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Abstract:

 ATP binding cassette transporter A1 (ABCA1) plays a key role in atherogenesis. Hydrogen sulfide (H2S), a gasotransmitter, has been reported to play an anti-atherosclerotic role. However, the underlying mechanisms are largely unknown. In this study we examined whether and how H2S regulates ABCA1 expression. The effect of H2S on ABCA1 expression and lipid metabolism were assessed in vitro by cultured human hepatoma cell line HepG2, and in vivo by ApoE−/− mice with a high-cholesterol diet. NaHS (an exogenous H2S donor) treatment significantly increased the expression of ABCA1, ApoA1, and ApoA2 and ameliorated intracellular lipid accumulation in HepG2 cells. Depletion of the endogenous H2S generator cystathionine γ-lyase (CSE) by small RNA interference (siRNA) significantly decreased the expression of ABCA1 and resulted in the accumulation of lipids in HepG2 cells. In vivo NaHS treatment significantly reduced the serum levels of total cholesterol (TC), triglycerides (TG), and low-density lipoproteins (LDL), diminished atherosclerotic plaque size, and increased hepatic ABCA1 expression in fat-fed ApoE−/− mice. Further study revealed that NaHS upregulated ABCA1 expression by promoting peroxisome proliferator-activated receptor α (PPARα) nuclear translocation. H2S up-regulates the expression of ABCA1 by promoting the nuclear translocation of PPARα, providing a fundamental mechanism for the anti-atherogenic activity of H2S. H2S may be a promising potential drug candidate for the treatment of atherosclerosis.
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1. Introduction


High-density lipoproteins (HDLs) are known to protect against atherogenesis by transporting excess cholesterol out of macrophages through the ATP-binding cassette transporter A1 (ABCA1)-mediated reverse cholesterol transport [1]. ABCA1 belongs to the ATP-binding cassette family that utilizes the energy of adenosine triphosphate (ATP) hydrolysis to carry cholesterol, phospholipids, and other substrates across membranes [2,3,4]. Mutations in the ABCA1 gene cause Tangier disease and familial hypoalphalipoproteinemia which are characterized by a severe reduction in the amount of HDL, demonstrating ABCA1 as a critical molecule in regulating an initial step of reverse cholesterol transport [5]. Thus, ABCA1 has been considered a potential target in the treatment of atherosclerosis [2,6,7,8].



H2S is identified as a gasotransmitter in the cardiovascular system of mammals [9,10]. It is endogenously generated by three distinct enzymatic pathways mediated by cystathionine β-synthase, cystathionine γ-lyase (CSE), and by mercaptopyrucate sulfurtransferase coupled with cysteine aminotransferase [11]. There is plentiful evidence indicating that H2S has an anti-atherosclerosis property, however, the underlying mechanisms are largely unknown [12,13,14,15,16,17,18]. Although both of ABCA1 and H2S were shown to play a significant role in atherogenesis, there is no information about the correlation between them. In order to study it, HepG2 cells and ApoE−/− mice with a high-cholesterol diet were treated with NaHS (an exogenous H2S donor), and the expression and function of ABCA1 were determined. Our results indicate that H2S upregulated ABCA1 expression through the promotion of PPARα nuclear translocation.




2. Results


2.1. NaHS Up-Regulates ABCA1, ApoA1, and ApoA2 Expression and Decreases Lipid Accumulation in HepG2 Cells


In the first set of experiments, the cytotoxicity of NaHS on HepG2 cells was analyzed. HepG2 cells were treated with different doses of NaHS for 24 h. As shown in Figure A1, only 400 μM NaHS treatment exhibited cytotoxicity, the other doses of NaHS had no effect on the viability of HepG2 cells (Figure A1). Therefore, 200 μM of NaHS was used as the highest dose in the following experiments. We then investigated the dose-dependent effect of NaHS on ABCA1 expression. HepG2 cells were treated with 50, 100, or 200 μM NaHS for 6 h (mRNA detection) or 12 h (protein detection), then total RNA and proteins were isolated. As shown in Figure 1A, NaHS up-regulated both the mRNA and protein expression of ABCA1, ApoA1, and ApoA2 in a dose-dependent manner (Figure 1A,B). Especially, the effect of 100 μM NaHS was the most significant.


Figure A1. Effect of NaHS treatment on the viability of HepG2 cells. After 12 h of serum starvation, HepG2 cells were treated with the indicated concentrations of NaHS for another 24 h. Cell viability was detected by WST-8 based colorimetric assay. Data were expressed as mean ± SEM. The results are representative of three independent experiments (n = 3). * p < 0.05 vs. control.
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Figure 1. Dosage effect of NaHS on the expression of ABCA1, ApoA1, and ApoA2 in HepG2 cells. (A) HepG2 cells were treated with the indicated concentration of NaHS for 6 h, followed by RNA extraction. The relative expression of ABCA1, ApoA1, and ApoA2 mRNA was quantified by quantitative reverse transcription polymerase chain reaction (RT-qPCR). Bars indicate means ± SEM of at least three independent experiments (* p < 0.05, ** p < 0.01 vs. control); (B) HepG2 cells were treated with the indicated concentration of NaHS for 24 h, followed by total cell lysate preparation. Proteins (20 μg) from total lysates were subjected to SDS-PAGE, followed by Western blot with indicated antibodies. Tubulin was used as a loading control. The blots were then quantified by ImageJ software. (n = 3, * p < 0.05, ** p < 0.01 vs. control); (C,D) HepG2 cells were co-incubated with the indicated concentration of NaHS and oxLDL (50 μg/mL) for 24 h. After incubation, cells were fixed and stained with Oil Red O. Representative images are shown in (C). The areas of positive staining were calculated with ImageJ software (*** p < 0.001 vs. control group; # p < 0.05, ## p < 0.01 vs. oxLDL treated group). Scale bar = 20 μm.
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Based on the fact that NaHS regulates the expression of ABCA1, we assumed that NaHS might play a role in intracellular lipid accumulation. To further explore the effect of NaHS, HepG2 cells were loaded with oxLDL (50 μg/mL) for 24 h in the absence or presence of different doses of NaHS, and the intracellular lipids were stained with Oil Red O. As shown in Figure 1C,D, treatment with 100 or 200 μM NaHS significantly reduced intracellular lipid accumulation.




2.2. Time Course of NaHS Effects on ABCA1, ApoA1, and ApoA2 Gene and Protein Expression


To understand the time course of changes in ABCA1, ApoA1, and ApoA2 gene and protein expression, HepG2 cells were treated with 100 μM NaHS for different amounts of time (1, 2, 4, 8, or 12 h), followed by quantitative reverse transcription polymerase chain reaction (RT-qPCR) and Western blotting. As shown in Figure 2A,B, NaHS treatment increased the ABCA1, ApoA1, and ApoA2 mRNA and protein level in a time-dependent manner. Considering the important roles of ABCA1, ApoA1, and ApoA2 in lipid metabolism, these results together with the results in Figure 1 indicate an important role of H2S in the lipid metabolism of HepG2 cells.


Figure 2. Time course analysis of ABCA1, ApoA1, and ApoA2 expression following NaHS treatment in HepG2 cells. HepG2 cells were treated with 100 μM NaHS for the indicated time periods. (A) RNA was extracted and the relative expression of ABCA1, ApoA1, and ApoA2 mRNA was quantified by RT-qPCR. Bars indicate means ± SEM of at least three independent experiments (* p < 0.05, ** p < 0.01 vs. control); (B) Total cell lysates were prepared and proteins (20 μg) from total lysates were subjected to SDS-PAGE, followed by Western blot with indicated antibodies. Tubulin was used as a loading control. The blots were then quantified by ImageJ software (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control).
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2.3. NaHS Alleviated Atherogenesis in High-Fat Dieted ApoE−/− Mice with Increased Liver ABCA1 Expression


Previous studies have shown an anti-atherosclerotic property of H2S [12,13,14,15,16,17,18]. Apoprotein E (ApoE) is a multifunctional protein that influences many aspects of cardiovascular physiology. ApoE−/− mice have also been extensively utilized as an atherosensitive platform [19]. In the present study, we found that treatment with NaHS (50 μM/kg/day, intraperitoneally) for 14 weeks significantly reduced the serum levels of total cholesterol (TC), triglycerides (TG), and low-density lipoproteins (LDL) induced by high-cholesterol diet (Figure 3A), and alleviated atherogenesis (plaque areas) in ApoE−/− mice fed a high-cholesterol diet (Figure 3B,C, p < 0.05). The positive control drug pravastatin (30 mg/kg/day, intragastrically) also had effects similar to NaHS. Since liver ABCA1 plays crucial roles in cholesterol metabolism, we then determined whether NaHS alter the expression of ABCA1. As indicated in Figure 3D, treatment with NaHS increased the protein level of ABCA1 compared with vehicle (p < 0.05) in the livers of ApoE−/− mice.


Figure 3. Effects of NaHS on the lipid metabolism of high-fat dieted ApoE−/− mice. Six-week-old ApoE−/− mice fed a high-cholesterol diet were dosed daily with NaHS (50 μM/kg/day, intraperitoneally), pravastatin (30 mg/kg/day, intragastrically), or vehicle (saline solution) for 14 weeks. (A) Serum was reserved for detecting total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C, n = 10, *** p < 0.001 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. vehicle); (B) Representative images of Oil Red O-stained aortas; (C) Quantization of lesion areas in Oil Red O-stained aortas (n = 10, *** p < 0.001 vs. control; #p < 0.05, ##p < 0.01 vs. vehicle); (D) Livers were collected from each group. Equal amount of proteins from liver lysates of each mouse in the same group were pooled and subjected to Western blotting for ABCA1 expression. Tubulin was used as a control (n = 10, ** p < 0.01, *** p < 0.001 vs. vehicle).
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2.4. NaHS Upregulated ABCA1 Expression by Promoting PPARα Nuclear Translocation


To address the nuclear factor involved in the NaHS-induced increase of ABCA1, nuclear proteins were isolated from HepG2 cells after treatment, and the levels of PPARα, LXRα, and RXRα in total lysates and nucleus were compared. As shown in Figure 4A, NaHS treatment increased nuclear level of PPARα, but had no effect on LXRα and RXRα (Figure 4A). To further confirm whether PPARα is involved in NaHS-induced upregulation of ABCA1, pharmacological inhibitors of PPARα (GW6471) were used to pre-treat the HepG2 cells, followed by additional NaHS treatment. In the resting state, GW6471 had no effect on ABCA1 expression (Figure 4B). However, GW6471 can significantly decrease NaHS-induced increase of ABCA1 protein level (Figure 4B), indicating that the increase of ABCA1 expression induced by NaHS might be mediated by PPARα.


Figure 4. The increase of ABCA1 expression induced by NaHS is mediated by PPARα. (A) Total proteins and nuclear proteins of HepG2 cells were prepared after NaHS treatment (100 μM for 2 h). Samples of the proteins were subjected to Western blot with antibodies against LXRα, RXRα, and PPARα. GAPDH were used as the loading controls. The blots of nuclear PPARα were then quantified by ImageJ software (n = 3, * p < 0.05 vs. control); (B) HepG2 cells were pretreated with PPARα antagonists GW6471 (25 μM) for 14 h, followed by additional NaHS (100 μM) treatment for 8 h. Cell lysates were collected and probed with anti-ABCA1 and tubulin antibodies (n = 3, ** p < 0.01 vs. DMSO; #p < 0.05 vs. NaHS).
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2.5. CSE Knockdown Decreased the Protein Level of ABCA1 by Inhibiting PPARα Nuclear Translocation


Hydrogen sulfide is mainly produced by CSE in the liver. To further determine whether the increased ABCA1 expression induced NaHS was achieved by promoting PPARα nuclear translocation, the basal expression of CSE was knocked down in HepG2 cells by cystathionine γ-lyase-specific small interfering RNA (CSE-siRNA). As shown in Figure 5A, CSE knock-down resulted in an obvious reduction of total ABCA1. As expected, the nuclear PPARα was also decreased. This result was also confirmed by Oil Red staining. CSE knock-down by siRNA exacerbated oxLDL accumulation in HepG2 cells (Figure 5B,C). Those results further confirmed an important role of H2S in lipid metabolism through PPARα-mediated ABCA1 expression.


Figure 5. Effect of cystathionine γ-lyase-specific small interfering RNA (CSE-siRNA) on PPARα-meditated ABCA1 expression and lipid accumulation. (A) HepG2 cells were transfected without siRNA (MOCK), or with the negative control (NC) or CSE siRNA (CSE KD) for 48 h, total proteins and nuclear proteins were prepared, followed by Western blotting with the indicated antibodies. T: total, N: nuclear. n = 3, * p < 0.05 and ** p < 0.01 vs. MOCK; (B) HepG2 cells were pretreated with negative control siRNA and CSE siRNA for 24 h, followed by treatment of oxLDL (25 μg/mL) for another 24 h, Scale bar = 20 μm. After incubation, cells were fixed and stained with Oil Red O, and the representative images were shown; (C) The areas of positive Oil Red O staining were calculated with ImageJ software (* p < 0.01 ** p < 0.05 vs. NC group).
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3. Discussion


ABCA1 is abundant in the liver and plays crucial roles in HDL biogenesis. Studies in hepatic over-expression of ABCA1 have demonstrated that the liver provides the main contribution to the plasma HDL pool [7,8]. More importantly, results from Tangier disease patients and liver-specific ABCA1-knockout mice suggest that hepatic ABCA1 is the most important source of nascent ApoA1 and is absolutely required for the maintenance of the majority of the plasma HDL pool [5,6]. These combined results indicate that ABCA1 is essential in lipid metabolism. In our present study, we used human hepatoma cell line HepG2 and also high-fat dieted ApoE−/− mice as the model systems to identify an important function of hydrogen sulfide in prohibiting lipid accumulation and atherogenesis through upregulation of ABCA1 expression.



Several different mechanisms have been described to be involved in the regulation of ABCA1 expression. Both the mRNA and protein levels of ABCA1 are very unstable, with a half-life of 1–2 h [20], indicating that the transcriptional and translational factors are the major factors for maintaining ABCA1 function. Therefore, the activation and repression mechanisms of ABCA1 function mostly act on the promoter of the ABCA1 gene. Liver-X-receptors (LXR), retinoic acid receptors (RAR), and peroxisome proliferator-activated receptors (PPARs), as well as their coactivators are the most important transcriptional factors for ABCA1 induction [21,22,23,24,25,26]. In the present study, we found that H2S upregulates ABCA1 expression by promoting PPARα, but not LXR or RAR nuclear translocation.



Recent studies have suggested that H2S plays an anti-atherosclerotic role. Reduction in endogenous H2S levels leads to the development and progression of atherosclerosis [12,13,14,15,17,27,28,29,30,31]. Some mechanisms were considered to contribute the anti-atherogenic activity of H2S, including the induction of vascular smooth muscle cell apoptosis [32], inhibition of foam cell formation [33], reduction of reactive oxygen species production [34], and adhesion molecule expression [17,18]. However, those findings could not completely explain the anti-atherogenic activity of H2S. Gong et al. have found that cystathionine γ-lyase (CSE)/hydrogen sulfide could up-regulate ABCA1 and that the PI3K/AKT pathway was involved in the upregulation of ABCA1 expression in THP-1 cells [35]. In the present study, we showed evidence that H2S can up-regulate ABCA1 expression through promotion of PPARα nuclear translocation, providing a fundamental mechanism for the anti-atherogenic activity of H2S in HepG2 cells and ApoE−/− mice.



PPARs are a group of nuclear receptor proteins that function as transcription factors regulating key metabolic pathways, such as lipid metabolism and inflammation [36]. There are three PPAR isoforms: PPARα, PPARγ, and PPARδ [37,38]. Tissue distribution of PPARs is broad and PPARα is primarily expressed in the liver [37]. In human macrophages, PPARα activation induces the expression of ABCA1, resulting in an increase of cholesterol efflux [39]. PPARα also regulates the synthesis of the major HDL apolipoproteins, ApoA1 and ApoA2, via transcriptional induction [25,40,41]. H2S has been reported to hamper the progression of atherosclerosis in fat-fed ApoE−/− mice and down-regulate CX3CR1 and CX3CL1 expression by modulating PPARγ in macrophages and lesion plaques [18]. Our data suggest that the effect of H2S on alleviating atherogenesis may be ascribed to increased PPARα nuclear translocation.



It has been reported that nascent HDL particles are a heterogeneous population of different size [42,43]. ABCA1 affects the size of nascent HDL particles by controlling the availability of cell lipids for nascent HDL biogenesis. More importantly, the ABCA1 activity at the cell surface is critical in promoting the initial lipidation of newly-secreted ApoA1, because the lipid-free ApoA1 is not stable and is rapidly cleared from blood through filtration in the kidney [44]. Lipid-poor ApoA1 particles are much more stable than lipid-free ApoA1 particles and can efficiently accept cell cholesterol via ABCA1 [45]. The function of HDL cannot be entirely determined by the plasma concentration. In the present study, we observed that NaHS treatment effectively decreased serum TC, TG, and LDL in fat-fed ApoE−/− mice, but had no effect on HDL levels. Similarly, statins are highly efficacious at lowering low-density lipoprotein cholesterol (LDL-C). However, it has been reported that after 12 weeks of pravastatin treatment, HDL did not change significantly [46]. Whether H2S influences lipid-poor ApoA1 formation and the function of HDL are our definite interest and will be clarified in future studies.




4. Materials and Methods


4.1. Chemicals and Reagents


Sodium hydrosulfide hydrate (NaHS), Dimethyl sulfoxide (DMSO), GW6471, and Oil Red O were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pravastatin sodium tablets were obtained from Daiichi Sankyo Pharmaceutical (Tokyo, Japan). Antibodies against ATP-binding cassette transporter A1 (ABCA1) and Apolipoprotein AI (ApoA1) were obtained from Abcam (Cambridge, UK). Antibodies against Apolipoprotein AII (ApoA2) and PPARα were obtained from Novus (Littleton, CO, USA) and Thermo Fisher (Waltham, MA, USA), respectively. Antibodies against LXRα, RXRα, and CSE were obtained from Santa Cruz (Dallas, TX, USA). Antibodies against Tubulin and GAPDH were obtained from Beyotime (Haimen, China). Anti-mouse and anti-rabbit secondary antibodies were from Promega (Madison, WI, USA).




4.2. Cell Culture and NaHS Treatment


Human hepatoma cells line HepG2 cell was obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), maintained in high glucose (25 mM) Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher) with 10% (v/v) fetal bovine serum (Thermo Fisher) at 37 °C under an atmosphere of 5% CO2. The culture plates used for HepG2 cells were coated with Collagen I (2–5 μg/cm2, Thermo Fisher) for better adhesion. NaHS was freshly dissolved in DMEM with 10% FBS before adding into the HepG2 cells, and the medium was changed every 12 h with freshly prepared NaHS at the indicated concentration.




4.3. Animals and Biochemical Analysis


All animal experimental procedures were performed in accordance with the “Guide for the Care and Use of Laboratory Animals” (National Institutes of Health) and were approved by the ethics committee of Experimental Research, Shanghai Medical College, Fudan University. ApoE−/− mice (C57BL/6J background, male, SPF) were obtained from the Cavens lab animal Co., Ltd. (Changzhou, China) at 6 weeks of age (License: SCXK (Su) 2011-5003). Mice were divided into four groups (10 mice in each group): the control group (Control; chow-fed, saline solution, intraperitoneally), the model group (Vehicle; high-cholesterol-fed, saline solution, intraperitoneally), pravastatin-treated group (Pravastatin; high-cholesterol-fed, 30 mg/kg/day pravastain, intragastrically), and NaHS treated group (NaHS; high-cholesterol-fed, 50 μM/kg/day NaHS, intraperitoneally) [47,48,49]. The high-cholesterol diet contained 1.25% cholesterol. After 14 weeks, mice were euthanized. Aortas were carefully removed and cleaned of adventitial fat and cut open longitudinally. For detection of atherosclerotic lesions, vessels were fixed by 4% formaldehyde solution for 24 h and stained with Oil Red O solution for 20 min, followed by rinse with isopropanol and distilled water. Images of the stained vessels were acquired by a dissection microscope with a standard digital camera. The lesion area of the stained intimal surface was quantified using ImageJ software, and the data were presented as a percentage of the total surface area covered by Oil Red O staining. Serum was separated and stored at −80 °C until use. Liver samples were quickly excised from the same part, frozen in liquid nitrogen and stored at −80 °C. For measurement of lipid profile, serum total cholesterol (TC), HDL cholesterol (HDL-C), LDL cholesterol (LDL-C), and triglycerides (TG) were determined colorimetrically by commercially available kits supplied by Nanjing Jiancheng Bioengineering Institute (Nanjing, China).




4.4. Cell Viability Assay


Cell viability was determined using the Cell Counting Kit-8 (CCK-8) assay (Beyotime). HepG2 cells were planted in 96-well culture plates. After serum starvation for 12 h, the quiescent cells were incubated with NaHS for 24 h. Cell viability was analyzed with the CCK8 kit according to the manufacturer’s instructions. The optical density (OD) of each well was measured at a wavelength of 450 nm.




4.5. RNA Isolation and RT-Quantitative-PCR


For RT-qPCR analysis, the cells were lysed in RNAiso Plus reagent (Takara, Kusatsu, Japan) for total RNA extraction, followed by reverse transcription with RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). Real-Time PCR was performed using SYBR Premix Ex Taq II (Takara) in CFX96TM Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The profile of thermal cycling consisted of initial denaturation at 95 °C for 30 s, and 40 cycles at 95 °C for 5 s and 60 °C for 30 s. All used primers were custom-synthesized by Invitrogen and well-validated. GAPDH was used as an internal control. Sequences of primers ABCA1: 5’-GAGCACAGGCTTTGACCGAT-3’ (forward) and 5’-CTGAGAACCGGCTCTGTTGG-3’ (reverse); ApoA1: 5’-GAGACTGCGAGAAGGAGGTC-3’ (forward) and 5’-CCAGGTCCTTCACTCGATCC-3’ (reverse); ApoA2: 5’-GGAGCTTTGGTTCGGAGACA-3’ (forward) and 5’-TAACCAGTTCCGTTCCAGCC-3’ (reverse); GAPDH: 5’-CTCTGCTCCTCCTGTTCGAC-3’ (forward) and 5’-GCGCCCAATACGACCAAATC-3’ (reverse).




4.6. Western Blotting Analysis


Total proteins from the liver of each mouse were isolated and an equal amount of proteins from each mouse in the same group were pooled. After different treatments, the cells were washed twice with cold PBS and lysed in RIPA buffer (Beyotime) on ice. Nuclear extracts were prepared using the Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA), according to the manufacturer’s instructions. An equal amount of proteins from each group were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), followed by transfer of proteins to nitrocellulose membranes. The membranes were blocked with 5% nonfat milk and incubated with primary antibodies overnight at 4 °C. After incubation with horseradish peroxide-conjugated secondary antibodies, blots were developed with enhanced chemiluminescence (Pierce, MA, USA) and visualized by ChemiDoc™ XRS System from Bio-Rad. The intensity of each lane was quantified by ImageJ software.




4.7. Oil Red O Staining


HepG2 cells were co-incubated with the indicated concentration of NaHS and oxLDL (50 μg/mL) for 24 h. The cell monolayer was fixed in 4% (w/v) paraformaldehyde for 10 min, and then stained by filtered 0.5% Oil Red O. Harris hematoxylin (Beyotime) was used for nuclei counterstaining. Images were acquired by phase-contrast microscopy (Olympus, Tokyo, Japan) from at least five randomly chosen fields for each condition. The areas of positive staining were calculated with ImageJ software.




4.8. Small Interfering RNA


The CSE-specific small interfering RNA (siRNA) and negative control siRNA were synthesized by RiboBio (Guangzhou, China). HepG2 cells were transfected with siRNA using Lipofectamine RNAiMAX (Thermo Fisher) according to the manufacturer’s protocol. The cells were subjected to Western blot assay or Oil Red O staining 48 h after transfection.




4.9. Statistical Analysis


All values were performed using SPSS software. Intergroup differences were analyzed by one-way ANOVA followed by the Bonferroni post hoc analysis for multiple comparison procedure. Unpaired Student’s t test was used for comparison between two groups. Differences were considered to be statistically significant when the p values were less than 0.05.





5. Conclusions


In conclusion, our data supports a therapeutic effect of H2S on atherogenesis. In fat-fed ApoE−/− mice, H2S decreased serum TC, TG, and LDL level, and up-regulated the expression of hepatic ABCA1. We further demonstrated that the increase of ABCA1 induced by H2S was achieved via promoting nuclear translocation of PPARα. Therefore, H2S may be a promising potential drug candidate for the treatment of atherogenesis.







Acknowledgments


This study was supported by the National Natural Science Foundation of China (No. 81371923, 81173056) and the Natural Science Foundation of Guangdong Province (S2013010015313).




Author Contributions


Xiaoyan Shen and Yizhun Zhu conceived and designed the experiments; Dong Li and Qinghui Xiong performed the experiments; Jin Peng and Bin Hu analyzed the data; Wanzhen Li contributed reagents/materials/analysis tools; Dong Li and Xiaoyan Shen wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


H2S, Hydrogen Sulfide; NaHS, Sodium Hydrosulfide; M, mol/L; ABCA1, ATP binding cassette transporter A1; HepG2, human hepatoma cells line; CSE, cystathionine γ-lyase; TC, total cholesterol; TG, triglycerides; LDL, low-density lipoprotein; HDL, high-density lipoprotein; PPAR, peroxisome proliferator-activated receptor; LXR, liver X receptor; RXR, retinoid X receptor; oxLDL, Oxidized low-density lipoprotein; ApoA1, Apolipoprotein A-I; ApoA2, Apolipoprotein A-II; WST-8, (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium).





Appendix A






References


	1. 
Oram, F.J.; Vaughan, A.M. ATP-Binding cassette cholesterol transporters and cardiovascular disease. Circ. Res. 2006, 99, 1031–1043. [Google Scholar] [CrossRef] [PubMed]

	2. 
Attie, A.D. ABCA1: At the nexus of cholesterol, HDL and atherosclerosis. Trends Biochem. Sci. 2007, 32, 172–179. [Google Scholar] [CrossRef] [PubMed]

	3. 
Kaminski, E.W.; Piehler, A.; Wenzel, J.J. ABCA-subfamily transporters: Structure, function and disease. Biochim. Biophys. Acta 2006, 1762, 510–524. [Google Scholar] [CrossRef] [PubMed]

	4. 
Oram, J.F.; Lawn, R.M.; Garvin, M.R.; Wade, D.P. ABCA1 is the cAMP-inducible apolipoprotein receptor that mediates cholesterol secretion from macrophages. J. Biol. Chem. 2000, 275, 34508–34511. [Google Scholar] [CrossRef] [PubMed]

	5. 
Bodzioch, M.; Orsó, E.; Klucken, J.; Langmann, T.; Böttcher, A.; Diederich, W.; Drobnik, W.; Barlage, S.; Büchler, C.; Porsch-Ozcürümez, M.; et al. The gene encoding ATP-binding cassette transporter 1 is mutated in Tangier disease. Nat. Genet. 1999, 22, 347–351. [Google Scholar] [PubMed]

	6. 
Aiello, J.R.; Brees, D.; Francone, O.L. ABCA1-deficient mice: Insights into the role of monocyte lipid efflux in HDL formation and inflammation. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 972–980. [Google Scholar] [CrossRef] [PubMed]

	7. 
Vaisman, B.L.; Lambert, G.; Amar, M.; Joyce, C.; Ito, T.; Shamburek, R.D.; Cain, W.J.; Fruchart-Najib, J.; Neufeld, E.D.; Remaley, A.T.; et al. ABCA1 overexpression leads to hyperalphalipoproteinemia and increased biliary cholesterol excretion in transgenic mice. J. Clin. Investig. 2001, 108, 303–309. [Google Scholar] [CrossRef] [PubMed]

	8. 
Wellington, C.L.; Brunham, L.R.; Zhou, S.; Singaraja, R.R.; Visscher, H.; Gelfer, A.; Ross, C.; James, E.; Liu, G.; Huber, M.T.; et al. Alterations of plasma lipids in mice via adenoviral-mediated hepatic overexpression of human ABCA1. J. Lipid Res. 2003, 44, 1470–1480. [Google Scholar] [CrossRef] [PubMed]

	9. 
Szabo, C. Hydrogen sulphide and its therapeutic potential. Nat. Rev. Drug Discov. 2007, 6, 917–935. [Google Scholar] [CrossRef] [PubMed]

	10. 
Wang, R. Two’s company, three’s a crowd: Can H2S be the third endogenous gaseous transmitter? FASEB J. 2002, 16, 1792–1798. [Google Scholar] [CrossRef] [PubMed]

	11. 
Mani, S.; Cao, W.; Wu, L.; Wang, R. Hydrogen sulfide and the liver. Nitric Oxide 2014, 41, 62–71. [Google Scholar] [CrossRef] [PubMed]

	12. 
Cheung, S.H.; Kwok, W.K.; To, K.F.; Lau, J.Y. Anti-atherogenic effect of hydrogen sulfide by over-expression of cystathionineγ-lyase (CSE) gene. PLoS ONE 2014, 9, e113038. [Google Scholar] [CrossRef] [PubMed]

	13. 
Liu, Z.; Han, Y.; Li, L.; Lu, H.; Meng, G.; Li, X.; Shirhan, M.; Peh, M.T.; Xie, L.; Zhou, S.; et al. The hydrogen sulfide donor, GYY4137, exhibits anti-atherosclerotic activity in high fat fed apolipoprotein E (−/−) mice. Br. J. Pharmacol. 2013, 169, 1795–1809. [Google Scholar] [CrossRef] [PubMed]

	14. 
Mani, S.; Untereiner, A.; Wu, L.; Wang, R. Hydrogen sulfide and the pathogenesis of atherosclerosis. Antioxid. Redox Signal. 2014, 20, 805–817. [Google Scholar] [CrossRef] [PubMed]

	15. 
Qiao, W.; Chaoshu, T.; Hongfang, J.; Junbao, D. Endogenous hydrogen sulfide is involved in the pathogenesis of atherosclerosis. Biochem. Biophys. Res. Commun. 2010, 396, 182–186. [Google Scholar] [CrossRef] [PubMed]

	16. 
Vacek, T.P.; Rehman, S.; Neamtu, D.; Yu, S.; Givimani, S.; Tyagi, S.C. Matrix metalloproteinases in atherosclerosis: Role of nitric oxide, hydrogen sulfide, homocysteine, and polymorphisms. Vasc. Health Risk Manag. 2015, 11, 173–183. [Google Scholar] [CrossRef] [PubMed]

	17. 
Wang, Y.; Zhao, X.; Jin, H.; Wei, H.; Li, W.; Bu, D.; Tang, X.; Ren, Y.; Tang, C.; Du, J. Role of hydrogen sulfide in the development of atherosclerotic lesions in apolipoprotein E knockout mice. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 173–179. [Google Scholar] [CrossRef] [PubMed]

	18. 
Zhang, H.; Guo, C.; Wu, D.; Zhang, A.; Gu, T.; Wang, L.; Wang, C. Hydrogen sulfide inhibits the development of atherosclerosis with suppressing CX3CR1 and CX3CL1 expression. PLoS ONE 2012, 7, e41147. [Google Scholar] [CrossRef] [PubMed]

	19. 
Getz, G.S.; Reardon, C.A. ApoE knockout and knockin mice: The history of their contribution to the understanding of atherogenesis. J. Lipid Res. 2016. [Google Scholar] [CrossRef] [PubMed]

	20. 
Wang, Y.; Oram, J.F. Unsaturated fatty acids inhibit cholesterol efflux from macrophages by increasing degradation of ATP-binding cassette transporter A1. J. Biol. Chem. 2002, 277, 5692–5697. [Google Scholar] [CrossRef] [PubMed]

	21. 
Lund, G.E.; Menke, J.G.; Sparrow, C.P. Liver X receptor agonists as potential therapeutic agents for dyslipidemia and atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 1169–1177. [Google Scholar] [CrossRef] [PubMed]

	22. 
Nagao, K.; Tomioka, M.; Ueda, K. Function and regulation of ABCA1—membrane meso-domain organization and reorganization. FEBS J. 2011, 278, 3190–3203. [Google Scholar] [CrossRef] [PubMed]

	23. 
Repa, J.J.; Turley, S.D.; Lobaccaro, J.A.; Medina, J.; Li, L.; Lustig, K.; Shan, B.; Heyman, R.A.; Dietschy, J.M.; Mangelsdorf, D.J. Regulation of absorption and abc1-mediated efflux of cholesterol by rxr heterodimers. Science 2000, 289, 1524–1529. [Google Scholar] [CrossRef] [PubMed]

	24. 
Sartippour, R.M.; Renier, G. Differential regulation of macrophage peroxisome proliferator–activated receptor expression by glucose: Role of peroxisome proliferator–activated receptors in lipoprotein lipase gene expression. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 104–110. [Google Scholar] [CrossRef] [PubMed]

	25. 
Schmitz, G.; Langmann, T. Transcriptional regulatory networks in lipid metabolism control ABCA1 expression. Biochim. Biophys. Acta 2005, 1735, 1–19. [Google Scholar] [CrossRef] [PubMed]

	26. 
Wellington, C.L.; Walker, E.K.; Suarez, A.; Kwok, A.; Bissada, N.; Singaraja, R.; Yang, Y.Z.; Zhang, L.H.; James, E.; Wilson, J.E.; et al. ABCA1 mRNA and protein distribution patterns predict multiple different roles and levels of regulation. Lab. Investig. 2002, 82, 273–283. [Google Scholar] [CrossRef] [PubMed]

	27. 
Jeney, V.; Komódi, E.; Nagy, E.; Zarjou, A.; Vercellotti, G.M.; Eaton, J.W.; Balla, G.; Balla, J. Supression of hemin-mediated oxidation of low-density lipoprotein and subsequent endothelial reactions by hydrogen sulfide (H2S). Free Radic. Biol. Med. 2009, 46, 616–623. [Google Scholar] [CrossRef] [PubMed]

	28. 
Li, W.; Tang, C.; Jin, H.; Du, J. Regulatory effects of sulfur dioxide on the development of atherosclerotic lesions and vascular hydrogen sulfide in atherosclerotic rats. Atherosclerosis 2011, 215, 323–330. [Google Scholar] [CrossRef] [PubMed]

	29. 
Mani, S.; Li, H.; Untereiner, A.; Wu, L.; Yang, G.; Austin, R.C.; Dickhout, J.G.; Lhoták, Š.; Meng, Q.H.; Wang, R. Decreased endogenous production of hydrogen sulfide accelerates atherosclerosis. Circulation 2013, 127, 2523–2534. [Google Scholar] [CrossRef] [PubMed]

	30. 
Peh, M.T.; Anwar, A.B.; Ng, D.S.; Atan, M.S.; Kumar, S.D.; Moore, P.K. Effect of feeding a high fat diet on hydrogen sulfide (H2S) metabolism in the mouse. Nitric Oxide 2014, 41, 138–145. [Google Scholar] [CrossRef] [PubMed]

	31. 
Zhang, H.; Guo, C.; Zhang, A.; Fan, Y.; Gu, T.; Wu, D.; Sparatore, A.; Wang, C. Effect of S-aspirin, a novel hydrogen-sulfide-releasing aspirin (ACS14), on atherosclerosis in apoE-deficient mice. Eur. J. Pharmacol. 2012, 697, 106–116. [Google Scholar] [CrossRef] [PubMed]

	32. 
Yang, G.; Wu, L.; Bryan, S.; Khaper, N.; Mani, S.; Wang, R. Cystathionine γ-lyase deficiency and overproliferation of smooth muscle cells. Cardiovasc. Res. 2010, 86, 487–495. [Google Scholar] [CrossRef] [PubMed]

	33. 
Zhao, Z.Z.; Wang, Z.; Li, G.H.; Wang, R.; Tan, J.M.; Cao, X.; Suo, R.; Jiang, Z.S. Hydrogen sulfide inhibits macrophage-derived foam cell formation. Exp. Biol. Med. 2011, 236, 169–176. [Google Scholar] [CrossRef] [PubMed]

	34. 
Muzaffar, S.; Shukla, N.; Bond, M.; Newby, A.C.; Angelini, G.D.; Sparatore, A.; del Soldato, P.; Jeremy, J.Y. Exogenous hydrogen sulfide inhibits superoxide formation, nox-1 expression and rac1 activity in human vascular smooth muscle cells. J. Vasc. Res. 2008, 45, 521–528. [Google Scholar] [CrossRef] [PubMed]

	35. 
Gong, D.; Cheng, H.P.; Xie, W.; Zhang, M.; Liu, D.; Lan, G.; Huang, C.; Zhao, Z.W.; Chen, L.Y.; Yao, F. Cystathionine γ-lyase (CSE)/hydrogen sulfide system is regulated by miR-216a and influences cholesterol efflux in macrophages via the PI3K/AKT/ABCA1 pathway. Biochem. Biophys. Res. Commun. 2016, 470, 107–116. [Google Scholar] [CrossRef] [PubMed]

	36. 
Brown, D.J.; Plutzky, J. Peroxisome proliferator–Activated receptors as transcriptional nodal points and therapeutic targets. Circulation 2007, 115, 518–533. [Google Scholar] [CrossRef] [PubMed]

	37. 
Auboeuf, D.; Rieusset, J.; Fajas, L.; Vallier, P.; Frering, V.; Riou, J.P.; Staels, B.; Auwerx, J.; Laville, M.; Vidal, H. Tissue Distribution and quantification of the expression of mRNAs of peroxisome proliferator–activated receptors and liver X Receptor-α in humans: No alteration in adipose tissue of obese and NIDDM patients. Diabetes 1997, 46, 1319–1327. [Google Scholar] [CrossRef] [PubMed]

	38. 
Chandra, V.; Huang, P.; Hamuro, Y.; Raghuram, S.; Wang, Y.; Burris, T.P.; Rastinejad, F. Structure of the intact PPAR-γ–RXR-α nuclear receptor complex on DNA. Nature 2008, 456, 350–356. [Google Scholar] [CrossRef] [PubMed]

	39. 
Chinetti, G.; Lestavel, S.; Bocher, V.; Remaley, A.T.; Neve, B.; Torra, I.P.; Teissier, E.; Minnich, A.; Jaye, M.; Duverger, N.; et al. PPAR-αand PPAR-γ activators induce cholesterol removal from human macrophage foam cells through stimulation of the ABCA1 pathway. Nat. Med. 2001, 7, 53–58. [Google Scholar] [PubMed]

	40. 
Kockx, M.; Princen, H.M.G.; Kooistra, T. Fibrate-modulated expression of fibrinogen, plasminogen activator inhibitor-1 and apolipoprotein A-I in cultured cynomolgus monkey hepatocytes role of the peroxisome proliferator-activated receptor-α. Thromb. Haemost. 1998, 80, 942–948. [Google Scholar] [PubMed]

	41. 
Duez, H.; Chao, Y.S.; Hernandez, M.; Torpier, G.; Poulain, P.; Mundt, S.; Mallat, Z.; Teissier, E.; Burton, C.A.; Tedgui, A.; et al. Reduction of atherosclerosis by the peroxisome proliferator-activated receptor alpha agonist fenofibrate in mice. J. Biol. Chem. 2002, 277, 48051–48057. [Google Scholar] [CrossRef] [PubMed]

	42. 
Denis, M.; Haidar, B.; Marcil, M.; Bouvier, M.; Krimbou, L.; Genest, J., Jr. Molecular and cellular physiology of apolipoprotein A-I Lipidation by the ATP-binding cassette transporter A1 (ABCA1). J. Biol. Chem. 2004, 279, 7384–7394. [Google Scholar] [CrossRef] [PubMed]

	43. 
Krimbou, L.; Hajj Hassan, H.; Blain, S.; Rashid, S.; Denis, M.; Marcil, M.; Genest, J. Biogenesis and speciation of nascent apoA-I-containing particles in various cell lines. J. Lipid Res. 2005, 46, 1668–1677. [Google Scholar] [CrossRef] [PubMed]

	44. 
Basso, F.; Freeman, L.; Knapper, C.L.; Remaley, A.; Stonik, J.; Neufeld, E.B.; Tansey, T.; Amar, M.J.; Fruchart-Najib, J.; Duverger, N. Role of the hepatic ABCA1 transporter in modulating intrahepatic cholesterol and plasma HDL cholesterol concentrations. J. Lipid Res. 2003, 44, 296–302. [Google Scholar] [CrossRef] [PubMed]

	45. 
Rothblat, H.G.; Phillips, M.C. High-density lipoprotein heterogeneity and function in reverse cholesterol transport. Curr. Opin. Lipidol. 2010, 21, 229–238. [Google Scholar] [CrossRef] [PubMed]

	46. 
Zhang, A.; Vertommen, J.; van Gaal, L.; de Leeuw, I. Effects of pravastatin on lipid levels, in vitro oxidizability of non-HDL lipoproteins and microalbuminuria in IDDM patients. Diabetes Res. Clin. Pract. 1995, 29, 189–194. [Google Scholar] [CrossRef]

	47. 
Pan, L.L.; Liu, X.H.; Shen, Y.Q.; Wang, N.Z.; Xu, J.; Wu, D.; Xiong, Q.H.; Deng, H.Y.; Huang, G.Y.; Zhu, Y.Z. Inhibition of NADPH oxidase 4-related signaling by sodium hydrosulfide attenuates myocardial fibrotic response. Int. J. Cardiol. 2013, 168, 3770–3778. [Google Scholar] [CrossRef] [PubMed]

	48. 
Xue, R.; Hao, D.D.; Sun, J.P.; Li, W.W.; Zhao, M.M.; Li, X.H.; Chen, Y.; Zhu, J.H.; Ding, Y.J.; Liu, J.; et al. Hydrogen sulfide treatment promotes glucose uptake by increasing insulin receptor sensitivity and Ameliorates kidney lesions in Type 2 diabetes. Antioxid. Redox Signal. 2013, 19, 5–23. [Google Scholar] [CrossRef] [PubMed]

	49. 
Pan, L.L.; Wang, X.L.; Wang, X.L.; Zhu, Y.Z. Sodium hydrosulfide prevents myocardial dysfunction through modulation of extracellular matrix accumulation and vascular density. Int. J. Mol. Sci. 2014, 15, 23212–23226. [Google Scholar] [CrossRef] [PubMed]

















© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
LXRa

PPARa

@
>
)
o
I

PPARa-N protein
(fold of control)

o

o°¢ ~2~°"

Total

N
¢° 2

00 étb

Nuclear

=
o

»

-

e
o

*

O
9
o‘\\

ABCA1 protein

(fold of DMSO)

a

w

4,
%
%,
)’
G,
s

%





nav.xhtml


  ijms-17-00635


  
    		
      ijms-17-00635
    


  




  





media/file5.png
(@)

A

5o 5o - Hi

PPARG-N (# w25 L 53 3
APDH-N || & LE 83 o o
T o w 3.

- - NC CSEKD Mo CSEKD
LA S S R P SR






media/file3.png
<

(Mnownu) apradkiBuL

ABCA1

Tubulin

& T
(1043u09 JO Pio})
utejoud LyogY





media/file0.png
1.5

S 0
- o
(1043u0) JO p|oy)
Aypqenn 189

NaHS





media/file1.png
A ..
a2 ok X = 20- = 3 =
z, % 15 3
3., e .
0.0- oo o
&S P & LSS
T - s
B & NaHS (um)
& _NahS tum) 2 . 20
< 50 100 200 R 5 -
- X e
ey E———t e . o

RS PSS e -
— o aHS (M) 0 o 50 100 0

[ oxLDL
NaHS (uM)
=)

A

0Oil Red O Stainin





media/file2.png
i £, :
tH f
2 g‘
S e — -
NaHS (1004M e
5 .
(\‘,\O\NaHS (100pm) 3
<® 1h2h 4h 8h 12h i
AcAi[C -] i
g3
28

NaHS (100M )

Tubulin





