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Abstract

:

In this work, the hypolipidemic activities of two pentapeptides (VIAPW and IRWWW) from miiuy croaker (Miichthys miiuy) muscle on oleic acid (OA)-induced lipid accumulation in HepG2 cells were investigated. VIAPW and IRWWW could significantly inhibit lipid accumulation induced by OA and decreased intracellular levels of intracellular triglyceride (TG) and total cholesterol (TC) in a dose-effect dependence manner. At the concentration of 100 μm, the TG levels of VIAPW (0.201 ± 0.006 mm) and IRWWW (0.186 ± 0.005 mm) were very (p < 0.01) and extremely (p < 0.001) significantly lower than those (0.247 ± 0.004 mm) of the OA model group; the levels of TC of VIAPW (45.88 ± 0.74 μg/mg protein) and IRWWW (41.02 ± 0.14 μg/mg protein) were very (p < 0.01) and extremely (p < 0.001) significantly lower than that (53.45 ± 0.10μg/mg protein) of the OA model group (p < 0.01). The hypolipidemic mechanisms of VIAPW and IRWWW were to down-regulate the expression levels of genes of SREBP-1c, SREBP-2, FAS, ACC, and HMGR in lipid synthesis and to up-regulate the expression levels of genes of PPARα, ACOX-1, and CPT-1 in lipid oxidation. These results suggested that VIAPW and IRWWW could play their hypolipidemic activities in HepG2 cells through regulation of AMPK pathway and act as hypolipidemic nutrient ingredients applied in public healthy and functional foods.
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1. Introduction


Hyperlipidemia is referring to the abnormally high levels of total triglycerides (TG), cholesterol (TC), and lipoproteins in the blood circulation, which is a key contributor to atherosclerosis, coronary artery disease (CAD), acute pancreatitis, and peripheral vascular disease (PVD) [1,2]. Hyperlipidemia is the best-known disease in connection with a sedentary lifestyle, inherited genetic disorder, high-fat diets, diabetes, and obesity [3]. In recent years, the population of hyperlipidemia has been increasing gradually around the world due to the unhealthy lifestyles, such as smoking, high fat acid (FA) and sugar diets, and physical inactivity [4]. Therefore, synthetic drugs including bile acid binding resins, nicotinic acid derivatives, and cholesterol absorption inhibitors were applied to regulate the lipid levels of plasma [5]; however, their potential toxicities cause great trouble to the patient and limit their long-term applications [6]. In addition, functional foods with abundant hypolipidemic substances enjoy great popularity for the treatment of moderate hyperlipidemia [6,7]. Therefore, searching for efficient ingredients from natural sources to produce lipid-lowering medicines or health products attracts continuing concern [8].



To date, active ingredients from natural resources including polysaccharides, quinones, alkaloids, flavonoids, steroidal saponins, and proteins and peptides, have been identified as potential hypolipidemic agents because they could accelerate the catabolism of exogenous lipid, suppressing the biosynthesis of endogenous lipids and inhibiting lipid absorption and peroxidation [4,8,9,10]. Among them, food-derived peptides attract extensive attention because they have physiological functions beyond their high nutritional values and can act as drugs and functional products [11,12,13,14]. Fan et al. (2018) purified and identified four peptides including NPVWKRK, NALKCCHSCPA, CANPHELPNK, and LNNPSVCDCDCMMKAAR from protein hydrolysate of Spirulina platensis. Among them, NPVWKRK and CANPHELPNK could significantly decrease the accumulation of TG dropping to 23.7% and 19.5% at a concentration of 600 μg/mL, respectively (p < 0.05) [15]. LPYP, IAVPGEVA, and IAVPTGVA from digesting glycinin could improve low-density lipoprotein (LDL) uptake through activating the LDLR-sterol regulatory element-binding protein (SREBP) pathway and act as a competitive inhibitor of 3-hydroxy-3-methylglutaryl CoA reductase (HMGR) to inhibit the biosynthesis of cholesterol [7,16]. IIAEK from a milk β-lactoglobulin hydrolysate could significantly affect the level of serum cholesterol and display a greater cholesterol-lowering capacity in animal experiments [17]. Lee et al. reported that Glu-Phe (EF) isolated from onion could control the expression of SREBP-1c and its lipogenic target genes to decrease the lipid accumulation in mouse hepatocytes [18]. In an ovariectomized rats model, chickpea peptides (ChPs) decreased the adipose tissue size, body weight, TC, TG, LDL, cholesterol, liver TC and TG, and serum atherogenic index [19]. The mechanism was that ChPs could inhibit the activities of HMGR and FA synthetase (FAS), down-regulate the expression of SREBP-1c and peroxisome proliferator-activated receptors (PPAR)γ, and up-regulate the expression of estrogen receptor (ER)α, ERβ, and liver X receptor (LXR)α. Therefore, food-derived peptides play an important role in controlling lipid metabolism and decreasing body FA and may be more appealing to eliminate the side-effects of hyperlipidemia.



In recent years, seafood-derived peptides with antihypertensive, antioxidant, and antitumor activities have been characterized from many marine products and their by-products [10,11,20,21,22]. In contrast, little attention has been paid to peptides with hypolepidemic, anti-obesity, antiatherogenic and cardioprotective effects [2]. In our previous report, ten antioxidant pentapeptides separated from the hydrolysate of miiuy croaker muscle were determined as YASVV (M1), NFWWP (M2), FWKVV (M3), TWKVV (M4), FMPLH (M5), YFLWP (M6), VIAPW (M7), WVWWW (M8), MWKVW (M9), and IRWWW (M10) [23]. Furthermore, those peptides, especially VIAPW (M7) and IRWWW (M10), showed inhibitory activity on lipid accumulation in HepG2 cells. Therefore, the objective of this study was to investigate the hypolipidemic mechanisms of VIAPW and IRWWW in a hyperlipidemia HepG2 cells model induced by oleic acid (OA) for their application in functional foods.




2. Materials and Methods


2.1. Materials


HepG2 cells were purchased from the China Cell Bank of the Institute of Biochemistry and Cell Biology (Shanghai, China). Dulbecco’s Modified Eagle’s medium (DMEM) and Roswell Park Memorial Institute (RPMI)-1640 medium were purchased from Gino biotechnology Co., Ltd. (Hangzhou, China). Methylthiazolyldiphenyl-tetrazolium bromide (MTT), OA, simvastatin (SV), and β-actin were purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd. (China). Paraformaldehyde (4%) and lipofectamine 2000 were purchased from Thermo Fisher Scientific Co. Ltd. (Shanghai, China). PrimeScript RT reagent Kit with genomic DNA (gDNA) Eraser and 2 × KAPA Master Mix were purchased from Takara Biomedical Technology (Beijing) Co. Ltd. (China). FA free bovine serum albumin (BSA) was purchased from Millipore Co. Ltd. (Shanghai, China). Bicinchoninic acid (BCA) protein assay kit and L-Glutamine were purchased from Beijing Solarbio Co. Ltd. (China). TransStart Top Green quantitative PCR (qPCR) superMix kit was purchased from TransGen Biotech Co. Ltd. (Beijing, China). SREBP-1c rabbit polyclonal antibody was purchased from Abcom Co. Ltd. (Maharashtra, India). Peptides (M1–M10) were chemically synthetized using a solid phase peptide synthesis method (synthetized by China Peptides Co. Ltd.) according to the amino acid sequences reported by He et al. [23]. The purity of the synthesized peptides was higher than 98% as analyzed via reversed-phase high-performance liquid chromatography (RP-HPLC) method. The molecular mass of the synthesized peptides was confirmed by the manufacturer using electrospray ionization mass spectrometry (ESI-MS).




2.2. HepG2 Cell Culture


HepG2 cells were cultured in DMEM (containing 2 mm glutamine, 50 U/mL penicillin, 50 mg/mL streptomycin, and 10% fetal bovine serum (FCS)). Cells were incubated in a humidified atmosphere of 5% CO2 at 37 °C. When the monolayer reached about 70% confluent, the media were replaced with serum-free DMEM for 24 h ahead of experiments. After that, HepG2 cells were added to samples at designed concentrations in serum-free media for 24 h. SV (1 mm) served as a positive control, and the control group without samples was prepared distilled water.




2.3. Cell Viability Assay


The viability assay of HepG2 cells was evaluated using an MTT assay by a previous method [12,24]. In brief, 100 μL of peptides (M1-M10) at a concentration of 100 μm s and 100 μL of growth media were added to the HepG2 cells. The control cultures were treated with the extracting solution without the peptides. In addition, the blank wells contained 100 μL of growth medium without HepG2 cells. Cell viability (% of control) was measured after incubating for 24 h.




2.4. Oil Red O Staining Assay


The assay was performed using an Oil Red O staining kit (O0625) by Sigma-Aldrich (Shanghai) Trading Co. Ltd. (Shanghai, China) according to the manufacturer’s instructions [24]. HepG2 cells were fixed on 96 well plates with 4% formaldehyde for 30 min and washed with phosphate buffered saline (PBS) twice. After rinsing with 60% isopropanol for 10 min, isopropanol was removed. HepG2 cells were incubated in 3% Oil Red O solution for 1 h and rinsed with PBS thrice to wipe off the unbound dye. Finally, stained cells were dissolved in DMSO, and the ultraviolet absorbance at 358 nm was determined. Images of stained cells were taken using the inverted microscope Olympus IX71 (Olympus Co. Ltd., Shinjuku, Japan).




2.5. Preparation of Protein Extract of HepG2 Cells


HepG2 cells were washed twice using PBS and treated with lysis buffer (1% deoxycholate, 1% Triton X-100, 0.1% SDS) for 20 min on ice. After that, the solution was centrifuged at 12,000× g at 4 °C for 20 min. Protein concentration was measured by a BCA protein assay kit according to the manufacturer’s instructions (Beijing Solarbio Co. Ltd., Beijing, China).




2.6. Cellular TC and TG Contents Analysis


Cellular TC and TG contents were determined according to the previous method [24]. In brief, HepG2 cells were seeded in 6-well-plates and treated under the designed processes. Then, cell lysates were prepared according to the above method. TC and TG contents were measured using the TC (BioVison K622-100) and TG (BioVison K603-100) assay kits following the manufacturer’s instructions (Shanghai Yubo Bioengineering Co. Ltd., China).




2.7. Fluorescence Quantitative Polymerase Chain Reaction (PCR) Analysis


RNA extraction: HepG2 cells (2.5 × 105 cells/well) in 12-well plates (1 mL) were incubated in DMEM (containing 10% FCS) for two days. The HepG2 cells were washed twice using PBS and incubated in 500 μL of FCS-free DMEM (containing 1.0% (w/v)) BSA for two days with or without 0.75 mm sodium oleate or sodium oleate plus samples (100 μg/mL). After culture, HepG2 cells culture plates were placed on ice, cell culture media were wiped off, and plates were rinsed with ice-cold Tris-buffered saline (TBS). Treated HepG2 cells from each disc were lysed in TBS (150 μL, containing 0.02% Triton-X100 detergent) and were moved to 1.5 mL tubes. To facilitate cell lysis, the tubes with HepG2 cells were frozen using liquid nitrogen and thawed quickly in a 37 °C water bath; this process of cell lysis was repeated twice. Total ribonucleic acid (RNA) was separated from the lysed cells using a TRIzol (Thermo Fisher Scientific (China) Co. Ltd., Shanghai, China). The total amount and purity of RNA were measured using a NanoDrop 2000/2000 c Spectrophotometer (Thermo Fisher Scientific (China) Co. Ltd., Shanghai, China). RNA was reverse transcribed into complementary DNA (cDNA) using a TransStart Top Green qPCR superMix kit with fluorescence labeling of Sybr Green according to manufacturer’s instructions (TransGen Biotech Co. Ltd., Beijing, China). Amplification was carried out using a three-step temperature cycle in a 10 μL reaction system as follows: pre-degenerated at 95 °C for 1 min, degenerated at 95 °C for 20 s, renaturated at 58 °C for 30 s, and extended at 72 °C for 10 s with 39 cycles. The specificity of PCR was verified by melting curve analysis from 72 °C to 95 °C. The GADPH gene was chosen as the internal reference while the threshold and Ct (threshold cycle) values acquired via real-time PCR (RT PCR) were used to analyze the genes’ mRNA levels according to the 2−ΔΔCt method. All the data were normalized and are presented as mean ± standard error (SE) (n = 3). The data were processed in the Statistical Product and Service Solutions (SPSS) software. The forward and reverse PCR primer sequences were as follows in Table 1.




2.8. Western Blot Assay


Western blot assay was performed according to the previous method [25]. HepG2 cells at a density of 1 × 105 cells/well were seeded in six-well plates for one day and then treated with 3 mg/mL of samples for 24 h; the cell culture medium was used as a negative control. After that, 1 × 105 cells were gathered using centrifugation at 9000× g for 5 min at 4 °C and rinsed twice with cold PBS (pH 7.2). The cells collected from the six-well plates were handled with lysis buffer (200 μL, containing phenylmethanesulfonylfluoride fluoride) for 0.5 h. Then, the HepG2 cells were centrifuged at 12,000× g for 5 min, and the protein contents in supernatant were determined using BCA assay and separated using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). After that, the proteins in resolving gel were transferred to a polyvinylidene difluoride membrane, and the membrane was blocked with 10% non-immune serum for 2 h and then incubated with rabbit monoclonal antibody (1:1000) for 12 h at 4 °C. After rinsing thrice using TBS containing 0.1% Tween-20 (TBST) buffer, the membrane was incubated with another antibody (goat-anti-rabbit horseradish peroxidase [HRP]-conjugated 1:3000) at 25 °C for 2 h and then rinsed with TBST. The intensity of the specific immunoreactive bands was measured using enhanced chemiluminescence, quantified by densitometry, and expressed as a ratio to β-actin.




2.9. Statistical Analysis


All assays were carried out in triplicate and the resulted data were expressed as means ± standard deviation (SD, n = 3). ANOVA test using SPSS 19.0 was applied to analyze the experimental data. Significant differences among the parameters means were determined by using Duncan’s multiple range test.





3. Results and Discussion


3.1. Effects of Peptides (M1-M10) on HepG2 Cell Viability


HepG2 cells have high differentiation and show many characteristics of genotypes of normal human liver hepatocytes [26]. In consequence, HepG2 cells are an ideal model system applied for studying human liver metabolism in vitro, screening the cytotoxicity capacity of novel functional molecules at the lead generation stage, and detecting environmental and dietary cytotoxins and genotoxins [27,28].



Cell viability determines the response of cells to stress stimuli and usually is used to look at the effects of pharmacological compounds on cells. The viabilities of HepG2 cells treated with peptides YASVV (M1), NFWWP (M2), FWKVV (M3), TWKVV (M4), FMPLH (M5), YFLWP (M6), VIAPW (M7), WVWWW (M8), MWKVW (M9), and IRWWW (M10) were presented in Figure 1, the viability of cells treated with peptide TWKVV (M4) was significantly weaker than that of the normal control group at 100 μm for 24 h (p < 0.05). Furthermore, the viability of cells treated with peptide YFLWP (M6) was very significantly weaker than that of normal control group at the same concentration (p < 0.01). Therefore, TWKVV (M4) and YFLWP (M6) have stronger cytotoxic activity to HepG2 cells than the other eight peptides and are unfit for serving as the candidate molecules of non-anti-tumor functional food and/or drugs. Therefore, all test peptide except TWKVV (M4) and YFLWP (M6) did not significantly affect the normal proliferation of HepG2 cells and could be applied for the development of non-tumor drugs and functional food.




3.2. Effects of VIAPW (M7) and IRWWW (M10) on Lipid Accumulation


The effects of antioxidant peptides (M1-M10) on lipid accumulation in HepG2 cells pretreated with OA were studied. As shown in Figure 2, the intracellular lipid content of the model group pre-treatment with OA at 80 μm after 24 h was dramatically higher than the lipid content of the normal control group (p < 0.01), which indicated that the OA cell model was successfully established. In comparison with the OA cell model group, VIAPW (M7) could significantly decrease the lipid accumulation in HepG2 cells at 100 μm (p < 0.05), and IRWWW (M10) and the positive control of SV could very significantly reduce the lipid accumulation in HepG2 cells at same concentration (p < 0.01). To directly observe the effects of VIAPW (M7) and IRWWW (M10) on the lipid accumulation of HepG2 cells, the tested HepG2 cells were dyed using Oil Red O, and their images were taken and shown in Figure 3. In comparison with the normal control group, higher cellular lipid content in the cell model group pre-treatment with OA was observed. In addition, more lipid globules inside cells were also found. However, the images (Figure 3) of VIAPW (M7)-, IRWWW (M10)-, and SV-treated cell groups (especially IRWWW (M10) and SV) were clearly different from that of the model cell group, which illustrated that they could dispose of most of the intracellular lipid.



Excess lipid accumulated in the hepatic cells, which acts as an indicator of a lipid overload and a mediator of metabolic syndrome. Moreover, the steatosis may translate into nonalcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma with a range of cell histological alterations [29,30]. Hence, VIAPW (M7) and IRWWW (M10) might be good lipid-lowering candidates, and their mechanisms were studied more profoundly and meticulously in the following experiments.




3.3. Effects of VIAPW (M7) and IRWWW (M10) on Lowering Intracellular TG and TC Contents


TG and TC are separate types of lipids that circulate in blood. TG is a major source of energy for the body through storing unused calories in adipocytes and muscle cells. TC is a ubiquitous constituent of cell membranes. High TG levels are harmful and increase the risk of heart disease, stroke, acute pancreatitis, obesity, and metabolic syndrome [31]. High TC levels are one of the dangerous factors that can result in atherosclerotic cardiovascular disease (ASCVD), including heart attack, transient ischemic attack, stroke, and peripheral artery disease [32].



Effects of VIAPW (M7) and IRWWW (M10) on the cellular TG and TC contents were presented in Figure 4. The TC and TG contents in OA cell model group were 0.247 ± 0.004 mm and 53.45 ± 0.15 μg/mg protein, respectively, which were extremely (p < 0.001) significantly higher than those of the blank control group (TC content: 0.144 ± 0.002 mm, and TG content: 42.11 ± 0.32 μg/mg protein), respectively. The data manifested that the hyperlipidemic cell model was successfully built. After treatment with VIAPW (M7) and IRWWW (M10) at the concentrations of 10, 50, and 100 μm, the TC and TG contents in hyperlipidemic HepG2 cell model decreased in a concentration-effect relationship, and the TG and TC levels of VIAPW (M7) treated group were lower than those of IRWWW (M10) group at all the tested concentrations. In addition, Figure 4A indicated that the TG levels of VIAPW (M7) and IRWWW (M10) groups were significantly less than those of the OA model and the negative control groups at 50 μm (p < 0.05), but the TG levels of VIAPW (M7) and IRWWW (M10) groups were very (p < 0.01) and extremely (p < 0.001) less than those of the OA model and negative control groups at 100 μm. Figure 4B illustrates that the TC level of VIAPW (M7) was very significantly lower than that of the OA model and negative control groups at 100 μm (p < 0.01), but the TC levels of the IRWWW (M10) groups were very (p < 0.01) and extremely (p < 0.001) lower than those of the OA model and negative control groups at 50 and 100 μm, respectively. Those results indicate that VIAPW (M7) and IRWWW (M10) could inhibit the synthesis of TC and TG and activate the catabolism of these compounds. In addition, the ability of IRWWW (M10) to lower the TG and TC levels was higher than that of VIAPW (M7) group at the same concentrations. In addition, the TG and TC levels of IRWWW (M10) groups at 100 μm were extremely (p < 0.001) less than those of the OA model group, which were close to the levels of SV group at 10 μm. Simvastatin (SV) is a statin drug and used to decrease the risk of cardiovascular diseases through lowering the cholesterol content by inhibiting the activity of HMGR. However, some side effects including indigestion, diarrhoea, nausea, muscle aches or pains, and weakness affect the patient’s application. In our future study, we will increase the biological activities (bioavailability) of VIAPW (M7) and IRWWW (M10) through modifying their chemical structures. In addition, the toxic side effects of VIAPW (M7) and IRWWW (M10) and their derivatives will also be the focus of our attention.




3.4. Effects of VIAPW (M7) and IRWWW (M10) on the Expression Levels of Genes Involved in Lipid Metabolism


Lipid metabolism refers to the oxidation and synthesis of fats in cells, which involve the breaking down or storage of fats for energy. The adenosine 5’-monophosphate (AMP)-activated protein kinase (AMPK) pathway plays a major role for regulating the lipid metabolism and is a key sensor of energy homeostasis at the cell level [33]. Previous studies confirmed that AMPK could phosphorylate and inactivate the functions of acetyl-CoA carboxylase (ACC), SREBP, HMGR, and FAS and then control the biosynthesis of TG and sterols [24]. In addition, AMPK activation can increase the expression of proteins associated with FA oxidation, including carnitine palmitoyltransferase I (CPT-1), PPARs, and acyl-CoA oxidase 1 (ACOX-1) [34].



Effects of VIAPW (M7) and IRWWW (M10) on the expression levels of genes drawn into lipid synthesis (SREBP-1c, SREBP-2, FAS, ACC, and HMGR) and oxidation (PPARα, ACOX-1, and CPT-1) in HepG2 cells were investigated, and the data were analyzed using the qRT-PCR method (Figure 5). In comparison with the OA model group, VIAPW (M7) could extremely significantly decrease the expression levels of genes of SREBP-1c (p < 0.001), very significantly reduce the expression levels of genes of ACC and FAS (p < 0.01), and significantly decrease the expression levels of genes of SREBP-2 and HMGR (p < 0.05). In addition, Figure 6 indicated that VIAPW (M7) could significantly increase the expression levels of genes of PPARα, ACOX-1, and CPT-1 (p < 0.05).



The effect of IRWWW (M10) on the expression levels of genes related to the lipid metabolism showed a similar tendency with VIAPW (M7), but the expression levels of genes were slightly different from those of VIAPW (M7). Compared with the OA model group, IRWWW (M10) could extremely significantly down-regulate the expression level of SREBP-1c gene (p < 0.001), very significantly down-regulate the expression levels of SREBP-2 genes (p < 0.01), and significantly down-regulate the expression levels of genes of ACC, FAS, and HMGR (p < 0.05). Moreover, IRWWW (M10) extremely significantly up-regulated the expression level of gene of CPT-1 (p < 0.001) and very significantly up-regulated the expression levels of genes of PPARα and ACOX-1 (p < 0.01).



Lipid accumulation in hepatic cells could be induced through increasing de novo lipogenesis and lipid intake and reducing lipid β-oxidation. SREBP-1c and SREBP-2 are the preponderant isoforms and control the levels of ACC and HMGR in hepatic cells, which were the first enzymes recognized as downstream targets for AMPK and key enzymes in FA and TC synthesis [35]. SREBP-1c is a critical transcription factor for increasing the expression levels of lipogenesis genes and plays a significant part in the pathogenesis of hepatic steatosis [36,37]. SREBP-1c can up-regulate the expression level of lipogenic enzymes of ACC, which is responsible for the biosynthesis of malonyl-CoA as the rate-controlling enzyme. Malonyl-CoA is an essential precursor in the synthesis of FA and increases FAS. In addition, malonyl-CoA is a powerful suppressor of mitochondrial lipid oxidation through regulating the rate-limiting enzyme of CPT-1 in FA oxidation, whereas SREBP-2 was generally regarded to be involved in TC synthesis by regulating the gene expression level of HMGR, which limits the biosynthesis of TC and catalyzes the conversion of HMG-CoA into mevalonate. Down-regulating the expression level of the gene of HMGR can lead to the rapidly reducing cholesterol biosynthesis [35]. As a nuclear receptor, PPARα highly expresses in liver and plays a crucial role in the regulation of lipid metabolism [26]. Activation of PPARα can increase the expressions levels of genes drawn into FA oxidation and transport, such as FA transport protein (FATP) and CPT-1, which lead to an increased oxidation of TG and FA and decreased synthesis of TG and FA [38]. Our results revealed that VIAPW (M7) and IRWWW (M10) could prevent OA-induced hepatic lipid accumulation through down-regulating the expression level of gene of SREBP-1C to inhibit fat synthesis and up-regulating the expression of gene of PPARα to promote lipid oxidation in HepG2 cells.




3.5. Effects of VIAPW (M7) and IRWWW (M10) on the Expression Levels of Proteins Related to Lipid Metabolism in HepG2 Cells


Western blotting is a key experimental technique used in molecular biology and immunogenetics to test the specific proteins in a complicated mixture prepared from cells. For proving the results of qRT-PCR, we applied the western blot assay to detect the expression levels of proteins including SREBP-1c and ACC related to lipid biosynthesis. As shown in Figure 7, VIAPW (M7) and IRWWW (M10) could very significantly (p < 0.01) and significantly (p < 0.05) down-regulate the expression levels of protein of SREBP-1c, respectively. In addition, VIAPW (M7) and IRWWW (M10) could significantly (p < 0.05) and very significantly (p < 0.01) down-regulate the expression levels of protein of ACC, respectively.



Hepatic lipid accumulation might be induced by increasing lipid synthesis and/or decreasing lipid catabolism [39,40]. As a critical transcription factor, SREBP-1c can stimulate the expression levels of lipogenic enzymes (ACC and FAS) involved in lipid synthesis [36]. ACC is a rate-limiting enzyme for the synthesis of malonyl-CoA, which is a key precursor of FA biosynthesis and a powerful depressor of FA oxidation in mitochondria [35]. Western blotting results proved that VIAPW (M7) and IRWWW (M10) could significantly down-regulate the expression levels of proteins of SREBP-1c and ACC, which further decreased the biosynthesis of FA and increased the oxidation of mitochondrial FA. The results were in agreement with the effects of VIAPW (M7) and IRWWW (M10) on the expression levels of genes drawn into lipid metabolism in HepG2 cells.





4. Conclusions


In summary, the present results proved that VIAPW and IRWWW from protein hydrolysate of miiuy croaker (M. miiuy) muscle could play an important role in decreasing OA-induced intracellular lipid accumulation in HepG2 cells. Their hypolipidemic mechanism was to regulate the AMPK signaling pathway, which further down-regulated the expression levels of lipogenesis genes and up-regulated the expression levels of lipolysis genes. These results provide an important basis for developing VIAPW and IRWWW as natural additive in functional products for prophylaxis and adjuvant cure of liver-related hyperlipidemia diseases.
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Figure 1. Effects of antioxidant peptides (M1-M10) from miiuy croaker (Miichthys miiuy) muscle on viabilities of HepG2 cells at 100 μm. Means ± SD (n = 3) are used to express the experiment data. ** p < 0.01, * p < 0.05 versus normal control group. 
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Figure 2. Effects of antioxidant peptides (M1–M10) from miiuy croaker (M. miiuy) muscle on lipid accumulation of HepG2 cells at 100 μm. Means ± SD (n = 3) are used to express the experiment data. ## p < 0.001 versus control group; ** p < 0.01, * p < 0.05 versus oleic acid (OA) model group. 
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Figure 3. Effects of VIAPW (M7) an, IRWWW (M10) from miiuy croaker (M. miiuy) muscle at the concentration of 100 μm on morphological characteristics of HepG2 cells for 24 h compared to normal and positive control (simvastatin (SV)) groups. The images were taken using an inverted microscope (×400). 
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Figure 4. Effects of VIAPW (M7) and IRWWW (M10) from miiuy croaker (M. miiuy) muscle on the intracellular contents of total triglycerides (TG) (A) and cholesterol (TC) (B) in HepG2 cells at the concentrations of 10, 50, and 100 μm. Simvastatin (SV) and FMPLH (M5) were used as the positive control and negative control, respectively. Means ± SD (n = 3) are used to express the experiment data. ### p < 0.001 versus control group; *** p < 0.001, ** p < 0.01, * p < 0.05 versus OA model and negative control groups. 
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Figure 5. Effects of VIAPW (M7) and IRWWW (M10) from miiuy croaker (M. miiuy) muscle at a concentration of 100 μm on the expression levels of genes involved in lipid synthesis (SREBP-1c, SREBP-2, FAS, ACC, and HMGR) in HepG2 cells. Means ± SD (n = 3) are used to express the experiment data. *** p < 0.001, ** p < 0.01, * p < 0.05 versus OA model group. 
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Figure 6. Effects of VIAPW (M7) and IRWWW (M10) from miiuy croaker (M. miiuy) muscle on the expression levels of genes involved in lipid synthesis (SREBP-1c, SREBP-2, FAS, ACC, and HMGR) and oxidation (PPARα, ACOX-1, and CPT-1) in HepG2 cells. Means ± SD (n = 3) are used to express the experiment data. *** p < 0.001, ** p < 0.01, * p < 0.05 versus OA model group. 
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Figure 7. Effects of VIAPW (M7) and IRWWW (M10) from miiuy croaker (M. miiuy) muscle on the expression levels of proteins of SREBP-1c and ACC associated with lipid metabolism in HepG2 cells. Means ± SD (n = 3) are used to express the experiment data. ## p < 0.01 versus normal control group; ** p < 0.01 and * p < 0.05 versus OA model group. 
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Table 1. The primer sequences of gene amplification.
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	Primer
	Sequence (5’–3’)





	ACC-F
	TGATGTCAATCTCCCCGCAGC



	ACC-R
	TTGCTTCTTCTCTGTTTTCTCCCC



	SREBP-1c-F
	CCATGGATGCACTTTCGAA



	SREBP-1c-R
	CCAGCATAGGGTGGGTCAA



	SREBP-2-F
	CTGCAACAACAGACGGTAATGA



	SREBP-2-R
	CCATTGGCCGTTTGTGTCAG



	FAS-F
	CGGTACGCGACGGCTGCCTG



	FAS-R
	GCTGCTCCACGAACTCAAACACCG



	HMGR-F
	GGACCCCTTTGCTTAGATGAAA



	HMGR-R
	CCACCAAGACCTATTGCTCTG



	CPT1-F
	CGTCTTTTGGGATCCACGATT



	CPT1-R
	TGTGCTGGATGGTGTCTGTCTC



	ACOX1-F
	GGGCATGGCTATTCTCATTGC



	ACOX1-R
	CGAACAAGGTCAACAGAAGTTAGGTTC



	PPARα-F
	AAAAGCCTAAGGAAACCGTTCTG



	PPARα-R
	TATCGTCCGGGTGGTTGCT
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