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Abstract:



Nicotinamide adenine dinucleotide (NAD+) homeostasis is emerging as a key player in the pathogenesis of non-alcoholic fatty liver disease (NAFLD) and is tightly linked to the SIRT1/5’-AMP-activated protein kinase (AMPK) pathway. Silibinin, the main component of silymarin, has been proposed as a nutraceutical for the treatment of NAFLD. In this study, we aimed to identify whether silibinin may influence the NAD+/SIRT1 axis. To this end, C57BL/6 mice were fed a high fat diet (HFD) for 16 weeks, and were treated with silibinin or vehicle during the last 8 weeks. HepG2 cells were treated with 0.25 mM palmitate for 24 h with silibinin 25 µM or vehicle. HFD and palmitate administration led to oxidative stress, poly-(ADP-ribose)-polymerase (PARP) activation, NAD+ consumption, and lower SIRT1 activity. In mice fed the HFD, and in HepG2 treated with palmitate, we consistently observed lower levels of phospho-AMPKThr172 and phospho-acetyl-CoA carboxylaseSer79 and higher levels of nuclear sterol regulatory element-binding protein 1 activity, indicating de novo lipogenesis. Treatment of mice and HepG2 with silibinin abolished oxidative stress, and inhibited PARP activation thus restoring the NAD+ pool. In agreement with preserved NAD+ levels, SIRT1 activity and AMPK phosphorylation returned to control levels in mice and HepG2. Our results further indicate silibinin as a promising molecule for the treatment of NAFLD.
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1. Introduction


Non-alcoholic fatty liver disease (NAFLD) represents the most common liver disease in industrialized countries [1]. Epidemiological studies including prospective cohorts have shown that liver fat accumulation per se precedes the onset of insulin resistance and metabolic syndrome [2]. Beyond metabolic complications, a subset of patients with NAFLD develop non-alcoholic steatohepatitis (NASH), which is emerging as a leading cause of liver transplantation due to progression to cirrhosis and cancer [3]. The most effective therapeutic option to prevent onset and progression of NAFLD is a healthy lifestyle [4], although only few patients are compliant with lifestyle changes. For this reason, several drugs have been proposed so far for counteracting progression of fatty liver to inflammation and fibrosis, but with unsatisfactory results [5]. Recent translational studies have indicated that natural phenolic compounds may display beneficial effects in NAFLD by modulating hepatic lipid homeostasis [6].



Nicotinamide adenine dinucleotide (NAD+) is a co-enzyme involved in redox reactions that plays a protective role against metabolic diseases and aging [7,8]. The beneficial effects of NAD+ can be in part attributed to the activity of the NAD-dependent protein deacetylase sirtuin-1 (SIRT1), an enzyme that regulates metabolic homeostasis by deacetylating lysine residues on histones and transcriptional regulators [9]. SIRT1 activates 5’-AMP-activated protein kinase (AMPK) [10] which controls energy expenditure in health and disease [11]. NAD+ levels depend on the balance between its biosynthesis and its consumption by several NAD-dependent enzymes, especially poly-(ADP-ribose)-polymerases (PARPs), a family of enzymes that protect cells against oxidative DNA damage [12]. However, although PARPs can be considered as genome guardians, hyperactivation of PARPs leads to NAD+ depletion and thus cell injury [13]. Recent evidence indicates that NAD+ repletion reverses fatty liver in mice by restoring SIRT1 activity and modulating the mitochondrial efficiency [14,15].



Silibinin is a flavonolignan that constitutes the main component of silymarin, a lipophilic milk thistle extract, which is consumed worldwide as a nutraceutical for liver diseases [6]. Interest in milk thistle derivatives for the treatment of NAFLD is mirrored by randomized controlled trials on efficacy and safety (www.clinicaltrials.gov). Traditionally, silymarin has been characterized by the potent anti-oxidant activity of its main component silibinin [16]. Recently, beyond antioxidant effects, it was showed that silibinin favourably modulates lipid homeostasis and insulin sensitivity in several models of NAFLD [6]. In this study, we aimed to establish whether silibinin may influence NAD+ homeostasis and the SIRT1/AMPK pathway in a mouse model of fatty liver and in an in vitro model of hepatocyte lipotoxicity.




2. Materials and Methods


2.1. Cell Culture


The HepG2 cells (American Type Culture Collection, Manassas, VA, USA) were a kind gift from Prof. Maurizio Parola of the University of Torino. Cell viability measurement was performed using a Muse™ Cell Analyzer (Merck Millipore, Milan, Italy) according to the manufacturer’s instructions. Treatment of HepG2 with the fatty acid (FA) palmitate was performed as previously described [17]. Briefly, cells at low passages were cultured in DMEM (Sigma-Aldrich, Milan, Italy) supplemented with 10% FBS (EuroClone, Milan, Italy), 100 U/mL penicillin (Life Technologies, Milan, Italy) and 100 µg/mL streptomycin (Life Technologies) at 37 °C in a humidified incubator in a 95% air and 5% CO2 atmosphere [18]. Upon reaching 80–90% confluence, the HepG2 cells were incubated for 24 h as follows: HepG2 + vehicle (Bovine Serum Albumin (BSA) 5% + DMSO); HepG2 + FA (BSA 5% + DMSO + palmitate 0.25 mM); HepG2 + FA + silibinin (BSA 5% + DMSO + palmitate 0.25 mM + silibinin 25 µmol/L). Silibinin (Indena, Milan, Italy) was dissolved in DMSO at room temperature and administered at a 25 µmol/L concentration. This dose of silibinin was chosen on the basis of previous studies [18,19].




2.2. Animals


All procedures fulfilled the Italian Guidelines for the Use and Care of Laboratory Animals. Eight- to ten-week-old C57BL/6 mice (Charles River Labs, Lecco, Italy) were maintained in a temperature- and light-controlled facility. Animals were fed either a standard diet (SD) or a high fat diet (HFD) for 16 weeks. During the last 8 weeks of the HFD, mice were randomly selected to be daily administered silibinin (Indena, Milan, Italy) by gavage at a dose of 5 mg/kg of body weight or vehicle. Silibinin, as powder, was dissolved in DMSO. Diets were obtained from Harlan Teklad (Madison, WI, USA). The SD provided 3.3 kcal/g with 60% carbohydrates, 23% proteins, and 17% fat. The HFD provided 5.2 kcal/g with 60% fat, 20% proteins, and 20% carbohydrates. Mice were distributed in three groups: group I included six mice fed the SD (SD); group II comprised eight mice fed the HFD (HFD); group III comprised eight mice fed the HFD and treated with silibinin (HFD + SIL. During the study period, food and beverage consumption was recorded twice weekly; body weight was recorded weekly. After sacrifice by CO2 asphyxiation, blood and liver samples were obtained, processed, and stored at −80 °C for successive molecular determinations. Ethics approval was obtained from the University of Catania.




2.3. Oil Red O and Hematoxylin/Eosin Staining


Lipid accumulation in HepG2 cells was assessed by Oil Red O staining. In brief, cells were fixed in 4% paraformaldehyde for 30 min, followed by staining with Oil Red O for 30 min. Next, fixed cells were gently washed with isopropanol, and then three times washed with distilled water. Results were determined by fluorescence microscopy imagining and by measurement of absorbance at 500 nm using Synergy HT (BioTek, Milan, Italy). The cells were cultured in 24-well flasks. Six wells were used for each treatment and the experiment was repeated three times.



Liver histopathology was performed on 5 µm liver slices stained with hematoxylin and eosin by standard procedures. Liver slices were examined without knowledge of the type of treatment undergone.




2.4. Biochemical Analyses


Sandwich ELISA for threonine 172-phosphorylated AMPKα (#7959), total AMPKα (#7961), serine 79-phosphorylated acetyl-CoA carboxylase (ACC) (#7986), and total ACC (#7996) were purchased from Cell Signalling Technology (Beverly, MA, USA). Absorbance was read at 450 nm.



PARP activity was assayed using the universal colorimetric PARP assay kit (Trevigen Inc., Gaithersburg, MD, USA) according to the manufacturer’s instructions. SIRT1 activity was measured using the SIRT1 Fluorometric Drug Discovery Kit (ENZO Life Sciences Inc., Farmingdale, NY, USA) according to the manufacturer’s instructions. Changes in PARP1 and SIRT1 activities were calculated against the mean value of PARP1 and SIRT1 activities in control liver and cells, and expressed as percent of control. NAD+ levels were measured using EnzyChrom™ NAD+/NADH Assay kit (BioAssay Systems, Hayward, CA, USA) according to the manufacturer’s instructions and as previously described [20]. Sterol regulatory element-binding protein 1 (SREBP-1) activity was measured using a SREBP-1 transcription factor assay kit (Abcam, Cambridge, UK), according to manufacturer’s instruction, on nuclear extracts of HepG2 that were obtained by a nuclear extraction kit (Abcam, Cambridge, UK).



Triglyceride content in HepG2 and mouse liver samples was measured using a colorimetric assay according to the manufacturer’s instructions (Biovision, Mountain View, CA, USA).




2.5. Real-Time PCR


Gene expression was assessed by quantitative real-time polymerase chain reaction (qRT-PCR). Reverse transcription reaction was carried out on 1 µg of total RNA using oligo (dT) primers (Table S1) and MultiScribe™ Reverse Transcriptase (Applied Biosystems, Milan, Italy), according to the vendors’ instructions. Quantitative RT-PCR was performed in a 7900 HT Fast Start real-time PCR system (Applied Biosystems) in a mixture containing SYBR® Green PCR Master Mix (Life Technologies), specific primers, and 50 ng of cDNA in a total volume of 20 µL. The GAPDH housekeeping gene was used as a reference. The ΔCt protocol was used to determine the absolute values of gene expression.




2.6. ROS (Reactive Oxygen Species) Measurement


Reactive Oxygen Species (ROS) production in HepG2 was measured using a Muse™ Cell Analyzer (Merck Millipore) according to the manufacturer’s instructions. The Muse® Oxidative Stress Kit (Merck Millipore) allows for the quantitative measurement of Reactive Oxygen Species, namely superoxide radicals in cells undergoing oxidative stress. ROS generation in liver homogenates was determined by using 2′,7′-dichlorodihydrofluoroscein diacetate as a probe. Dichlorodihydrofluorescein diacetate formation was determined fluorometrically with a Hitachi F-2000 (Hitachi Ltd., Tokyo, Japan) fluorescence spectrophotometer at excitation wavelength of 488 nm and emission wavelength of 525 nm at 37 °C.




2.7. Statistical Analysis


Data are presented as mean ± standard error of mean (SEM). Each determination was performed at least in triplicate. Significance was assessed by ANOVA followed by Bonferroni test; p < 0.05 was considered to be statistically significant. Statistical analysis was performed using GraphPad Prism (San Diego, CA, USA).





3. Results


3.1. Silibinin Reduces Lipid Accumulation in HepG2 and Mice Liver


A 24-h culture with 0.25 mM palmitate led to lipid droplet accumulation in HepG2, without affecting cell viability (Figure 1). In cells treated with 25 µM silibinin, lipid accumulation was markedly reduced (Figure 1). Liver sections from mice fed the HFD for 16 weeks showed microvescicular steatosis with a panacinar pattern (Figure 2). By contrast, silibinin treatment during the last 8 weeks of the HFD attenuated steatosis (Figure 2). Consistently with in vitro results, liver triglyceride content was markedly decreased in mice treated with silibinin (Figure 2). Interestingly, these effects on liver steatosis occurred despite no significant effects on body weight (Figure S1).


Figure 1. Effects of silibinin on steatosis in HepG2. (A–D), Following a 24-h culture with 0.25 mM palmitate, HepG2 + vehicle displayed lipid droplet accumulation, as shown by Oil Red O staining. In cells treated with 25 µM silibinin, a reduction of lipid accumulation was observed. The cells were cultured in 24-well flasks. Six wells were used for each treatment and the experiment was repeated three times; (E) Consistently with Oil Red O staining, triglyceride content was reduced in HepG2; (F) Palmitate or silibinin didn’t affect cell viability, assessed using a Muse™ Cell Analyzer. All values are expressed as mean ± SEM of three experiments (n = 3) in duplicate. * p < 0.05 vs. vehicle; #p < 0.05 vs. FA. FA: Fatty acid; OP: Optical density; SIL: Silibinin.
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Figure 2. Effects of silibinin on liver steatosis in mice. Liver sections were stained with hematoxylin and eosin. (A) Liver sections of mice fed the SD; (B) Following a 16-week HFD, the mouse livers displayed microvescicular steatosis with a panacinar pattern; (C) An 8-week treatment with silibinin attenuated steatosis; (D) Consistently with in vitro results, liver triglyceride content in mice treated with silibinin, as assessed by a colorimetric assay, was markedly reduced. * p < 0.05 vs. SD; #p < 0.05 vs. HFD. HFD: High fat diet; SD: Standard diet; SIL: Silibinin.
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3.2. Silibinin Restores NAD+ Levels and Induces SIRT1/AMPK Signaling


Based on steatosis results, we aimed to verify the hypothesis that silibinin may influence NAD+ levels and the SIRT1/AMPK pathway. As expected, palmitate administration increased the mean number of ROS+ cells and enhanced PARP activity leading to lower NAD+ levels in HepG2 cells (Figure 3). Similarly, the HFD induced oxidative stress and higher PARP activity while lowering the NAD+ pool in mouse livers (Figure 3). As a consequence of PARPs activation and NAD+ consumption, palmitate administration reduced the expression and activity of SIRT1 (Figure 3). The ratio between the levels of AMPKα phosphorylated at the threonine 172 residue and total AMPKα was consistently lower in HepG2 treated with the FA + vehicle compared with the control cells (Figure 3).


Figure 3. Effects of silibinin on ROS, PARP, NAD+, SIRT1 and AMPK levels in HepG2 and mice liver (A–C) Palmitate administration led to higher levels of ROS and PARP activity and lower levels of NAD+. Treatment of HepG2 with 25 Mm silibinin abolished oxidative stress and inhibited PARP activation, thus restoring NAD+ levels; (D–E) SIRT1 activity and mRNA expression were lower in HepG2 treated with 0.25 mM palmitate compared with control cells; (F) Levels of phosphorylated and total AMPKα were measured by sandwich ELISA and the ratio is shown; treatment with silibinin restored SIRT1 activity and expression and induced AMPK phosphorylation at Thr172; (G–L) In vitro results were confirmed in mice fed a 16-week HFD and treated with silibinin during the last 8 weeks. All values are expressed as mean ± SEM of three experiments (n = 3) in duplicate. * p < 0.05 vs. vehicle; #p < 0.05 vs. FA. AFU: Arbitrary fluorescence units; AMPK: AMP-kinase; FA: Fatty acid; HFD: High fat diet; NAD+: Nicotinamide adenine dinucleotide; PARP: poly-(ADP-ribose)-polymerase; ROS: Reactive oxygen species; SD: Standard diet; SIL: Silibinin.
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Treatment of HepG2 and mice with silibinin abolished oxidative stress and inhibited PARP activation, thus restoring NAD+ levels (Figure 3). In agreement with preserved NAD+ levels, SIRT1 activity and AMPK phosphorylation returned to control levels in HepG2 and in mice (Figure 3).




3.3. Silibinin Inhibits De Novo Lipogenesis and Promotes Mitochondrial β-Oxidation


A 24-h exposure of HepG2 to palmitate led to lower levels of phosphorylation at the serine 79 residue of ACC (Figure 4), the rate-limiting enzyme of de novo lipogenesis [21], which is a direct downstream target of AMPK [22]. Because of AMPKα phosphorylation and activation, cells treated with silibinin displayed an increase in levels of phospho-ACC, indicating lower ACC activity (Figure 4). As expected, a 24 h culture with palmitate was also associated with a higher transcriptional activity of SREBP-1, the main transcription factor promoting lipogenesis [23]. Concomitantly with the phosphorylation of ACC, we observed that silibinin administration reduced the activity of SREBP-1 in nuclear extracts of HepG2 (Figure 4). The expression of fatty acid synthase (FAS), a downstream target of SREBP-1 [23], was similarly down-regulated by silibinin (Figure 4).


Figure 4. Effects of silibinin on de novo lipogenesis and lipolysis in HepG2. (A–F) HepG2 exposed to palmitate displayed lower levels of phosphorylation at the serine 79 residue of ACC, the rate-limiting enzyme of de novo lipogenesis. A 24 h culture with palmitate was also consistently associated with higher transcriptional activity of SREBP-1, the main transcription factor promoting lipogenesis, and higher levels of FAS, a downstream target of SREPB-1. Treatment with silibinin stimulated the phosphorylation of ACC, leading to its inactivation and thus to decreased conversion of acetyl-CoA to malonyl-CoA. It also reduced the transcriptional activity of SREBP-1, assessed on nuclear extracts, thus down-regulating the expression of FAS. Concomitantly with the effects on lipogenesis, we observed that treatment with silibinin up-regulated the expression of CPT1A, the rate limiting enzyme of mitochondrial β-oxidation. All values are expressed as mean ± SEM of three experiments (n = 3) in duplicate. * p < 0.05 vs. vehicle; #p < 0.05 vs. FA. ACC: acetyl Co-A carboxylase; CPT1A: carnitine palmitoyltransferase 1A; FA: Fatty acid; FAS: Fatty acid synthase; PPARα: Peroxisome proliferator-activated receptor alpha; PPARδ: Peroxisome proliferator-activated receptor delta; SREBP-1: Sterol regulatory element-binding protein 1; SIL: Silibinin.
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Phosphorylation and inactivation of ACC leads to decreased conversion of acetyl-CoA to malonyl-CoA [23], which is an allosteric inhibitor of mitochondrial carnitine palmitoyltransferase 1A (CPT1A), the enzyme responsible for transport of acyl-CoAs into mitochondria for oxidation [24]. In accordance with the inhibition of ACC activity by AMPK and thus with the presumably reduced levels of malonyl-CoA, we found that silibinin administration increased gene expression of CPT1A (Figure 4). Consistently with lower levels of CPT1A, the gene expression of PPAR-α, the nuclear transcription factor of CPT1A [25], was reduced in HepG2 treated with FA alone and was augmented in cells treated with silibinin (Figure 4). Furthermore, culture of HepG2 with palmitate also led to reduced mRNA levels of PPAR-δ, a main transcription factor promoting FA oxidation in the liver [24], whereas treatment with silibinin also up-regulated PPAR-δ expression (Figure 4). Similarly to what was observed in vitro, we found that, in mice fed the HFD, treatment with silibinin led to the inhibition of lipogenesis and the induction of β-oxidation in the liver (Figure 5).


Figure 5. Effects of silibinin on hepatic de novo lipogenesis and lipolysis in mice. (A–D) Levels of phosphorylated and total ACC, the rate-limiting enzyme of de novo lipogenesis, were measured by sandwich ELISA and the ratio is showed. Phosphorylation at the serine 79 residue inhibits ACC activity, leading to decreased conversion of acetyl-CoA to malonyl-CoA. Following a 16-week HFD, mice displayed lower levels of hepatic phospho-ACC and higher levels of FAS, a main lipogenic enzyme. Treatment with silibinin induced ACC phosphorylation at Ser79 and down-regulated FAS expression. Consistently with these results, gene expression of CPT1A, the rate limiting enzyme of mitochondrial β-oxidation, and gene expression of PPARα, its upstream transcription factor, were downregulated in the livers of obese mice. Concomitantly with the effects on lipid accumulation, we observed that treatment with silibinin up-regulated the expression of PPARα and of CPT1A. All values are expressed as mean ± SEM of three experiments (n = 3) in duplicate. * p < 0.05 vs. SD; #p < 0.05 vs. HFD. ACC: Acetyl-coA carboxylase; CPT1A: Carnitine O-palmitoyltransferase 1A; FAS: Fatty acid synthase; HFD: High fat diet; PPARα: Peroxisome proliferator-activated receptor alpha; SD: Standard diet; SIL: Silibinin.
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4. Discussion


In this study, we aimed to investigate whether silibinin, a flavonolignan contained in milk thistle, may exert hepatoprotective effects by modulating NAD+ homeostasis and the SIRT1/AMPK pathway. In addition to its established protective roles in the context of diabetes and obesity [7,8], NAD+ homeostasis has been recently shown to play an important role in the onset of fatty liver by modulating mitochondrial efficiency [14]; consistently, it has been showed that AMPK regulation of mitochondrial function may be crucial in the progression of human steatohepatitis [25]. AMPK activation requires the activity of SIRT1 [26], which controls hepatic lipid metabolism through modulation of PPARs activity [27,28]. In this study, we showed for the first time that silibinin, a potent natural antioxidant, restores NAD+ levels and induces the SIRT1/AMPK pathway in vitro and in vivo. It is plausible that these effects may be in part dependent on silibinin antioxidant capacity. Overall, we may speculate that lower oxidative stress leads to lower PARPs activation, thus leading to lower NAD+ consumption. In line with the co-regulation of NAD+ and SIRT1, a sufficient NAD+ pool in turn maintains metabolic health by restoring SIRT1 activity and signaling. This may be a common mechanism that explains why several flavonoids are able to inhibit PARPs, elevate intracellular NAD+ levels, and activate NAD+-dependent sirtuin-mediated signaling pathways in metabolic and age-related chronic diseases [29]. Nonetheless, since it has been demonstrated that SIRT1 activity is also directly inhibited by oxidative stress [30], we may also speculate that the well-established antioxidant activity of silibinin may also directly influence SIRT1 activity by modulating the redox status. Interestingly, we also found that under lipotoxic conditions silibinin induces the expression of PPAR-α and PPAR-δ in HepG2. These last results appear relevant because Elafibranor, a synthetic PPAR-α/δ agonist, was recently shown to be effective in experimental and human NAFLD [31,32]. However, functional studies are needed to establish if silibinin acts as a direct PPAR-α/δ agonist.



It should be underlined that our novel results add to a growing body of experimental evidence showing the beneficial metabolic effects of silibinin in different models of NAFLD [33,34,35,36,37,38]. Interestingly, some studies have showed that silibinin may influence not only steatosis mechanisms but also mechanisms related to liver inflammation and fibrosis. Our group showed that silibinin inhibits the activity of NF-κB and down-regulates the expression of its pro-inflammatory targets in mice with genetic and diet-induced NAFLD [37,38]. Moreover, silibinin suppresses in vitro activation of rat Kupffer cells [39] and human hepatic stellate cells [19,40]. In this respect, although several SIRT1/AMPK activators have been proposed for NAFLD treatment [41,42], we think that silibinin can be more effective than the others because it can beneficially modulate almost all the molecular mechanisms associated with onset and progression of NAFLD [43].



Besides the experimental data obtained so far, pilot clinical trials have assessed the efficacy of specific nutraceuticals containing silibinin. In a randomized controlled trial of biopsy-proven NAFLD patients, Loguercio et al. showed that a 200 mg daily dose of silibinin not only decreases serum enzymes and insulin resistance, but also led to improvement of histological scores of steatosis, inflammation, and fibrosis [44]. Recently, a small randomized trial showed that supplementation of a 540 mg daily dose of silymarin for three months has better effects on liver steatosis, assessed by non-invasive score, than lifestyle changes [45]. However, translational approaches are hampered by the issue of bioavailability in regards to the plethora of oral nutraceuticals containing silibinin [46]. Thus, the “pharmaceutical” design of a silibinin-based nutraceutical in order to allow adequate bioavailability remains a priority.




5. Conclusions


In conclusion, in this study we provided the first evidence that silibinin restores NAD+ levels and induces the SIRT1/AMPK pathway in vitro and in vivo. Our results further suggest that silibinin may be a promising molecule for the treatment of NAFLD.








Supplementary Materials


The following are available online at www.mdpi.com/2072-6643/9/10/1086/s1, Figure S1: Final body weight, Table S1: Primers sequences used for real time PCR analysis.





Acknowledgments


This work was supported by a grant from the University of Catania (FIR 2017–2018).




Author Contributions


F.S. conceived the study, designed the experiments, analyzed the data, and wrote the manuscript; G.L.V. designed, supervised, and performed the experiments; I.B., J.G., V.L., D.C. performed the experiments; F.M., F.G., N.D., R.A., W.C. analyzed the data and critically reviewed the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
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]

	2. 
Lonardo, A.; Ballestri, S.; Marchesini, G.; Angulo, P.; Loria, P. Nonalcoholic fatty liver disease: A precursor of the metabolic syndrome. Dig. Liver Dis. 2015, 47, 181–190. [Google Scholar] [CrossRef] [PubMed]

	3. 
Wong, R.J.; Aguilar, M.; Cheung, R.; Perumpail, R.B.; Harrison, S.A.; Younossi, Z.M.; Ahmed, A. Nonalcoholic steatohepatitis is the second leading etiology of liver disease among adults awaiting liver transplantation in the united states. Gastroenterology 2015, 148, 547–555. [Google Scholar] [CrossRef] [PubMed]

	4. 
Zelber-Sagi, S.; Godos, J.; Salomone, F. Lifestyle changes for the treatment of nonalcoholic fatty liver disease: A review of observational studies and intervention trials. Therap. Adv. Gastroenterol. 2016, 9, 392–407. [Google Scholar] [CrossRef] [PubMed]

	5. 
Pearlman, M.; Loomba, R. State of the art: Treatment of nonalcoholic steatohepatitis. Curr. Opin. Gastroenterol. 2014, 30, 223–237. [Google Scholar] [CrossRef] [PubMed]

	6. 
Salomone, F.; Godos, J.; Zelber-Sagi, S. Natural antioxidants for non-alcoholic fatty liver disease: Molecular targets and clinical perspectives. Liver Int. 2016, 36, 5–20. [Google Scholar] [CrossRef] [PubMed]

	7. 
Katsyuba, E.; Auwerx, J. Modulating NAD+ metabolism, from bench to bedside. EMBO J. 2017, 36, 2670–2683. [Google Scholar] [CrossRef] [PubMed]

	8. 
Canto, C.; Menzies, K.J.; Auwerx, J. NAD+ metabolism and the control of energy homeostasis: A balancing act between mitochondria and the nucleus. Cell Metab. 2015, 22, 31–53. [Google Scholar] [CrossRef] [PubMed]

	9. 
Chalkiadaki, A.; Guarente, L. Sirtuins mediate mammalian metabolic responses to nutrient availability. Nat. Rev. Endocrinol. 2012, 8, 287–296. [Google Scholar] [CrossRef] [PubMed]

	10. 
Feige, J.N.; Lagouge, M.; Canto, C.; Strehle, A.; Houten, S.M.; Milne, J.C.; Lambert, P.D.; Mataki, C.; Elliott, P.J.; Auwerx, J. Specific SIRT1 activation mimics low energy levels and protects against diet-induced metabolic disorders by enhancing fat oxidation. Cell Metab. 2008, 8, 347–358. [Google Scholar] [CrossRef] [PubMed]

	11. 
Jeon, S.M. Regulation and function of AMPK in physiology and diseases. Exp. Mol. Med. 2016, 48, e245. [Google Scholar] [CrossRef] [PubMed]

	12. 
Ray Chaudhuri, A.; Nussenzweig, A. The multifaceted roles of PARP1 in DNA repair and chromatin remodelling. Nat. Rev. Mol. Cell Biol. 2017. [Google Scholar] [CrossRef] [PubMed]

	13. 
Tanuma, S.; Sato, A.; Oyama, T.; Yoshimori, A.; Abe, H.; Uchiumi, F. New insights into the roles of NAD+-poly(ADP-ribose) metabolism and poly(ADP-ribose) glycohydrolase. Curr. Protein Pept. Sci. 2016, 17, 668–682. [Google Scholar] [CrossRef] [PubMed]

	14. 
Gariani, K.; Menzies, K.J.; Ryu, D.; Wegner, C.J.; Wang, X.; Ropelle, E.R.; Moullan, N.; Zhang, H.; Perino, A.; Lemos, V.; et al. Eliciting the mitochondrial unfolded protein response by nicotinamide adenine dinucleotide repletion reverses fatty liver disease in mice. Hepatology 2016, 63, 1190–1204. [Google Scholar] [CrossRef] [PubMed]

	15. 
Gual, P.; Postic, C. Therapeutic potential of nicotinamide adenine dinucleotide for nonalcoholic fatty liver disease. Hepatology 2016, 63, 1074–1077. [Google Scholar] [CrossRef] [PubMed]

	16. 
Loguercio, C.; Festi, D. Silybin and the liver: From basic research to clinical practice. World J. Gastroenterol. WJG 2011, 17, 2288–2301. [Google Scholar] [CrossRef] [PubMed]

	17. 
Povero, D.; Eguchi, A.; Niesman, I.R.; Andronikou, N.; de Mollerat du Jeu, X.; Mulya, A.; Berk, M.; Lazic, M.; Thapaliya, S.; Parola, M.; et al. Lipid-induced toxicity stimulates hepatocytes to release angiogenic microparticles that require Vanin-1 for uptake by endothelial cells. Sci. Signal. 2013, 6, ra88. [Google Scholar] [CrossRef] [PubMed]

	18. 
Trappoliere, M.; Caligiuri, A.; Schmid, M.; Bertolani, C.; Failli, P.; Vizzutti, F.; Novo, E.; di Manzano, C.; Marra, F.; Loguercio, C.; et al. Silybin, a component of sylimarin, exerts anti-inflammatory and anti-fibrogenic effects on human hepatic stellate cells. J. Hepatol. 2009, 50, 1102–1111. [Google Scholar] [CrossRef] [PubMed]

	19. 
Barbagallo, I.; Vanella, L.; Cambria, M.T.; Tibullo, D.; Godos, J.; Guarnaccia, L.; Zappalà, A.; Galvano, F.; Li Volti, G. Silibinin regulates lipid metabolism and differentiation in functional human adipocytes. Front. Pharmacol. 2016, 6, 309. [Google Scholar] [CrossRef] [PubMed]

	20. 
Zhang, Z.F.; Fan, S.H.; Zheng, Y.L.; Lu, J.; Wu, D.M.; Shan, Q.; Hu, B. Troxerutin improves hepatic lipid homeostasis by restoring NAD+-depletion-mediated dysfunction of lipin 1 signaling in high-fat diet-treated mice. Biochem. Pharmacol. 2014, 91, 74–86. [Google Scholar] [CrossRef] [PubMed]

	21. 
Wang, Y.; Viscarra, J.; Kim, S.J.; Sul, H.S. Transcriptional regulation of hepatic lipogenesis. Nat. Rev. Mol. Cell Biol. 2015, 16, 678–689. [Google Scholar] [CrossRef] [PubMed]

	22. 
Assifi, M.M.; Suchankova, G.; Constant, S.; Prentki, M.; Saha, A.K.; Ruderman, N.B. AMP-activated protein kinase and coordination of hepatic fatty acid metabolism of starved/carbohydrate-refed rats. Am. J. Physiol. Endocrinol. Metab. 2005, 289, E794–E800. [Google Scholar] [CrossRef] [PubMed]

	23. 
Saggerson, D.; Ghadiminejad, I.; Awan, M. Regulation of mitochondrial carnitine palmitoyl transferases from liver and extrahepatic tissues. Adv. Enzyme Regul. 1992, 32, 285–306. [Google Scholar] [CrossRef]

	24. 
Hsu, M.H.; Savas, U.; Griffin, K.J.; Johnson, E.F. Identification of peroxisome proliferator-responsive human genes by elevated expression of the peroxisome proliferator-activated receptor α in HepG2 cells. J. Biol. Chem. 2001, 276, 27950–27958. [Google Scholar] [CrossRef] [PubMed]

	25. 
Handa, P.; Maliken, B.D.; Nelson, J.E.; Morgan-Stevenson, V.; Messner, D.J.; Dhillon, B.K.; Klintworth, H.M.; Beauchamp, M.; Yeh, M.M.; Elfers, C.T.; et al. Reduced adiponectin signaling due to weight gain results in nonalcoholic steatohepatitis through impaired mitochondrial biogenesis. Hepatology 2014, 60, 133–145. [Google Scholar] [CrossRef] [PubMed]

	26. 
Hou, X.; Xu, S.; Maitland-Toolan, K.A.; Sato, K.; Jiang, B.; Ido, Y.; Lan, F.; Walsh, K.; Wierzbicki, M.; Verbeuren, T.J.; et al. SIRT1 regulates hepatocyte lipid metabolism through activating AMP-activated protein kinase. J. Biol. Chem. 2008, 283, 20015–20026. [Google Scholar] [CrossRef] [PubMed]

	27. 
Cao, Y.; Xue, Y.; Xue, L.; Jiang, X.; Wang, X.; Zhang, Z.; Yang, J.; Lu, J.; Zhang, C.; Wang, W.; et al. Hepatic menin recruits SIRT1 to control liver steatosis through histone deacetylation. J. Hepatol. 2013, 59, 1299–1306. [Google Scholar] [CrossRef] [PubMed]

	28. 
Xu, F.; Gao, Z.; Zhang, J.; Rivera, C.A.; Yin, J.; Weng, J.; Ye, J. Lack of SIRT1 (Mammalian Sirtuin 1) activity leads to liver steatosis in the SIRT1+/- mice: A role of lipid mobilization and inflammation. Endocrinology 2010, 151, 2504–2514. [Google Scholar] [CrossRef] [PubMed]

	29. 
Ruan, Q.; Ruan, J.; Zhang, W.; Qian, F.; Yu, Z. Targeting NAD+ degradation: The therapeutic potential of flavonoids for Alzheimer’s disease and cognitive frailty. Pharmacol. Res. 2017. [Google Scholar] [CrossRef] [PubMed]

	30. 
Shao, D.; Fry, J.L.; Han, J.; Hou, X.; Pimentel, D.R.; Matsui, R.; Cohen, R.A.; Bachschmid, M.M. A redox-resistant sirtuin-1 mutant protects against hepatic metabolic and oxidant stress. J. Biol. Chem. 2014, 289, 7293–7306. [Google Scholar] [CrossRef] [PubMed]

	31. 
Staels, B.; Rubenstrunk, A.; Noel, B.; Rigou, G.; Delataille, P.; Millatt, L.J.; Baron, M.; Lucas, A.; Tailleux, A.; Hum, D.W.; et al. Hepatoprotective effects of the dual peroxisome proliferator-activated receptor α/δ agonist, GFT505, in rodent models of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. Hepatology 2013, 58, 1941–1952. [Google Scholar] [CrossRef] [PubMed]

	32. 
Ratziu, V.; Harrison, S.A.; Francque, S.; Bedossa, P.; Lehert, P.; Serfaty, L.; Romero-Gomez, M.; Boursier, J.; Abdelmalek, M.; Caldwell, S.; et al. Elafibranor, an agonist of the peroxisome proliferator-activated receptor-α and -δ, induces resolution of nonalcoholic steatohepatitis without fibrosis worsening. Gastroenterology 2016, 150, 1147–1159. [Google Scholar] [CrossRef] [PubMed]

	33. 
Serviddio, G.; Bellanti, F.; Giudetti, A.M.; Gnoni, G.V.; Petrella, A.; Tamborra, R.; Romano, A.D.; Rollo, T.; Vendemiale, G.; Altomare, E. A silybin-phospholipid complex prevents mitochondrial dysfunction in a rodent model of nonalcoholic steatohepatitis. J. Pharmacol. Exp. Ther. 2010, 332, 922–932. [Google Scholar] [CrossRef] [PubMed]

	34. 
Haddad, Y.; Vallerand, D.; Brault, A.; Haddad, P.S. Antioxidant and hepatoprotective effects of silibinin in a rat model of nonalcoholic steatohepatitis. Evid. Based Complement. Altern. Med. 2011, 2011, nep164. [Google Scholar] [CrossRef] [PubMed]

	35. 
Yao, J.; Zhi, M.; Minhu, C. Effect of silybin on high-fat-induced fatty liver in rats. Braz. J. Med. Biol. Res. 2011, 44, 652–659. [Google Scholar] [CrossRef] [PubMed]

	36. 
Salamone, F.; Galvano, F.; Cappello, F.; Mangiameli, A.; Barbagallo, I.; Li Volti, G. Silibinin modulates lipid homeostasis and inhibits nuclear factor kappa B activation in experimental nonalcoholic steatohepatitis. Transl. Res. 2012, 159, 477–486. [Google Scholar] [CrossRef] [PubMed]

	37. 
Salamone, F.; Galvano, F.; Marino Gammazza, A.; Paternostro, C.; Tibullo, D.; Bucchieri, F.; Mangiameli, A.; Parola, M.; Bugianesi, E.; Li Volti, G. Silibinin improves hepatic and myocardial injury in mice with nonalcoholic steatohepatitis. Dig. Liver Dis. 2012, 44, 334–342. [Google Scholar] [CrossRef] [PubMed]

	38. 
Zhang, Y.; Hai, J.; Cao, M.; Zhang, Y.; Pei, S.; Wang, J.; Zhang, Q. Silibinin ameliorates steatosis and insulin resistance during non-alcoholic fatty liver disease development partly through targeting IRS-1/PI3K/AKt pathway. Int. Immunopharmacol. 2013, 17, 714–720. [Google Scholar] [CrossRef] [PubMed]

	39. 
Dehmlow, C.; Erhard, J.; de Groot, H. Inhibition of kupffer cell functions as an explanation for the hepatoprotective properties of silibinin. Hepatology 1996, 23, 749–754. [Google Scholar] [CrossRef] [PubMed]

	40. 
Ezhilarasan, D.; Evraerts, J.; Brice, S.; Buc-Calderon, P.; Karthikeyan, S.; Sokal, E.; Najimi, M. Silibinin inhibits proliferation and migration of human hepatic stellate LX-2 cells. J. Clin. Exp. Hepatol. 2016, 6, 167–174. [Google Scholar] [CrossRef] [PubMed]

	41. 
Smith, B.K.; Marcinko, K.; Desjardins, E.M.; Lally, J.S.; Ford, R.J.; Steinberg, G.R. Treatment of nonalcoholic fatty liver disease: Role of AMPK. Am. J. Physiol. Endocrinol. Metab. 2016, 311, E730–E740. [Google Scholar] [CrossRef] [PubMed]

	42. 
Colak, Y.; Yesil, A.; Mutlu, H.H.; Caklili, O.T.; Ulasoglu, C.; Senates, E.; Takir, M.; Kostek, O.; Yilmaz, Y.; Yilmaz Enc, F.; et al. A potential treatment of non-alcoholic fatty liver disease with SIRT1 activators. J. Gastrointest. Liver Dis. JGLD 2014, 23, 311–319. [Google Scholar]

	43. 
Tilg, H.; Moschen, A.R. Evolution of inflammation in nonalcoholic fatty liver disease: The multiple parallel hits hypothesis. Hepatology 2010, 52, 1836–1846. [Google Scholar] [CrossRef] [PubMed]

	44. 
Loguercio, C.; Andreone, P.; Brisc, C.; Brisc, M.C.; Bugianesi, E.; Chiaramonte, M.; Cursaro, C.; Danila, M.; de Sio, I.; Floreani, A.; et al. Silybin combined with phosphatidylcholine and vitamin E in patients with nonalcoholic fatty liver disease: A randomized controlled trial. Free Radic. Biol. Med. 2012, 52, 1658–1665. [Google Scholar] [CrossRef] [PubMed]

	45. 
Aller, R.; Izaola, O.; Gomez, S.; Tafur, C.; Gonzalez, G.; Berroa, E.; Mora, N.; Gonzalez, J.M.; de Luis, D.A. Effect of silymarin plus vitamin e in patients with non-alcoholic fatty liver disease. A randomized clinical pilot study. Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 3118–3124. [Google Scholar] [PubMed]

	46. 
Rosso, N.; Marin, V.; Giordani, A.; Persiani, S.; Sala, F.; Cavicchioli, L.; Rovati, L.C.; Tiribelli, C. The pros and the cons for the use of silybin-rich oral formulations in treatment of liver damage (NAFLD in particular). Curr. Med. Chem. 2015, 22, 2954–2971. [Google Scholar] [CrossRef] [PubMed]

















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
Liver triglycerides

mg/g protein

HFD HFD + SIL






nav.xhtml


  nutrients-09-01086


  
    		
      nutrients-09-01086
    


  




  





media/file2.png
OD A=500 nm

1.0

0.8

0.6 4

0.4+

0.2

HepG2 Qil red O staining

0.0

FA + SIL

Vehicle FA

pg/mg protein

HepG2 triglycerides

FA + SIL

Vehicle FA

150 4

100 -

a0 -

HepG2 viability

Veh'icle

FA FA + SIL





media/file5.jpg





media/file3.jpg
WD WD SIL






media/file1.jpg





media/file7.jpg
HopG2 pRECHPIRCE

Hapa2 PPAR: mNA

HopG2 SREDPY sty

HepG2 RS A

Iz






media/file10.png
Liver pACC®®""?/aCC

0.0

1.51

—
[=]
1

Fold change

o
w
1

SD

HFD

HFD + SIL

Liver PPARa mRNA

0.0

SD

HFD

HFD + SIL

Liver FAS mRNA

2.0
1.5-
o
=
s —
5 1.0-
-
=)
(N
0.5+
0.0 T
SD HFD HFD + SIL
Liver CPT1A mRNA
1.5+
#
2 1.0- !
=
~
. —
(5]
o
£ 0.5-
0.0 T
sSD HFD HFD + SIL





media/file9.jpg
Liver pACC*"IACC
18
"
5 =
0s.
00,
EY WD HED S
Liver PPARa mRNA
18
.
e

o0

) WD

WFD » SIL

o0.

Liver FAS mRNA

15

o0.

-

£ WD HED S
Liver CPTIA mRNA

e

Y WD HFDS SIL






media/file0.png





media/file8.png
B
HepG2 pACC3* ™ IACC HepG2 SREBP1 activity HepG2 FAS mRNA
1.54 ¥ 0.08 5 2.0+ *
—_ 0.06 - 1.5-
1.0- E %
2 0.04 10 —
8 =
0.5+ — - E
0.024 0.5
0.0 : 0.00 r 0.0 .
Vehicle FA FA + SIL Vehicle FA FA + SIL Vehicle FA FA + SIL
E F
HepG2 PPARc: mRNA -
P HepG2 PPARG mRNA HepG2 CPT1A mRNA
2.0 2.0- 1.5- #
1.54 1.5
& 2 £1.0{ —
- = (=
g 1.0 1 % 1.0 1 g
3 2 2
5 5 £ 0.5
0.5 0.5-
0.0 . 0.0 : 0.0 .
Vehicle FA FA + SIL Vehicle FA FA + SIL Vehicle FA FA + SIL





media/file6.png
ROS" cells HepG2Z PARP activity
ED- * 4 -
40 4
3-
304 i
Ed '—E 24
20 - -
£ —
10 # 14
T i} I
Yahicle F& Fa + EIL vahicla FA Fa + 2L
D E
HepG?2 SIRT1 mRENA HepGZ SIRT1 activity
15- 50+ il
— —
40 -
10 _—— & _
B £ 304
= o
= g 20 4
£ 0.5- &
10
0.0 T 0 .
Wahhcle Fa Fa + 5IL Wahlcle Fi Fa = 3L
G H
Liver ROS5 Liver PARF activity
150+ 3 .
£ . 4
E 100
T &n
g o
£ * 2 3]
E 304 — g
g 1- l;‘
0 : 0 .
sD HFD HFD = SIL S0 HFD HFD = SIL
J K
Liver SIRT1 mENA Liver SIRT1 activity
1.5- 150
E 1-':" 1”' —_—
=
:’:: &
=
£ 0.5 20 -
0.0 T 0 .
S0 HF D HFD = SIL 80 HFD HF O+ SIL

pmoll10® ceils
s

3

i

HepG2 NAD®

_|

|
0 T
Vahlcla Fa Fa = SiL
F
HepG2 pAMPK 7 aMPK
1.5-
1.0 '
L=
=
&=
0.5
0.0 :
Vahilcle F& F& + SIL
I
Liver NAD™
300 -
— —
2 200
s
L=
2
2 100
(=8
0 T
50 HFD HFD + SIL
L
Liver pAMPKT 72 AMPK
1.5+
#
1.0 [
L=
=]
E 3
0.5+
0.0 :
50 HFD HFD = SIL





