images of SEM. Analysis of normal cell numbers (B) and mean diameter (C) of cells. The numbers of normal cells per field (1 mm2) and mean diameter of 50 cells randomly chosen were quantitatively analyzed using NIH ImageJ software (n = 4). (D) Oil Red O staining. The scale bar was 100 μm. (E) Lipid accumulation in cells. Lipid accumulation in intracellular droplets was extracted with isopropanol and the absorbance was recorded at 530 nm (n = 6). Significance compared with the control group or ox-LDL treated alone, #P < 0.05, ##P < 0.01 vs. the control group, ∗∗P < 0.01 or ∗P < 0.05 vs. the ox-LDL-treated group.



We further determined the accumulation of lipid droplets in ox-LDL induced RAW 264.7 cells. As shown in Figure 2D, after stimulation with ox-LDL for 48 h, the Oil Red O-stained lipid droplets were distributed throughout the cytosol of most cells, while no lipid droplet were observed in the control group. With the intervention of EEDL or simvastatin, intracellular lipid droplets were markedly reduced. For the EEDL treatment, the optical density detection also displayed a decrease in ox-LDL-induced lipid accumulation (Figure 2E, P < 0.05).

EEDL Suppresses ox-LDL Uptake of Macrophage-Derived Foam Cells

The fluorescent dyes that are routinely used to investigate foam cells formation are Nile Red and DiI. To visualize the uptake of ox-LDL, in this study, fluorescent DiI-ox-LDL was applied. When DiI-ox-LDL accumulated in RAW 264.7 cells increasingly, it indicated the process of ox-LDL uptake. When excess ox-LDL was bound or internalized to RAW 264.7 cells, the macrophages were transformed into foam cells. As illustrated in Figure 3A, ox-LDL greatly promoted cellular uptake of DiI-ox-LDL. In the process of DiI-ox-LDL uptake, EEDL or simvastatin markedly inhibited the binding and internalization of DiI-ox-LDL in RAW 264.7 cells. Furthermore, we screened receptor-mediated ox-LDL uptake. As shown in Figures 3B–E, the mRNA and protein expression levels of SRB1 and TLR4 were increased by ox-LDL induction. Compared with that of the ox-LDL group, tshe EEDL reduced both the mRNA and protein expression levels of SRB1 and TLR4 (P < 0.05 or P < 0.01). Simultaneously, we detected the expression of LOX-1. As shown in Supplementary Figure S2, EEDL showed no significant inhibition in the up-regulation of LOX-1 induced by ox-LDL.
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FIGURE 3. Effect of the EEDL on ox-LDL uptake in RAW 264.7 cells. (A) DiI-ox-LDL uptake in RAW 264.7 cells. Besides the control group, cells were incubated in the presence of DiI-ox-LDL (40 μg/mL) for 4 h. After washed and fixed, cell nucleus was stained with DAPI. DiI-ox-LDL uptake was shown in red and nucleus was shown in blue. Determination of SRB1 (B) and TLR4 (C) protein expression was detected by Western blotting. The relative optical density was quantified using NIH ImageJ software. Values are means ± SD (n = 3). The mRNA expression of SRB1 (D) and TLR4 (E) was detected using real-time RT-PCR. Values are means ± SD (n = 3) from three independent experiments. Significance compared with the control group or ox-LDL treated alone, ##P < 0.01 vs. the control group, ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group.



EEDL Modifies the Metabolic Profile of ox-LDL-Induced Macrophage-Derived Foam Cells

Metabolomics is considered as an important tool in the diagnosis and prognosis of CVD because it can help interpret the pathogenesis of CVD (Ussher et al., 2016). Measurement of ox-LDL metabolites such as malondialdehyde and conjugated diene has been proven to be important for children with a high family risk for premature CVD (Kelishadi et al., 2002). In this study, we investigated the metabolic profile of the EEDL treatment in ox-LDL induced macrophage foam cells. As displayed in Figure 4A, the control, ox-LDL and ox-LDL+EEDL groups were completely separated by multivariate partial least-square discriminant analysis (PLS-DA), indicating that the intervention of EEDL significantly altered the metabolites of ox-LDL-induced macrophage foam cells. The top 30 most different cellular metabolites among the control, ox-LDL and ox-LDL + EEDL groups are listed in Figure 4B, and mainly included carnitine (isovalerylcarnitine), nucleotides (guranosine, 5-thymidylic acid), amino acids (aspartic acid, arginine, lysine, glutamine), cholesterol, and phosphatidylethanolamine (PE, 36:3). Pathway analysis (Figure 4C) showed that these different metabolites belong to D-glutamine and D-glutamate metabolism, alanine, aspartate and glutamate metabolism, glycerophospholipid metabolism and glutathione metabolism pathways. Compared with the ox-LDL group, volcano plot analysis (Figure 4D) showed that EEDL increased the content of ceramide, thiamine, and CDP-choline, but reduced the level of hexanoylcarnitine and cytidine diphosphate. Ceramide exists in the cell membrane, and participates in the regulation of cell immunology, proliferation, differentiation and apoptosis (Chalfant and Spiegel, 2005). Mechanisms of thiamine deficiency have been focused on oxidative stress, inflammation and excitotoxicity (Hazell and Butterworth, 2009). CDP-choline is the middle product for lecithin biosynthesis. Peripheral administration of CDP-choline can alleviate acute inflammatory pain (Gurun et al., 2009). The increase in ceramide, thiamine, and CDP-choline indicated that EEDL may antagonize ox-LDL-induced foam cell formation through anti-inflammatory activities.
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FIGURE 4. Modification of the EEDL on metabolites in ox-LDL-induced macrophage foam cells. (A) PLS-DA analysis among control, ox-LDL and ox-LDL + EEDL groups. (B) The top 30 differential metabolites among control, ox-LDL and ox-LDL + EEDL groups by VIP analysis. (C) The differential metabolic pathways altered after EEDL intervention. (D) Vocano plot analysis between ox-LDL and ox-LDL + EEDL groups.



Targeting Genes and Proteins Screening

The TLR signaling pathway, mediated by relevant COX-2, NF-κB and peroxidase directly affect the metabolism of RAW 264.7 cells (Li and Glass, 2002). Combined with the metabolic profile abovementioned, we used PCR to screen TLR signaling pathway-related targeting genes of EEDL that antagonize ox-LDL-induced foam cell formation. Significant changes in the mRNA expression pattern induced by ox-LDL were shown in Figure 5A. After EEDL treatment, the gene expression was close to that of the control group, indicating that EEDL reversed ox-LDL induced dysregulation of gene expression. The targeting genes screened (Table 2) were Ccl-2 (MCP-1), Csf2, Csf3, IL-1a, IL-1b, NF-κB, Ptgs2, and Tnf, which belong to the NF-κB pathway, JAK/STAT pathway and cytokine-mediated signaling pathway.
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FIGURE 5. Targets screened based on PCR array and protein array analyses. (A) The mRNA expression of the EEDL antagonized macrophage-derived foam cell formation was evaluated using PCR array based on TLR signaling pathway. (B) Cytokines and chemokines inactivated by the EEDL in the ox-LDL-induced macrophage-derived foam cells were screened by the Mouse Cytokine Array Panel A Array system. (C) Analysis of optical density was captured by the NIH ImageJ software. ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group.



TABLE 2. The mRNA expression regulated by EEDL in ox-LDL induced macrophage foam cells via Toll-like receptor signaling pathway (EEDL vs. ox-LDL).
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The role of inflammation in atherosclerosis has received extensive attention. The use of anti-inflammatory or immunomodulatory therapies for atherosclerosis has been shown to be effective in clinical studies (Al-Hawwas and Tanguay, 2013). Next, a Mouse Cytokine Array Panel A Array kit was used to confirm the inflammatory cytokines regulated by EEDL. As shown in Figures 5B,C, the targeting cytokines were IL-1ra, JE (MCP-1), MIP-1β, MIP-2, RANTES and TNF-α. Cytokines are important regulatory factors in the inflammatory cascade, mediating leukocyte migration and invasion, and regulating cell growth and differentiation in atherosclerosis, which play a vital roles in the initial stage (von Hundelshausen and Schmitt, 2014; Zernecke and Weber, 2014). In this study, the EEDL selectively inhibited the over-expression of MCP-1, MIP-1β, MIP-2 and TNF-α (P < 0.01), enhancing the secretion of IL-1ra (P < 0.05).

Network Pharmacology Analysis

Based on the results of PCR array and protein array, we used IPA to analyze the molecular interaction, signal transduction pathways, and biological functions. The interaction of different targets is shown in Figure 6A. The top 20 signal transduction pathways of EEDL to inhibit macrophage foam injury are shown in Figure 6B, including the glucocorticoid receptor, TREM1, PPARγ, and TLR4. The targeting molecular and main signaling pathways are shown in detail in Figure 6C. The top 15 biological functions are shown in Table 3, including cell death and survival, inflammatory response, cell-to-cell signaling and cellular function.
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FIGURE 6. Network analysis by IPA software. (A) Network interaction among targeting genes and proteins obtained from PCR array and protein array. In total, 27 molecules were uploaded to analyze the molecule interaction. Green color indicated down-regulation and red indicated up-regulation. (B) The top 20 enrichment pathways of the EEDL on ox-LDL induced macrophage foam cell formation. (C) The detailed TLR4, PPARγ, TREM1 and glucocorticoid receptor signaling pathways.



TABLE 3. Biological function categories of EEDL inhibited macrophage foam cell formation by IPA software (top15).
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EEDL Inactivates the PPARγ and NF-κB Signaling Pathways

As similar to the IPA analysis, EEDL significantly decreased ox-LDL induced over-expression of PPARγ from both protein and mRNA levels (Figures 7A–C, P < 0.05 or P < 0.01). NF-κB controls the transcription of many genes with an established role in atherosclerosis (De Winther et al., 2005). Whether EEDL influenced the ox-LDL induced NF-κB signaling pathway activation, RAW 264.7 cells were transfected with a pNF-κB-MetLuc2 reporter. Twenty-six hours later, samples from different groups were withdrawn and luciferase activity was measured. We found that ox-LDL remarkably promoted the activation of NF-κB (Figure 7D, P < 0.01). However, EEDL and the NF-κB inhibitor, BAY 11-7082, reversed the activation induced by ox-LDL (P < 0.01). Next, the protein expression of P-IKKα/β, P-IκBα, and P-NF-κB p65 were measured by Western blotting. The EEDL and simvastatin are shown to block the ox-LDL-stimulated phosphorylation of IKKα/β, IκBα, and NF-κB p65 (Figures 7E–H, P < 0.05 or P < 0.01).
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FIGURE 7. Inactivation of the PPARγ and NF-κB in ox-LDL-induced macrophage foam cell formation. (A,B) The protein expression of PPARγ. (C) The mRNA expression of PPARγ. (D) Inactivation of the NF-κB in transfected RAW 264.7 cells using luciferase reporter, pNF-κB-MetLuc2. (E) Western blotting results of P-IKKα/β, P-IκBα and P-NF-κB p65. The relative optical density analysis of P-IKKα/β (F) P-IκBα (G) and P-NF-κB p65 (H). The relative optical density of protein bands were quantified using NIH ImageJ software. Values are means ± SD (n = 3). Significant difference compared with the control group or ox-LDL treated alone, #P < 0.05, ##P < 0.01 vs. the control group, ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group. The protein expression of P-NF-κB p65, P-IκBα, and P-IKKα/β was detected in the same gel in which β-actin was used as the internal control.



When NF-κB is activated, it is free to translocate to the nucleus in which it facilitates the transcription of cytokines and chemokines. The decrease in MCP-1 was associated with suppression of other inflammatory markers, including TNF-α and COX-2, indicating inactivation of the NF-κB signaling pathway. In ox-LDL-induced RAW 264.7 cells, ox-LDL was demonstrated to significantly increase the mRNA and protein expression levels of TNF-α, MCP-1 and COX-2 (Figure 8, P < 0.05 or P < 0.01). After intervention with the EEDL or simvastatin, an aberrant increase in mRNA and protein expression levels of TNF-α, MCP-1 and COX-2 was decreased (P < 0.05 or P < 0.01).
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FIGURE 8. Regulation of the TNF-α, MCP-1 and COX-2 expression in ox-LDL-induced RAW 264.7 cells. The protein expression of TNF-α (A), MCP-1 (B) and COX-2 (C) was determined using ELISA and cell-based ELISA. Effect of the EEDL on the mRNA expression level of TNF-α (D), MCP-1 (E) and COX-2 (F) was detected using real-time RT-PCR. Significant difference compared with the control group or ox-LDL treated alone, ##P < 0.01, #P < 0.05 vs. the control group, ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group.



EEDL Restores the Abnormal Expression of Bax and Bcl-2

Studies have reported that the pro-apoptotic effect of ox-LDL play a key role in atherosclerosis on human monocytes isolated from peripheral blood (PBMs), the U937 monocyte cell line and human monocyte-derived macrophages (Ermak et al., 2008). In this study, we investigated the anti-apoptotic effect of the EEDL on ox-LDL induced macrophage foam cells. Ox-LDL stimulation showed an increase in the mRNA and protein levels of Bax and simultaneously inhibited the mRNA and protein expression of Bcl-2 (Figure 9, P < 0.05 or P < 0.01). The EEDL intervention markedly decreased the expression of Bax and increase the expression of Bcl-2 in both the mRNA and protein levels (P < 0.05 or P < 0.01). Simvastatin also antagonized the up-regulation of Bax and down-regulation of Bcl-2 induced by ox-LDL (P < 0.01).
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FIGURE 9. Regulation of the Bax and Bcl-2 expression in ox-LDL-induced RAW 264.7 cells. (A) Effect of the EEDL and simvastatin on ox-LDL-induced protein expression of Bax and Bcl-2 was detected using Western blotting. The relative optical density analysis of the Bax (B) and Bcl-2 (C) was quantified using NIH ImageJ software. Values are means ± SD (n = 3). The mRNA expression of Bax (D) and Bcl-2 (E) was detected using real-time RT-PCR. Values are means ± SD (n = 3) from three independent experiments. Significance compared with the control group or ox-LDL treated alone, ##P < 0.01, #P < 0.05 vs. the control group, ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group. The protein expression of the Bax and Bcl-2 was detected in the same gel in which β-actin was used as internal control.



DISCUSSION

Inflammation is a key player throughout atherosclerotic plaque development, and many researchers have focused on screening inflammatory-related biomarkers for immunomodulatory treatments (Siasos et al., 2015; Sorci-Thomas and Thomas, 2016). Although robust evidences have supported the use of anti-inflammatory treatment strategies for atherosclerosis treatment, more clinical trials should be performed to provide additional insights into atherosclerosis. Translational research, connecting basic research technologies with clinical practice, may be a better way to reach the ultimate goal (Lauer and Skarlatos, 2010).

Dan-Lou prescription is improved from Gualou-Xiebai-Banxia decoction and has been used for approximately 2,000 years in China. In the clinic, it is mainly used for CVD, such as angina pectoris, acute myocardial infarction (Wang et al., 2015). In our previous study, we determined the main chemical components of the EEDL by HPLC and proposed that the EEDL is a potent anti-inflammatory agent by inhibiting iNOS/NO, COX-2/prostaglandin (PG)E2 and cytokine expression (Gao et al., 2015). To better clarify the active chemical components of Dan-Lou prescription regarding their pharmacological effects, we combined chemical biology and network pharmacology to elucidate the cardiovascular disease specificity and mechanisms of action. We found that puerarin (with the highest content in the EEDL) is the main component to attenuate atherosclerosis by regulating leptin and the LDL receptor (Wang et al., 2015). The interaction between ox-LDL and macrophages plays an important role in the plaque initiating and promoting processes. Ox-LDL influences cell apoptosis and proliferation of macrophages. In this study, we focused on the effect of the EEDL on ox-LDL induced foam cells formation and tried to disclose the mechanisms.

Enzymes, such as MPO, iNOS and NADPH oxidases, have been confirmed to participate in LDL oxidation in human atherosclerosis lesions (Li and Glass, 2002). Macrophages can express the abovementioned enzymes and amplify the oxidative reactions to worsen atherosclerotic lesions (Li and Glass, 2002). Macrophages digest ox-LDL abnormally, resulting in lipid accumulation and foam cells formation. From the view of cell morphology, in this study, we found that the EEDL maintained a more normal cell appearance with the stimulation of ox-LDL. The EEDL antagonized the bond and internalization of ox-LDL and decreased ox-LDL induced lipid accumulation in RAW 264.7 cells. The mechanism of ox-LDL uptake has been widely investigated. It is noteworthy that TLR4, SRs such as SRA1, SRB1 and lectin-like ox-LDL receptor (LOX)-1 act as pattern recognition molecules of ox-LDL (Ichimura et al., 2008). They are important in macrophage-derived foam cell formation by binding and internalizing oxidized lipids, accelerating the deterioration of atherosclerosis (Zhang et al., 2014). In this study, we proposed that the decreased uptake of ox-LDL by the EEDL was related to the down-regulation of SRB1 and TLR4.

Metabolomics has also been increasingly applied in cell lines for pharmacological effects under various conditions (Leon et al., 2013). Macrophages have been regarded as a major source of nearly all the lipid mediators (Rouzer et al., 2006; Zai et al., 2007). In this study, several endogenous chemical mediators of the EEDL were screened, and included ceramide, arachidonic acid, carnitine, phospholipids, L-glutamine and amino acids. The abovementioned metabolites participated in the processes of cell apoptosis (Zhou et al., 1998), the inflammatory response (Davies et al., 1984), energy metabolism, lipid metabolism and oxidative stress.

TLR4 is another portal for macrophages to activate downstream cascades in atherosclerosis lesions. TLR4 provides a potential link between inflammation and lipids deposition (Xu et al., 2001). TLR4/TLR6 or SR/TLR cooperates with CD36 to activate NF-κB and amplify the pro-inflammatory responses in response to ox-LDL (Moore et al., 2013). In this study, we combined the TLR signaling pathway PCR array and cytokine protein array to screen inflammatory-related targeting molecules from the EEDL on macrophage-derived foam cells. The main targeting molecules included MCP-1, PGE2, TNF-α, MIP and CSF. IPA analysis showed that the relevant signaling pathways mainly included PPARγ, TLR4 and inflammatory-related signaling pathways.

PPARs regulate the expression of many genes, involving in metabolism, inflammation, apoptosis and oxidative stress. Ox-LDL stimulation can increase the expression of PPARγ and CD36 via the activation of the p38 MAPK signaling pathway (Min et al., 2013). In this study, we also found that ox-LDL increased the expression of PPARγ in RAW 264.7 cells. Furthermore, EEDL inhibited the expression of PPARγ from both mRNA and protein levels. The deeply mechanism should be explored because activation of PPARγ also mediates cholesterol efflux, while the RAW 264.7 cells model is not appropriate. We proposed that the PPARγ regulated cholesterol metabolism should be investigated in vivo.

NF-κB participates in the processes of apoptosis and foam cells formation. The inhibition of IKKβ attenuates inflammatory injury and lipid deposition in macrophages, which has potential for atherosclerosis therapy (Jacobs, 2006). Apoptosis in macrophages is triggered by cooperation between TLR4 and macrophage pattern recognition receptors (such as SRA1 and LOX-1) (Isner et al., 1995). Studies in transgenic mice have shown that proteins in the Bcl-2 family are main regulators in cell death relevant to atherosclerosis (Westra, 2010). The deterioration of atherosclerosis lesions is mainly due to macrophage death. To investigate the anti-apoptotic action of the EEDL, in this study, we detected the effect of the EEDL on the expression of Bcl-2 and Bax from both the mRNA and protein levels. The results showed that the EEDL exerted an anti-apoptotic effect by inhibiting the expression of Bax and enhancing the expression of Bcl-2, indicating that the anti-apoptotic effect of the EEDL may be one of the mechanisms to prevent atherosclerosis.

CONCLUSION

Dan-Lou prescription effectively attenuated macrophage foam cell formation via multiple signaling pathways, including TLR4/NF-κB and PPARγ. The targeting molecules are shown in Figure 10, and include TLR4, PPARγ, NF-κB, MCP-1, COX-2, TNF-α, Bcl-2 and Bax. The targeted metabolites included ceramide, glutamine, and arachidonic acid. We also hypothesized that Dan-Lou prescription regulated the crosstalk among inflammation, lipid deposition and apoptosis. The research will be continued in future work, in which the correlations between the components and pharmacological effects may be declared.
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FIGURE 10. Mechanisms of EEDL on ox-LDL-induced foam cell formation in RAW 264.7 cells. Ox-LDL entered into macrophages via LOX-1, TLR4, SRB1 and CD36, and induced lipid accumulation via PPARγ signaling pathway. Then the content of cell metabolites was changed such as cholesterol, ceramide, L-glutamine and arachidonic acid, resulting in lipid deposition, inflammatory damage, energy metabolism dysfunction, cell apoptosis. However, the EEDL mainly regulated TLR4 and SRB1 to inhibit the uptake of ox-LDL, inhibited PPARγ expression, and following, restored the abnormal metabolites induced by ox-LDL. In the TLR4/NF-κB signaling pathway, the EEDL mainly blocked the phosphorylation of IKKα/β, IκBα and NF-κB p65. Thereafter, the EEDL decreased the expression of TNF-α, COX-2 and MCP-1 to exert anti-inflammatory effect, and inhibited apoptosis in macrophages via regulating Bcl-2 family. In conclusion, EEDL prevented macrophages foam cell formation via the TLR4/NF-κB and PPARγ signaling pathways.
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FIGURE S2 | Effect of the EEDL on LOX-1 expression in ox-LDL-induced RAW 264.7 cells. (A) The protein expression of LOX-1 was detected using Western blotting. The relative optical density was quantified using NIH ImageJ software. Values are means ± SD (n = 3). (B) The mRNA expression of LOX-1 was detected using real-time RT-PCR. Values are means ± SD (n = 3) from three independent experiments. Significance compared with the control group or ox-LDL treated alone, ##P < 0.01 vs. the control group, ∗∗P < 0.01 vs. the ox-LDL-treated group.
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FOOTNOTES

1 http://rsb.info.nih.gov/ij/

2 www.metaboanalyst.ca

3 http://www.qiagen.com/shop/genes-and-pathways/data-analysis-center-overview-page/

4 http://www.ingenuity.com

REFERENCES

Al-Hawwas, M., and Tanguay, J. F. (2013). The role of inflammation in atherosclerosis: what we have learned from clinical trials. Heart Metab. 60, 9–13.

Chalfant, C. E., and Spiegel, S. (2005). Sphingosine 1-phosphate and ceramide 1-phosphate: expanding roles in cell signaling. J. Cell Sci. 118, 4605–4612. doi: 10.1242/jcs.02637

Choudhury, R. P., Lee, J. M., and Greaves, D. R. (2005). Mechanisms of disease: macrophage-derived foam cells emerging as therapeutic targets in atherosclerosis. Nat. Clin. Pract. Cardiovasc. Med. 2, 309–315. doi: 10.1038/ncpcardio0195

Davies, P., Bailey, P. J., Goldenberg, M. M., and Ford-Hutchinson, A. W. (1984). The role of arachidonic acid oxygenation products in pain and inflammation. Annu. Rev. Immunol. 2, 335–357. doi: 10.1146/annurev.iy.02.040184.002003

De Winther, M. P., Kanters, E., Kraal, G., and Hofker, M. H. (2005). Nuclear factor κB signaling in atherogenesis. Arterioscler. Thromb. Vasc. Biol. 25, 904–914. doi: 10.1161/01.ATV.0000160340.72641.87

Ermak, N., Lacour, B., Drueke, T. B., and Vicca, S. (2008). Role of reactive oxygen species and Bax in oxidized low density lipoprotein-induced apoptosis of human monocytes. Atherosclerosis 200, 247–256. doi: 10.1016/j.atherosclerosis

Gao, L. N., Cui, Y. L., Wang, Q. S., and Wang, S. X. (2013). Amelioration of Danhong injection on the lipopolysaccharide-stimulated systemic acute inflammatory reaction via multi-target strategy. J. Ethnopharmacol. 149, 772–782. doi: 10.1016/j.jep.2013.07.039

Gao, L. N., Zhou, X., Zhang, Y., Cui, Y. L., Yu, C. Q., and Gao, S. (2015). The anti-inflammatory activities of ethanol extract from Dan-Lou prescription in vivo and in vitro. BMC Complement. Altern. Med. 15:317. doi: 10.1186/s12906-015-0848-4

Gurun, M., Parker, R., and Vincler, M. (2009). The effect of peripherally administered CDP-choline in an acute inflammatory pain model: the role of alpha7 nicotinic acetylcholine receptor. Anesth. Analg. 108, 1680–1687. doi: 10.1213/ane.0b013e31819dcd08

Hartman, J., and Frishman, W. H. (2014). Inflammation and atherosclerosis: a review of the role of interleukin-6 in the development of atherosclerosis and the potential for targeted drug therapy. Cardiol. Rev. 22, 147–151. doi: 10.1097/CRD.0000000000000021

Hazell, A. S., and Butterworth, R. F. (2009). Update of cell damage mechanisms in thiamine deficiency: focus on oxidative stress, excitotoxicity and inflammation. Alcohol Alcohol. 44, 141–147. doi: 10.1093/alcalc/agn120

Ichimura, T., Asseldonk, E. J., Humphreys, B. D., Gunaratnam, L., Duffield, J. S., and Bonventre, J. V. (2008). Kidney injury molecule-1 is a phosphatidylserine receptor that confers a phagocytic phenotype on epithelial cells. J. Clin. Invest. 118, 1657–1668. doi: 10.1172/JCI34487

Isner, J. M., Kearney, M., Bortman, S., and Passeri, J. (1995). Apoptosis in human atherosclerosis and restenosis. Circulation 91, 2703–2711. doi: 10.1161/01.CIR.91.11.2703

Jacobs, H. (2006). The Effect of IKK2 Inhibition on NF-κB Activation and Macrophage Function in Atherosclerosis. Master’s thesis.

Jia, S. J., Niu, P. P., Cong, J. Z., Zhang, B. K., and Zhao, M. (2014). TLR4 signaling: a potential therapeutic target in ischemic coronary artery disease. Int. Immunopharmacol. 23, 54–59. doi: 10.1016/J.IMTIMP.2014.08.011

Kelishadi, R., Nadery, G. A., and Asgary, S. (2002). Oxidized LDL metabolites with high family risk for premature cardiovascular disease. Indian J. Pediatr. 69, 755–759. doi: 10.1007/BF02723684

Lauer, M. S., and Skarlatos, S. (2010). Translational research for cardiovascular diseases at the national heart, lung, and blood Institute moving from bench to bedside and from bedside to community. Circulation 121, 929–933. doi: 10.1161/CIRCULATIONAHA.109.917948

Leon, Z., Garcia-Canaveras, J. C., Donato, M. T., and Lahoz, A. (2013). Mammalian cell metabolomics: experimental design and sample preparation. Electrophoresis 34, 2762–2775. doi: 10.1002/elps.201200605

Li, A. C., and Glass, C. K. (2002). The macrophage foam cell as a target for therapeutic intervention. Nat. Med. 8, 1235–1242. doi: 10.1038/nm1102-1235

Libby, P. (2002). Inflammation in atherosclerosis. Nature 420, 868–874. doi: 10.1038/nature01323

Libby, P., Ridker, P. M., and Maseri, A. (2002). Inflammation and atherosclerosis. Circulation 105, 1135–1143. doi: 10.1161/hc0902.104353

Lim, H. J., Lee, S., Lee, K. S., Park, J. H., Jang, Y., Lee, E. J., et al. (2006). PPARgamma activation induces CD36 expression and stimulates foam cell like change in rVSMCs. Prostaglandins Other Lipid Mediat. 80, 165–174. doi: 10.1016/j.prostaglandins.2006.06.006

Lim, S., and Park, S. (2014). Role of vascular smooth muscle cell in the inflammation of atherosclerosis. BMB Rep. 47, 1–7. doi: 10.5483/BMBRep.2014.47.1.285

Mantovani, A., Garlanda, C., and Locati, M. (2009). Macrophage diversity and polarization in atherosclerosis a question of balance. Arterioscler. Thromb. Vasc. Biol. 29, 1419–1423. doi: 10.1161/ATVBAHA.108.180497

Min, K. J., Um, H. J., Cho, K., and Kwon, T. K. (2013). Curcumin inhibits ox-LDL-induced CD36 expression and foam cell formation through the inhibition of p38 MAPK phosphorylation. Food Chem. Toxicol. 58, 77–85. doi: 10.1016/j.fct.2013.04.008

Montero-Vega, M. T. (2014). Are oxidised low-density lipoproteins the true inducers of inflammation in atherosclerosis? Inflammasome 1, 55–74. doi: 10.2478/infl-2014-0006

Moore, K. J., Sheedy, F. J., and Fisher, E. A. (2013). Macrophages in atherosclerosis: a dynamic balance. Nat. Rev. Immunol. 13, 709–721. doi: 10.1038/nri3520

Moore, K. J., and Tabas, I. (2011). Macrophages in the pathogenesis of atherosclerosis. Cell 145, 341–355. doi: 10.1016/j.cell.2011.04.005

Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. J. Immunol. Methods 65, 55–63. doi: 10.1016/0022-1759(83)90303-4

Nahrendorf, M., and Swirski, F. K. (2015). Immunology. Neutrophil-macrophage communication in inflammation and atherosclerosis. Science 349, 237–238. doi: 10.1126/science.aac7801

Raspotnig, G., Fauler, G., Jantscher, A., Windischhofer, W., Schachl, K., and Leis, H. J. (1999). Colorimetric determination of cell numbers by Janus green staining. Anal. Biochem. 275, 74–83. doi: 10.1006/abio.1999.4309

Rouzer, C. A., Ivanova, P. T., Byrne, M. O., Milne, S. B., Marnet, L. J., and Brown, H. A. (2006). Lipid profiling reveals arachidonate deficiency in RAW264.7 cells-structural and functional implications. Biochemistry 45, 14795–14808. doi: 10.1021/bi061723j

Siasos, G., G Papavassiliou, A., and Tousoulis, D. (2015). Editorial (thematic issue: inflammation and atherosclerosis: the role of novel biomarkers (Part-I)). Curr. Med. Chem. 22, 2616–2618. doi: 10.2174/092986732222150813115832

Sorci-Thomas, M. G., and Thomas, M. J. (2016). Microdomains, inflammation, and atherosclerosis. Circ. Res. 118, 679–691. doi: 10.1161/CIRCRESAHA.115.306246

Sun, X., He, S., Wara, A., Icli, B., Shvartz, E., Tesmenitsky, Y., et al. (2014). Systemic delivery of microRNA-181b inhibits nuclear factor-κb activation, vascular inflammation, and atherosclerosis in apolipoprotein E–deficient mice. Circ. Res. 114, 32–40. doi: 10.1161/CIRCRESAHA.113.302089

Ussher, J. R., Elmariah, S., Gerszten, R. E., and Dyck, J. R. (2016). The emerging role of metabolomics in the diagnosis and prognosis of cardiovascular disease. J. Am. Coll. Cardiol. 68, 2850–2870. doi: 10.1016/j.jacc.2016.09.972

Versteeg, H. H., Nijhuis, E., Van Den Brink, G. R., Evertzen, M., Pynaert, G. N., Van Deventer, S. J., et al. (2000). A new phosphospecific cell-based ELISA for p42/p44 mitogen-activated protein kinase (MAPK), p38 MAPK, protein kinase B and cAMP-response-element-binding protein. Biochem. J. 350(Pt 3), 717–722. doi: 10.1042/bj3500717

von Hundelshausen, P., and Schmitt, M. M. (2014). Platelets and their chemokines in atherosclerosis-clinical applications. Front. Physiol. 5:294. doi: 10.3389/fphys.2014.00294

Wang, F. J., Zhang, P., Yu, C. Q., and Zhu, Y. (2015). Exploration on biological networks relationship between effects of Danlou Tablets on cardiovascular disease and their relative components. Chin. Tradit. Herb. Drugs 46, 774–777.

Westra, M. M. (2010). Crosstalk between Apoptosis and Inflammation in Atherosclerosis. Ph.D. thesis, Leiden University, Leiden.

Wong, B. W., Meredith, A., Lin, D., and Mcmanus, B. M. (2012). The biological role of inflammation in atherosclerosis. Can. J. Cardiol. 28, 631–641. doi: 10.1016/j.cjca.2012.06.023

Xu, S., Huang, Y., Xie, Y., Lan, T., Le, K., Chen, J., et al. (2010). Evaluation of foam cell formation in cultured macrophages: an improved method with Oil Red O staining and DiI-oxLDL uptake. Cytotechnology 62, 473–481. doi: 10.1007/s10616-010-9290-0

Xu, X. H., Shah, P. K., Faure, E., Equils, O., Thomas, L., Fishbein, M. C., et al. (2001). Toll-like receptor-4 is expressed by macrophages in murine and human lipid-rich atherosclerotic plaques and upregulated by oxidized LDL. Circulation 104, 3103–3108. doi: 10.1161/hc5001.100631

Yuan, M., Breitkopf, S. B., Yang, X., and Asara, J. M. (2012). A positive/negative ion-switching, targeted mass spectrometry-based metabolomics platform for bodily fluids, cells, and fresh and fixed tissue. Nat. Protoc. 7, 872–881. doi: 10.1038/nprot.2012.024

Zai, G., Mundo, E., Strauss, J., Wong, G. W., and Kennedy, J. L. (2007). Brain-derived neurotrophic factor (BDNF) gene not associated with antidepressant-induced mania. Bipolar Disord. 9, 521–525. doi: 10.1111/j.1399-5618.2007.00416.x

Zernecke, A., and Weber, C. (2014). Chemokines in atherosclerosis: proceedings resumed. Arterioscler. Thromb. Vasc. Biol. 34, 742–750. doi: 10.1161/ATVBAHA.113.301655

Zhang, D., Li, Y., Liu, Y., Xiang, X., and Dong, Z. (2013). Paclitaxel ameliorates lipopolysaccharide-induced kidney injury by binding myeloid differentiation protein-2 to block toll-like receptor 4–mediated nuclear factor-κB activation and cytokine production. J. Pharmacol. Exp. Ther. 345, 69–75. doi: 10.1124/jpet.112.202481

Zhang, X., Xie, Y., Zhou, H., Xu, Y., Liu, J., Xie, H., et al. (2014). Involvement of TLR4 in oxidized LDL/beta2GPI/anti-beta2GPI-induced transformation of macrophages to foam cells. J. Atheroscler. Thromb. 21, 1140–1151. doi: 10.5551/jat.24372

Zhou, H., Summers, S. A., Birnbaum, M. J., and Pittman, R. N. (1998). Inhibition of Akt kinase by cell-permeable ceramide and its implications for ceramide-induced apoptosis. J. Biol. Chem. 273, 16568–16575. doi: 10.1074/jbc.273.26.16568

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Gao, Zhou, Lu, Li, Gao, Yu and Cui. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-09-00590-g006.jpg
C
TLR4 signaling pathway PPARY signaling pathway

|

Lipopo haride ot

- —~ N
PP \ rial 7 &
quobactgpal Ll;ém\ein Mannans ﬁLBl;lﬂs) BF-‘:‘;;"“ Viralinfection ~ CpG DNA & 5 IN@IN sl
poprotein ( - 5 "L
! I ape /A \,@/}_ N l‘ & e et A PPARa Ligand Kw )
Extracellular space < - ¢ 1{ : \_/ /\ ‘ / Extracellular space pr\ 3
T cD " TLR R3grLR LR
Cyt RAP - i

SR
I
P.PP(7)
SHC/;GRB2 " »!

Cytoplasm

m
\Vi
-3
fal d?a?;id
- Nucleus
dELK-1) gi:; )
[N [P~
Transcription of
pro-inflammatory cytckin
€
TNF-g S PPRE_
cE
2000-2016 QIAGEN. All rights reserved. Peroxisome
ce Fatty al d:%thesis prollfgyéiion . hon%égﬁﬁljasis
- oxidation egr::a’ ion Adipogyte q_uc%e Col
-log(p-value) da 1 differentiation Uptake o
00 25.,50 75 100 125 150 175 200 . it Hepatocaitégonesi Magiiage
N A N N i N N N N resporise response function

PPAR Signaling

EEEEL TREMI signaling pathway

IL-10 Signaling

IL-6 Signaling | | e A —
N\ €8Oy - &= &= 5 \Ab/ \
1/ PEBE ] BE R o BT "
Glucocorticoid Receptor Signaling | — v - — 1‘ — v o
3 Lo (3 P ’?;M} e . \/Mﬁ\a;: : I 714— 3 l;lll: \\\ ‘I‘ ‘l' l’l I’I’IJI‘ ::‘:\\\
Differential Regulation of Cytokine Productionin e NI TTT N Vi A
1] LY — s ne W\ T g \ l \
Macrophages and T Helper Cells by IL-17A = s /RN 6/ TN L NN VL
] ) £ EC e \
and IL-17F B 7/ NN 1 1l A
N o 3 / Xy \
Acute Ph R Signali ’ g acs @ Ry AN
cute Phase Response Signaling \ 1 o o e
\\ ‘1 j l/ / ’l \l “‘ ‘\\ ‘\‘ \\\
. . - 1 \ \
Communication between Innate and Adaptive L VALY
Immune Cells e

!
I
I
I
o
N Loy
1 \
£ X /i\ @,*\ )”‘ Do
SIGIRR BD-2 (ST2) 4 MYDE8
PR €03 (1) TLR2 LR} 1vos
Reduced Th2 response Enhanced TLR signaling and
Th1 response

Role of Macrophages, Fibroblasts and Endothelial
Cells in RI toid Arthritis

Hepatic Cholestasis

© 20002016 QUAGEN. Al fights resened.

— ~ Glucocorticoid receptor signaling pathway

Activation of IRF by Cytosolic Pattern Recognition
Receptor

IL-17A Signaling in Fibroblasts

Cxmcsiver 50808 Dfvithe forfos, = o
Granulocyte Adhesion and Diapedesis o — b J..
M ~~\-»‘/—~_-c::7\7\7 + e,
HERN A |
TREM1 Signaling T S R T o
Dendritic Cell Maturation = A e e
1’/..,‘ B o)) "
. . .l ! T T p.m’né ’&' Gy S eD0IA
HMGB1 Signaling . | i st i
- Nedeos - = i / E
TNFR2 Signaling T F T i /
. Qg reponerior \/ g,
/™ !
. . . - / !
Agranulocyte Adhesin and Diapedesis ) “r:a“‘j :
iy )|\ I i
LXR/RXR Activation <\ J

\
\

\

3

i
e e
—
_—
3
3

PET PN 4 » %
@gq{ﬁ"{' e A = neq b 3 s e & RS oL
@ | XX = ZZ
R SN : ; 1 S e\ Dok ko e il TXTT™ | '
A e RN W7 iin s T cune -~
ML # ’/ A 1,
' A \\§

000 005 010 0.5 020 025 030 035 040 045 0.50

Toll-like Receptor Signaling

MIF Regulation of Innate Immunity

© 2000-2016 QIAGEN. All rights reserved.

8 20002093 CUEEN. M dgheenesved.





OPS/images/cross.jpg
3,

i





OPS/images/fphys-09-00590-g005.jpg
al

ox-LDL
Control
ox-LDL
+EEDL

T
TIr8 o
TIr7 Control PAPAP
Ly86
Ly96
Fadd

Hras
TIr3 oo .
Bak (oo

Tir6 ox-LDL o 9 eecone

Irakl (ool

[ X J
TIr4

Tradd

Hmgb1

Irf3
Clecde ox-LDL e 3

Mapk8 EEDL
Tollip bl

o
6 : ] eeCI

Irfl
Jun

Csf2
Chuk

Fos 15000
Nfkbl1

Nfkbib

Rel 12000 e = .
Cebpb T
Nfkbia 3 ool B .
Ifnb1
Csf3
Illa ; 6000 -
I11b
Ccl2 3000 -

C 18000 -
[ Jox-LDL
[ Jox-LDL+EEDL

r—‘—|—|—u FL

*

Densitometric analysis

Ptgs2
Cd86 -
Tnf 0l

*

*

Magnitude of gene expression

min avg max

IFNy —
IL-1ra ,

JE .,
MIP-10 &
MIP-1$ & T3

MIP-2 =

|

TNF-a @
]

RANTES < FF
*





OPS/images/fphys-09-00590-g004.jpg
Component 2 (20.5%)

-log(P)

Scores Plot

2] .
+es ou ox-LDL+EEDL
tan
s o
Control
wes
< A x €%
ox-LDL b
“ A sean
! s S ao
o | sar
-10 -5 0 5 10
Component 1 (17.8%)
D-Glutaimine and D-glutamate metabolism
Alanine; aspartate and glutamate metabolism
® [
Glycerophospholipid metabolism
* & @ Glutathione metabolism
o
o Q

& O

X o

0

0.0 0.2 0.4 0.6 0.8 1.0
Pathway Impact

Isovalerylcarnitine [ ]
Guanosine [ ]
Glutathione [}
Homovanillic acid
2-Ketobutyric acid
L-Lactic acid
Phosphoenolpyruvic acid
Phosphorylcholine
5-Hydroxyindoleacetic acid [ ]
DL-2-Aminooctanoic acid ]
Homogentistic acid [ )
Cholesterol [}
L-Aspartic acid ]
3-Phosphoglyceric acid e
Glycerol 3-phosphate o
Oxoglutaric acid L]
[ ]
]
L]

11-Dehydro-thromboxane B2
Uridine diphosphate glucuronic acid
L-Glutamine
Pantothenic acid °
5-Thymidylc acid [ ]
Itaconic acid °
Hydroxyproline [}
Citramalic acid °
Ketoleucine ]
Arginine °
L-Lysine| @
2-Hydroxy-3-methylbutyric acid |~ @
PE(36:3)

High

Low

[ ]
Myoinositol | @

I I

6 1.8 2.0 22 24

VIP Scores

EEDL/ox-LDL < 0.8 EEDL/ox-LDL >

Yo, % (T
o, o “

1.2

[ 3
8,
) Ps,, %, *"00

-log10(p)
4

log2(FC)

High





OPS/images/fphys-09-00590-g003.jpg
Dil-ox-LDL

SRBI' ——————'—‘C TLR4 R e —

B-actin l S — e e —— — B-actin | GEEDCEDaDEIDGIDED

Control 5
) 120
4
= 90 bid
2 i "
] ” 60
2
1 ) 30 o
0 0 L -
ox-LDL (100 pg/mly - " ; : " ox-LDL (100 pg/mL) - : + : :
L (ng/mly - 2 400 200 100 - EEDL (pg/ml) - - 400 200 100 -
Simvastatins (10 uM) - - - - - : Simvastatins (10 uM) - - - = . +
D 60 E 140
50 m § 120 "
40 100
= 30 ] 30, — "
% 20
= 20+
3 10 - 10 -
|
ol= 0 :
ox-LDL (100 pg/mLy - - + 4 + + ox-LDL (100 pg/mly - ; " : : :
EEDL (pg/mL) - - 400 200 100 - EEDL ( pg/ml) - - 400 200 100 -

Simvastatins (10 pM) - 2 : S s + Simvastatins (10 M) - s 2 : =





OPS/images/fphys-09-00590-g002.jpg
A Control ox-LDL ox-LDL+simvastatin B 150

o
28
L
-gB-lOO—
S =
=
=8
8 o
o8
s o
2 50t
£2
S =
Z'e

ox-LDL+EEDL

ox-LDI+EEDL ox-LDL (100 pg/mL) -
(100 pg/mL) EEDL (pg/mL) -

##
P

(200 pg/mL)

7 : Simvastatins (10 uM) -
e O
; 7 5 c 250
: ¢ g @ 200 -
W T U 23 150t
¥ X Y s £ 2
p £8
’ ¢ v g e 100f
W . = 9 2
® 50
ox-LDL+simvastatin
S A ¥3 0
> ox-LDL (100 pg/mL) - +
: ¢ EEDL (ug/mLy - -
T"’ Simvastatins (10 pMy - -
T A " : B E o R, E 0201
& A i S5 L #
' 3 o g = T oolst
ox-LDL+EEDL ox-LDIL+EEDL ox-LDL+EEDL 3 f‘- g
2 * bt K3
(400 pg/mL) (200 pg/mL) (100 pg/mL) 2 g olor §§§:§
5 ol e 87, . 3 ¢ 2 < d
= ) ¢ 5 o i i 23 ££ 005t 5
2} - < Vb = 90058
i BN s = & s
Y. ety < A% ) B
R .; ‘ 0.00
2 BZorn - ox-LDL (100 pg/mL) - + + + it +
-3 a 5 ‘ : L 80 S A EEDL (ug/mL) - - 400 200 100 -
\ o =S5 - § . SR & non . :., K& Simvastatins (10 uM) - - - - - %





OPS/images/fphys-09-00590-g001.jpg
EEDL ] [Simvastatins}

{ Control J{ ox-LDL }[ +ox-LDL +ox-LDL

[ Macrophage foam cell J [ Drug intervention J

formation
e |
l, Fluorescence imaging l Oil red O staining
[ ox-LDL uptake J ox-LDL deposition
Metabolomics

Metabolites-function

' )

analysis

[ Lipid boli: J[ Infl ion resp ] [ Cell death and survival }
Transfection, RT-PCR | PCR array & RT-PCR &
Western blotl & Western blot, Cytokine array Western blot

PPARYy signaling TLR4/NF-kB signaling —’l Bi%!:% family

Mechanism of EEDL inhibits macrophage
foam cell formation induced by ox-LDL






OPS/images/fphys-09-00590-g010.jpg
Extracellular

Lysosome
d

D J

Free cholesterol

| o

- z/ Endoplasmic reticulum

Fxp PPARp
L 000Ts 000IY ) (Gluamned
~ Nl.l_c.lel.!.s. —\< /

Bcl-2 family

AN 7

- i B |

\ 'V e | |

| W ‘ ‘ |
» / - ‘

d

Apoptosis

-~






OPS/images/fphys-09-00590-t001.jpg
Gene Primer Sequence (5'-3) PCR product (bp)

p-actin Forward TGTTACCAACTGGGACGACA 165
(NM_007393.3) Reverse GGGGTGTTGAAGGTCTCAAA

COX-2 Forward TGAGTACCGCAAACGCTTCTC 151
(NM_011198.3) Reverse TGGACGAGGTTTTTCCACCAG

MCP-1 Forward CCCAATGAGTAGGCTGGAGA 125
(NM_011333.3) Reverse TCTGGACCCATTCCTTCTTG

TNF-a Forward TAGCCAGGAGGGAGAACAGA 127
(NM_013693.2) Reverse TTTTCTGGAGGGAGATGTGG

Bax Forward CTGCAGAGGATGATTGCTGA 174
(NM_007527.3) Reverse GATCAGCTCGGGCACTTTAG

Bel-2 Forward GGACTTGAAGTGCCATTGGT 127
(NM_177410.2) Reverse AGCCCCTCTGTGACAGCTTA

SRB1 Forward GGGCTCGATATTGATGGAG 171
PPARy Forward GATGGAAGACCACTCGCATT 115
(NM_001127330.2) Reverse AACCATTGGGTCAGCTCTTG

(NM_016741.2) Reverse GGAAGCATGTCTGGGAGGTA

TLR4 Forward GGCAGCAGGTGGAATTGTAT 198
(NM_021297.3) Reverse AGGCCCCAGAGTTTTGTTCT

LOX-1 Forward TGGTGGATCCAGATGTTTGA 99

(NM_001301096.1) Reverse GTTGGTTGGGAGACTTTGGA





OPS/images/cover.jpg
, frontiers
in Physiology

Dan-Lou Prescription Inhibits
Foam Cell Formation Induced by
ox-LDL via the TLR4/NF-kB and

PPARYy Signaling Pathways





OPS/images/fphys-09-00590-t003.jpg
Categories

Cell-to-cell signaling and interaction, cellular movement

Cell death and survival

Cellular movement, immune cell trafficking

Inflammatory response

Gene expression

Cell death and survival

Cellular development, cellular growth and proliferation

Hematological system development and function, tissue morphology

Cellular function and maintenance, hematological system development
and function

Inflammatory response, organismal injury and abnormalities

Cellular function and maintenance, hematological system development
and function

Cellular movement

Call-to-cell signaling and interaction

Cellular function and maintenance

Cell-to-cell signaling and interaction, hematological system
development and function, immune cell trafficking

Diseases or Functions Annotation

Recruitment of cells
Apoptosis of leukocytes

Leukocyte migration

Inflammation of absolute anatomical region
Binding of protein binding site

Cell death of immune cells

Proliferation of blood cells

Quantity of blood cells

Function of myeloid cells

Inflammation of organ
Function of macrophages

Cellular infiltration
Activation of cells
Function of phagocytes
Adhesion of immune cells

p-value

1.83E-30
2.94E-30
2.50E-29
1.58E-28
1.6E-28
1.75E-28
1.66€-27
1.77€-27
3.28E-27

1E-26
3.47E-26

3.83E-26
4.68E-26
8.21E-25
1.53E-24

Molecules

21
22
25
26
19
23
24
25
17

26
16

20
24
17
18





OPS/images/fphys-09-00590-t002.jpg
Gene symbol

Ccl2
Cdse
Cebpb
Csf2
Csf3
Fos
Ifnb1
I1a

Fold regulation

—73.99
—14.18
-3.10
—125.42
—386.78
—2.72
-3.84
—77.05

Gene symbol

b
Jun
Nfkb1
Nfkbia
Nfkbib
Ptgs2
Rel
Tnf

Fold regulation

—810.73
—2.60
—2.35
-5.05
—2.66
—174.54
—4.22
-5.69





OPS/images/fphys-09-00590-g009.jpg
ok

000000000000
s, R

[totototeteotetes

(=3
ENNN\\\

o -
+ +
400 200

|

. . . . 35
S n B n oEE=
o ] — =} Ou.um
S 342
[01U0D JOAO SP]OJ SR8
uoissaidxa uroyord z-jog m He
3 £
;

o g 3
H + 0+

=3
=

(=3
S

N

(=3
AO». 1
o
| o
a4 % =aiz
[01IU0J J19A0 SP[OJ m A8
=23
uoissaidxa urgroid xeq als
n¥E
% &
2] S ©
i

=3
m '

=3
S

N

=3
S

<
Vo
-
s i~
£ mMH
) =
~ ; o=
3 = 5 E3%
A A § 8%
@ A™%
7 E
< 5 &

60

R

(e}
JONUOD JOAO SPJOJ
uoissardxs YNYW z-1og

[OJUOD JOAO SP[OJ
uorssardxe YNYw Xeg

o o o - o
¥

g

+ ox-LDL (100 pg/mL) -

+

4

G
400

ox-LDL (100 pg/mL)

200 100

400

EEDL (pg/mL)

Simvastatins (10 pM)

100

200

EEDL ( pg/mL)

Simvastatins (10 pM)





OPS/images/fphys-09-00590-g008.jpg
PRRRRRRLIRIRILLLIILS.
B RN
fatetetatotetetetetotetetitototetels

*x

(&}

3.0F

n

0.0

ox-LDL (100 pg/mL)

iy
"%**q0) x00

urajo1d Jo uoissaidxs aAne[y

PRI TIRTLIRTLL
s
BRRRERRIRRKK

+

+

+

100000
80000
60000
40000
20000

(Tw/3d) 1-4ON

T3

0303003000
P XK IKIKEKIEKK
(26tetetetotetetetstet

ke

15000

A

(Tw/3d) n-ANL

100

400 200

EEDL ( pg/mL)

Simvastatins (10 pM)

+
100

E + + +
- - 400 200

EEDL ( ug/mL)

ox-LDL (100 pg/mL)
Simvastatins (10 uM)

+ o+ o+
400 200 100

EEDL ( pg/mL)

ox-LDL (100 pg/mL)
Simvastatins (10 uM)

=)
<

1 B 4

Y

e NN

LN

: I
ha

8 8 & °f
=2

=3

[013U0D JIAO Sp[O} w
uorssaIdxe YNYUW Z-X0O
5

%

=]

=]
Q

o IS

[01U0 120 SP|OJ
uorssaidxa VNJW [-dD

a

o )

0

ox-LDL (100 pg/mL)

[01IU0D 12A0 SP|OJ
uoIssaIdXd YNYW 0- NI,

+

ox-LDL (100 pg/mL)

+ +
100

+

4
400 200

EEDL (pg/mL)

Simvastatins (10 uM)

100

400 200

200 100

400

EEDL ( pg/mL)

Simvastatins (10 pM)

EEDL (pg/mL)

Simvastatins (10 uM)





OPS/images/fphys-09-00590-g007.jpg
+
=4
MY * =
=3
Ty * &
=4
+ Y - 8
* I
LI T
i £5 % o gy 338
n e v e v o Q v Qs g3
“a MM A ANo—= = o o5
2o
JO1UOD JOAO SPJO} 8 W 2
uoissaxdxo urdrord Ayvdd S a s
a~ g
a3 2
: E
B w2
+ 4+
=
+ S
(=3
+ §
+ S
3
+
L B
Q35
mamu.
y = 2%
= -t
< Q S22
= 3 Za¢
= & 38§
a s
Y £
% =
< S ©v

+

+

| +

+

# +

L L L .M).
=293 8 3 35
(=3

[01JU0D I9AO P[O] S
soda-INJO N'TY a

o

a 8
B

— R +
NI +

-y

" o m =S w S = 0m
o o (o] (9] = = S SN
2

(=3

[01JU0D JOAO SPOF =2

uoissardxs YNYW AYvdd W

=

%

o (o]

+

400 200 100

EEDL ( pg/mL) -

BAY 11-7082(10 M) -

+
(=
=
(=
<
(]

[ =
S
<
2
S
5
EZ
EXS
Y
2 E
]
o7
<
>
£
%] L

.4014‘4.4.1040000.
*0000000000000.
- RRRREIKIEIRALA
R Yotetetetetetetetetetetetet

+ o+

+
400 200

[O1U0D 1940 SP|O}
uoissardxa wa0ad gpoNNi-d

= M ]
S ¥ e
S = m
= A x
A,
=
A,

<
S

1

g
2
(=3
=
2
(=]
b

x

5

-actin

B

100

EEDL ( pg/mL) -

Simvastatins (10 pM) -

+

ox-LDL (100 pg/mL) -

200 100

400

EEDL ( pg/mL) -
Simvastatins (10 uM) -

G

¢ B
SEONNNNNN\EER

»+ 2y + §

£ DI + § -

S +

=5 5 =EEd
o o - — S OM.a/m.\.am
J01IU0J I1OA0 SP[OJ m A m
uoissaidxo uidoad ¢od gx-IN-d M(E m
I S w
+ m !

—NHimmeyy + §

+8
T 2 2 8 3 wmwm
[OTU0D JOAO SPIOJ M\m m
uorssardxa urdod vgd[-d 2@ m

T £





OPS/images/logo.jpg
, frontiers
in Physiology





