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Abstract

:

Metabolic dysfunction-associated fatty liver disease (MASLD), a persistent liver condition associated with metabolic syndrome, is primarily caused by excessive fructose intake and a typical Western diet. Because there is currently only one approved treatment, lifestyle and dietary interventions are crucial. This study assessed the effects of dietary intervention involving freeze-dried plum (FDP), a natural source of antioxidants containing diverse polyphenols. This study aimed to assess its potential as a protective agent against the gut–liver axis and its therapeutic effects on liver injury and gut permeability issues associated with MASLD. We indicate that 10% FDP intake restored gut barrier proteins and reduced serum endotoxin levels in the MASLD mouse models. Additionally, 10% FDP intake significantly reduced hepatic oxidative stress, lipid metabolism, and fibrosis marker levels. Interestingly, FDP intake significantly reduced the levels of inflammatory cytokine tumor necrosis factor-α and markers of liver damage, such as serum alanine aminotransferase/aspartate aminotransferase and hepatic triglycerides. These results highlight that dietary intervention with FDP that acts as a natural antioxidant may be a significant protective and therapeutic agent against liver and gut damage caused by MASLD.
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1. Introduction


Metabolic dysfunction-associated fatty liver disease (MASLD) is a chronic liver disease associated with metabolic syndrome that occurs despite the absence of binge alcohol consumption [1,2]. It affects over 30% of the global population, with steadily increasing prevalence. MASLD is primarily caused by obesity and related diseases that are associated with high fructose intake and a Western diet [3,4]. MASLD is associated with an increased risk of fatty liver, metabolic dysfunction-associated steatohepatitis, cirrhosis, hepatocellular carcinoma, cardiovascular diseases, and certain cancer types [5]. Currently, there is only one approved drug for MASLD treatment [6], highlighting the immediate need for strategies to address the MASLD-based significant economic burden on the healthcare system.



As mentioned earlier, an increase in MASLD poses a significant economic challenge. With only one approved treatment or drug currently available, recognition, rapid diagnosis, and management of the disease are the primary preventive methods [4]. Although combination therapy with anti-lipoproteins such as resmetirom and type 2 diabetes medications have been reported to be safe, side effects due to long-term treatment require further monitoring [7,8]. Therefore, weight loss and a healthy diet are recommended to reduce the clinical and economic burden of MASLD [9]. Specifically, dietary interventions, such as consuming fruits rich in anti-inflammatory and antioxidant properties and vitamins, are crucial for reducing liver inflammation levels [10,11,12].



Fruits are important foods that help delay chronic diseases and improve health. They contain vitamins, trace minerals, dietary fiber, and various phytochemicals, which provide antioxidant effects, detoxification, immune support, cholesterol regulation, and blood pressure reduction [12,13,14].



Japanese plums (P. salicina) are rich in vitamins and minerals and exhibit higher antioxidant activity than many other fruits [15,16,17,18]. Plums contain anthocyanins, flavonols, and carotenoids [19] and exhibit beneficial effects against various diseases, such as obesity [20], diabetes [19], and cardiovascular diseases [21]. Current studies on inflammatory bowel disease [17], bone disease [22], and cancer [23] support the high antioxidant activity of plums. Recently, our group reported that the Japanese plums (Daeseok) exhibit a protective effect on DSS (dextran sulfate sodium)-induced acute/chronic colonic [17] or induce differentiation of osteoblasts [22].



However, there is currently limited evidence to support studies on the dietary interventions of plums for MASLD. Therefore, this study assessed the preventive effects of plum dietary intervention through the protection of the gut–liver axis in a mouse model of MASLD induced by a high-fructose diet (Figure 1).




2. Materials and Methods


2.1. Animal Ethics and Treatment


All animal experiments were approved by the Andong University Animal Care and Use Committee (Approval No. 2021-2-0420-01-01 on 4 April 2021) and adhered to the Andong University Small Animal Testing Guidelines. All female C57BL/6J mice (6–8 weeks old) were purchased from Koatech Inc. (Pyeongtaek-si, Republic of Korea) and housed under a 12 h light–dark cycle with free access to food and water. To induce MASLD, the mice were fed a Western-style diet rich in fat, fructose, and cholesterol (FFC) (DooYeol Biotech, Seoul, Republic of Korea). Animals were randomly divided into three groups (n = 5 mice/group): (a) CON group: fed on standard chow; (b) FFC group: fed on FFC diet for 8 weeks; (c) FFC + 10% freeze-dried plum (FDP) group: fed on FFC diet for 8 weeks and 10% FDP diet for 5 weeks.




2.2. Preparation of Oriental Plum Powder


Briefly Japanese plums (Daeseok) (Uiseong Nonghyup, Uiseong-si, Republic of Korea) were grown on a farm in Uiseong, Gyeongsangbuk-do, and harvested at their peak in July 2020. After harvest, the plums went through a thorough washing process. The plum powder was produced using the method described in a prior study [17]. They were freeze-dried, powdered, and left frozen until used in the AIN-76A synthetic diet (DooYeol Biotech, Seoul, Republic of Korea) at a concentration of 10% based on the previous report.




2.3. The Oral Glucose Tolerance Test


After 5 weeks of dietary intervention with 10% FDP, blood was collected from the tails of all mice to assess baseline glucose and insulin levels. For the oral glucose tolerance test (GTT), the mice were fasted overnight and subsequently orally administered glucose (150 mg/mouse). Blood samples were obtained at 0, 30, 60, 90, and 120 min post-glucose administration, and glucose levels were immediately measured using a G400 green doctor blood glucose meter (Green Cross Medical Science Corp, Yongin-si, Republic of Korea) [24].




2.4. Enzyme-Linked Immunosorbent Assay


Serum tumor necrosis factor-alpha (TNF-α) levels were measured using an ELISA kit (Abcam, Cambridge, UK), following the manufacturer’s protocol. Duplicate samples from distinct lysates (n = 4/group) were used, which was repeated twice.




2.5. Histological Analysis


The liver and small intestine from each mouse of different groups were fixed in neutral formalin and embedded in paraffin blocks. Subsequently, tissue slides were stained with hematoxylin and eosin (H&E) or Sirius Red solution (Kyungpook National University Core lab, Daegu-si, Republic of Korea) [25]. Histological alterations were assessed under a light microscope [25].




2.6. Measurements of Serum Alanine Transaminase (ALT), Endotoxin, and Hepatic Triglyceride (TG) Levels


Serum levels of ALT and hepatic TG were measured using commercially available assay kits, such as the standard end-point colorimetric assay kit (BioVision, Milpitas, CA, USA, and Asan Co., Ltd., Gimpo, Republic of Korea, respectively). Additionally, serum endotoxin concentrations were measured using a commercial detection kit (endpoint LAL Chromogenic Endotoxin Quantitation Kit; Thermo Fisher Scientific, Waltham, MA, USA) [26,27].




2.7. Immunoblot Analysis


Tissues were homogenized using 1× radioimmunoprecipitation assay buffer. Lysates of specific tissues were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Subsequently, the nitrocellulose membranes were incubated with specific antibodies (Supplementary Table S1). Following incubation with the secondary antibodies, the images were detected using an ECL solution (Thermo Fisher). The band intensities of the immunoreactive target proteins were quantified relative to glyceraldehyde 3-phosphate dehydrogenase, which served as a loading control, through densitometry analysis using a chemiluminescence imaging system (FUSION SOLO S; Vilber, Collégien, France).




2.8. Statistical Analysis


Data are expressed as the mean ± standard error, and all statistical analyses were conducted using the SPSS/Windows 27.0 Statistical Package for the Social Sciences (SPSS Inc., Chicago, IL, USA). Student’s t-test was used to determine statistical significance (* p < 0.05, ** p < 0.01, and *** p < 0.001) [25].





3. Results


3.1. Metabolic Consequences in MASLD Mice


The hepatoprotective effect of 10% FDP against liver disease was assessed in MASLD mice fed an FFC diet (Figure 2A). There were no significant differences in body weight change (Figure 2B). Liver weight increased significantly in the FFC group compared to that in the control group, whereas it was reduced in the 10% FDP group (Figure 2C). The oral glucose tolerance test (OGTT) was performed to assess glucose tolerance in MASLD mice induced by FCC diets. Therefore, OGTT was increased in the FFC group compared to that in the control group but was reduced compared to normal values in the FFC + 10% FDP-treated group (Figure 2D). Enzyme-linked immunosorbent assay (ELISA) analysis revealed that MASLD mice exhibited increased serum TNF-α levels, which were significantly reduced through 10% FDP treatment (Figure 2E). Therefore, 10% FDP treatment prevented inflammation in the MASLD mouse models. In summary, we demonstrated that 10% FDP treatment reduces increased glucose tolerance and inflammation levels in an FFC-induced MASLD mouse model.




3.2. FDP Attenuated the Levels of Increased TG and Oxidative Stress Proteins in MASLD Mice


To determine the degree of liver damage in the MASLD mouse model, we assessed liver images and tissue staining. Liver imaging revealed damage in the FFC group compared with that in the control group. However, 10% FDP treatment alleviated these abnormalities in the liver (Supplementary Figure S1). Histological examination of H&E-stained slides revealed increased hepatic lipid droplets and inflammation in the FFC group relative to that in the control group, which was significantly reduced by dietary intervention with 10% FDP (Figure 3A). Additionally, serum levels of ALT and aspartate aminotransferase (AST) were significantly higher in the FFC group than that in the control group; however, these elevations were reduced by the 10% FDP dietary intervention (Figure 3B,C). Moreover, the hepatic TG levels were significantly increased in the FFC group, and the dietary intervention with 10% FDP significantly reduced the elevated TG levels (Figure 3D). Furthermore, liver oxidative stress markers (cytochrome P450 2E1 [CYP2E1], inducible nitric oxide synthase [iNOS], and 3-nitrotyrosine [3-NT]) and apoptotic markers (Bax, cleaved caspase 3, and phosphorylated c-Jun N-terminal kinase) were significantly increased in the FFC group. However, these levels were significantly reduced following dietary intervention with 10% FDP (Figure 3E,F). These findings indicate that FDP may offer protection against FFC-associated liver damage by reducing the elevated levels of oxidative stress and apoptosis markers.




3.3. FDP Attenuated the Increased Hepatic Fibrosis in MASLD Mice


The protective effects of FDP against liver fibrosis were assessed using a MASLD mouse model. Sirius Red staining revealed larger regions of liver fibrosis in the FFC group than that in the control group, indicating that prolonged exposure to the FFC diet resulted in hepatic fibrosis in mice. However, reduced fibrotic areas were observed in the 10% FDP-treated groups compared to that in the control group (Figure 4A). Additionally, liver lipid metabolism (fatty acid synthase [FAS], sterol regulatory element-binding protein 1 [SREBP1], and peroxisome proliferator-activated receptor gamma) and fibrosis (collagen type I alpha [COL/A], PRO-COL/A2, transforming growth factor beta [TGF-β], matrix metalloproteinase [MMP]2, MMP9, and alpha-smooth muscle actin [α-SMA]) markers were increased in the FFC-treated group. However, these increases were significantly reduced by the dietary intervention with 10% FDP (Figure 4B–D). These results indicate that FDP exhibits a beneficial effect on FFC-associated liver fibrosis by suppressing the expression of fibrosis markers.




3.4. FDP Restored Gut Junctional Complex Proteins in MASLD Mice


Recent studies have highlighted the association between the intestinal microbiome and non-alcoholic fatty liver disease (NAFLD). An imbalance in gut microbes can affect the progression of NAFLD by disrupting the gut–liver axis regulation [28,29,30]. Therefore, we confirmed gut damage and leaky gut owing to MASLD. H&E-stained histological analysis demonstrated that dietary intervention with 10% FDP enhanced the abnormal gut villus structure caused by the FFC diet (Figure 5A). Additionally, serum endotoxin levels were increased in the FFC group but this increase was significantly mitigated by the 10% FDP intervention (Figure 5B). Moreover, oxidative stress markers (CYP2E1, iNOS, and 3-NT) and junctional complex proteins (zonula occludens-1 [ZO-1], claudin-4, occludin, E-cadherin, β-catenin, and α-tubulin) in the small intestine were reduced in the FFC group but were restored in the 10% FDP-treated group (Figure 5C–E). In summary, in MASLD mice, FDP dietary intervention significantly reduced leaky gut and endotoxemia by increasing junctional complex proteins. This indicates the significance of plum dietary intervention against MASLD-mediated gut and liver damage and its role as a protective agent.





4. Discussion


MASLD is a chronic liver disease that causes various metabolic disorders, including hepatic steatosis, owing to high fructose intake and Western diet. This highlights the wide range of metabolic diseases and characteristics of all liver diseases [29,30]. Although research on MASLD has been increasing recently, there is one approved drug and limited treatment options, highlighting the urgent need for the development of novel drugs [31]. Additionally, a significant aspect of MASLD is the occurrence of leaky gut, alterations in the gut microbiota, and gut dysbiosis [4,32]. Gut dysbiosis is significantly implicated in the pathogenesis of MASLD through the gut–liver axis that connects the gut and liver. In mice fed a high-fat diet, the number of tight junctions is significantly reduced, resulting in gut leakage [33,34]. Lipopolysaccharides subsequently traverse the compromised gut barrier into the portal vein, where they activate Toll-like receptors and trigger the release of inflammatory cytokines, which cause liver damage and inflammation [35,36]. Moreover, owing to the limited treatment options and various health issues associated with MASLD, dietary interventions and lifestyle changes are essential.



Japanese plums (P. salicina) are highly effective natural antioxidants and anti-inflammatory agents in our diet owing to their high content of natural plant compounds, such as anthocyanins, flavonols, and phenolic acids, compared with other fruits [15,16,18,19,20,23]. Immature plum extract inhibits the growth of HepG2 hepatocarcinoma cells, exerts protective effects against liver damage by acting on antioxidant response elements [15], and exerts a protective effect on the intestine and liver in acute and chronic models of dextran sulfate sodium-induced colitis in mice [17]. Consuming plum juice helps regulate a cluster of pathways that are disrupted in obesity, thereby preventing obesity-related metabolic disorders and reducing the risk of cardiovascular disease [37]. Additionally, it has a preventive effect against inflammation and prevents bone loss owing to oophorectomy when consuming dried plums [38]. Therefore, we assessed the potential preventive effects of plums on liver damage and gut leakage in mice with MASLD induced by a Western-style rich FCC diet.



In this study, serum TNF-α levels were significantly increased in the MASLD model, whereas they were significantly reduced in the FDP dietary supplementation group, indicating that FDP has a significant protective effect on enhancing inflammation. Additionally, FDP protected against intestinal leakage of gut junction proteins, such as ZO-1, occludin, E-cadherin, and β-catenin, and inhibited oxidative stress markers, such as CYP2E1 and iNOS. Therefore, we demonstrated that FDP dietary intervention has a significant protective effect against leaky gut owing to MASLD.



The H&E staining revealed that MASLD mice exhibited increased levels of hepatic TG and fat accumulation in the liver that were mitigated by FDP treatment. Furthermore, FDP reduced the increased serum ALT and AST levels observed in MASLD mice. FDP inhibited the increase in hepatic lipid metabolism markers, such as FAS and SPEBP1, and oxidative stress markers, including CYP2E1, iNOS, and 3-NT. These findings indicate that FDP offers significant hepatoprotective benefits against liver damage in MASLD mice. Additionally, Sirius Red staining demonstrated a reduction in liver fibrosis following dietary intervention with FDP.



Moreover, Sirius Red and H&E staining indicated that liver fibrosis was reduced after dietary intervention with FDP. Specifically, FDP alleviated liver fibrosis by reducing the levels of COL/A, TGF-β, α-SMA, and MMP-2 in FFC diet-induced MASLD mice. In summary, this indicates that FDP intervention is significantly effective in alleviating leaky gut, liver fibrosis, and fatty liver disease caused by MASLD. Additionally, plum juice may play a significant role in preventing liver damage by modulating the gut–liver axis, a pathway that links gut microbiota and intestinal health with liver function, potentially reducing inflammation and oxidative stress in the liver (Figure 1).




5. Conclusions


In conclusion, this study demonstrated for the first time that plum consumption positively impacts liver health in a MASLD mouse model. Notably, it significantly inhibited the progression of hepatic fibrosis associated with fatty liver and leaky gut. This suggests that the antioxidant and anti-inflammatory properties of plums may have been the primary mechanisms behind this protective effect. The natural compounds in plums appeared to reduce liver damage by alleviating oxidative stress, modulating inflammatory responses, and improving intestinal barrier permeability to suppress inflammation caused by leaky gut. Given that MASLD is one of the chronic liver diseases with limited treatment options, plums can be highlighted as a promising natural-based therapeutic alternative in the current absence of effective treatments. Therefore, plums have the potential to be used as a novel approach in the treatment of liver diseases, and they also show promise as functional foods or natural therapeutic agents in the food and pharmaceutical industries. Further studies are needed to evaluate the clinical applicability of plums, paving the way for plum-based treatments to become effective therapies for MASLD patients.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nu16213760/s1; Figure S1: Effect of FDP dietary intervention on hepatic steatosis in normal or MASLD-induced mice; Table S1: The primary antibodies used in immunoblotting analyses.





Author Contributions


J.-S.K., conceptualization, experiments, investigation, writing—original draft, and writing—revision and editing. S.-M.H., conceptualization and editing and conceptualization and editing. D.-K.K., conceptualization, experimental investigation, supervision, writing—original draft, writing—revision and editing, fund acquisition, and communications. Y.-E.C., conceptualization, experimental investigation, supervision, writing—original draft, writing—revision and editing, fund-acquisition, and communications. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (No. 2024-00340542, 2022R1C1C1006334).




Institutional Review Board Statement


All animal testing procedures adhered to the Andong University Small Animal Testing Guidelines and were approved by the Andong University Animal Care and Use Committee (Approval No. 2021-2-0420-01-01 on 4 April 2021).




Data Availability Statement


The data presented in this study are available on request from the corresponding author due to privacy restrictions.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Chan, W.-K.; Chuah, K.-H.; Rajaram, R.B.; Lim, L.-L.; Ratnasingam, J.; Vethakkan, S.R. Metabolic dysfunction-associated steatotic liver disease (MASLD): A state-of-the-art review. J. Obes. Metab. Syndr. 2023, 32, 197–213. [Google Scholar] [CrossRef] [PubMed]

	



Hagström, H.; Vessby, J.; Ekstedt, M.; Shang, Y. 99% of patients with NAFLD meet MASLD criteria and natural history is therefore identical. J. Hepatol. 2024, 80, e76–e77. [Google Scholar] [CrossRef] [PubMed]

	



Miao, L.; Targher, G.; Byrne, C.D.; Cao, Y.-Y.; Zheng, M.-H. Current status and future trends of the global burden of MASLD. Trends Endocrinol. Metab. 2024, 35, 697–707. [Google Scholar] [CrossRef] [PubMed]

	



Kalhori, A.; Rafraf, M.; Navekar, R.; Ghaffari, A.; Jafarabadi, M.A. Effect of turmeric supplementation on blood pressure and serum levels of sirtuin 1 and adiponectin in patients with nonalcoholic fatty liver disease: A double-blind, randomized, placebo-controlled trial. Prev. Nutr. Food Sci. 2022, 27, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



Targher, G.; Byrne, C.D.; Tilg, H. MASLD: A systemic metabolic disorder with cardiovascular and malignant complications. Gut 2024, 73, 691–702. [Google Scholar] [CrossRef]

	



Miao, L.; Xu, J.; Targher, G.; Byrne, C.D.; Zheng, M.-H. Old and new classes of glucose-lowering agents as treatments for non-alcoholic fatty liver disease: A narrative review. Clin. Mol. Hepatol. 2022, 28, 725–738. [Google Scholar] [CrossRef]

	



Keam, S.J. Resmetirom: First Approval. Drugs 2024, 84, 1–7. [Google Scholar] [CrossRef]

	



Kokkorakis, M.; Boutari, C.; Hill, M.A.; Kotsis, V.; Loomba, R.; Sanyal, A.J.; Mantzoros, C.S. Resmetirom, the first approved drug for the management of metabolic dysfunction-associated steatohepatitis: Trials, opportunities, and challenges. Metab.-Clin. Exp. 2024, 154, 155835. [Google Scholar] [CrossRef]

	



Golabi, P.; Paik, J.M.; AlQahtani, S.; Younossi, Y.; Tuncer, G.; Younossi, Z.M. Burden of non-alcoholic fatty liver disease in Asia, the Middle East and North Africa: Data from Global Burden of Disease 2009–2019. J. Hepatol. 2021, 75, 795–809. [Google Scholar] [CrossRef]

	



Huang, C.-Z.; Tung, Y.-T.; Hsia, S.-M.; Wu, C.-H.; Yen, G.-C. The hepatoprotective effect of Phyllanthus emblica L. fruit on high fat diet-induced non-alcoholic fatty liver disease (NAFLD) in SD rats. Food Funct. 2017, 8, 842–850. [Google Scholar] [CrossRef]

	



Kim, S.-A.; Shin, S. Fruit and vegetable consumption and non-alcoholic fatty liver disease among Korean adults: A prospective cohort study. J. Epidemiol. Community Health 2020, 74, 1035–1042. [Google Scholar] [CrossRef] [PubMed]

	



Alami, F.; Alizadeh, M.; Shateri, K. The effect of a fruit-rich diet on liver biomarkers, insulin resistance, and lipid profile in patients with non-alcoholic fatty liver disease: A randomized clinical trial. Scand. J. Gastroenterol. 2022, 57, 1238–1249. [Google Scholar] [CrossRef] [PubMed]

	



Lampe, J.W. Health effects of vegetables and fruit: Assessing mechanisms of action in human experimental studies. Am. J. Clin. Nutr. 1999, 70, 475S–490S. [Google Scholar] [CrossRef] [PubMed]

	



Trichopoulou, A.; Naska, A.; Antoniou, A.; Friel, S.; Trygg, K.; Turrini, A. Vegetable and fruit: The evidence in their favour and the public health perspective. Int. J. Vitam. Nutr. Res. 2003, 73, 63–69. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.J.; Yu, M.-H.; Lee, I.-S. Inhibitory effects of methanol extract of plum (Prunus salicina L., cv. “Soldam”) fruits against benzo (α) pyrene-induced toxicity in mice. Food Chem. Toxicol. 2008, 46, 3407–3413. [Google Scholar] [CrossRef]

	



Ubah, C.O.; Asuquo, O.R.; Oko, G.E.; Ewaa, O.I.; Eluwa, M.A. Evaluating the effects of methanolic leaf extract of neem plant and hog plum on the liver histology of zidovudine induced-oxidative stress Wistar rats. J. Complement. Altern. Med. Res. 2019, 6, 1–6. [Google Scholar] [CrossRef]

	



Kim, H.J.; Eom, J.Y.; Choi, S.H.; Seo, H.J.; Kwun, I.S.; Chun, I.J.; Sung, J.; Lim, J.H.; Kim, J.; Song, B.J. Plum prevents intestinal and hepatic inflammation in the acute and chronic models of dextran sulfate sodium-induced mouse colitis. Mol. Nutr. Food Res. 2022, 66, 2101049. [Google Scholar] [CrossRef]

	



Priyadi, H.; Trimurtini, I.; Pontjosudargo, F.A. The influence of plum (Prunus salicina Lindl.) extract to liver MDA levels in rats induced by high fat diet. In Proceedings of the 13th Annual Scientific Conference of Medical Faculty, Universitas Jenderal Achmad Yani (ASCMF 2022); Atlantis Press: Amsterdam, The Netherlands, 2022; pp. 134–138. [Google Scholar]

	



Ayub, H.; Nadeem, M.; Mohsin, M.; Ambreen, S.; Khan, F.a.; Oranab, S.; Rahim, M.a.; Zubair khalid, M.; Zongo, E.; Zarlasht, M.; et al. A comprehensive review on the availability of bioactive compounds, phytochemicals, and antioxidant potential of plum (Prunus domestica). Int. J. Food Prop. 2023, 26, 2388–2406. [Google Scholar] [CrossRef]

	



Askarpour, M.; Ghalandari, H.; Setayesh, L.; Ghaedi, E. Plum supplementation and lipid profile: A systematic review and meta-analysis of randomised controlled trials. J. Nutr. Sci. 2023, 12, e6. [Google Scholar] [CrossRef]

	



Mukohda, M.; Mizuno, R.; Ozaki, H. Emerging evidence for a cardiovascular protective effect of concentrated Japanese plum juice. Hypertens. Res. 2023, 46, 2428–2429. [Google Scholar] [CrossRef]

	



Park, Y.-S.; Kim, H.-W.; Hwang, J.-H.; Eom, J.-Y.; Kim, D.-H.; Park, J.; Tae, H.-J.; Lee, S.; Yoo, J.-G.; Kim, J.-I.; et al. Plum-derived exosome-like nanovesicles induce differentiation of osteoblasts and reduction of osteoclast activation. Nutrients 2023, 15, 2107. [Google Scholar] [CrossRef] [PubMed]

	



Bahrin, A.A.; Moshawih, S.; Dhaliwal, J.S.; Kanakal, M.M.; Khan, A.; Lee, K.S.; Goh, B.H.; Goh, H.P.; Kifli, N.; Ming, L.C. Cancer protective effects of plums: A systematic review. Biomed. Pharmacother. 2022, 146, 112568. [Google Scholar] [CrossRef] [PubMed]

	



Mei, J.; Yu, S.; Ahrén, B. Study on administration of 1, 5-anhydro-D-fructose in C57BL/6J mice challenged with high-fat diet. BMC Endocr. Disord. 2010, 10, 17. [Google Scholar] [CrossRef] [PubMed]

	



Cho, Y.E.; Mezey, E.; Hardwick, J.P.; Salem, N., Jr.; Clemens, D.L.; Song, B.J. Increased ethanol-inducible cytochrome P450-2E1 and cytochrome P450 isoforms in exosomes of alcohol-exposed rodents and patients with alcoholism through oxidative and endoplasmic reticulum stress. Hepatol. Commun. 2017, 1, 675–690. [Google Scholar] [CrossRef] [PubMed]

	



Cho, Y.-E.; Song, B.-J. Pomegranate prevents binge alcohol-induced gut leakiness and hepatic inflammation by suppressing oxidative and nitrative stress. Redox Biol. 2018, 18, 266–278. [Google Scholar] [CrossRef]

	



Kim, J.-S.; Kim, D.-H.; Gil, M.-C.; Kwon, H.-J.; Seo, W.; Kim, D.-K.; Cho, Y.-E. Pomegranate-derived exosome-like nanovesicles alleviate binge alcohol-induced leaky gut and liver injury. J. Med. Food 2023, 26, 739–748. [Google Scholar] [CrossRef]

	



Zheng, D.; Liwinski, T.; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492–506. [Google Scholar] [CrossRef]

	



Pezzino, S.; Sofia, M.; Faletra, G.; Mazzone, C.; Litrico, G.; La Greca, G.; Latteri, S. Gut–Liver axis and non-alcoholic fatty liver disease: A vicious circle of dysfunctions orchestrated by the gut microbiome. Biology 2022, 11, 1622. [Google Scholar] [CrossRef]

	



Fan, X.; Zhang, B.; Shi, Y.; Liu, L.; Zhao, J. Systemic metabolic Abnormalities: Key drivers of complications and mortality in MASLD. J. Hepatol. 2024, 80, e246–e248. [Google Scholar] [CrossRef]

	



van Erpecum, K.J.; Dalekos, G.N. New horizons in the diagnosis and management of patients with MASLD. Eur. J. Intern. Med. 2024, 122, 1–2. [Google Scholar] [CrossRef]

	



Vallianou, N.G.; Kounatidis, D.; Psallida, S.; Vythoulkas-Biotis, N.; Adamou, A.; Zachariadou, T.; Kargioti, S.; Karampela, I.; Dalamaga, M. NAFLD/MASLD and the gut–liver axis: From pathogenesis to treatment options. Metabolites 2024, 14, 366. [Google Scholar] [CrossRef] [PubMed]

	



Lebeaupin, C.; Vallée, D.; Hazari, Y.; Hetz, C.; Chevet, E.; Bailly-Maitre, B. Endoplasmic reticulum stress signalling and the pathogenesis of non-alcoholic fatty liver disease. J. Hepatol. 2018, 69, 927–947. [Google Scholar] [CrossRef] [PubMed]

	



Mouries, J.; Brescia, P.; Silvestri, A.; Spadoni, I.; Sorribas, M.; Wiest, R.; Mileti, E.; Galbiati, M.; Invernizzi, P.; Adorini, L.; et al. Microbiota-driven gut vascular barrier disruption is a prerequisite for non-alcoholic steatohepatitis development. J. Hepatol. 2019, 71, 1216–1228. [Google Scholar] [CrossRef]

	



Hetz, C.; Zhang, K.; Kaufman, R.J. Mechanisms, regulation and functions of the unfolded protein response. Nat. Rev. Mol. Cell Biol. 2020, 21, 421–438. [Google Scholar] [CrossRef] [PubMed]

	



Kounatidis, D.; Vallianou, N.; Evangelopoulos, A.; Vlahodimitris, I.; Grivakou, E.; Kotsi, E.; Dimitriou, K.; Skourtis, A.; Mourouzis, I. SGLT-2 inhibitors and the inflammasome: What’s next in the 21st century? Nutrients 2023, 15, 2294. [Google Scholar] [CrossRef] [PubMed]

	



Noratto, G.; Martino, H.S.; Simbo, S.; Byrne, D.; Mertens-Talcott, S.U. Consumption of polyphenol-rich peach and plum juice prevents risk factors for obesity-related metabolic disorders and cardiovascular disease in Zucker rats. J. Nutr. Biochem. 2015, 26, 633–641. [Google Scholar] [CrossRef]

	



Rendina, E.; Lim, Y.F.; Marlow, D.; Wang, Y.; Clarke, S.L.; Kuvibidila, S.; Lucas, E.A.; Smith, B.J. Dietary supplementation with dried plum prevents ovariectomy-induced bone loss while modulating the immune response in C57BL/6J mice. J. Nutr. Biochem. 2012, 23, 60–68. [Google Scholar] [CrossRef]








[image: Nutrients 16 03760 g001] 





Figure 1. This summary highlights the protective effects of plum against oxidative stress, intestinal permeability, and liver fibrosis induced by diet high in fat, fructose, and cholesterol. The left and right illustrations indicate an increase in these parameters in the metabolic dysfunction-associated fatty liver disease mouse model and a decrease in each parameter owing to the plum diet, respectively. Upward and downward arrows also represent increase and decrease, respectively. 
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Figure 2. Effect of freeze-dried plum (FDP) diet on body weight, glucose metabolism, and inflammation markers in metabolic dysfunction-associated fatty liver disease (MASLD) mice. (A) Schematic representation to study the effects of plum diet against MASLD mice. (B) The representative body weight. (C) The representative liver weight. (D) Glucose tolerance testing of the area under the curve for MASLD mice. (E) Tumor necrosis factor-alpha levels are measured using enzyme-linked immunosorbent assay. * p < 0.05, between CON and high-fat, -fructose, and -cholesterol (FFC) groups; # p < 0.05, ## p < 0.01 between FFC and FFC + 10% FDP groups. The significance of mean values for each group is determined using Student’s t-test. 
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Figure 3. Freeze-dried plum (FDP) diet attenuated high-fat, -fructose, and -cholesterol (FFC)-induced liver injury in metabolic dysfunction-associated fatty liver disease mice. (A) Representative hematoxylin and eosin-stained liver sections for CON, FFC, FFC + 10% FDP group, as indicated. The levels of (B) serum alanine aminotransferase, (C) aspartate aminotransferase, and (D) hepatic triglycerides are presented. Immunoblot analyses for (E) oxidative stress markers (cytochrome P450 2E1, inducible nitric oxide synthase, and 3-nitrotyrosine) and (F) apoptosis markers (Bax, cleaved caspase 3, and phosphorylated c-Jun N-terminal kinase) for the indicated groups. Densitometric analysis of immunoblotting for each protein is demonstrated relative to the glyceraldehyde 3-phosphate dehydrogenase loading control. * p < 0.05, ** p < 0.01, and *** p < 0.001 between CON and FFC groups; # p < 0.05, ## p < 0.01, and ### p < 0.001 between FFC and FFC + 10%. 
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Figure 4. Freeze-dried plum (FDP) diet attenuated high-fat, -fructose, and -cholesterol (FFC)-induced liver fibrosis in metabolic dysfunction-associated fatty liver disease mice. (A) Representative Sirius Red-stained liver sections for CON, FFC, FFC + 10% FDP, as indicated. Immunoblot results for (B–D) various liver lipid metabolism markers (fatty acid synthase, sterol regulatory element-binding protein 1, and peroxisome proliferator-activated receptor gamma) or fibrosis markers (collagen type I alpha [COL/A], Pro-COL/A2, transforming growth factor beta, matrix metalloproteinase 2-, MMP-9, and alpha-smooth muscle actin) for the indicated groups. Densitometric analysis of immunoblotting for each protein is demonstrated relative to the glyceraldehyde 3-phosphate dehydrogenase loading control. * p < 0.05, ** p < 0.01, and *** p < 0.001 between CON and FFC groups; # p < 0.05, ## p < 0.01, between FFC and FFC + 10% FDP groups. The significance of mean values for each group is determined using Student’s t-test. 
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Figure 5. Freeze-dried plum (FDP) diet prevented high-fat, -fructose, and -cholesterol (FFC)-induced leaky gut in metabolic dysfunction-associated fatty liver disease mice. (A) Representative sections of the small intestine stained with hematoxylin and eosin for CON, FFC, FFC + 10% FDP, as indicated. (B) Serum endotoxin levels. (C) Levels of oxidative stress protein markers (cytochrome P450 2E1, inducible nitric oxide synthase, and 3-nitrotyrosine). (D) Levels of gut tight junction proteins (zonula occludens-1, claudin-4, and occludin) or (E) adherens junction proteins (E-cadherin, β-catenin, and α-tubulin). Densitometric analysis of immunoblotting for each protein is demonstrated relative to the glyceraldehyde 3-phosphate dehydrogenase loading control. * p < 0.05, ** p < 0.01, and *** p < 0.001 between CON and FFC groups; # p < 0.05, ## p < 0.01, and ### p < 0.001 between FFC and FFC + 10% FDP groups. The significance of mean values for each group is determined using Student’s t-test. 
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