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Abstract

:

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease found worldwide. The present study aimed to evaluate the mechanisms of inhibiting lipid accumulation in free fatty acid (FFA)-treated HepG2 cells caused by bark and fruit extracts of Toona sinensis (TSB and TSF). FFA induced lipid and triglyceride (TG) accumulation, which was attenuated by TSB and TSF. TSB and/or TSF promoted phosphorylation of AMP-activated protein kinase (AMPK) and acetyl-coA carboxylase and peroxisome proliferator-activated receptor alpha upregulation. Furthermore, TSB and TSF suppressed FFA-induced liver X receptor, sterol regulatory element-binding transcription protein 1, fatty acid synthase, and stearoyl-CoA desaturase 1 protein expression. Moreover, TSB and/or TSF induced phosphorylation of Unc-51 like autophagy-activating kinase and microtubule-associated protein 1A/1B-light chain 3 expressions. Therefore, TSB and TSF relieve lipid accumulation by attenuating lipogenic protein expression, activating the AMPK pathway, and upregulating the autophagic flux to enhance lipid metabolism. Moreover, TSB and TSF reduced TG contents, implying the therapeutic use of TSB and TSF in NAFLD.
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1. Introduction


Non-alcoholic fatty liver disease (NAFLD) is a global health issue driven by dysregulation of lipid homeostasis [1]. NAFLD is a multifactorial disease that is caused not by excessive alcohol consumption but by pathological accumulation of triacylglycerol in hepatocytes [1]. Excessive import or diminished export or oxidation of free fatty acids (FFAs) in hepatocytes causes hepatic steatosis [2]. Hepatic triglyceride (TG) accumulates through glycerol and FFA esterification [2]. For unknown reasons, some patients develop non-alcoholic steatohepatitis and, in more severe cases, liver fibrosis, cirrhosis, and even hepatocarcinoma [2].



NAFLD presents as a metabolic liver disorder [3,4]. With an imbalance of lipid metabolism in the liver, insulin fails to inhibit lipolysis of adipose tissue, increasing the efflux of FFA into the circulation and its uptake by the liver [3]. FFA can be transported into the mitochondrial matrix by specific transport proteins and undergoes β-oxidation [5,6,7,8]. Hyperinsulinemia directly inhibits β-oxidation of FFA, promoting hepatic de novo lipid synthesis through upregulation of sterol regulatory element-binding protein-1c (SREBP-1c) and carbohydrate response element-binding protein [5,6,7,8]. Recent studies have applied in vitro approaches to determine the molecular mechanisms involved in hepatic steatosis progression [9].



Emerging evidence suggests that AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptor alpha (PPARα) and LC3 are critical regulators of hepatic lipid metabolism and could be therapeutic targets in NAFLD [10]. These target proteins exhibit interactions; for example, phosphorylation of Thr172 in the α-subunit of AMPK activates acetyl-coA carboxylase (ACC)-SREBP-1c, PPARα, and Unc-51-like autophagy activating kinase (ULK1)-LC3 [11,12].



Toona sinensis (A. Juss.) M. Roem., a deciduous tree, is widely distributed in Southeast Asia and cultivated in many parts of the world [13]. The whole plant can be used in herbal remedies, and its tender leaves have been used in dishes or sauces for several years [13]. Until now, hundreds of phytochemical compounds have been identified in T. sinensis, including polyphenols (phenolic acid, flavonoids, stilbene, and lignan), terpenoids, and sterols [14]. It was reported that aqueous extract of leaves of T. sinensis (TSL-1) exhibits many biological functions, such as antiviral [15,16], antibacterial [17], antidiabetic [18], anti-obesity [19], hepatoprotective [20,21], and anti-cancer [22,23,24] functions. However, little is known about other parts of T. sinensis. Our preliminary results demonstrated that, among the root, leaves, bark, and fruit of T. sinensis, the bark and fruit could block lipid accumulation in hepatocytes. It has been shown that a diet with T. sinensis leaves, root, or bark (TSB) enhances sperm quality and improves memory in senescence-accelerated prone-8 mice [25]. T. sinensis fruit (TSF) extract exhibits strong antioxidative effects and protects the kidney from diabetic nephropathy [26]. The present study investigated the molecular mechanism of the effects of TSB and TSF extracts on lipid accumulation using an in vitro cellular model.




2. Materials and Methods


2.1. Chemicals


The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was obtained from GeneMark (GMbiolab Co., Ltd., Taichung, Taiwan). FFA was purchased from Sigma-Aldrich Company (St. Louis, MO, USA). Fenofibrate and chloroquine were obtained from Cayman (Cayman Chemical Co., Ann Arbor, MI, USA). Compound C was obtained from ENZO Life Sciences, Inc. (Farmingdale, NY, USA). Toosendanin was purchased from Wuhan ChemFaces Biochemical Co. Ltd. (Wuhan, Hubei, China).




2.2. Herb Authentication


TSF and TSB were collected locally in spring from 2015 to 2018 (Yulin, Taiwan) and identified by Professor Hseng-Kuang Hsu, Physiologist and Botanist, Kaohsiung Medical University, Taiwan.




2.3. Preparation of Extracts


The TSB used in the study was obtained from plants aged at least two years, whereas the TSF was collected from a seven-year-old plant. The collected materials were washed and boiled twice with reverse osmosis water for 60 min. Then, the crude extracts were collected to freeze and dry to form powder. TSB and TSF extracts were dissolved in sterile phosphate-buffered saline (PBS; pH 7.4) and filtered using a 0.22-μm syringe filter (Sartorius Stedim Biotech Inc., Göttingen, Germany).




2.4. Experimental Design


To determine the preventive effects of TSB and TSF on lipid accumulation, HepG2 cells were treated with TSB and/or TSF extracts for 24 h. FFA was added to 1% bovine serum albumin (BSA, Sigma) media for another 24 h. The control group was exposed to 1% BSA for the indicated time period. To investigate the AMPK activation, compound C was treated with cells for 30 min, prior to FFA, FFA and TSB, and FFA and TSF co-treatment. To confirm autophagic pathways, TSB and/or TSF were pre-treated with cells for 2 h, prior to 16-h co-treatment with chloroquine.




2.5. Cell Culture and Viability Assay


A human hepatoma cell line (HepG2) was purchased from the Bioresource Collection and Research Center (Hsinchu, Taiwan) and grown in Dulbecco’s Modified Eagle Medium (Hyclone, a brand of General Electric Company, Boston, MA, USA) containing 4.5 g/L glucose, 100 units/mL penicillin, 100 µg/mL streptomycin, and 10% foetal bovine serum (Gibco, Grand Island, NY, USA) in a humidified atmosphere with 5% CO2 at 37 °C. Cell viability was measured by a quantitative colorimetric assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). After removing the media, MTT solution (0.1 mg/mL) was added to each well for 3 h incubation at 37 °C, and the optical density (OD) was measured at 570 nm with a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).




2.6. Oil Red O Staining


After fixation with formaldehyde, neutral lipids were stained using 0.5% Oil Red O (Bio Basic Inc., Amherst, NY, USA) in isopropanol for 1 min. After removing the staining solution, the OD was measured at 500 nm using a microplate reader (BioTek).




2.7. Nile Red Staining


Cells were supplemented with FFA, with or without T. sinensis extracts, for 24 h, fixed with 10% formaldehyde and incubated for 10 min with 10 μg/mL Nile red in PBS, and the OD was measured using a multimode microplate reader (BioTek).




2.8. TG Assay


TG levels in cell lysates were determined using a colorimetric assay (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer’s instructions. After several PBS washes, the scraped cell lysates were centrifuged at 1500 g for 10 min. The cold standard diluent assay buffer was added to resuspend the lysates, and sonication was performed 20 times with 1-s pulse procedure. The lysates were centrifuged at 10,000 g for 10 min, and the pellets were stored in the refrigerator at −80 °C until use.




2.9. Gel Electrophoresis and Western Blotting


After treatment, cells in 35-mm dishes were washed with PBS, collected in a lysis buffer (0.15% Triton X-100, 2 mM MgCl2, 25 mM HEPES(N-2-Hydroxyethylpiperazine-Nʹ-2-ethanesulfonic Acid), 60 mM PIPES(1,4-Piperazinediethanesulfonic acid), 1 mM EDTA(Ethylenediaminetetraacetic acid), 1 mM phenylmethylsulphonyl fluoride, 1 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM β-glycerol phosphate, 2.5 mM sodium pyrophosphate, 1 µg/mL aprotinin, 1µg/mL pepstatin A, and 1 µg/mL leupeptin; pH 6.9) and sonicated 20 times with 1-s pulses. Protein levels were measured using a protein assay kit (Bio-Rad Life Sciences, Hercules, CA, USA), and the samples were stored at −80 °C until further analysis.



Protein samples were loaded in lanes (80–160 µg per lane) of a 10–12.5% sodium dodecyl sulphate polyacrylamide gel, subjected to electrophoresis, and transferred to nitrocellulose membranes. Membranes were blocked for 1 h at room temperature with 5% non-fat milk or 5% BSA (for phosphorylated antibodies) in Tris-buffered saline (TBS; 150 mM NaCl, 50 mM Tris base, pH 8.2) containing 0.1% Tween 20 and incubated overnight at 4 °C with the desired primary antibody (Table 1) diluted in TBS, 0.1% Tween 20, and 5% non-fat milk or 5% BSA. Alkaline phosphatase-conjugated anti-rabbit or anti-mouse (1:4000 dilution, GeneTex, Inc., Irvine, CA, USA) and bound antibodies were then detected using an alkaline phosphatase staining system (Sigma).




2.10. Liquid Chromatography–Mass Spectrometry (LC–MS)


A Waters ACQUITY UPLC system (Waters Corporation, Milford, MA, USA), coupled with a tandem MS (Finnigan TSQ Quantum Ultra triple-quadrupole MS, Thermo Electron, San Jose, CA, USA), in combination with the Xcalibur software (Thermo-Finnigan, Bellefonte, PA, USA) was used to detect and quantify analytes. The LC–MS system was equipped with an electrospray ion source and ran in negative mode. The injection volume was 10 μL on an ACQUITY UPLC CSH Phenyl-Hexyl column (130 Å, 1.7 µm, 2.1 mm × 100 mm, Waters Corporation, Milford, MA, USA) equipped with a filter (Waters Acquity UPLC™ BEH C18 column, 1.7 μm, 2.1 mm × 5 mm) in front of the column. The flow rate was 300 μL/min, and the column temperature was 40 °C. Solvents were 0.1% acetic acid in water (A) and 0.1% acetic acid in acetonitrile (B).




2.11. Total Phenolic Assay


Total phenolics were determined by using the Folin-Ciocalteu method [27]. Briefly, TSB and TSF extracts were sonicated in 80% methanol at room temperature and centrifuged at 14,000 r.p.m. for 5 min. Two microliter sample supernant was mixed with 1.58 mL deionized water and 100 μL Folin reagent was then added into each tube for at least 1 min. Three hundred μL of sodium carbonate solution (20%) was added and mixed thoroughly. After 1 h incubation, the absorbance was read at 765 nm by a multimode microplate reader (Bio-Tek). The total phenolic content was calculated by a equation. Total phenolics = concentration of extract (mg/mL) × volume of extract (mL)/weight of extract (g).




2.12. Statistical Analysis


All analyses were performed at least three times, and values are expressed as mean ± standard deviation. Statistical differences were determined by Kruskal–Wallis test and corrected by Wilcoxon signed rank (control vs. FFA) and Mann–Whitney tests (GraphPad Prism software version 7.0, GraphPad Software company, San Diego, CA, USA). A P-value < 0.05 was considered statistically significant.





3. Results


3.1. Ingredients of Polyphenol Compounds in T. sinensis Extracts


LC-MS has been used to determine the levels of the possible active compounds in TSB and TSF extracts. Gallic acid was the most abundant ingredient in TSB (300400 ppb) and TSF (1424800 ppb extracts (Figure 1A). Rutin can be found in both TSB (142 ppb) and TSF (3015 ppb) extracts (Figure 1B). Quercetin was noted only in TSF extract (4088 ppb) (Figure 1C). Although kaempferol inhibited FFA-induced lipid accumulation, it is not present in the two extracts. Toosendanin is exhibited in an extremely low amount in both TSB (0.8 ppb) and TSF extracts (3.8 ppb) (Figure 1D). The retention time of each compound is 1.47 min for gallic acid, 3.07 min for rutin and quercetin and 4.94 min for toosendanin. The amount of total phenolics are 42 mg/g gallic acid equivalent in TSB and 44 mg/g gallic acid equivalent in TSF, respectively (Table S1).




3.2. FFA Induces Lipid Accumulation in HepG2 Cells


The human hepatoma cell line HepG2 was used to mimic FFA-induced steatosis in the human body [9]. Oleic and palmitic acids are the most abundant FFAs in patients with steatosis [28]. A lipid-laden HepG2 cell model was established by adding different FFA levels (oleic acid 0.66 mM, palmitic acid 0.33 mM) for 24 h. As shown in Figure 1, FFA induced lipid accumulation in a concentration-dependent manner (Figure 2A,B) without cytotoxicity (Figure 2C). FFA (1 mM) induced about twofold lipid accumulation in HepG2 cells based on Oil Red O staining.




3.3. TSB and TSF Extracts Inhibit Lipid Accumulation in Lipid-Laden HepG2 Cells


To determine TSB and TSF’s inhibitory effects on FFA-induced lipogenesis in HepG2, TSB and TSF extracts were pre-treated with cells for 24 h. FFA was added to the cells for another 24 h. Oil Red O and Nile red staining confirmed that TSB and TSF reduced FFA-induced lipogenesis in a concentration-dependent manner (Figure 3A–C). In the TSB-treated group, the lipid content was reduced by 11%, 23%, and 39% at levels of 100, 200, and 500 μg/mL when compared with those in the FFA group (Figure 3A upper panel and 3B). In the TSF-treated group, the lipid content was reduced by 15%, 26%, and 30% at levels of 100, 200, and 500 μg/mL when compared with those in the FFA group (Figure 3A lower panel and 3C). Co-treatment with TSB and FFA, or TSF and FFA, did not affect the cells’ survival rates (Figure 3D,E), whereas palmitic acid (150 and 450 μM) alone showed cytotoxicity to HepG2 cells (Figure 3F). To further investigate the anti-lipogenic effects in FFA-treated HepG2 cells, the TG levels were examined under the same experimental conditions. As shown in Figure 4, both TSB and TSF significantly inhibited TG expression in cells (Figure 4A,B). In renal carcinoma cells, 786-O was used as the negative control, while fenofibrate was the positive control.




3.4. TSB and TSF Extracts Reduce Lipogenesis


To study TSB and TSF’s mechanisms on FFA-induced lipid accumulation, cells were pre-treated with TSB and/or TSF extracts and examined for the related lipogenic protein expression, including liver X receptor (LXR), SREBP-1c, ACC, fatty acid synthase (FASN), and stearoyl-CoA desaturase 1 (SCD1). TSB and TSF extracts significantly inhibited FFA-induced LXR, SREBP-1, ACC, FASN, and SCD1 expression (Figure 5A–L).




3.5. TSB and TSF Extracts Regulate Lipid Metabolism through the AMPK Pathway


To determine whether TSB and TSF extracts inhibit lipid accumulation by activating the AMPK pathway, cells were treated with TSB and/or TSF extracts for 0, 0.5, 1, 2, 4, and 8 h, and phosphorylation of AMPK (Thr172) was determined by Western blotting. TSB and TSF extracts significantly increased AMPK phosphorylation at 8 h (Figure 6A,B,E,F). Additionally, TSB and TSF extract-induced AMPK phosphorylation was reduced by treatment with AMPK inhibitor compound C (Figure 6C,D,G,H). To evaluate whether AMPK phosphorylation mediates the TSB and TSF’s effects on lipid accumulation in FFA-treated hepatocytes, HepG2 cells were treated with compound C 30 min prior to treatment with T. sinensis extracts. Lipid accumulation was measured 24 h after FFA exposure using Oil Red O staining. At a level of 200 μg/mL, both TSB and TSF significantly inhibited lipid accumulation in FFA-treated HepG2 cells, but these effects were reversed by compound C (Figure 6I–K).




3.6. TSB and TSF Extracts Regulate Lipid Metabolism through Activation of AMPK-ACC and PPARα Pathways


Once the AMPK pathway is activated, it can directly promote downstream effectors, including ACC phosphorylation and PPAR expression [29]. Compared with the control group, the FFA group had decreased AMPK and ACC phosphorylation levels (Figure 7A–F). After TSB and/or TSF treatment, the phosphorylation levels of AMPK and ACC were enhanced in the FFA-treated group (Figure 7A–F). Similarly, PPAR expression was downregulated by FFA treatment but upregulated by TSB and/or TSF treatment (Figure 8A–D).




3.7. TSB and TSF Extracts Induce Autophagic Flux to Decrease Lipid Accumulation in Lipid-Laden HepG2 Cells


NAFLD was related to dysregulation of the autophagic process in hepatocytes [30]. To investigate the TSB and TSF extracts’ effects on autophagy, HepG2 cells were examined to determine whether TSB and/or TSF extracts induced LC3 expression. After the 24 h treatment, TSB (500 μg/mL) and TSF (200 μg/mL) extracts significantly induced LC3-II expression (Figure 9A,B,E,F). Moreover, LC3-II expression was largely upregulated by adding the autophagosome inhibitor chloroquine (50 μM) to TSB- and TSF-treated cells (Figure 9C,D,G,H). To determine whether TSB and TSF extract-induced autophagy was associated with decreased lipid content, HepG2 cells were pre-treated with TSB and/or TSF extracts for 2 h and co-treated with chloroquine (50 μM) and FFA for further 16 h. Lipid accumulation was measured by Oil Red O staining. Both TSB and TSF extracts inhibited FFA-induced lipid accumulation, but these effects were blocked by chloroquine (Figure 9I–K).




3.8. TSB and TSF Extracts Regulate Lipid Metabolism through AMPK Downstream ULK1 and LC3 Pathways


AMPK directly regulates autophagy by phosphorylating, and thereby activating, ULK1 [29]. Four phosphorylation sites within ULK1 (Ser467, Ser555, Thr574 and Ser637) have been mapped [11]. The phosphorylation site Ser555 of ULK1 was reported to be activated by AMPK [11]. Compared with the control, FFA inhibited ULK1 phosphorylation (Figure 10A–F). At a level of 200 μg/mL, TSB and/or TSF extracts significantly enhanced phosphorylation of ULK1 in FFA-treated HepG2 cells, which was accompanied by LC3-II upregulation (Figure 10A–F).




3.9. Inhibitory Effects of Compounds from T. sinensis on Lipid Accumulation in FFA-Treated HepG2 Cells


To determine which of T. sinensis’ active components regulate lipid metabolism, cells were pre-treated with gallic acid, quercetin, rutin, methyl gallate, ethyl gallate, kaempferol, or toosendanin prior to FFA treatment. Lipid accumulation was measured 24 h after FFA exposure by Nile red staining. The effective levels of compounds were nontoxic to all cells. We found that gallic acid, rutin, and quercetin at a level of 50 μg/mL significantly reduced FFA-induced lipid contents (Figure 11A–C), whereas ethyl gallate, methyl gallate, and tannic acid at nontoxic levels had no effects. Additionally, toosendanin at levels of 0.05, 0.1, and 0.5 μM significantly reduced FFA-induced lipogenesis (Figure 11D).





4. Discussion


The incidence of NAFLD varies at a range of 30%–60% worldwide, and the signs are undetectable in the early stages [1]. Currently, effective NAFLD treatment methods include exercise and diet regulation [31]. However, a significant proportion of NAFLD patients do not follow these recommendations. NAFLD is not a benign disease [31]; a substantial proportion of the population is at risk of progressive disease [2]. T. sinensis is a popular dish in Asia and Taiwan, and vegetarians use it as flavoring. Since it is nontoxic and easily cultivated, T. sinensis is widely used as an herbal remedy [32,33]. TSB and TSF have also been used in traditional medicine [13]. In this study, we found that both TSB and TSF extracts blocked the increase of intracellular TG levels and lipid droplets in FFA-treated hepatocytes. Fatty acids transported to the liver are esterified to TG or oxidised to produce energy [34]. However, an increase in TG level is harmful to hepatocytes [35]. The levels of TSB and TSF extracts used in the study were nontoxic to cells. Interestingly, TSB was even more effective than fenofibrate (a hypolipidaemic PPARα agonist). The anti-steatotic effects of TSB and TSF on NAFLD in an in vivo model are currently being examined.



Several pathways were activated by TSB and/or TSF extracts, including AMPK, PPAR and LC3 expression. AMPK has various physiological functions, such as regulation of energy homeostasis, autophagy, cell polarity, and cell proliferation [12,36]. Previously, AMPK was considered as a potential target in NAFLD treatment [12], by activating downstream target protein PPARwhile inhibiting SREBP-1 through LXR [36,37]. LXRs’ lipogenic activity arises from upregulation of the master regulator SREBP-1c and induction of FASN, ACC and SCD1 [38,39]. Our data are consistent with this finding. TSB and TSF extracts activated AMPK activity while inhibiting FASN, ACC, SCD1, and LXR expression and TG accumulation. Our data showed that inhibition of AMPK activity by compound C deteriorated lipogenesis, suggesting that activation of AMPK by TSB or TSF is indispensable for improving lipid accumulation in FFA-treated HepG2 cells.



It was demonstrated that decreased autophagy in the liver with ageing is associated with hepatic lipid accumulation [30]. ULK1 is a mammalian homologue of Atg1, which is the most upstream component of the autophagy pathway [11]. As the autophagy-initiating kinase, ULK can be directly phosphorylated by AMPK at six different sites during nutrient deprivation [11,40]. TSB and/or TSF extracts induced autophagic flux accompanied by ULK1 phosphorylation at Ser555. Accordingly, inhibition of autophagosome formation by chloroquine significantly increased lipid accumulation in FFA-treated HepG2 cells. These results imply that TSB or TSF regulated lipid metabolism through autophagic mechanism. Thus, the upstream key regulator, which includes mammalian target of rapamycin and Akt, will be examined further.



T. sinensis comprise numerous phytochemical components, including gallic acid, methyl gallate, ethyl gallate and rutin, quercetin, quercitrin, kaempferol, catechin, terpenoids, and tannins [41,42]. The present study indicates that TSB and TSF extracts attenuated hepatocellular lipid accumulation and that gallic acid, quercetin, rutin, and toosendanin are active components of the anti-steatotic effects of T. sinensis extracts. It has been reported that gallic acid, quercetin, and rutin exhibited anti-steatotic effects on high-fat-diet-fed mice [43,44]. Toosendanin, a triterpenoid extracted from Meliaceae plants, is also known as the major ingredient in Meliaceae fruit, which has been reported to possess antiadipogenic activity in 3T3-L1 preadipocytes [45]. Interestingly, toosendanin in the nanomolar range completely inhibited lipid accumulation, while other compounds attenuated lipid accumulation by only 5%–10%. We suggest that TSB and TSF extracts were complex, and all ingredients in the extracts contributed partly to attenuate lipid accumulation in hepatocytes. Therefore, polyphenol-rich TSB and/or TSF may be a safe and potential herbal remedy to prevent NAFLD.




5. Conclusions


Briefly, TSB and TSF extracts do not cause cytotoxicity, suggesting the potential in targeting steatosis. Either TSB or TSB extract shows anti-lipogenic activity and improves lipid metabolism in hepatocytes. Both mainly ameliorate lipid accumulation through AMPK, PPAR, and LC3 pathway activation and inhibit lipogenic protein expression.








Supplementary Materials


The following are available online at https://www.mdpi.com/2077-0383/8/10/1664/s1, Table S1: Total phenol content.





Author Contributions


Y.-C.C. designed the study; participated in data analysis, interpretation and presentation; and drafted the manuscript. H.-J.C. participated in the data collection and analysis. B.-M.H., Y.-C.C. and C.-F.C. participated in data interpretation and critically revised the manuscript. All authors read and approved the final manuscript.




Funding


This research was funded by Kaohsiung Medical University (grant number: KMU-M107015, KMU-M108024) and E-Da Hospital (grant number: EDAHP108023).




Acknowledgments


The authors would like to thank Enago (www.enago.tw) for the English language review. The authors thank the Center for Research Resources and Development in Kaohsiung Medical University for the assistance in LC-Triple Q MS.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dyson, J.K.; Anstee, Q.M.; McPherson, S. Non-alcoholic fatty liver disease: A practical approach to diagnosis and staging. Frontline Gastroenterol. 2014, 5, 211–218. [Google Scholar] [CrossRef] [PubMed]

	



Anstee, Q.M.; Targher, G.; Day, C.P. Progression of NAFLD to diabetes mellitus, cardiovascular disease or cirrhosis. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 330–344. [Google Scholar] [CrossRef] [PubMed]

	



Apovian, C.M. The Obesity Epidemic—Understanding the Disease and the Treatment. N. Engl. J. Med. 2016, 374, 177–179. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, C.H.; Li, T.C.; Lin, C.C. Metabolic syndrome as a risk factor for nonalcoholic fatty liver disease. South. Med. J. 2008, 101, 900–905. [Google Scholar] [CrossRef]

	



Liu, W.; Baker, R.D.; Bhatia, T.; Zhu, L.; Baker, S.S. Pathogenesis of nonalcoholic steatohepatitis. Cell. Mol. Life Sci. 2016, 73, 1969–1987. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Struik, D.; Nies, V.J.; Jurdzinski, A.; Harkema, L.; de Bruin, A.; Verkade, H.J.; Downes, M.; Evans, R.M.; van Zutphen, T.; et al. Effective treatment of steatosis and steatohepatitis by fibroblast growth factor 1 in mouse models of nonalcoholic fatty liver disease. Proc. Natl. Acad. Sci. USA 2016, 113, 2288–2293. [Google Scholar] [CrossRef] [PubMed]

	



McGettigan, B.M.; McMahan, R.H.; Luo, Y.; Wang, X.X.; Orlicky, D.J.; Porsche, C.; Levi, M.; Rosen, H.R. Sevelamer Improves Steatohepatitis, Inhibits Liver and Intestinal Farnesoid X Receptor (FXR), and Reverses Innate Immune Dysregulation in a Mouse Model of Non-alcoholic Fatty Liver Disease. J. Biol. Chem. 2016, 291, 23058–23067. [Google Scholar] [CrossRef]

	



Patel, T.P.; Rawal, K.; Soni, S.; Gupta, S. Swertiamarin ameliorates oleic acid induced lipid accumulation and oxidative stress by attenuating gluconeogenesis and lipogenesis in hepatic steatosis. Biomed. Pharmacother. 2016, 83, 785–791. [Google Scholar] [CrossRef]

	



Kanuri, G.; Bergheim, I. In vitro and in vivo models of non-alcoholic fatty liver disease (NAFLD). Int. J. Mol. Sci. 2013, 14, 11963–11980. [Google Scholar] [CrossRef]

	



Hardy, T.; Anstee, Q.M.; Day, C.P. Nonalcoholic fatty liver disease: New treatments. Curr. Opin. Gastroenterol. 2015, 31, 175–183. [Google Scholar] [CrossRef]

	



Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [Google Scholar] [CrossRef] [PubMed]

	



Carling, D. AMPK signalling in health and disease. Curr. Opin. Cell Biol. 2017, 45, 31–37. [Google Scholar] [CrossRef] [PubMed]

	



Edmonds, J.M.; Staniforth, M. Toona sinensis: Meliaceae. Curtis’s Bot. Mag. 1998, 15, 186–193. [Google Scholar] [CrossRef]

	



Peng, W.; Liu, Y.J.; Hu, M.B.; Zhang, M.M.; Yang, J.; Liang, F.; Huang, Q.W.; Wu, C.J. Toona sinensis: A comprehensive review on its traditional usages, phytochemisty, pharmacology and toxicology. Rev. Bras. Farmacogn. 2019, 29, 111–124. [Google Scholar] [CrossRef]

	



Chen, C.J.; Michaelis, M.; Hsu, H.K.; Tsai, C.C.; Yang, K.D.; Wu, Y.C.; Cinatl, J.J.; Doerr, H.W. Toona sinensis Roem tender leaf extract inhibits SARS coronavirus replication. J. Ethnopharmacol. 2008, 120, 108–111. [Google Scholar] [CrossRef] [PubMed]

	



You, H.L.; Chen, C.J.; Eng, H.L.; Liao, P.L.; Huang, S.T. The Effectiveness and Mechanism of Toona sinensis Extract Inhibit Attachment of Pandemic Influenza A (H1N1) Virus. Evid.-Based Complement. Altern. Med. 2013, 2013, 479718. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.J.; Chen, Y.C.; Tsai, Y.J.; Huang, M.S.; Wang, C.C. Toona sinensis leaf aqueous extract displays activity against sepsis in both in vitro and in vivo models. Kaohsiung J. Med. Sci. 2014, 30, 279–285. [Google Scholar] [CrossRef]

	



Wang, P.H.; Tsai, M.J.; Hsu, C.Y.; Wang, C.Y.; Hsu, H.K.; Weng, C.F. Toona sinensis Roem (Meliaceae) leaf extract alleviates hyperglycemia via altering adipose glucose transporter 4. Food Chem. Toxicol. 2008, 46, 2554–2560. [Google Scholar] [CrossRef]

	



Liu, H.W.; Tsai, Y.T.; Chang, S.J. Toona sinensis leaf extract inhibits lipid accumulation through up-regulation of genes involved in lipolysis and fatty acid oxidation in adipocytes. J. Agric. Food Chem. 2014, 62, 5887–5896. [Google Scholar] [CrossRef]

	



Zhang, Y.; Dong, H.; Wang, M.; Zhang, J. Quercetin Isolated from Toona sinensis Leaves Attenuates Hyperglycemia and Protects Hepatocytes in High-Carbohydrate/High-Fat Diet and Alloxan Induced Experimental Diabetic Mice. J. Diabetes Res. 2016, 2016, 8492780. [Google Scholar] [CrossRef]

	



Yu, W.J.; Chang, C.C.; Kuo, T.F.; Tsai, T.C.; Chang, S.J. Toona sinensis Roem leaf extracts improve antioxidant activity in the liver of rats under oxidative stress. Food Chem. Toxicol. 2012, 50, 1860–1865. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.M.; Wu, Y.C.; Chia, Y.C.; Chang, F.R.; Hsu, H.K.; Hsieh, Y.C.; Chen, C.C.; Yuan, S.S. Gallic acid, a major component of Toona sinensis leaf extracts, contains a ROS-mediated anti-cancer activity in human prostate cancer cells. Cancer Lett. 2009, 286, 161–171. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.J.; Huang, Y.J.; Wang, C.Y.; Wang, C.S.; Wang, P.H.; Hung, J.Y.; Wang, T.H.; Hsu, H.K.; Huang, H.W.; Kumar, S.P.; et al. Antiproliferative and antitumorigenic activity of Toona sinensis leaf extracts in lung adenocarcinoma. J. Med. Food 2010, 13, 54–61. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.H.; Li, C.J.; Tai, I.C.; Lin, X.H.; Hsu, H.K.; Ho, M.L. The Fractionated Toona sinensis Leaf Extract Induces Apoptosis of Human Osteosarcoma Cells and Inhibits Tumor Growth in a Murine Xenograft Model. Integr. Cancer Ther. 2017, 16, 397–405. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.F.; Hsu, W.M.; Hsu, H.K.; Liao, J.W.; Chan, T.C. Effects of Toona sinensis Roemor extracts on the sperm quality in male senescence accelerated mice. Taiwan. J. Agric. Chem. Food Sci. 2005, 43, 38–45. [Google Scholar]

	



Li, W.Z.; Wang, X.H.; Zhang, H.X.; Mao, S.M.; Zhao, C.Z. Protective effect of the n-butanol Toona sinensis seed extract on diabetic nephropathy rat kidneys. Genet. Mol. Res. 2016, 15. [Google Scholar] [CrossRef]

	



Waterhouse, A.L. Determination of Total Phenolics. Curr. Protoc. Food Anal. Chem. 2002, 6. [Google Scholar] [CrossRef]

	



Gambino, R.; Bugianesi, E.; Rosso, C.; Mezzabotta, L.; Pinach, S.; Alemanno, N.; Saba, F.; Cassader, M. Different Serum Free Fatty Acid Profiles in NAFLD Subjects and Healthy Controls after Oral Fat Load. Int. J. Mol. Sci. 2016, 17, 479. [Google Scholar] [CrossRef]

	



Alers, S.; Loffler, A.S.; Wesselborg, S.; Stork, B. Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy: Cross talk, shortcuts, and feedbacks. Mol. Cell. Biol. 2012, 32, 2–11. [Google Scholar] [CrossRef]

	



Singh, R.; Kaushik, S.; Wang, Y.; Xiang, Y.; Novak, I.; Komatsu, M.; Tanaka, K.; Cuervo, A.M.; Czaja, M.J. Autophagy regulates lipid metabolism. Nature 2009, 458, 1131–1135. [Google Scholar] [CrossRef]

	



Charlton, M. Nonalcoholic fatty liver disease: A review of current understanding and future impact. Clin. Gastroenterol. Hepatol. 2004, 2, 1048–1058. [Google Scholar] [CrossRef]

	



Liao, J.W.; Yeh, J.Y.; Lin, Y.C.; Wei, M.M.; Chung, Y.C. Mutagenicity and safety evaluation of water extract of fermented Toona sinensis Roemor leaves. J. Food Sci. 2009, 74, T7–T13. [Google Scholar] [CrossRef] [PubMed]

	



Liao, J.W.; Chung, Y.C.; Yeh, J.Y.; Lin, Y.C.; Lin, Y.G.; Wu, S.M.; Chan, Y.C. Safety evaluation of water extracts of Toona sinensis Roemor leaf. Food Chem. Toxicol. 2007, 45, 1393–1399. [Google Scholar] [CrossRef] [PubMed]

	



Angulo, P.; Machado, M.V.; Diehl, A.M. Fibrosis in nonalcoholic Fatty liver disease: Mechanisms and clinical implications. Semin. Liver Dis. 2015, 35, 132–145. [Google Scholar] [CrossRef] [PubMed]

	



Ricchi, M.; Odoardi, M.R.; Carulli, L.; Anzivino, C.; Ballestri, S.; Pinetti, A.; Fantoni, L.I.; Marra, F.; Bertolotti, M.; Banni, S.; et al. Differential effect of oleic and palmitic acid on lipid accumulation and apoptosis in cultured hepatocytes. J. Gastroenterol. Hepatol. 2009, 24, 830–840. [Google Scholar] [CrossRef] [PubMed]

	



Dasgupta, B.; Chhipa, R.R. Evolving Lessons on the Complex Role of AMPK in Normal Physiology and Cancer. Trends Pharmacol. Sci. 2016, 37, 192–206. [Google Scholar] [CrossRef] [PubMed]

	



Pawlak, M.; Lefebvre, P.; Staels, B. Molecular mechanism of PPARalpha action and its impact on lipid metabolism, inflammation and fibrosis in non-alcoholic fatty liver disease. J. Hepatol. 2015, 62, 720–733. [Google Scholar] [CrossRef]

	



Zelcer, N.; Tontonoz, P. Liver X receptors as integrators of metabolic and inflammatory signaling. J. Clin. Investig. 2006, 116, 607–614. [Google Scholar] [CrossRef]

	



Hong, C.; Tontonoz, P. Liver X receptors in lipid metabolism: Opportunities for drug discovery. Nat. Rev. 2014, 13, 433–444. [Google Scholar] [CrossRef]

	



Egan, D.; Kim, J.; Shaw, R.J.; Guan, K.L. The autophagy initiating kinase ULK1 is regulated via opposing phosphorylation by AMPK and mTOR. Autophagy 2011, 7, 643–644. [Google Scholar] [CrossRef]

	



Hsu, C.Y.; Shih, H.Y.; Chia, Y.C.; Lee, C.H.; Ashida, H.; Lai, Y.K.; Weng, C.F. Rutin potentiates insulin receptor kinase to enhance insulin-dependent glucose transporter 4 translocation. Mol. Nutr. Food Res. 2014, 58, 1168–1176. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.D.; Yang, S.P.; Wu, Y.; Dong, L.; Yue, J.M. Terpenoids from Toona ciliata. J. Nat. Prod. 2009, 72, 685–689. [Google Scholar] [CrossRef] [PubMed]

	



Chao, J.; Huo, T.I.; Cheng, H.Y.; Tsai, J.C.; Liao, J.W.; Lee, M.S.; Qin, X.M.; Hsieh, M.T.; Pao, L.H.; Peng, W.H. Gallic acid ameliorated impaired glucose and lipid homeostasis in high fat diet-induced NAFLD mice. PLoS ONE 2014, 9, e96969. [Google Scholar] [CrossRef] [PubMed]

	



Porras, D.; Nistal, E.; Martinez-Florez, S.; Pisonero-Vaquero, S.; Olcoz, J.L.; Jover, R.; Gonzalez-Gallego, J.; Garcia-Mediavilla, M.V.; Sanchez-Campos, S. Protective effect of quercetin on high-fat diet-induced non-alcoholic fatty liver disease in mice is mediated by modulating intestinal microbiota imbalance and related gut-liver axis activation. Free Radic. Biol. Med. 2017, 102, 188–202. [Google Scholar] [CrossRef] [PubMed]

	



Chen, T.X.; Cheng, X.Y.; Wang, Y.; Yin, W. Toosendanin inhibits adipogenesis by activating Wnt/beta-catenin signaling. Sci. Rep. 2018, 8, 4626. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 08 01664 g001 550] 





Figure 1. LC–MS analysis of T. sinensis leaves, root, or bark (TSB) and T. sinensis fruit (TSF) extracts. (A) Gallic acid, (B) rutin, (C) quercetin, and (D) toosendanin. 
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Figure 2. Effects of free fatty acids (FFAs) mixture on lipid accumulation and cytotoxicity in HepG2 cells. (A) Oil Red O staining. (B) Quantification of lipid contents. (C) MTT assays. The representative images are from six independent experiments. Scale bar: 50 μm. Data were quantified for three to six independent experiments and expressed as mean ± SD. * P < 0.05 compared with the control group (0 mM). 
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Figure 3. Effects of TSB and TSF extracts on lipid accumulation and cytotoxicity in HepG2 cells. (A) Oil Red O staining. Scale bar = 50 μm. The representative images are from eight independent experiments. (B and C) Quantification of lipid contents. (D–F) MTT assays. Data were quantified for three to twelve independent experiments and expressed as mean ± SD. # P < 0.05 compared with the control group (0 g/mL). * P < 0.05 compared with the FFA group. In B–D, *** P < 0.001. In Figure 3F, ** P < 0.01, *** P < 0.001 compared with contro (0 μM). 
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Figure 4. Effects of TSB (A) and TSF (B) extracts on FFA-induced intracellular triglyceride levels. Fenofibrate (Feno, 125 μM) was used as a positive control. In renal carcinoma cells, 786-O served as a negative control. The bar graphs show the quantification of the triglyceride contents. Data from six independent experiments are expressed as mean ± SD. # P < 0.05 compared with the control group (con). * P < 0.05, ** P < 0.01, *** P < 0.001 compared with the FFA group. (please add the sentence after * P < 0.05. 
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Figure 5. Effects of TSB and TSF extracts on FFA-induced lipogenic protein expression. (A and B) Immunoblots of lipogenic protein expression in TSB and TSF pre-treated lipid-laden HepG2 cells. GAPDH was used as the internal control. (C–L) The bar graphs show densitometric data (mean ± SD) from three to eight independent experiments. The images shown represent one experiment. # P < 0.05 and ## P < 0.01 compared with the control group (con). * P < 0.05, ** P < 0.01 and *** P < 0.001 compared with the FFA group. 
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Figure 6. TSB and TSF extracts’ effects on AMPK activation in HepG2 cells. (A–D) Immunoblots of phosphorylated AMPK expression in HepG2 cells. Total AMPK and GAPDH were used as the internal control. (E–H) The bar graphs show densitometric data (mean ± SD) from three to ten independent experiments. (I) Oil Red O staining. (J and K) Quantification of lipid contents. # P < 0.05 compared with the control group (0 h). * P < 0.05 compared with the FFA group. ** P < 0.01 and *** P < 0.001 compared with the FFA group. Scale bar = 50 μm. 
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Figure 7. TSB and TSF’s effects on phosphorylated AMPK and ACC expression in FFA-treated HepG2 cells. (A and B) Immunoblots of phosphorylated AMPK and ACC levels. AMPK, ACC and GAPDH were used as internal controls. (C–F) The bar graphs show densitometric data (mean ± SD) from three to ten independent experiments. # P < 0.05 compared with the control group (con). * P < 0.05 and ** P < 0.01 compared with the FFA group. *** P < 0.001 compared with the FFA group. 
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Figure 8. TSB and TSF’s effects on PPARα expression in FFA-treated HepG2 cells. (A and B) Immunoblots of PPAR. (C and D) The bar graphs show densitometric data (mean ± SD) from three to five independent experiments. # P < 0.05 compared with the control group (con). * P < 0.05 and ** P < 0.01 compared with the FFA group. 
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Figure 9. Effects of TSB and TSF on autophagic flux in HepG2 cells. (A–D) Immunoblots of LC3 subunits. (E–H) The bar graphs show densitometric data (mean ± SD) from three to five independent experiments. (I) Oil Red O staining. (J and K) Quantification of lipid contents. # P < 0.05 compared with the control group (con). * P < 0.05 and ** P < 0.01 compared with the FFA group. Scale bar = 50 μm. 
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Figure 10. Effects of TSB and TSF on the LC3 pathway in FFA-treated HepG2 cells. (A and B) Immunoblots of phosphorylated ULK and LC3 subunits. (C–F) The bar graphs show densitometric data (mean ± SD) from three to five independent experiments. # P < 0.05 compared with the control group (con). * P < 0.05 and ** P < 0.01 compared with the FFA group. 
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Figure 11. Effects of compounds isolated from T. sinensis on lipid accumulation in HepG2 cells. (A–D) Nile red staining. Data were quantified for three to eight independent experiments and expressed as mean ± SD. ## P < 0.01 compared with the control group (con). * P < 0.05 and ** P < 0.01 compared with the FFA group. 
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Table 1. List of antibodies.
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	Antibody
	Dilution
	Brand





	FASN, p-AMPK (Thr 172), AMPK, pACC (Ser79), ACC
	1:1000
	Cell Signaling Technology Inc. (Danvers, MA, USA)



	SREBP-1c, PPARα, SCD1
	1:1000
	Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA)



	LXR

GAPDH
	1:1000

1:3000
	Proteintech Group Inc. (Rosemont, IL, USA)



	LC3B
	1:1000
	Novus Biologicals, LLC., a Bio-Techne brand (Centennial, CO, USA)











© 2019 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/).
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