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Abstract

:

Although the red pepper and its seeds have been studied for metabolic diseases, the effects and potential mechanisms of red pepper seed extract (RPS) on hepatic lipid accumulation are not yet completely understood. This study aimed to evaluate the inhibitory effect of RPS on hepatic lipid accumulation via autophagy. C57BL/6 mice were fed a high-fat diet (HFD) or a HFD supplemented with RPS. RPS treatment inhibited hepatic lipid accumulation by suppressing lipogenesis, inducing hepatic autophagic flux, and activating AMPK in HFD-fed mice. To investigate the effect of RPS on an oleic acid (OA)-induced hepatic steatosis cell model, HepG2 cells were incubated in a high-glucose medium and OA, followed by RPS treatment. RPS treatment decreased OA-induced lipid accumulation and reduced the expression of lipogenesis-associated proteins. Autophagic flux dramatically increased in the RPS-treated group. RPS phosphorylated AMPK in a dose-dependent manner, thereby dephosphorylated mTOR. Autophagy inhibition with 3-methyladenine (3-MA) antagonized RPS-induced suppression of lipogenesis-related protein expressions. Moreover, the knockdown of endogenous AMPK also antagonized the RPS-induced regulation of lipid accumulation and autophagy. Our findings provide new insights into the beneficial effects of RPS on hepatic lipid accumulation through the AMPK-dependent autophagy-mediated downregulation of lipogenesis.
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1. Introduction


The rapid upsurge in obesity and diabetes prevalence has contributed to a parallel increase in the worldwide prevalence of non-alcoholic fatty liver disease (NAFLD). NAFLD is currently the most common chronic liver disease characterized by the over-accumulation of lipids in the liver without significant ethanol consumption [1,2]. The NAFLD spectrum ranges from simple nonalcoholic steatosis to more severe steatohepatitis, which can progress to chronic liver diseases such as cirrhosis and liver cancer. The excessive hepatic accumulation of lipids has recently been accepted as a common etiology of chronic liver diseases and a risk factor for metabolic syndrome [3,4,5,6,7,8].



Autophagy is a highly regulated, destructive process in which unnecessary or malfunctioning cellular components are ultimately degraded in lysosomes, enabling cells to recycle these materials [9]. The role of autophagy in lipid dysregulation and NAFLD pathogenesis is emerging. During the early stages of NAFLD, autophagy is activated due to an acute increase in lipid availability, attenuating lipid accumulation within the liver. However, long-term consumption of a high-fat diet impairs hepatic autophagy, leading to the accumulation of lipids [10]. The autophagy of lipid droplets, termed “lipophagy”, is a crucial mechanism of lipid mobilization, that regulates lipid homeostasis in hepatocytes [11]. Inhibiting autophagy in hepatocytes results in an increased size and number of lipid droplets [12], and is linked to the development of fatty liver and insulin resistance [9,13].



Red peppers (Capsicum annuum L.) have been used as traditional food pigments, spices, and medicines since ancient times [14,15,16,17]. Several studies suggest that capsaicin predominantly accounts for the beneficial effect of peppers [18,19,20,21,22]; however, capsaicin is predominantly present in the placenta of red pepper fruit [15]. Pepper seeds, the major waste products of pepper processing, rarely contain capsaicin [15]. Our preliminary results showed that red pepper seed (RPS) prevented adipocyte differentiation and lipid accumulation in 3T3-L1 cells via AMPK activation [23]. Additional studies from our group have also reported that RPS effectively attenuated HFD-induced body weight, hyperlipidemia, and insulin resistance by inhibiting adipogenic transcription factors [24]. However, the inhibitory effect of RPS on hepatic lipid accumulation, particularly autophagy activation, has not yet been demonstrated. In this study, we focus on hepatic lipid metabolism and autophagy activation using C57BL/6 mice [24] and a cell model of oleic acid (OA)-induced hepatic steatosis. Our results showed that RPS reduced lipogenesis-associated protein expressions and lipid accumulation via autophagy activation in the liver of HFD-fed animals and cell model of OA-induced steatosis. Furthermore, we demonstrated that reduced lipogenesis by activating autophagy was associated with AMPK activation.




2. Materials and Methods


2.1. Extract Preparation


The water extract of RPS was prepared in accordance with previous methods [23]. Briefly, 200 g of RPS powder was soaked in 1.8 L deionized water at 60 °C for 24 h. The extracts were then centrifuged, evaporated, and freeze-dried. We then quantitatively analyzed the amounts of icariside E5 and vanilloyl icariside E5 [25] and kept them at −70 °C until use.




2.2. Animals


Five-week-old male C57BL/6 mice were randomly divided into four groups (n = 8 per group): normal diet control (ND-C, AIN-93G diet composed of 15.8% kcal fat, Research Diets Inc., New Brunswick, NJ, USA), high-fat diet control (HFD-C, 60% kcal fat, Research Diets Inc., New Brunswick, NJ, USA), or HFD supplemented with RPS (100 or 200 mg/kg body weight). The mice were administered distilled water or RPS via oral gavage once daily for 13 weeks. The relative liver weight was calculated as the liver weight (g) divided by the final body weight (g). All animal experiments were approved by the Institutional Animal Care and Use Committee of Mokpo National University (MNU-IACUC-2016-006).




2.3. Determination of Serum AST and ALT levels


At the end of the experiments, blood was collected and centrifuged (2000× g, 20 min). Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels were analyzed using an automated chemistry analyzer (Beckman Coulter Inc., Brea, CA, USA) according to the manufacturer’s instructions.




2.4. Measurement of Hepatic TG Level


Lipid extraction from the liver was determined a modified Folch method [26]. Briefly, 100 mg frozen liver tissues (n = 6) were homogenized with 0.9% NaCl solution. The liver homogenate was mixed with a chloroform: methanol (2:1) solution and incubated at room temperature for 30 min. After incubation, the samples were centrifugated, filtrated, and heated. Once completely drying, they were dissolved in chloroform/propanol and was determined using a TG measurement kit (AM147S-K, Asan-set, Seoul, Korea) according to the manufacturer’s instructions.




2.5. Cell Culture and Cell Viability Assay


Human hepatoma HepG2 cells obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Lonza, Basel, Switzerland) containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and antibiotics at 37 °C in a humidified 5% CO2 atmosphere. To measure cell viability, HepG2 cells were plated in a 96-well plate at a density of 1 × 10⁴ cells/well. After 24 h, the spent medium was replaced with fresh medium containing 0, 100, or 200 μg/mL of RPS extract. After another 24 h of incubation, the cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA) and the absorbance was measured. Cell viability was presented as a percentage of the control for each group.




2.6. Establishment of an Oleic Acid-Induced Hepatic Steatosis HepG2 Cell Model


The effects of RPS were investigated using an OA-induced hepatic steatosis cell model. Briefly, HepG2 cells were incubated in serum-free medium overnight and were replaced with a high-glucose (30 mM) medium in the absence or presence of 1 mM of OA (Sigma-Aldrich) for 24 h. After successfully producing the steatosis model, the cells were treated with the vehicle (PBS, Gibco) or RPS (100 or 200 μg/mL) for an additional 24 h with OA. To measure the autophagic flux, the OA-induced steatosis cells were treated with an autophagy inhibitor, 3-methyladenine (3-MA, 1 mM, Sigma-Aldrich) for 1 h. The cells were then incubated with OA and RPS for 24 h additionally.




2.7. Cell Transfection with siRNA


HepG2 cells were transfected with non-targeting small interfering RNA (siRNA) and siRNA targeting AMPKα1/α2 (Santa Cruz Biotechnology, Dallas, TX, USA) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. After 12 h of transfection, the cells were transferred back to the culture medium for subsequent experiments.




2.8. Western Blot Analysis


Liver tissues and cell lysates were prepared in a radioimmune precipitation assay (RIPA) buffer (Thermo Fisher Scientific, Waltham, MA, USA) with a 1% protease inhibitors cocktail (Thermo Fisher Scientific) and phosphatase inhibitor (Thermo Fisher Scientific). Protein concentrations were determined using the Bradford method (Sigma-Aldrich) and equal amounts of protein (40 μg) were separated on 10% SDS-PAGE gels and transferred onto a nitrocellulose membrane (Millipore, Billerica, MA, USA). The membranes were blocked and incubated with primary antibodies overnight at 4 °C. All antibodies used are summarized in Table S1. The membranes were washed with Tris-buffered saline containing Tween 20 (TBS-T) and incubated with the corresponding horseradish peroxidase-conjugated secondary antibodies [goat anti-rabbit or goat anti-mouse (1:2000)]. Blots were then developed using a chemiluminescent substrate (IMGENEX, San Diego, CA, USA) and detected using a UVP imaging system (UVP, Upland, CA, USA). Protein bands were quantified using AlphaEaseFC 4.0 (Alpha Innotech, San Leandro, CA, USA).




2.9. Oil Red O (ORO) Staining


For the cell study, HepG2 cells were fixed with 10% paraformaldehyde for 30 min and then stained with ORO (Sigma-Aldrich) for 1 h. ORO-stained cells were observed under a microscope (magnification 10×). Thereafter, lipids were extracted using isopropanol and transferred to a clear 96-well plate. Absorbance was measured at 540 nm using a microplate reader (Multiskan EX, Thermo Fisher Scientific, Waltham, MA, USA).



To assess fat deposition in the mouse liver, the left lobe of liver tissue was embedded in the optimal cutting temperature (OCT) compound (Scigen, CA, USA) and 10 μm thick sections were created using a cryostat (Leica Biosystems, Wetzlar, Germany). Cryostat sections were stained with ORO (in 70% isopropyl alcohol) and observed under a microscope (magnification 20×).




2.10. Statistical Analysis


Statistical analyses were performed using the SPSS 23.0 software. Data were analyzes using a one-way analysis of variance (ANOVA), followed by Duncan’s multiple comparison test. Statistical significance was set p-value less than 0.05. Data are presented as the mean ± SEM.





3. Results


3.1. RPS Decreased Hepatic Toxicity, Lipid Droplet Accumulation, and Lipogenic-Associated Protein Expression in HFD-Fed Mice


Our previous results showed that RPS treatment effectively decreased the final body weight of mice fed with a HFD [24]. The relative liver weight was not different among the groups, which was the same for liver weight as well (Figure 1A and Table S2). Serum AST and ALT levels, which are indicators of liver toxicity, were significantly lower in the RPS group than in HFD-fed mice (Figure 1B,C). Next, we evaluated hepatic steatosis via ORO staining. The ORO-stained lipid droplets were dramatically higher in the HFD-C group than those in the ND-C group and was reduced by RPS treatment in HFD-fed mice (Figure 1D). Importantly, hepatic TG levels dramatically decreased in the RPS group compared to those in the HFD-C group (Figure 1E). Western blot analyses revealed that the RPS-induced suppression of lipid accumulation was accompanied by the downregulation of sterol regulatory element-binding protein 1c (SREBP-1c), fatty acid synthetase (FAS), and fatty acid-binding protein 1 (FABP1) expression, whereas upregulating acetyl-CoA carboxylase (ACC) phosphorylation in the liver (Figure 1F).




3.2. RPS Treatment Induced Autophagic Flux and AMPK Activation in the Livers of HFD-Fed Mice


To determine whether the inhibition of hepatic lipid accumulation corresponded with the increased autophagic flux, we measured the lysosomal turnover of the autophagosome marker microtubule-associated protein light chain 3 (LC3) in liver samples using immunoblotting. The expression level of LC3-Ⅱ in the liver was visibly increased by the treatment with RPS (Figure 2A). We also noted a decrease in p62 expression in the RPS-treated mice in comparison to that of HFD-C (Figure 2A). In addition, RPS-induced autophagic flux increases in the expression of pro-autophagy proteins including Beclin-1 (Figure 2A) and the autophagy-related 5–12 (Atg5-Atg12) conjugate (Figure 2B).



AMPK activation induces autophagy to attenuate hepatic steatosis by dampening de novo lipogenesis [27]. We assessed whether AMPK activation was induced by RPS, which inhibited lipogenesis and accelerated autophagy activation in HFD-fed animals. The p-AMPK/AMPK ratio was increased, whereas the p-mTOR/mTOR ratio was reduced compared to HFD-C mice (Figure 2C).




3.3. RPS Down-Regulated the Expression of Lipogenesis-Related Proteins in a Cell Model of OA-Induced Steatosis


To investigate the inhibitory effect of RPS in an OA-induced hepatic steatosis cell model, HepG2 cells were pre-treated with OA for 24 h and then treated with RPS for another 24 h. The concentrations of OA and RPS showed no apparent toxicity to HepG2 cells (Figure 3A). Next, we stained lipid droplets with ORO and quantified the lipid droplets by measuring the absorbance of OA-induced steatosis in HepG2 cells. Exposure to high levels of glucose and fatty acid, particularly in the OA-treated group, visibly increased lipid accumulation in HepG2 cells. However, the RPS treatment dramatically attenuated triglyceride content compared to OA-treated control cells (Figure 3B). Consistent with the reduced lipid accumulation, the OA treatment significantly increased the expression of lipogenesis-related proteins, including SREBP-1c, FAS, and ACC, compared with the control, which was dose-dependently reversed by the RPS treatment. (Figure 3C).




3.4. RPS Up-Regulated Autophagic Flux in a Cell Model of OA-Induced Steatosis


The expression of LC3-II, a standard autophagosome marker, was obviously upon treatment with high concentrations of the RPS in OA-induced steatosis cells. In addition, the expression of p62, another key protein of autophagy, was significantly reduced after RPS treatment (Figure 4A). Furthermore, we found that RPS-induced autophagy in OA-treated HepG2 cells was associated with the increased expression of pro-autophagic proteins, such as Atg5, Atg12-Atg5 conjugate, and Beclin-1. (Figure 4A). Notably, the expression of the Agt12-Agt5 conjugate, which plays a critical role in LC3 lipidation and autophagosome formation, was substantially increase upon RPS treatment [28,29]. A significant decrease in the p-AMPK/AMPK ratio was also observed in OA-treated HepG2 cells, which was attenuated by RPS treatment. The p-mTOR/mTOR ratio was downregulated by the RPS treatment in a dose-dependent manner in OA-treated HepG2 cells (Figure 4B). The phosphorylation of UNC-5-like autophagy activating kinase 1 (ULK1) at Ser555 is an important downstream effector of AMPK activation. The results showed that the p-ULK1 (Ser555)/ULK1 ratio increased in a dose-dependent manner following RPS treatment (Figure 4B).




3.5. Inhibition of Autophagy Abolished the RPS-Induced Suppression of Lipogenesis in a Cell Model of OA-Induced Steatosis


To examine whether autophagy plays a role in the RPS-induced suppression of lipogenesis, OA-treated HepG2 cells were incubated with 200 μg/mL RPS in the presence or absence of the autophagy inhibitor, 3-MA (1 mM). As expected, the 3-MA-induced inhibition of autophagy dramatically reversed the RPS-induced inhibition of lipid accumulation (Figure 5A), expression of SREBP1-c and FAS, and the ACC (Figure 5B). In addition, combined treatment with 3-MA and RPS abolished the RPS-induced autophagic flux, as assessed via the LC3-II and p62 expression, as well as the expression of Atg5-Atg12 conjugate and Beclin-1 (Figure 5C). Collectively, these results indicate that RPS treatment could help prevent hepatic lipid accumulation by activating autophagy.




3.6. RPS-Induced Autophagy Activation Is Associated with the AMPK/mTOR Signaling in a Cell Model of OA-Induced Steatosis


A dose-dependent increase in the AMPK phosphorylation was observed after RPS treatment in OA-treated HepG2 cells (Figure 4B). mTOR signaling, which is known to suppress autophagosome formation [30], was inhibited by the RPS treatment (Figure 4B). These results led us to speculate whether RPS-induced autophagy was associated with AMPKα1 activation (Figure 6A). Next, we used specific AMPKα1 siRNA for the temporary knockdown AMPKα1 expression in an OA-induced hepatic steatosis cell models. The alleviating effect of RPS on lipid droplet deposition in OA-induced steatosis cells was significantly weakened by the knockdown of AMPKα1 expression (Figure 6B). In addition, upon AMPK knockdown, RPS treatment drastically decreased the LC3-II expression compared to cells treated with control siRNA (Figure 6C). Following the LC3-II expression results, the protein expression of p62 showed a significant increase following RPS treatment upon AMPK knockdown (Figure 6C). Moreover, expressions of Beclin-1 and Atg5-12 were effectively inhibited by RPS treatment upon AMPK knockdown compared to RPS treatment alone, indicating that the AMPK siRNA antagonized the RPS-induced autophagic flux as well as the RPS-induced suppression of lipid accumulation (Figure 6C). Furthermore, we found that RPS treatment in the presence of siAMPK increased the ratio of p-mTOR/mTOR and decreased the ratio of p-ULK1/ULK1 compared to that in the presence of control siRNA (Figure 6D). This result indicates that RPS induces autophagy and attenuates liver lipid accumulation by activating AMPK signaling.





4. Discussion


Capsaicin and capsicoside G have been extensively studied in metabolic diseases including obesity, insulin resistance, and fatty liver disease [20,21,31]. Their health benefits were thought to be conferred through an anti-inflammatory effect, rather than autophagic activation. In addition, our previous study revealed a direct and profound inhibitory effect of RPS on obesity and insulin resistance in HFD-fed mice [24]. However, the effects and potential mechanisms of RPS on hepatic lipid accumulation and the involvement of autophagy are not yet completely understood. Here, we demonstrated that RPS inhibited hepatic lipid accumulation through the autophagy-mediated downregulation of lipogenesis. Furthermore, we provide the evidence that RPS protects against hepatic lipid accumulation through autophagy activation, which is dependent on AMPK/mTOR signaling in vitro and in vivo.



In 1998, Day and James proposed the “two-hit” theory to describe the development of NAFLD [32]. According to this hypothesis, fat accumulation in the liver is the “first hit. Excessive fat accumulation leads to oxidative stress, proinflammatory cytokines, and insulin resistance, which is the “second hit”. Thus, controlling lipid accumulation in the liver is critical for preventing NAFLD. In this study, we showed that RPS effectively reduced hepatic lipid accumulation in a HFD-induced obesity animal model. We also confirmed that RPS reversed the OA-induced lipid accumulation in HepG2 cells. Moreover, RPS treatment increased the expression ratio of p-AMPK/AMPK, thereby reducing the expression of ACC, in the lipogenic gene in vivo (Figure 1) and in vitro (Figure 3). Multiple studies have suggested that AMPK phosphorylation suppresses triglyceride synthesis through the rapid phosphorylation of ACC [33,34,35]. Phosphorylated ACC decreases the carboxylation of acetyl-CoA to malonyl-CoA and activates carnitine palmitoyl-transferase 1 (CPT-1), thereby reducing de novo lipogenesis [35] and increasing the oxidation of long-chain fatty acids [36]. Additionally, RPS inhibited SREBP1-c and FAS expressions, as well as mTOR phosphorylation. The activation of mTORC1 in the liver, which is inhibited by AMPK, increases the expression of SREBP-1c, a well-known transcription factor for FAS [37]. Collectively, these results indicate that RPS reduced de novo lipogenesis via the AMPK/mTOR pathway.



Growing evidence suggests that defective autophagy in hepatocytes is a possible pathophysiological mechanism for the development of NAFLD [38,39]. Therefore, the activation of autophagy may be a promising strategy to attenuate hepatic lipid accumulation. The involvement of the AMPK/mTOR pathway in the RPS-induced regulation of lipogenic proteins prompted us to explore whether autophagy activation is another mechanism for inhibiting lipid accumulation, because AMPK activation is necessary for activating autophagy and inhibiting lipid deposition [37,40,41]. We also demonstrated that RPS increased autophagic flux and pro-autophagic protein expression in OA-treated HepG2 cells (Figure 4) and in the livers of HFD-fed animals (Figure 2). Interestingly, our results using 3-MA, an inhibitor of autophagy activation, showed that autophagy activation is involved in the lipogenic regulation activity of RPS by inhibiting the expression of lipogenesis-related proteins (Figure 5).



Recently, Mei et al. [42] reported that isosteviol sodium, a sweetener isolated from Stevia rebaudiana, inhibited lipid deposition by enhancing autophagy via Sirt1/AMPK signaling. In addition, accumulating evidence suggests that the AMPK/mTOR pathway plays a central role in the regulation of autophagy initiation in NAFLD [43,44,45,46,47]. These findings indicate that enhancing autophagy via AMPK/mTOR signaling may play a pivotal role in attenuating the development of NAFLD. However, phosphorylated AMPK can directly activate Beclin-1 or by inhibiting ULK1. Beclin-1 is located at the site of autophagosome initiation and contributes to the activation of autophagy components such as the Atg12-Atg5 conjugate, a key component of autophagy that interacts with Atg16 and functions upstream of LC3 lipidation and its autophagosome target [48,49,50]. Here, we found that RPS increased autophagy via AMPK activation, which was abolished by AMPK knockdown (Figure 6).



In conclusion, the present study showed that RPS inhibits hepatic lipid accumulation via AMPK-mediated autophagy. Thus, our findings suggest that RPS may have an inhibitory effect on ectopic lipid deposition both in vitro and in vivo, offering a potentially promising new approach for the treatment of hepatic lipid accumulation.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nu14204247/s1, Table S1: List of primary antibodies, Table S2: Liver weight in HFD-fed with RPS treatment.





Author Contributions


Conceptualization, Y.-H.L., H.-J.K. and H.-A.K.; methodology, Y.-H.L. and H.-J.K.; software, Y.-H.L. and H.-J.K.; validation, Y.-H.L., H.-J.K. and M.Y.; formal analysis, Y.-H.L. and H.-J.K.; data curation, Y.-H.L. and M.Y.; writing—original draft preparation, M.Y. and H.-A.K.; writing—review and editing, Y.-H.L., M.Y. and H.-A.K.; visualization, M.Y.; supervision, H.-A.K.; project administration, H.-A.K.; funding acquisition, H.-A.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Korea Institute of Planning and Evaluation for Technology in Food, Agriculture, Forestry (IPET) through High Value-added Food Technology Development Program, funded by the Ministry of Agriculture, Food and Rural Affairs (MAFRA) (115015-03-1-HD020).




Institutional Review Board Statement


This animal study protocol was approved by the Institutional Animal Care and Use Committee of Mokpo National University (MNU-IACUC-2016-006).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kamikubo, R.; Kai, K.; Tsuji-Naito, K.; Akagawa, M. β-Caryophyllene attenuates palmitate-induced lipid accumulation through AMPK signaling by activating CB2 receptor in human HepG2 hepatocytes. Mol. Nutr. Food Res. 2016, 60, 2228–2242. [Google Scholar] [CrossRef]

	



Tanaka, N.; Aoyama, T.; Kimura, S.; Gonzalez, F.J. Targeting nuclear receptors for the treatment of fatty liver disease. Pharmacol. Ther. 2017, 179, 142–157. [Google Scholar] [CrossRef]

	



Angulo, P. Nonalcoholic fatty liver disease. N. Engl. J. Med. 2002, 346, 1221–1231. [Google Scholar] [CrossRef]

	



Reccia, I.; Kumar, J.; Akladios, C.; Virdis, F.; Pai, M.; Habib, N.; Spalding, D. Non-alcoholic fatty liver disease: A sign of systemic disease. Metabolism 2017, 72, 94–108. [Google Scholar] [CrossRef]

	



Negi, C.K.; Babica, P.; Bajard, L.; Bienertova-Vasku, J.; Tarantino, G. Insights into the molecular targets and emerging pharmacotherapeutic interventions for nonalcoholic fatty liver disease. Metabolism 2022, 126, 154925. [Google Scholar] [CrossRef] [PubMed]

	



Allen, A.M.; Hicks, S.B.; Mara, K.C.; Larson, J.J.; Therneau, T.M. The risk of incident extrahepatic cancers is higher in non-alcoholic fatty liver disease than obesity–a longitudinal cohort study. J. Hepatol. 2019, 71, 1229–1236. [Google Scholar] [CrossRef]

	



Bertot, L.C.; Adams, L.A. Trends in hepatocellular carcinoma due to non-alcoholic fatty liver disease. Expert Rev. Gastroenterol. Hepatol. 2019, 13, 179–187. [Google Scholar] [CrossRef] [PubMed]

	



Huber, Y.; Labenz, C.; Michel, M.; Wörns, M.-A.; Galle, P.R.; Kostev, K.; Schattenberg, J.M. Tumor incidence in patients with non-alcoholic fatty liver disease. Dtsch. Ärzteblatt Int. 2020, 117, 719. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Li, P.; Fu, S.; Calay, E.S.; Hotamisligil, G.S. Defective hepatic autophagy in obesity promotes ER stress and causes insulin resistance. Cell Metab. 2010, 11, 467–478. [Google Scholar] [CrossRef]

	



Ueno, T.; Komatsu, M. Autophagy in the liver: Functions in health and disease. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 170–184. [Google Scholar] [CrossRef]

	



Cahova, M.; Dankova, H.; Palenickova, E.; Papackova, Z.; Kazdova, L. The autophagy-lysosomal pathway is involved in TAG degradation in the liver: The effect of high-sucrose and high-fat diet. Folia Biol. 2010, 56, 173–182. [Google Scholar]

	



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] [PubMed]

	



Amir, M.; Czaja, M.J. Autophagy in nonalcoholic steatohepatitis. Expert Rev. Gastroenterol. Hepatol. 2011, 5, 159–166. [Google Scholar] [CrossRef]

	



Iorizzi, M.; Lanzotti, V.; Ranalli, G.; De Marino, S.; Zollo, F. Antimicrobial furostanol saponins from the seeds of Capsicum annuum L. var. acuminatum.  J. Agric. Food Chem. 2002, 50, 4310–4316. [Google Scholar] [CrossRef]

	



Sim, K.-H.; Han, Y.-S. The antimutagenic and antioxidant effects of red pepper seed and red pepper pericarp (Capsicum annuum L.). Prev. Nutr. Food Sci. 2007, 12, 273–278. [Google Scholar] [CrossRef]

	



Sim, K.H.; Sil, H.Y. Antioxidant activities of red pepper (Capsicum annuum) pericarp and seed extracts. Int. J. Food Sci. Technol. 2008, 43, 1813–1823. [Google Scholar] [CrossRef]

	



Song, W.-Y.; Ku, K.-H.; Choi, J.-H. Effect of ethanol extracts from red pepper seeds on antioxidative defense system and oxidative stress in rats fed high-fat·high-cholesterol diet. Nutr. Res. Pract. 2010, 4, 11–15. [Google Scholar] [CrossRef] [PubMed]

	



Lee, M.S.; Kim, C.T.; Kim, I.H.; Kim, Y. Effects of capsaicin on lipid catabolism in 3T3-L1 adipocytes. Phytother. Res. 2011, 25, 935–939. [Google Scholar] [CrossRef]

	



Li, Q.; Li, L.; Wang, F.; Chen, J.; Zhao, Y.; Wang, P.; Nilius, B.; Liu, D.; Zhu, Z. Dietary capsaicin prevents nonalcoholic fatty liver disease through transient receptor potential vanilloid 1-mediated peroxisome proliferator-activated receptor δ activation. Pflügers Arch. Eur. J. Physiol. 2013, 465, 1303–1316. [Google Scholar] [CrossRef]

	



Shin, M.K.; Yang, S.-M.; Han, I.-S. Capsaicin suppresses liver fat accumulation in high-fat diet-induced NAFLD mice. Anim. Cells Syst. 2020, 24, 214–219. [Google Scholar] [CrossRef]

	



Kang, J.-H.; Tsuyoshi, G.; Le Ngoc, H.; Kim, H.-M.; Tu, T.H.; Noh, H.-J.; Kim, C.-S.; Choe, S.-Y.; Kawada, T.; Yoo, H. Dietary capsaicin attenuates metabolic dysregulation in genetically obese diabetic mice. J. Med. Food 2011, 14, 310–315. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.-L.; Yen, G.-C. Effects of capsaicin on induction of apoptosis and inhibition of adipogenesis in 3T3-L1 cells. J. Agric. Food Chem. 2007, 55, 1730–1736. [Google Scholar] [CrossRef]

	



Kim, H.-J.; You, M.-K.; Wang, Z.; Kim, H.-A. Red pepper seed inhibits differentiation of 3T3-L1 cells during the early phase of adipogenesis via the activation of AMPK. Am. J. Chin. Med. 2018, 46, 107–118. [Google Scholar] [CrossRef]

	



Kim, H.-J.; You, M.-K.; Wang, Z.; Lee, Y.-H.; Kim, H.-A. Red pepper seed water extract suppresses high-fat diet-induced obesity in C57BL/6 mice. Food Sci. Biotechnol. 2020, 29, 275–281. [Google Scholar] [CrossRef]

	



Youn, S.H.; Yin, J.; Ahn, H.S.; Tam, L.T.; Kwon, S.H.; Min, B.; Yun, S.H.; Kim, H.Y.; Lee, M.W. Quantitative analysis of Icariside E 5 and vanilloyl Icariside E 5 from the seed of Capsicum annuum L. Korean J. Pharmacogn. 2017, 48, 160–165. [Google Scholar]

	



Lee, S.R.; Kwon, S.W.; Kaya, P.; Lee, Y.H.; Lee, J.G.; Kim, G.; Lee, G.-S.; Baek, I.-J.; Hong, E.-J. Loss of progesterone receptor membrane component 1 promotes hepatic steatosis via the induced de novo lipogenesis. Sci. Rep. 2018, 8, 15711. [Google Scholar] [CrossRef]

	



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]

	



Lystad, A.H.; Carlsson, S.R.; Laura, R.; Kauffman, K.J.; Nag, S.; Yoshimori, T.; Melia, T.J.; Simonsen, A. Distinct functions of ATG16L1 isoforms in membrane binding and LC3B lipidation in autophagy-related processes. Nat. Cell Biol. 2019, 21, 372–383. [Google Scholar] [CrossRef]

	



Mizushima, N.; Yamamoto, A.; Hatano, M.; Kobayashi, Y.; Kabeya, Y.; Suzuki, K.; Tokuhisa, T.; Ohsumi, Y.; Yoshimori, T. Dissection of autophagosome formation using Apg5-deficient mouse embryonic stem cells. J. Cell Biol. 2001, 152, 657–668. [Google Scholar] [CrossRef]

	



Galluzzi, L.; Pietrocola, F.; Levine, B.; Kroemer, G. Metabolic control of autophagy. Cell 2014, 159, 1263–1276. [Google Scholar] [CrossRef]

	



Sung, J.; Jeong, H.S.; Lee, J. Effect of the capsicoside G-rich fraction from pepper (Capsicum annuum L.) seeds on high-fat diet-induced obesity in mice. Phytother. Res. 2016, 30, 1848–1855. [Google Scholar] [CrossRef]

	



Day, C.P.; James, O.F. Steatohepatitis: A Tale of Two “Hits”? Elsevier: Amsterdam, The Netherlands, 1998. [Google Scholar]

	



Fullerton, M.D.; Galic, S.; Marcinko, K.; Sikkema, S.; Pulinilkunnil, T.; Chen, Z.-P.; O’neill, H.M.; Ford, R.J.; Palanivel, R.; O’brien, M. Single phosphorylation sites in Acc1 and Acc2 regulate lipid homeostasis and the insulin-sensitizing effects of metformin. Nat. Med. 2013, 19, 1649–1654. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Munday, M. Regulation of mammalian acetyl-CoA carboxylase. Biochem. Soc. Trans. 2002, 30, 1059–1064. [Google Scholar] [CrossRef] [PubMed]

	



McGarry, J.D. Banting lecture 2001: Dysregulation of fatty acid metabolism in the etiology of type 2 diabetes. Diabetes 2002, 51, 7–18. [Google Scholar] [CrossRef]

	



Lamming, D.W.; Sabatini, D.M. A central role for mTOR in lipid homeostasis. Cell Metab. 2013, 18, 465–469. [Google Scholar] [CrossRef]

	



Tuohetahuntila, M.; Molenaar, M.R.; Spee, B.; Brouwers, J.F.; Wubbolts, R.; Houweling, M.; Yan, C.; Du, H.; VanderVen, B.C.; Vaandrager, A.B. Lysosome-mediated degradation of a distinct pool of lipid droplets during hepatic stellate cell activation. J. Biol. Chem. 2017, 292, 12436–12448. [Google Scholar] [CrossRef]

	



Zhang, L.; Yao, Z.; Ji, G. Herbal extracts and natural products in alleviating non-alcoholic fatty liver disease via activating autophagy. Front. Pharmacol. 2018, 9, 1459. [Google Scholar] [CrossRef]

	



Liao, L.-Z.; Chen, Y.-L.; Lu, L.-H.; Zhao, Y.-H.; Guo, H.-L.; Wu, W.-K. Polysaccharide from Fuzi likely protects against starvation-induced cytotoxicity in H9c2 cells by increasing autophagy through activation of the AMPK/mTOR pathway. Am. J. Chin. Med. 2013, 41, 353–367. [Google Scholar] [CrossRef]

	



Yu, R.; Zhang, Z.-Q.; Wang, B.; Jiang, H.-X.; Cheng, L.; Shen, L.-M. Berberine-induced apoptotic and autophagic death of HepG2 cells requires AMPK activation. Cancer Cell Int. 2014, 14, 49. [Google Scholar] [CrossRef]

	



Mei, Y.; Hu, H.; Deng, L.; Sun, X.; Tan, W. Therapeutic effects of isosteviol sodium on non-alcoholic fatty liver disease by regulating autophagy via Sirt1/AMPK pathway. Sci. Rep. 2022, 12, 12857. [Google Scholar] [CrossRef]

	



Dunlop, E.; Tee, A. mTOR and autophagy: A dynamic relationship governed by nutrients and energy. In Seminars in Cell & Developmental Biology; Academic Press: Cambridge, MA, USA, 2014; pp. 121–129. [Google Scholar]

	



Zeng, J.; Zhu, B.; Su, M. Autophagy is involved in acetylshikonin ameliorating non-alcoholic steatohepatitis through AMPK/mTOR pathway. Biochem. Biophys. Res. Commun. 2018, 503, 1645–1650. [Google Scholar] [CrossRef]

	



Yan, L.-S.; Zhang, S.-F.; Luo, G.; Cheng, B.C.-Y.; Zhang, C.; Wang, Y.-W.; Qiu, X.-Y.; Zhou, X.-H.; Wang, Q.-G.; Song, X.-L. Schisandrin B mitigates hepatic steatosis and promotes fatty acid oxidation by inducing autophagy through AMPK/mTOR signaling pathway. Metabolism 2022, 131, 155200. [Google Scholar] [CrossRef]

	



Wu, P.; Zhao, J.; Guo, Y.; Yu, Y.; Wu, X.; Xiao, H. Ursodeoxycholic acid alleviates nonalcoholic fatty liver disease by inhibiting apoptosis and improving autophagy via activating AMPK. Biochem. Biophys. Res. Commun. 2020, 529, 834–838. [Google Scholar] [CrossRef]

	



Zhang, S.; Mao, Y.; Fan, X. Inhibition of ghrelin o-acyltransferase attenuated lipotoxicity by inducing autophagy via AMPK–mTOR pathway. Drug Des. Dev. Ther. 2018, 12, 873. [Google Scholar] [CrossRef]

	



Fujita, N.; Itoh, T.; Omori, H.; Fukuda, M.; Noda, T.; Yoshimori, T. The Atg16L complex specifies the site of LC3 lipidation for membrane biogenesis in autophagy. Mol. Biol. Cell 2008, 19, 2092–2100. [Google Scholar] [CrossRef] [PubMed]

	



Hanada, T.; Noda, N.N.; Satomi, Y.; Ichimura, Y.; Fujioka, Y.; Takao, T.; Inagaki, F.; Ohsumi, Y. The Atg12-Atg5 conjugate has a novel E3-like activity for protein lipidation in autophagy. J. Biol. Chem. 2007, 282, 37298–37302. [Google Scholar] [CrossRef]

	



Mizushima, N.; Noda, T.; Yoshimori, T.; Tanaka, Y.; Ishii, T.; George, M.D.; Klionsky, D.J.; Ohsumi, M.; Ohsumi, Y. A protein conjugation system essential for autophagy. Nature 1998, 395, 395–398. [Google Scholar] [CrossRef]








[image: Nutrients 14 04247 g001 550] 





Figure 1. Red pepper seed (RPS) decreased lipid droplets in the liver of HFD-fed mice. C57BL/6 mice (n = 8) were fed a normal or a high-fat diet and were treated with RPS by oral gavage with RPS in distilled water at the concentration of either 0, 100, or 200 mg/kg body weight for 13 weeks. (A) Relative liver weight. (B) Serum AST levels. (C) Serum ALT levels. (D) Representative ORO-stained frozen liver section. (E) Hepatic TG level. (F) Expression of lipogenesis-related proteins. β-actin was used as a control for quantification. Different letters are significantly different by Duncan’s multiple range test (p < 0.05). ND, normal diet with oral administration of PBS; HFD, high-fat diet with oral administration of PBS; HFD + RPS100, high-fat diet with oral administration of RPS 100 mg/kg body weight; HFD + RPS200, high-fat diet with oral administration of RPS 200 mg/kg body weight. 
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Figure 2. Red pepper seed elevated autophagy in the liver of HFD-fed mice. (A) Protein expression of LC3, p62, and Beclin-1. (B) Protein expression of Atg3, Atg5, Atg12, and Atg5-12. (C) Protein expression of AMPK/mTOR pathway. β-actin was used as a control for quantification. All data represent three independent biological replicates. Different letters are significantly different according to Duncan’s multiple range test (p < 0.05). ND, normal diet with oral administration of PBS; HFD, high-fat diet with oral administration of PBS; HFD + RPS100, high-fat diet with oral administration of RPS 100 mg/kg body weight; HFD + RPS200, high-fat diet with oral administration of RPS 200 mg/kg body weight. 
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Figure 3. Red pepper seed suppressed lipogenesis in a cell model of OA-induced steatosis. HepG2 cells were incubated with OA for 24 h, and then treated with RPS (0, 100, or 200 μg/mL) for additional 24 h. (A) Cell viability. (B) Oil Red O staining. (C) Expression of lipogenesis-related proteins. β-actin was used as a control for quantification. All data represent three independent biological replicates. Different letters are significantly different according to Duncan’s multiple range test (p < 0.05). 
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Figure 4. Red pepper seed increased autophagy flux in a cell model of OA-induced steatosis. HepG2 cells were incubated with OA for 24 h, and then treated with RPS (0, 100, or 200 μg/mL) for additional 24 h. (A) Protein expression of autophagy. (B) Protein expression of AMPK/mTOR/ULK pathway. β-actin was used as a control for quantification. All data represent three independent biological replicates. Different letters are significantly different according to Duncan’s multiple range test (p < 0.05). 
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Figure 5. Red pepper seed inhibited steatosis through reinforcing autophagy in a cell model of OA-induced steatosis. HepG2 cells were incubated with OA for 24 h, and then treated with autophagy inhibitor, 3-MA, and RPS (0, or 200 μg/mL) for additional 24 h. (A) Oil Red O staining. (B) Protein expression pattern of lipogenesis. (C) Protein expression of autophagy. β-actin was used as a control for quantification. All data represent three independent biological replicates. Different letters are significantly different according to Duncan’s multiple range test (p < 0.05). 
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Figure 6. Red pepper seed-induced autophagy is AMPK dependent in a cell model of OA-induced steatosis. HepG2 cells were incubated with either control or AMPK siRNA for 24 h, and then treated with RPS (0 or 200 μg/mL) for additional 24 h. (A) Experimental hypothesis. (B) Oil Red O staining. (C) Protein expression of autophagy. (D) Expression of proteins associated with AMPK/mTOR/ULK pathway. β-actin was used as a control for quantification. All data represent three independent biological replicates. Different letters are significantly different according to Duncan’s multiple range test (p < 0.05). 
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