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Abstract

:

Nonalcoholic fatty liver disease (NAFLD) is characterized by lipotoxicity and ectopic lipid deposition within hepatocytes. Sulforaphane (SFA), an active compound used for inhibiting tumors, was found to have the potency to improve lipid metabolism. However, its molecular mechanisms on ameliorating NAFLD are still incompletely understood. This research evaluated if SFA could inhibit hepatic steatosis and apoptosis. The effects of SFA on cell viability, lipid accumulation, triglyceride (TG) contents, apoptosis, ceramide contents, and reactive oxygen species (ROS) levels were analyzed in palmitic acid (PA)-treated HepG2 cells and high-fat diet (HFD)-fed mice. The related molecular mechanisms were further explored in hepatocytes. The results showed SFA alleviated lipid accumulation and regulated AMPK/SREBP1c/FAS signaling pathway in PA-stressed HepG2 cells. In addition, SFA alleviated PA-mediated apoptosis, downregulated the expressions of cleaved caspase 3, as well as reduced ceramide contents and ROS levels. Moreover, SFA treatment reduced HFD-induced body weight gain, alleviated insulin resistance, decreased serum TG, total cholesterol (TC), and alanine aminotransferase (ALT) levels, and prevented lipid deposition and apoptosis in the liver. This study showed SFA suppressed lipid deposition and apoptosis both in vitro and in vivo, indicating that SFA may be a potential candidate for preventing and treating NAFLD.
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1. Introduction


Nonalcoholic fatty liver disease (NAFLD) is characterized by the excessive lipid deposition in hepatic cells (more than 5% fat contents in the liver) and describes a spectrum of complicated pathological processes, such as nonalcoholic simple fatty liver, nonalcoholic steatohepatitis, liver fibrosis, and even predisposes one to liver-related complications, such as cirrhosis and hepatocellular carcinoma [1]. NAFLD is the most frequent cause of liver diseases around the world, with an increasing population from 17% to 46% in Western countries [2,3]. The incidence of NAFLD is rapidly increasing due to its strong association with obesity, dyslipidemia, insulin resistance, type 2 diabetes mellitus, as well as cardiovascular disease [4].



Though the mechanisms are still unclear, a “two hits” model has been proposed for the pathogenesis of NAFLD. Hepatic excess fat accumulation is the “first hit”, which is a progression of triglyceride accumulation induced by the imbalance between the import and synthesis of hepatic lipids on the one hand, and β-oxidation and outflux on the other [5]. The “second hit” is caused by oxidative stress and inflammation, resulting in further damage and apoptosis in the liver [6]. Many clinical and animal research studies have shown the pivotal roles of lipid deposition and apoptosis in the progression of NAFLD [7,8]. Despite many efforts, there is still no approved drug for treating NAFLD. Currently, developed pharmacotherapy showed limited beneficial effects and some side effects. For example, pioglitazone, an insulin sensitizer, diverts the non-esterified free fatty acid (FFA) load toward adipocytes instead of the liver. Nevertheless, it would lead to weight gain, bone fractures in women, congestive heart failure, and an increased risk of bladder cancer [9,10]. Therefore, the discovery of functional foods or food-derived active ingredients with the least side effects could offer an effective strategy to ameliorate and treat NAFLD [11].



Sulforaphane (SFA), an isothiocyanate found in cruciferous vegetables, was firstly used for inhibiting tumors [12,13]. Recently, emerging scientific studies showed SFA could reduce hepatic glucose production [14] and improve lipid profile in HepG2 cells and mice [15]. Though nuclear factor erythroid-related factor 2 (Nrf2) was proved to be a target of SFA for improving hepatic architectural integrity and functioning against pathological states [16], precise mechanisms contributing to its functions in NAFLD must be further explored. The purpose of this research was to assess the effects of SFA on ameliorating hepatic steatosis and apoptosis in vitro and in vivo and develop a further understanding of SFA against NAFLD progression.




2. Materials and Methods


2.1. Materials and Chemicals


SFA (purity > 99%) was obtained from LKT Laboratories (St. Paul, MN, USA). Human recombinant insulin and palmitic acid (PA) were purchased from Sigma-Aldrich, USA. Annexin V-FITC apoptosis detection kit was from Life Technologies (Carlsbad, CA, USA). BCA protein concentration determination kit, total cholesterol (TC) assay kit, triglycerides (TG) assay kit, aspartate aminotransferase (AST) assay kit, and alanine aminotransferase (ALT) assay kit were from Nanjing Jiancheng Bioengineering Institute, China. All chemicals used in the research were of analytical grade.




2.2. Cell Culture


Human hepatic carcinoma, HepG2 cells, were obtained from Beijing Union Medical Cell Resource Center (Basic Medical Cell Center, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences), and were cultured in minimum essential medium (MEM) supplemented with 10% fetal bovine serum, 1% nonessential amino acids, streptomycin (100 µg/mL) and penicillin (100 U/mL) (Invitrogen, Carlsbad, CA, USA) C in a 37 °C incubator with 5% CO2 and 95% humidity.




2.3. Cell Viability Assessment


The HepG2 cells viability was measured by cell counting kit-8 (CCK-8) colorimetric assay (Beyotime, Haimen, Jiangsu, China), according to the manufacturer’s instructions. Briefly, cells were subcultured in 96-well plates at 1 × 104 per well. After treatments, CCK8 reagent was added to each well, followed by incubating for another 1 h in a 37 °C incubator with 5% CO2. Then, the absorbance was measured by a microplate reader at 450 nm (Bio-Rad, Hercules, CA, USA), and cell viability was expressed as percentage values, as compared with the control group.




2.4. Cell Apoptosis Assay


Cells were seeded at a density of 3 × 105 cells per well into 6-well plates. After treatments, the cells were washed twice with cold phosphate-buffered saline (PBS, pH 7.4) and then resuspended in 1× binding buffer at a concentration of 5 × 105 cells/mL. Then, 5 µL annexin V and 10 µL PI were separately added into each tube. After 15 min incubation at room temperature and in the dark, 400 µL of 1× binding buffer was added to each tube. Cell fluorescence was detected by FACS CytoFLEX flow cytometer (Beckman Coulter, S. Kraemer Boulevard Brea, CA, USA). Data were analyzed using CytExpert 2.0.0 software (Beckman Coulter, S. Kraemer Boulevard Brea, CA, USA).




2.5. Determination of Intracellular ROS


The intracellular ROS was analyzed with fluorescent probe 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA), as described previously [16]. After treatments, cells were washed once with PBS. Then, 10 µM DCFH-DA was added to the cells. After 30 min incubation at 37 °C, the cells were washed twice with PBS to remove excessive DCFH-DA. Finally, cells were trypsinized and resuspended in PBS. ROS levels were determined by FACS CytoFLEX flow cytometer (Beckman Coulter, S. Kraemer Boulevard Brea, CA, USA) at 488 nm excitation wavelength and 525 nm emission wavelength. Data were analyzed by CytExpert 2.0.0 software (Beckman Coulter, S. Kraemer Boulevard Brea, CA, USA).




2.6. Measurement of Intracellular Lipid Content


HepG2 cells were fixed in 4% paraformaldehyde for 15 min, washed with PBS, and incubated with Oil Red O working solution for 15 min at room temperature. Then, lipid droplets were observed and photographed with a microscope (Carl Zeiss, Jena, Germany). To measure intracellular lipid content by BODIPY lipid probes (Invitrogen, Carlsbad, CA, USA), HepG2 cells were incubated with 10 μg/mL of BODIPY for 10 min at 37 °C and then stained with DAPI for 3 min. After washing three times with PBS, cells were immediately visualized using a Zeiss LSM-700 confocal microscope (Carl Zeiss, Jena, Germany).




2.7. Intracellular TG Assay


TG contents were determined enzymatically using a commercially available kit according to the manufacturer’s instructions. Intracellular TG content was normalized according to the protein concentration and reported as mmol of TG/g of protein.




2.8. Animals and Experimental Design


For this study, 6-week-old male C57BL/6J mice were obtained from Beijing Vital River Laboratory Animal Technology Co (Beijing, China). Mice were first housed in a controlled environment (temperature, 23 ± 1 °C; humidity, 60%) under a 12 h light/dark cycle. One week later, mice were randomly allocated to three groups as follows: control group (n =  8) was fed with normal chow (NC; 12450b, Research Diets, NJ, USA, 10% kcal fat content) for 17 weeks; HFD group (n =  8) was fed with a high-fat diet (HFD; D12492, Research Diets, NJ, USA, 60% kcal fat content) for 17 weeks; HFD +  SFA group (n =  8) received HFD for 17 weeks and were intraperitoneally injected with 10 mg/kg/day SFA from week 14 to week 17 additionally (three times per week). After 17 weeks, mice were fasted overnight and anesthetized. Blood samples were taken from the vena cava. Livers were immediately excised, weighed, and stored at −80 °C for further molecular experiments. The whole experiment was performed in accordance with the Guide for the Care and Use of Laboratory Animals and the research protocol was approved by the Experimental Animal Ethics Committee in China Agricultural University (Permission Number: Aw71211202-4-2).




2.9. Body Fat Distribution and Content


Fat distribution and contents of mice (n = 6) were evaluated under anesthesia using 4% chloral hydrate (4 mL/kg) by MesoMR23-060H-I imaging instrument (Shanghai Niumag Corporation, Shanghai, China). The parameters were set as: K space = 192 × 256 mm, time of echo = 13.5 ms, time of waiting = 300 ms, magnet = 0.55 T, section thickness = 3.5 mm, field of view read = 100 mm, field of view phase = 100 mm and number of scans = 8. The body contents can be obtained from the image analysis based on the measurement.




2.10. Histopathology


For analysis of hematoxylin and eosin-stained liver sections, liver tissues were fixed in 4% paraformaldehyde for 72 h and then embedded in paraffin. To visualize lipid droplets in the liver, the frozen liver sections were collected and were subjected to Oil red O staining. The images were captured and analyzed using a Zeiss LSM-700 confocal microscope (Carl Zeiss, Jena, Germany).




2.11. Biochemical Analyses of Liver Tissues


Liver tissues were homogenized in cold 50 mM Tris-HCl buffer (pH 7.4) containing 1 mM EDTA and centrifuged at 12,000× g for 30 min at 4 °C. The supernatants were collected to analyze TG, TC, ALT, and AST contents in the liver using biochemical assay kits according to the manufacturer’s instructions.




2.12. Glucose Tolerance Test and Insulin Tolerance Test


Mice were fasted for 12 h to analyze the glucose tolerance test after an intraperitoneal injection of 2 g/kg glucose. For the insulin tolerance test, mice were intraperitoneally injected with 1 IU/kg insulin (Eli Lilly and Co., Humalog Insulin) after 6 h fasting. Blood samples from the tail veil were measured with a glucometer (TheraSense Freestyle, CA, USA) at the indicated times (0, 30, 60, 90, 120, and 180 min) after injection.




2.13. Ceramide Content Analysis


After treatment, cells suspension and liver homogenate were collected separately. After protein determination, 50 µL internal standard solutions were added to the samples, and 2 mL extraction mixture (isopropanol:water:ethyl acetate = 30:10:60; v:v:v) was used for lipids extraction. The samples were vortexed, sonicated 30 s for 3 times, and centrifuged for 10 min at 4000× g. The supernatants were transferred and reextracted as described above. The extracted samples were dried by a gentle nitrogen stream. Then, quantification of ceramides was performed on an Agilent high-performance liquid chromatography (HPLC) system, coupled with a quadrupole-time of flight mass spectrometer (6545 Q-TOF), as described previously [17,18], based on the C17-ceramide internal standards from Avanti Polar Lipids (Alabaster, AL, USA), as well as C14-ceramide, C18-ceramide, C20-ceramide, C22-ceramide, C24-ceramide, C24:1-ceramide, and C26:1-ceramide standards from ZZStandard (Shanghai, China). Ceramide level is expressed as µmol/protein (mg/mL).




2.14. TUNEL Assay


An assay for terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL, Roche Diagnostics, Germany) was conducted to detect hepatocyte apoptosis [19]. The hepatic tissue slices of different groups were conventional dewaxing and rehydration, and apoptosis was measured by TUNEL assay. Under an ordinary optical microscope (Carl Zeiss, Jena, Germany), the positive apoptotic cells showed reddish brown.




2.15. Western Blotting


Western blots were performed as described previously [20] for AMP-activated protein kinase (AMPK; Cell Signaling Technology, Danvers, MA, USA), p-AMPK (Cell Signaling Technology), cleaved caspase 3 (Cell Signaling Technology), sterol regulatory element-binding proteins 1c (SREBP1c; Abcam, Cambridge, UK), β-actin (Abcam), and fatty acid synthase (FAS; Santa Cruz Biotechnology, CA, USA).




2.16. Statistical Analysis


All assays were performed at least in triplicate, and data were presented as means ± standard deviations (SDs). Significant differences (p < 0.05) between means were assessed using one-way ANOVA, followed by Duncan’s multiple-comparison test by SPSS 20.0 software (IBM Inc., Chicago, IL, USA).





3. Results


3.1. SFA Alleviated PA-Mediated Cytotoxicity in HepG2 Cells


To investigate the potential of PA to induce cell death, a CCK-8 assay was performed. HepG2 cells were first treated with rising doses of PA (0, 100, 200, 300, 400, or 500 µM) for 24 h, and cell viability was evaluated. As shown in Figure 1A, cell viability was significantly decreased after treatment with 300, 400, or 500 µM of PA. To further explore the role of SFA on PA-induced cell death, its effect on cell viability was next measured. As shown in Figure 1B, compared with the control group, 300 µM of PA remarkably decreased the survival of HepG2 cells. However, the decrease was ameliorated by SFA (1, 3, 5, or 10 µM) in a dose-dependent manner, especially by 5 or 10 µM of SFA. Similarly, 5 or 10 µM of SFA remarkably ameliorated 500 µM of PA-induced HepG2 cells death (Figure 1C). These results suggested that SFA alleviated PA-mediated cytotoxicity in HepG2 cells, and we thus chose 5 and 10 µM of SFA in the following experiments.




3.2. SFA Attenuated PA-Induced Lipid Accumulation in HepG2 Cells


The effect of SFA on PA-induced lipid accumulation was measured by Oil Red O and BODIPY staining, and the extents of staining were spectrophotometrically quantitated. As shown in Figure 2A, lipid droplets were observed in PA-treated HepG2 cells, whereas SFA significantly reduced PA-induced lipid deposition. Interestingly, the extent of reduction in staining significantly increased as doses of SFA rose, and the ratios of cells’ staining were 1, 2.74, 1.99, and 1.43, respectively, with Oil Red O staining; 1, 5.15, 3.72, and 2.35, respectively, with BODIPY staining (Figure 2B). Our data also found PA significantly increased intracellular TG contents (Figure 2C). However, SFA remarkably decreased the TG levels, showing a similar pattern with the results in Oil Red O and BODIPY staining. These data suggested that PA-induced lipid accumulation in HepG2 cells was dose-dependently decreased by SFA treatment.



In order to further understand the possible mechanisms behind the lipid-reducing effect of SFA, the phosphorylated AMPK in HepG2 cells was measured. The level of p-AMPK was reduced to 0.67 after incubation with 300 µM PA for 24 h but returned to 1.17 and 1.22 under co-incubation with 5 or 10 µM of SFA, respectively (Figure 2D,E). The transcription factors SREBP1c and FAS have been identified as important targets of AMPK. Upon AMPK activation, SREBP1c and FAS are downregulated, ultimately leading to lipid synthesis inhibition [21,22]. Our results showed that SREBP1c and FAS were significantly increased when HepG2 cells were incubated with 300 µM PA, whereas SFA largely prevented the increase (Figure 2D,E). Taken together, these results implied that SFA led to the AMPK activation and downregulation of SREBP1c and FAS, thus preventing hepatic lipid deposition.




3.3. SFA Ameliorated PA-Stressed Apoptosis in HepG2 Cells


Apoptosis is one of the main types of cell death and plays a fundamental role in the development of multicellular organisms [23]. Saturated FFA-induced hepatocyte apoptosis is a feature of NAFLD [24]. Here, whether SFA alleviated PA-mediated cytotoxicity by apoptosis inhibition was determined. The results by flow cytometric analysis of annexin V-FITC/PI staining confirmed that the exposure to 300 or 500 µM PA induced obvious apoptosis in HepG2 cells (Figure 3A). However, the apoptosis cells were markedly decreased when co-incubation with 5 or 10 µM SFA. To further verify the antiapoptosis effect, the protein expressions of cleaved caspase 3 were assayed. Consistent with the annexin V-FITC/PI assay results, cleaved caspase 3 was upregulated after PA treatment, whereas the co-incubation with SFA suppressed the cleavage of caspase 3 (Figure 3B), suggesting that SFA ameliorated PA-induced apoptosis in HepG2 cells.



Excess oxidative stress is also a well-characterized mechanism of PA-induced hepatic lipotoxicity and the increased intracellular ROS results in hepatocyte apoptosis [25]. Thus, the effect of SFA on PA-induced oxidative stress by flow cytometric analysis of DCFH-DA staining was determined. As shown in Figure 3C, PA-induced ROS increase was dose-dependently reduced by SFA. In addition, the PA-stressed increase in ceramide contents was lowered by SFA (Figure 3D), which as a second messenger can trigger apoptosis in steatohepatitis [26]. Together, these data further revealed that SFA attenuated PA-induced apoptosis in HepG2 cells.




3.4. SFA Alleviated HFD-Induced Body Weight Gain and Insulin Resistance in C57BL/6J Mice


In order to explore the effects of SFA on NAFLD in vivo, SFA administration experiments in C57BL/6J mice were conducted. The effects of SFA on body weight and fat distribution were first assessed. After 14 weeks’ treatment with NC or HFD, HFD-fed mice markedly gained body weight, compared with the NC group. Surprisingly, after another 3 weeks of 10 mg/kg SFA intervention, body weight gain was significantly decreased in mice (Figure 4A). This reduction was probably attributed to the decreased fat mass and moderately increased lean mass (Figure 4B–D). Meanwhile, SFA significantly suppressed serum TG, TC, and ALT levels in HFD-fed mice (Table 1). The effects of SFA on blood glucose were also examined, and the data showed 10 mg/kg SFA remarkably decreased the blood glucose levels, in both glucose tolerance (Figure 4E) and insulin tolerance tests (Figure 4F). These data suggested that HFD led to obesity and insulin resistance, but SFA successfully reversed the changes.




3.5. SFA Reduced HFD-Induced Hepatic Steatosis and Apoptosis in C57BL/6J Mice


To further evaluate the effects of SFA on HFD-induced hepatic lipid deposition, H&E and Oil Red O staining of liver sections were analyzed. The results showed hepatocellular ballooning and hepatocyte fatty degeneration in the HFD group, whereas the lipid droplets were significantly reduced after SFA administration (Figure 5A). Moreover, SFA significantly decreased the hepatic TG levels in HFD-fed mice (Figure 5B). Signaling pathways involved in lipid accumulation were also examined. Consistent with the in vitro results, the in vivo results showed that SFA reversed the protein levels of SREBP1c, FAS, and phosphorylated AMPK in HFD-fed mice (Figure 5C,D).



Next, the apoptosis in liver tissues was measured by a TUNEL assay. As shown in Figure 6A, the hepatic apoptosis in the HFD group was significantly increased compared with that in the NC group (p < 0.05), whereas SFA remarkably recovered these changes. In addition, the increased cleaved caspase 3 was downregulated by SFA (Figure 6B,C). Furthermore, HFD significantly elevated hepatic ceramides (Figure 6D). However, treatment with SFA largely lowered ceramide contents by the end of the administration period. Altogether, these data strongly indicated that SFA attenuated HFD-induced hepatic steatosis and apoptosis in C57BL/6J mice.





4. Discussion


This study, for the first time, found that SFA significantly alleviated apoptosis in the development of NAFLD. In addition, a potential new health-related mechanism for SFA was suggested. SFA alleviated lipid accumulation by regulating the AMPK/SREBP1c/FAS signaling pathway. Moreover, antiapoptotic activity, accompanied by a reduction in ceramide production and ROS levels, was evaluated. These results suggest that SFA, as a functional ingredient, could have a substantial impact preventing NAFLD progression.



NAFLD patients are shown to have increased lipolysis and carried FFAs to the liver. Excessive FFAs accumulation is the principal contributor to lipotoxicity because of the potential cellular toxins and leads to excessive lipid steatosis [27]. Therefore, in the present study, saturated long-chain fatty acid PA was used to successfully induce lipotoxicity and lipid accumulation in HepG2 cells. As a natural, active compound originally used for anticancer therapy [17,18], SFA has recently been suggested to alternatively treat metabolic diseases [14,15,28]. In cell studies, 2.5–10 µM SFA promoted lipolysis via activating hormone-sensitive lipase in adipocytes [29]. In hepatocytes, treatment with 0.5–10 µM of SFA for 24 h decreased glucose production [16]. This study showed that 1, 3, 5, or 10 µM of SFA alleviated PA-induced cell death, but 15 or 20 µM of SFA even inhibited HepG2 cells growth when co-incubation with 500 µM of PA. These results revealed that relatively low doses of SFA (<10 µM) could induce additional actions relevant to metabolic diseases, whereas higher doses (>10 µM) of SFA showed effective antitumor treatments, which were proved by a considerable number of preclinical studies [30,31].



NAFLD is mainly characterized by fat deposition in hepatocytes, visible at light microscopy as small droplets inside the cytoplasm. Thus, the therapy based on reducing lipid accumulation is ideal for treating NAFLD [32]. It is reported that SFA activates lipolysis by transcriptionally upregulating adipose triglyceride lipase and hormone-sensitive lipase in HHL-5 cells [33]. In the current study, we observed that SFA inhibited lipid deposition and reduced TG contents in PA-treated HepG2 cells. In addition, SFA treatment prevented lipid deposition in the liver, decreased serums TG, TC, and ALT levels, and also reduced HFD-induced weight gain and fat distribution in mice. The molecular mechanism of SFA-attenuating lipid accumulation was further explored. AMPK, as an energy sensor, contributes to keeping cellular energy homeostasis [34]. Activated AMPK abolishes the lipid synthesis process and reduces TG production in the liver [35]. Studies have indicated that AMPK suppresses lipogenesis-associated genes, such as SREBP1c and FAS. SREBP1c, as a critical factor involved in hepatic lipid synthesis, also regulates key genes involved in hepatic lipogenesis, including FAS [36]. The results showed SFA reversed the decline of phosphorylated AMPK, followed by the downregulation of SREBP1c and FAS, thus preventing hepatic TG synthesis both in the cell and mice model of NAFLD. A similar effect was also observed after administration with troglitazone in the hearts of obese Zucker rats and ob/ob mice [37]. Collectively, this research concludes that SFA could reduce hepatic de novo lipogenesis and inhibit excessive lipid accumulation by regulating the AMPK/SREBP1c/FAS signaling pathway.



Apoptosis is defined as programmed cell death and is accompanied by many specific morphological features, such as cell shrinkage, nuclear fragmentation, and chromatin condensation, which is another important mechanism in the progression of NAFLD. Hepatocyte apoptosis is often observed in NAFLD studies [38,39]. When saturated FFAs exceed the hepatic storage limit, they activate apoptosis signaling [40]. Caspases are a family of cysteine proteases, and the caspase pathway has been implicated as a primary mechanism of hepatocyte apoptosis. Several studies have suggested that caspase inhibitors or specific depletion of caspase can effectively suppress apoptosis both in vitro and in animal models, suggesting that targeting specific caspase is a viable approach [41,42]. Caspase 3 is an indispensable caspase for chromatin condensation and DNA fragmentation, which are the final steps of apoptosis [43]. In the present study, the number of apoptosis cells and cleaved caspase 3 expressions were remarkably increased in PA-treated HepG2 cells, confirming the pathological mechanism underlying the apoptosis. Interestingly, the data showed that SFA repressed apoptosis and decreased the cleaved caspase 3 in vitro and in vivo, suggesting that SFA could protect from the development of NAFLD. Ceramides are a class of sphingolipids that exist in membranes and function as intracellular signaling molecules [44]. Mounting bodies of evidence indicate that ceramides also act as a second messenger of the FFA-induced apoptosis effect. PA, a precursor in de novo ceramide synthesis, induces ceramide production. Ceramides subsequently disturb electron transport in the mitochondrial respiratory chain complexes I and III [45], which results in ROS generation, followed by cytochrome c release into the cytosol and caspase-induced apoptosis [46]. Inhibition of ceramide synthesis by fumonisin B1, a ceramide synthase inhibitor, attenuated PA-induced apoptosis in rodent and human β cells [47,48]. In the current study, we found that PA increased the ceramide production and ROS levels in a NAFLD state. However, the increases in ceramide and ROS contents were reversed by SFA treatment. These data together provide support for the role of SFA in alleviating hepatocyte apoptosis. This study is the first to provide evidence that SFA significantly alleviated the development of NAFLD by preventing apoptosis. In addition, the deeper molecular mechanism of the antiapoptosis effect by SFA still needs to be further investigated.



In conclusion, the data reveal that SFA suppresses PA-induced lipid accumulation and apoptosis in HepG2 cells, as well as HFD-induced liver injury and steatosis in C57BL/6J mice. This work contributes a new understanding with regard to the molecular mechanisms underlying the inhibitory effect of SFA on hepatic lipid deposition and apoptosis. This study suggests that SFA may be a potential candidate for the amelioration and prevention of NAFLD.







Author Contributions


Research design, W.T.; experiments, J.L., S.X. and W.T.; data analysis, S.X. and W.T.; writing—original draft preparation, W.T.; writing—editing and reviewing, J.L., S.X. and W.T. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the Beijing Technology and Business University Young Teachers Research Startup Fund Project (QNJJ2021-05 and QNJJ2022-14).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


ALT: alanine aminotransferase; AMPK: AMP-activated protein kinase; AST: aspartate aminotransferase; CCK-8: cell counting kit-8; DCFH-DA: dichlorodihydrofluorescein diacetate; FAS: fatty acid synthase; FFA: free fatty acid; HFD: high-fat diet; HPLC: high-performance liquid chromatography; NAFLD: nonalcoholic fatty liver disease; NC: normal chow; PA: palmitic acid; PBS: phosphate-buffered saline; ROS: reactive oxygen species; SFA: sulforaphane; SREBP1c: sterol regulatory element-binding proteins 1c; TC: total cholesterol; TG: triglyceride; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.




References


	



Ratziu, V.; Poynard, T. Assessing the outcome of nonalcoholic steatohepatitis? It’s time to get serious. Hepatology 2010, 44, 802–805. [Google Scholar] [CrossRef]

	



Weiß, J.; Rau, M.; Geier, A. Non-alcoholic fatty liver disease: Epidemiology, clinical course, investigation, and treatment. Dtsch. Arztebl. Int. 2014, 111, 447–452. [Google Scholar] [PubMed]

	



Vernon, G.; Baranova, A.; Younossi, Z.M. Systematic review: The epidemiology and natural history of non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in adults. Aliment. Pharmacol. Ther. 2011, 34, 274–285. [Google Scholar] [CrossRef] [PubMed]

	



Rahmani, S.; Asgary, S.; Askari, G.; Keshvari, M.; Hatamipour, M.; Feizi, A.; Sahebkar, A. Treatment of non-alcoholic fatty liver disease with curcumin: A randomized placebo-controlled trial. Phytother. Res. 2016, 30, 1540–1548. [Google Scholar] [CrossRef]

	



Donnelly, K.L.; Smith, C.I.; Schwarzenberg, S.J.; Jessurun, J.; Boldt, M.D.; Parks, E.J. Sources of fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J. Clin. Investig. 2005, 115, 1343–1351. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Tian, R.; She, Z.; Cai, J.; Li, H. Role of oxidative stress in the pathogenesis of nonalcoholic fatty liver disease. Free Radic. Biol. Med. 2012, 52, 59–69. [Google Scholar] [CrossRef]

	



Haas, J.T.; Francque, S.; Staels, B. Pathophysiology and mechanisms of nonalcoholic fatty liver disease. Annu. Rev. Physiol. 2016, 78, 181–205. [Google Scholar] [CrossRef]

	



Takahara, I.; Akazawa, Y.; Tabuchi, M.; Matsuda, K.; Miyaaki, H.; Kido, Y.; Kanda, Y.; Taura, N.; Ohnita, K.; Takeshima, F.; et al. Toyocamycin attenuates free fatty acid-induced hepatic steatosis and apoptosis in cultured hepatocytes and ameliorates nonalcoholic fatty liver disease in mice. PLoS ONE 2017, 12, e0170591. [Google Scholar] [CrossRef]

	



Ratziu, V.; Goodman, Z.; Sanyal, A. Current efforts and trends in the treatment of NASH. J. Hepatol. 2015, 62, S65–S75. [Google Scholar] [CrossRef]

	



Selvakumar, P.K.C.; Kabbany, M.N.; Alkhouri, N. Nonalcoholic fatty liver disease in children: Not a small matter. Paediatr. Drugs 2018, 20, 315–329. [Google Scholar] [CrossRef]

	



Miller, C.N.; Yang, J.Y.; Avra, T.; Ambati, S.; Della-Fera, M.A.; Rayalam, S.; Baile, C.A. A dietary phytochemical blend prevents liver damage associated with adipose tissue mobilization in ovariectomized rats. Obesity 2015, 23, 112–119. [Google Scholar] [CrossRef] [PubMed]

	



Veeranki, O.L.; Bhattacharya, A.; Tang, L.; Marshall, J.R.; Zhang, Y. Cruciferous vegetables, isothiocyanates, and prevention of bladder cancer. Curr. Pharmacol. Rep. 2015, 1, 272–282. [Google Scholar] [CrossRef]

	



Chikara, S.; Nagaprashantha, L.D.; Singhal, J.; Horne, D.; Awasthi, S.; Singhal, S.S. Oxidative stress and dietary phytochemicals: Role in cancer chemoprevention and treatment. Cancer Lett. 2017, 413, 122–134. [Google Scholar] [CrossRef]

	



Axelsson, A.S.; Tubbs, E.; Mecham, B.; Chacko, S.; Nenonen, H.A.; Tang, Y.; Fahey, J.W.; Derry, J.M.J.; Wollheim, C.B.; Wierup, N.; et al. Sulforaphane reduces hepatic glucose production and improves glucose control in patients with type 2 diabetes. Sci. Transl. Med. 2017, 9, eaah4477. [Google Scholar] [CrossRef]

	



Teng, W.; Li, Y.; Du, M.; Lei, X.; Xie, S.; Ren, F. Sulforaphane prevents hepatic insulin resistance by blocking serine palmitoyltransferase 3-mediated ceramide biosynthesis. Nutrients 2019, 11, 1185. [Google Scholar] [CrossRef]

	



Hou, Y.Q.; Yao, Y.; Bao, Y.L.; Song, Z.B.; Yang, C.; Gao, X.L.; Zhang, W.J.; Sun, L.G.; Yu, C.L.; Huang, Y.X.; et al. Juglanthraquinone C induces intracellular ROS increase and apoptosis by activating the Akt/Foxo signal pathway in HCC cells. Oxid. Med. Cell Longev. 2016, 2016, 4941623. [Google Scholar] [CrossRef] [PubMed]

	



Bielawski, J.; Szulc, Z.M.; Hannun, Y.A.; Bielawska, A. Simultaneous quantitative analysis of bioactive sphingolipids by high-performance liquid chromatography-tandem mass spectrometry. Methods 2006, 39, 82–91. [Google Scholar] [CrossRef]

	



Mullen, T.D.; Jenkins, R.W.; Clarke, C.J.; Bielawski, J.; Hannun, Y.A.; Obeid, L.M. Ceramide synthase-dependent ceramide generation and programmed cell death: Involvement of salvage pathway in regulating postmitochondrial events. J. Biol. Chem. 2011, 286, 15929–15942. [Google Scholar] [CrossRef]

	



Wang, Y.; Jiang, Y.; Zhao, L. miRNA-200b improves hepatic fibrosis induced by CCL4 by regulating toll-like receptor 4 in mice. J. Cell. Biochem. 2019, 120, 13254–13261. [Google Scholar] [CrossRef]

	



Chavez, J.A.; Knotts, T.A.; Wang, L.P.; Li, G.; Dobrowsky, R.T.; Florant, G.L.; Summers, S.A. A role for ceramide, but not diacylglycerol, in the antagonism of insulin signal transduction by saturated fatty acids. J. Biol. Chem. 2003, 278, 10297–10303. [Google Scholar] [CrossRef] [PubMed]

	



Viollet, B.; Foretz, M.; Guigas, B.; Horman, S.; Dentin, R.; Bertrand, L.; Hue, L.; Andreelli, F. Activation of AMP-activated protein kinase in the liver: A new strategy for the management of metabolic hepatic disorders. J. Physiol. 2006, 574, 41–53. [Google Scholar] [CrossRef]

	



Mottillo, E.P.; Desjardins, E.M.; Crane, J.D.; Smith, B.K.; Green, A.E.; Ducommun, S.; Henriksen, T.I.; Rebalka, I.A.; Razi, A.; Sakamoto, K.; et al. Lack of adipocyte AMPK exacerbates insulin resistance and hepatic steatosis through brown and beige adipose tissue function. Cell Metab. 2016, 24, 118–129. [Google Scholar] [CrossRef]

	



Kist, M.; Vucic, D. Cell Death Signaling: Intricate connections and disease implications. EMBO J. 2021, 40, e106700. [Google Scholar] [CrossRef]

	



Akazawa, Y.; Nakao, K. To die or not to die: Death signaling in nonalcoholic fatty liver disease. J. Gastroenterol. 2018, 53, 893–906. [Google Scholar] [CrossRef]

	



Yi, H.; Xu, D.; Wu, X.; Xu, F.; Lin, L.; Zhou, H. Isosteviol protects free fatty acid- and high fat diet-induced hepatic injury via modulating PKC-beta/p66Shc/ROS and endoplasmic reticulum stress pathways. Antioxid. Redox. Signal. 2019, 30, 1949–1968. [Google Scholar] [CrossRef]

	



Pagadala, M.; Kasumov, T.; McCullough, A.J.; Zein, N.N.; Kirwan, J.P. Role of ceramides in nonalcoholic fatty liver disease. Trends Endocrinol. Metab. 2012, 23, 365–371. [Google Scholar] [CrossRef] [PubMed]

	



Wang, D.; Wei, Y.; Pagliassotti, M.J. Saturated fatty acids promote endoplasmic reticulum stress and liver injury in rats with hepatic steatosis. Endocrinology 2006, 147, 943–951. [Google Scholar] [CrossRef]

	



Nagata, N.; Xu, L.; Kohno, S.; Ushida, Y.; Aoki, Y.; Umeda, R.; Fuke, N.; Zhuge, F.; Ni, Y.; Nagashimada, M.; et al. Glucoraphanin ameliorates obesity and insulin resistance through adipose tissue browning and reduction of metabolic endotoxemia in mice. Diabetes 2017, 66, 1222–1236. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.H.; Moon, M.H.; Jeong, J.K.; Park, Y.G.; Lee, Y.J.; Seol, J.W.; Park, S.Y. Sulforaphane induced adipolysis via hormone sensitive lipase activation. Biochem. Biophys. Res. Commun. 2012, 426, 492–497. [Google Scholar] [CrossRef] [PubMed]

	



Xia, Y.; Kang, T.W.; Jung, Y.D.; Zhang, C.; Lian, S. Sulforaphane Inhibits Nonmuscle Invasive Bladder Cancer Cells Proliferation through Suppression of HIF-1alpha-Mediated Glycolysis in Hypoxia. J. Agric. Food Chem. 2019, 67, 7844–7854. [Google Scholar] [CrossRef]

	



Yang, F.; Wang, F.; Liu, Y.; Wang, S.; Li, X.; Huang, Y.; Xia, Y.; Cao, C. Sulforaphane induces autophagy by inhibition of HDAC6-mediated PTEN activation in triple negative breast cancer cells. Life Sci. 2018, 213, 149–157. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.J.; Malhi, H. Nonalcoholic Fatty Liver Disease. Ann. Intern. Med. 2018, 169, ITC65–ITC80. [Google Scholar] [CrossRef] [PubMed]

	



Lei, P.; Tian, S.; Teng, C.; Huang, L.; Liu, X.; Wang, J.; Zhang, Y.; Li, B.; Shan, Y. Sulforaphane improves lipid metabolism by enhancing mitochondrial function and biogenesis in vivo and in vitro. Mol. Nutr. Food Res. 2019, 63, e1800795. [Google Scholar] [CrossRef]

	



Hardie, D.G. AMPK: A key regulator of energy balance in the single cell and the whole organism. Int. J. Obes. 2008, 32, S7–S12. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Li, W.; Liu, Y.; Sun, Y.; Li, Y.; Yao, Q.; Li, J.; Zhang, Q.; Gao, Y.; Gao, Y.; et al. Alpha-lipoic acid improves high-fat diet-induced hepatic steatosis by modulating the transcription factors SREBP-1, FoxO1 and Nrf2 via the SIRT1/LKB1/AMPK pathway. J. Nutr. Biochem. 2014, 25, 1207–1217. [Google Scholar] [CrossRef]

	



Horton, J.D.; Goldstein, J.L.; Brown, M.S. SREBPs: Activators of the complete program of cholesterol and fatty acid synthesis in the liver. J. Clin. Investig. 2002, 109, 1125–1131. [Google Scholar] [CrossRef]

	



Wang, M.; Unger, R.H. Role of PP2C in cardiac lipid accumulation in obese rodents and its prevention by troglitazone. Am. J. Physiol. Endocrinol. Metab. 2005, 288, E216–E221. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z.; Zhang, X.; Lau, J.; Yu, J. C-X-C motif chemokine 10 in non-alcoholic steatohepatitis: Role as a pro-inflammatory factor and clinical implication. Expert Rev. Mol. Med. 2016, 18, e16. [Google Scholar] [CrossRef]

	



Tanaka, S.; Hikita, H.; Tatsumi, T.; Sakamori, R.; Nozaki, Y.; Sakane, S.; Shiode, Y.; Nakabori, T.; Saito, Y.; Hiramatsu, N.; et al. Rubicon inhibits autophagy and accelerates hepatocyte apoptosis and lipid accumulation in nonalcoholic fatty liver disease in mice. Hepatology 2016, 64, 1994–2014. [Google Scholar] [CrossRef]

	



Malhi, H.; Bronk, S.F.; Werneburg, N.W.; Gores, G.J. Free fatty acids induce JNK-dependent hepatocyte lipoapoptosis. J. Biol. Chem. 2006, 281, 12093–12101. [Google Scholar] [CrossRef]

	



Witek, R.P.; Stone, W.C.; Karaca, F.G.; Syn, W.K.; Pereira, T.A.; Agboola, K.M.; Omenetti, A.; Jung, Y.; Teaberry, V.; Choi, S.S.; et al. Pan-caspase inhibitor VX-166 reduces fibrosis in an animal model of nonalcoholic steatohepatitis. Hepatology 2009, 50, 1421–1430. [Google Scholar] [CrossRef] [PubMed]

	



Thapaliya, S.; Wree, A.; Povero, D.; Inzaugarat, M.E.; Berk, M.; Dixon, L.; Papouchado, B.G.; Feldstein, A.E. Caspase 3 Inactivation Protects Against Hepatic Cell Death and Ameliorates Fibrogenesis in a Diet-Induced NASH Model. Dig. Dis. Sci. 2014, 59, 1197–1206. [Google Scholar] [CrossRef] [PubMed]

	



Porter, A.G.; Janicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 99–104. [Google Scholar] [CrossRef] [PubMed]

	



Hannun, Y.A.; Obeid, L.M. The ceramide-centric universe of lipid-mediated cell regulation: Stress encounters of the lipid kind. J. Biol. Chem. 2002, 277, 25847–25850. [Google Scholar] [CrossRef]

	



Paola, M.D.; Cocco, T.; Lorusso, M. Ceramide interaction with the respiratory chain of heart mitochondria. Biochemistry 2000, 39, 6660–6668. [Google Scholar] [CrossRef] [PubMed]

	



Garcíaruiz, C.; Colell, A.; Marí, M.; Morales, A.; Fernándezcheca, J.C. Direct effect of ceramide on the mitochondrial electron transport chain leads to generation of reactive oxygen species role of mitochondrial glutathione. J. Biol. Chem. 1997, 272, 11369–11377. [Google Scholar] [CrossRef]

	



Maedler, K.; Spinas, G.A.; Dyntar, D.; Moritz, W.; Kaiser, N.; Donath, M.Y. Distinct effects of saturated and monounsaturated fatty acids on beta-cell turnover and function. Diabetes 2001, 50, 69–76. [Google Scholar] [CrossRef]

	



Lupi, R.; Del, S.; Fierabracci, V.; Marselli, L.; Novelli, M.; Patanè, G.; Boggi, U.; Mosca, F.; Piro, S.; Prato, S.D.; et al. Lipotoxicity in human pancreatic islets and the protective effect of metformin. Diabetes 2002, 51, S134–S137. [Google Scholar] [CrossRef]








[image: Nutrients 14 00076 g001 550] 





Figure 1. Effects of PA and SFA on cell viability in HepG2 cells: (A) cells treated with different concentrations of PA for 24 h. Cells treated with different concentrations of SFA in the presence of 300 µM of PA (B) or 500 µM of PA (C) for 24 h. Cell viability presented as the percentage of viable cells relative to that in control group. All values are expressed as means ± SD from three independent determinations, * p < 0.05 vs. control cells; # p < 0.05 vs. only PA-stressed HepG2 cells. PA, palmitic acid; SFA, sulforaphane. 
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Figure 2. Effects of SFA on lipid accumulation and related protein expression in PA-stressed HepG2 cells: (A) evaluation of lipid accumulation by Oil red O staining (a) and BODIPY staining (b) after different concentrations of SFA treatments in the presence of 300 µM PA for 24 h; (B) quantitative analysis of lipid accumulation based on the imaging in (A) by colorimetric assays; (C) the measurement of TG contents (mmol/g protein) with different treatments. Western blot analysis showed the expressions of phosphorylated AMPK, total AMPK, SREBP1cm and FAS (D), and gray analysis of each band (E). All values are expressed as means ± SD from three independent determinations, * p < 0.05 vs. control cells: # p < 0.05 vs. only PA-stressed HepG2 cells. 
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Figure 3. Effects of SFA on alleviating PA-induced apoptosis in HepG2 cells: (A) apoptosis detected by annexin V (FITC)/PI staining and the percentage of apoptotic cells was calculated; (B) Western blot analysis showed the expressions of cleaved caspase 3 and gray analysis of each band; (C) ROS levels evaluated by DCFH-DA staining and expressed as mean fluorescence intensity relative to that in control group; (D) total ceramide contents detected by LC/MS/MS. All values are expressed as means ± SD from three independent determinations. * p < 0.05 vs. control cells; # p < 0.05 vs. PA-treated cells. 
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Figure 4. Inhibition effects of SFA on weight gain, fat distribution and insulin resistance in HFD-fed C57BL/6J mice: (A) Body weight of mice in three groups from week 14 to week 17 (n = 8/group); (B) MRI images showed fat distribution in mice at week 17 (n = 6/group). The percentage of fat mass (C) and lean mass (D) were calculated (n = 6/group); (E) glucose tolerance test and the area under the curve were analyzed at week 17 (n = 8/group); (F) insulin tolerance test and the area under the curve were analyzed at week 17 (n = 8/group). Values All values are expressed as means ± SD, * p < 0.05 vs. NC group; # p < 0.05 vs. HFD group. NC, normal chow; HFD, high-fat diet; AUC, area under the curve. 
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Figure 5. Evaluation of hepatic steatosis after SFA treatment to HFD-fed C57BL/6J mice: (A) histological images of liver sections by H&E (a) and Oil red O (b) staining. (n = 5/group); (B) determination of TG levels in liver. (n = 5/group); (C) Western blot analysis showed the expressions of phosphorylated AMPK, total AMPK, SREBP1c, and FAS in liver; (D) gray analysis of each band (n = 3/group). All values are expressed as means ± SD, * p < 0.05 vs. NC group; # p < 0.05 vs. HFD group. 
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Figure 6. Evaluation of hepatic apoptosis and ceramide contents after SFA treatment to HFD-fed C57BL/6J mice: (A) the hepatic apoptosis in different groups examined by TUNEL assay. (n = 5/group); (B) Western blot analysis showed the levels of cleaved caspase 3 and (C) gray analysis of each band in liver (n = 3/group); (D) total ceramide contents in liver detected by LC/MS/MS (n = 4–5/group). All values are expressed as means ± SD, * p < 0.05 vs. NC group; # p < 0.05 vs. HFD group. 
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Table 1. Metabolic parameters of serum in C57Bl/6J mice.
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	NC
	HFD
	HFD + SFA





	TG (mmol/L)
	0.81 ± 0.07
	1.73 ± 0.27 *
	1.43 ± 0.31 #



	TC (mmol/L)
	2.3 ± 0.17
	4.25 ± 1.03 *
	3.1 ± 0.6 #



	ALT (U/L)
	36.6 ± 3.74
	99.81 ± 37.09 *
	48.31 ± 20.53 #



	AST (U/L)
	223.07 ± 20.82
	322 ± 117.99
	249.72 ± 59.62







TG, TC, ALT, and AST levels measured in fasting plasma. Measurements are presented as means ± SEM (n = 4–6/group). All values are expressed as means ± SD, * p < 0.05 vs. NC group; # p < 0.05 vs. HFD group.
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