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Editorial on the Research Topic 
Gastrointestinal and Liver Effects of Fruits and their Synergism with Drug Therapy: Exploring Possible Mechanisms of Action

Historically, natural products have been rich sources of molecules that can be used in the prevention or treatment of different pathological conditions. With the advent of the second industrial revolution and the development of organic chemistry and pharmacology, drugs of synthetic origin started being produced and used on a large scale, and products of natural origin began to occupy a secondary role in the therapeutic arsenal. However, the increase in the incidence of adverse effects and the high cost of synthetic drugs are among the factors that contributed to the rediscovery of products from biodiversity.
This Research Topic aims to add contributions to the potential use of bioactive natural products or their association with synthetic drugs in the prevention and/or treatment of liver and gastrointestinal system disorders.
This Research Topic presented one systematic review with a meta-analysis dedicated to dyslipidemia (Carvalho et al.), two experimental studies (Zhang et al.; Cui et al.), and one review study (Yu et al.) addressing Nonalcoholic Fatty Liver Disease (NAFLD). Two experimental studies explored the theme of liver fibrosis (Zhao et al.; Zhang et al.) while studies also looked at severe acute pancreatitis (Yang et al.), hepatic ischemia/reperfusion (Chen et al.), and gastroprotection (Mahmoud et al.).
Rhein is an anthraquinone derivative found in some medicinal plants, such as Rhubarb, Polygonum multiflorum, Ruta graveolens, and Folium sennae, that has hepatoprotective, nephroprotective, anti-inflammatory, antioxidant, anticancer, and antimicrobial properties (Zhou et al., 2015). Yang et al. were able to show that Rhein was effective in protecting against the deleterious effects of Severe Acute Pancreatitis (SAP) in both in vivo and in vitro models, possibly via the JAK2/STAT3 signaling pathway.
According to Younossi et al. (2018), the global prevalence of NAFLD is increasing and is estimated to be ∼25% in the general population. Yu et al. contributed to this Research Topic with a review of the underlying mechanisms of dietary fructose and its role in the development and progression of NAFLD, and they also proposed possible targets to prevent the pathogenic process. Zhang et al. reported that Tiaoganquzhi Decoction, a traditional Chinese herbal formulation, has a protective action against NAFLD, whose mode of action is associated with the promotion of CGI-58 to inhibit the expression of ROS-induced NLRP3 inflammasome. Pogostemon cablin (Blanco) Benth/Huo Xiang (HX) is a species that has antioxidant and anti-inflammatory properties with used in traditional Chinese medicine. Cui et al. explored the potential mechanism of HX on NAFLD through network pharmacological and experimental studies. The data showed that HX can attenuate abnormal lipid metabolic responses and enhance antioxidant mechanisms through multiple pathways.
Dihydromyricetin (DHM), also known as ampelosin, is a natural compound with distinct pharmacological properties and has multiple hepatoprotective effects (Chen et al., 2021). Zhao et al. investigated the effect of DHM as a novel nutritional supplement in the thioacetamide (TAA)-induced liver fibrosis model. The results showed that DHM mitigated TAA-induced hepatic fibrosis through inhibition of NF-κB-mediated inflammation and the TGF-β1-regulated PI3K/Akt signaling pathway, indicating that the compound is a potential hepatoprotective factor with prospects to be used in the treatment of liver fibrosis.
Pentagalloyl glucose (PGG) is a polyphenolic compound with potent antioxidant action and antimicrobial, anti-viral, anti-diabetic, anti-inflammatory, and antitumor properties (Patnaik et al., 2019). Mahmoud et al. evaluated the gastroprotective potential of PGG against indomethacin-induced ulcers in rats and found that this polyphenol promoted an antiulcerogenic effect mediated by increasing mucus production, scavenging free radicals, decreasing inflammation, and attenuating the NO/NOS signaling in favor of eNOS.
Kaempferol (KAE) is a flavonoid present in several plant species, including Penthorum chinense, and is traditionally used in Chinese medicine for the treatment of liver diseases (Wang et al., 2020). Chen et al. confirmed the hepatoprotective effect of KAE in the hepatic ischemia/reperfusion injury model in mice whose mechanism is associated with inhibition of oxidative stress and inflammation by activating the Nrf2/HO-1 signaling pathway.
The beneficial effects of Bone Marrow Mesenchymal Stem Cells (BMSCs) (Watanabe et al., 2021) and ferulic acid (FA) (Mu et al., 2019) in the treatment of cystic fibrosis have been described in the literature. Considering this information, Zhang et al. have expertly demonstrated the beneficial and synergistic effect of the combined therapy BMSCs and FA in a CCL4-induced liver fibrosis rat model.
Carvalho et al. have suggested in a systematic review with meta-analysis that Citrus species extracts are potential candidates for dyslipidemia control; however, the high heterogeneity indicates that more studies are required to increase the strength of this occurrence.
In summary, the different herbal formulations or compounds obtained from the plant were potentially effective in the treatment of pathological conditions that affect the liver and gastrointestinal system. We hope that these contributions serve as a guide for new pre-clinical and clinical studies, expecting to find new drug/phytopharmaceutical candidates for therapeutic use in the future.
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As a natural active substance, dihydromyricetin (DHM) has been proven to have good hepatoprotective activity. However, the therapeutic effect of DHM on liver fibrosis, which has become a liver disease threatening the health of people around the world, has not been studied to date. The purpose of this study was to investigate the effect of DHM as a new nutritional supplement on thioacetamide (TAA)-induced liver fibrosis. The liver fibrosis model was established by intraperitoneal injection of TAA (200 mg/kg, every 3 days) for 8 weeks, and oral administration of DHM (20 mg/kg and 40 mg/kg, daily) after 4 weeks of TAA-induced liver fibrosis. The results showed that DHM treatment significantly inhibited the activities of alanine aminotransferase (ALT) (37.81 ± 7.62 U/L) and aspartate aminotransferase (AST) (55.18 ± 10.94 U/L) in serum of liver fibrosis mice, and increased the levels of superoxide dismutase (SOD) and glutathione (GSH) while reversed the level of malondialdehyde (MDA). In addition, histopathological examination illustrated that TAA induced the inflammatory infiltration, apoptosis and fibroatherosclerotic deposition in liver, which was further confirmed by western-blot and immunofluorescence staining. Moreover, DHM inhibited hepatocyte apoptosis by regulating the phosphorylation level of phosphatidylinositol 3-kinase (PI3K), protein kinase-B (AKT) and its downstream apoptotic protein family. Interestingly, immunofluorescence staining showed that DHM treatment significantly inhibited alpha smooth muscle actin (α-SMA), which was a marker of hepatic stellate cell activation, and regulated the expression of transforming growth factor (TGF-β1). Importantly, supplementation with DHM significantly inhibited the release of nuclear factor kappa-B (NF-κB) signaling pathway and pro-inflammatory factors in liver tissue induced by TAA, and improved liver fiber diseases, such as tumor necrosis factor alpha (TNF-α) and recombinant rat IL-1β (IL-1β). In conclusion, the evidence of this study revealed that DHM is a potential hepatoprotective and health factor, and which also provides the possibility for the treatment of liver fibrosis.
Keywords: dihydromyricetin, liver fibrosis, NF-κB signaling pathway, inflammation, hepatic stellate cell activation, anti-apoptosis
INTRODUCTION
As an important immune and metabolic organ of the human body, liver is vulnerable to damage from various causes, including hepatitis virus infection, alcohol and drug injury, autoimmune response and metabolic diseases (Marrone et al., 2016). Chronic liver disease and liver fibrosis have always been the focus of contemporary medical research, and people have tried to establish a model of liver fibrosis to adapt to contemporary research needs in recent years (Sepanlou et al., 2020). As a potent hepatotoxin, TAA-induced liver fibrosis is a well-recognised model for the development of liver damage, regenerative nodules and fibrosis, similar to human liver fibrosis (Passos et al., 2010; Nascimento et al., 2018). Numerous experiments have shown that long-term administration of TAA leads to proliferative liver nodules, liver fibrosis, hepatocellular adenomas and hepatocellular carcinoma (Li et al., 2002; Yeh et al., 2004; Constantinou et al., 2007; Jantararussamee et al., 2021). The toxicity of TAA arises from its bioactivation of reactive metabolites, including TAA-sulfur oxides and reactive oxygen species (ROS) via the monooxygenases flavin adenine dinucleotide (FAD) and cytochrome P2E1 (CYP2E1) (Tunez et al., 2005). These metabolites bind to cellular macromolecules, induce oxidative stress through lipid peroxidation and increased free radical load, and participate in fibril formation (Chilakapati et al., 2005). More seriously, TAA attacks hepatocyte DNA, RNA and protein-related synthetic enzymes in the body, produces toxic effects, affects liver metabolism, causes metabolic disorders and leads to imbalance of antioxidant defense system, and aggravates chronic liver inflammation and even liver necrosis (Hessien et al., 2010; Kadir et al., 2011). Therefore, TAA induces a progressive liver disease characterised by inflammation, oxidative stress, apoptosis, extensive fibrosis and eventual development of hepatocellular carcinoma, thereby mimicking the progression of inflammation/fibrosis/malignancy in patients.
Studies have shown that the key to prevent liver fibrosis is to inhibit the activation of hepatic stellate cells (HSCs) or promote the apoptosis of HSCs (Zhang et al., 2017a). In addition, some profibrotic mediators are also involved in stimulating HSCs activation and myofibroblast transformation, such as TGF-β1, which is not only involved in the pleiotropic cytokine produced by extracellular matrix (ECM), but also regulated the signaling pathways related to cell proliferation, differentiation and apoptosis in the liver (Gressner and Weiskirchen, 2006; Vaidya and Kale, 2015; Zhang, 2017). Therefore, this may be an important way to study the mechanism and targeted therapy of liver fibrosis at the molecular level in the future by inhibiting the multi effect cytokine and its downstream apoptotic proteins, reducing collagen accumulation and ECM deposition (Bakin et al., 2000). NF-κB pathway participates in regulating a variety of inflammatory cell responses, and has been used for targeted therapy of many inflammatory diseases. Studies have shown that inflammatory cells can further activate HSCs, which may be the main source of myofibroblasts in the liver (Cubero, 2016). NF-κB is involved in the inhibition of apoptosis through the transcriptional induction of a variety of anti-apoptotic factors, including B cell-lymphoma-2 (Bcl-2) family proteins (Zheng et al., 2009). In addition, the expression of NF-κB-regulated gene products is also involved in the apoptotic Bcl-2 family (Bui et al., 2001; Gupta et al., 2002). Therefore, this may be a crucial way to improve TAA-induced liver fibrosis by reducing NF-κB-mediated inflammation and apoptotic signaling pathways.
Vine tea (Ampelopsis grossedentata) is a traditional medicinal plant widely used to improve health or suppressing disease in Chinese folk (Ye et al., 2015). In addition to being used as a tea drink, vine tea was traditionally used as a folk medicine according to ancient texts for the treatment of fever and cough, stab wounds, bruises, jaundiced hepatitis and sore throats (Gao et al., 2009). Moreover, extracts from vine tea have been proved to have significant anti-inflammatory properties in vitro and in vivo, and have been recommended as a potential therapeutic agent for inflammation-related diseases (Chen et al., 2015). Importantly, the leaves and stems of vine tea are rich in a large number of natural active substance dihydromyricetin, which has become an important plant resource for the development and research of functional products (Gao et al., 2009; Kou and Chen, 2012; Zhao et al., 2013; Zheng et al., 2014; Ye et al., 2015; Zhang et al., 2020; Carneiro et al., 2021). It is worth mentioning that as a natural active substance, dihydromyricetin from vine tea has been approved by the Food and Drug Administration (FDA) as a nutritional supplement and can be added in food industry.
The hepatoprotective effects of dihydromyricetin are now well recognized. zhuangwei Zhang et al. investigated the down-regulation of the Akt/Bad pathway in HepG2 cells to reduce apoptosis (Zhang et al., 2017b). Sijing Dong et al. used dihydromyricetin to counteract acetaminophen-induced liver injury by modulating lipid homeostasis, cell death and regenerative pathways (Dong et al., 2019). Yi Zeng et al. demonstrated a protective effect of dihydromyricetin in improving non-alcoholic steatohepatitis (Zeng et al., 2020). Xi Zhou et al. demonstrated that dihydromyricetin attenuated carbon tetrachloride-induced liver injury by modulating autophagy and inhibiting the activation of hepatic stellate cells (Zhou et al., 2021). Ping Qiu et al. also demonstrated the protective effect of dihydromyricetin against ethanol-induced liver injury (Qiu et al., 2017). However, dihydromyricetin has not been found to improve liver fibrosis. Based on this, the present study aimed to explore the improvement effect of dihydromyricetin on liver fibrosis by establishing a mouse model of TAA-induced liver fibrosis and further revealed its possible molecular mechanism, supplemented the relevant research and provided a potential clinical possibility for the treatment of liver disease.
MATERIALS AND METHODS
Chemicals and Reagents
DHM (purity ≥99.0%) and TAA (purity ≥99.0%) were purchased from Sigma. Hematoxylin-eosin (H and E), TUNEL and Masson stain kits, and commercial assay kits for ALT and AST, SOD, GSH, MDA were obtained from the Nanjing Jiancheng Bioengineering Research Institute (Nanjing, China). The immunofluorescent staining kits and the enhanced chemiluminescence (ECL) kit were purchased from Beyotime science and technology Co., Ltd. (Beijing, China). The antibody of rabbit monoclonal α-SMA, TGF-β1, CYP2E1, Cleaved Caspase-3, Caspase3, Cleaved Caspase-9, Caspase-9, IκB kinase α (IKK-α), IκB kinase β (IKK-β), p-IKKα, p-IKKβ, inhibitor of IκBα (IκBα), p-IκBα, NF-κB, p-NF-κB, PI3K, p-PI3K, Akt, p-Akt, B-associated X (Bax), Bcl-2, β-actin and secondary antibodies for western blot were all obtained from Abcam (Cambridge, United Kingdom).
Animals and Drug Treatment
The forty fully-grown male ICR mice (4–6 weeks old, weight 20–25 g) were purchased from Changchun Yisi Experimental Animal Co., Ltd. (Changchun, China), and the certificate of quality was No. SCXK (JI)-2019–0,001. Mice were maintained under a professional animal breeding room with constant temperature and humidity and pathogen-free, and unlimited access to sufficient food and water. This study was approved by the animal research ethics committee of Jilin Agricultural University, ethics approval No.: 2019–08–28–002.
Forty mice were divided into four groups under 7 days adaptive feeding conditions (control, TAA group, TAA + DHM 20 mg/kg and 40 mg/kg groups, n = 10), and the detailed experimental design process was shown in Figure 1A. All mice (excluding the control group) were received TAA (200 mg/kg, every 3 days) from day 8 to day 64. Moreover, the TAA + DHM groups were received the treatment of DHM (20 mg/kg and 40 mg/kg, daily) from day 36 to day 64. At the completion of the last TAA injection, mice were treated with a 12-h fast. After anaesthetics treatment with 2% chloral hydrate intraperitoneally, blood samples were collected from the eyes of mice and serum was collected by centrifugation (4°C, 3,500 rmp, 10 min). After the mice were killed after cervical spondylectomy, the livers were collected immediately, measured and the liver index of the mice was obtained by the formula (liver weight/body weight) × 100. Some of them were soaked in 4% paraformaldehyde solution, and the others were stored at −80°C.
[image: Figure 1]FIGURE 1 | DHM ameliorated TAA-induced hepatic injury in mice. The experimental design (A); Body weight (B) and serum levels of ALT (C) and AST (D) (n = 8); liver index (E), H&E staining (F); Masson relative stained area (G) and Masson’ strichrome staining (H); Data was expressed as the mean ± SD. The differences between groups were analyzed by two tailed T-test or one-way analysis of variance (ANOVA). **p < 0.01, *p < 0.05 versus control group; ##p < 0.01, #p < 0.05 versus TAA group.
Determination of Biochemical Indicators
ALT and AST are involved in central metabolism in the body, and the level of ALT and AST transaminases are markers of liver injury. Therefore, we evaluated the degree of liver injury by detecting the levels of serum ALT and AST. Serum ALT and AST levels were measured using commercial kits purchased from Nanjing Jiancheng reagent company. Determine the absorbance according to the instructions and calculate the ALT and AST levels according to the formula.
Histopathological Staining
The liver tissue samples were stained by H&E routine staining, and evaluated by histopathological according to standard procedures. In order to evaluate the degree of fibrosis in liver samples, the connective tissue, muscle fibers and collagen fibers in liver tissues were stained with Masson trichrome staining kit. Observe pathological changes such as fatty degeneration, necrosis, and inflammatory cell infiltration of liver cells under an optical microscope.
Determination of Oxidative Stress Indicators
The levels of GSH, MDA, and SOD are important indicators reflecting oxidative stress damage (Ding et al., 2021). Therefore, the levels of GSH, MDA and SOD in liver tissue were detected. Take an appropriate amount of liver tissue and fully grind it with 9 times the volume of normal saline under low temperature to make 10% tissue homogenate. The operation was carried out according to the method of each kit and finally the absorbance was measured and calculated according to the formula.
Immunofluorescence Staining
In order to assess the expression of apoptosis and inflammation-related proteins in liver tissue induced by TAA, immunofluorescence staining was performed on liver tissue sections of each group (Hou et al., 2015). After the tissue sections were deparaffinized with xylene solution and hydrated in ethanol, the antigen was recovered by microwave in a citrate buffer solution (0.01 M, pH 6.0) for 20 min. After washing 3 times with PBS, the tissue was incubated with 1% bovine serum albumin (BSA) for 1 h, and then the primary antibody caspase 3 (1:200), CYP2E1 (1:200), TNF-α (1:400) was added dropwise, TGF-β1 (1:200) and α-SMA (1:200) were incubated overnight at 4°C. The next day, it was labeled with a fluorescent secondary antibody at 37°C for 30 min and then labeled with SABC-CY3 (1:100) again. The nucleus was stained with 4,6 diamidino-2-phenylindole (DAPI). The protein expression was observed with a fluorescence microscope, and the immunofluorescence intensity was analyzed with Image-Pro Plus 6.0 software.
Western Blot Analysis
RIPA lysate lyses liver tissue and extracts its protein. The extracted protein samples were separated by 10% SDS-PAGE gel electrophoresis, and then transferred to PVDF membrane. After blocking with skim milk for 1.5 h, then use primary antibodies (Bax, Bcl-2, recombinant human B-cell Leukemia/Lymphoma XL (Bcl-XL), cysteine proteases3 (Caspases3), cleaved caspase 3, cysteine proteases9 (caspase 9), cleaved caspase 9, PI3K, p-PI3K, AKT, p-AKT, IKKα/β, p-IKKα/β, IκBα, p-IκBα, NF-κB (p65), p-NF-κB (p-p65), TNF-α, IL-1β, β-actin at 4°C Incubate overnight. Then, the membrane was washed 3 times in Tris-buffered saline (TBS) containing 0.1% Tween-20, and then the membrane was incubated with the secondary antibody for 1 h at room temperature. After the band was detected by ECL luminescent solution, the protein expression was displayed by Bio-Lad Laboratories Segrate.
TUNEL Staining
TUNEL staining was used to analyze the extent of apoptosis in hepatocyte nuclei. Liver tissue antigen was extracted with 20 μg/ml proteinase K for 10 min, then TUNEL reaction mixture (TdT:dUTP, 1:9) was added for 1 h in the dark at 37°C. The cells were washed three times with PBS and then observed under a fluorescent microscope for apoptosis.
Statistical Analysis
Statistical analysis was carried out using SPSS statistical software. The differences between groups were analyzed by two tailed T-test or one-way analysis of variance (ANOVA). The results are shown as the mean ± SD, and the significance level is defined as p < 0.05. Graphs were drawed with GraphPad Prism software (version 7).
RESULTS
Dihydromyricetin Alleviates Thioacetamide-Induced Chronic Hepatic Injury
During the experiment, the weight of mice in each group were recorded. Although there was no significant difference in body weight, the overall increase trend of body weight was lower than that of the control group in TAA-treated mice (Figure 1B). Besides, a significant increase in relative liver index was observed in the TAA model group compared to the control group (Figure 1E), with the increase in liver mass attributed to the accumulation of fat and breakdown of liver tissue. However, the DHM intervention resulted in a reduction in liver index. Furthermore, the appropriate commercial kits were used for serological examinations, and the levels of ALT and AST in serum were measured to determine the severity of liver injury. Compared with the control group, the levels of ALT and AST in the serum of mice were significantly increased by TAA-induced (p < 0.01, Figures 1C,D). Nevertheless, ALT and AST levels were reduced to varying degrees by DHM supplementation, with a particularly significant improvement in DHM (40 mg/kg), suggesting that DHM significantly improved TAA-induced hepatotoxicity.
Dihydromyricetin Improve Thioacetamide-Induced Liver Histopathological Damage
In order to evaluate the hepatoprotective effect of DHM, the improvement effect of DHM on TAA-induced liver dysfunction was examined by histopathology in this study. H and E staining showed that the hepatocytes in the control group were arranged regularly, with large round nucleoli and uniform cytoplasm, and there was no inflammatory cell infiltration in the portal area (Figure 1F). However, the liver structure treated with TAA was disordered, the liver lobule structure was destroyed or disappeared, the hepatocytes were arranged irregularly and had obvious apoptosis, and the fibrous deposition around the central vein gradually increased, and a large number of inflammatory cells and fibroblasts were infiltrated in the fibrous septum. In contrast, continuous treatment with DHM significantly alleviated pathological changes by TAA-induced, lipid degeneration and inflammatory injury in liver.
In addition, the results observed by Masson staining were basically consistent with the fibrosis in H and E staining (Figure 1H). The structure of central vein and catheter endothelial fibers in the control group was normal, and there was no abnormal fiber proliferation in other places, but there was slight inflammation. However, a large number of collagen fibers were observed in the portal area and central vein of the liver tissue treated with TAA, the hepatic lobules were divided by different fiber intervals, and there were obvious fiber adhesion and a large number of inflammatory cells between portal duct and central vein. Obviously, DHM treatment significantly inhibited the production of collagen fibers compared with the TAA group, there were a small amount of scattered proliferative fibers in hepatic lobules, and inflammatory cells were significantly reduced. In particular, the results of collagen area measurement by software also demonstrated that DHM treatment reduced collagen deposition and resulted in a reduction in collagen area (Figure 1G).
Dihydromyricetin Alleviated Thioacetamide-Induced Hepatotoxicity
Studies have shown that oxidative stress damage was related to TAA-induced liver toxicity (Chen et al., 2021). To evaluate the effect of DHM on TAA-induced oxidative stress in the liver, oxidative stress parameters were measured in the liver, such as SOD, GSH, and MDA. TAA induction significantly increased MDA levels but decreased SOD activity, accompanied by GSH depletion, compared to the control group (p < 0.01, Figures 2A–C). On the contrary, DHM-treated significantly increased the activities of GSH and SOD, while decreased the level of MDA in a dose-dependent manner (p < 0.05). The above results indicated that DHM significantly reduced TAA-induced oxidative stress damage.
[image: Figure 2]FIGURE 2 | DHM attenuates TAA-induced oxidative stress and hepatotoxicity. The hepatic levels of SOD (E), GSH (F) and MDA (G) in TAA-induced liver fibrosis (n = 6–8); The protein expression levels of CYP2E1 (E) and Fluorescence density (F); Data was expressed as the mean ± SD. The differences between groups were analyzed by two tailed T-test or one-way analysis of variance (ANOVA). **p < 0.01, *p < 0.05 versus control group; ##p < 0.01, #p < 0.05 versus TAA group.
Since the CYP-mediated biological activity plays an important role in TAA-induced hepatotoxicity, in order to further confirm the damage and hepatotoxicity caused by TAA to the liver, the expression of CYP2E1 protein was examined by immunofluorescence staining in liver tissue. The results showed that TAA caused the overexpression of CYP2E1 metabolic enzymes, while treatment with DHM significantly reduced the expression of CYP2E1 (p < 0.01, Figures 2D,E). These results also indicated to a certain extent that DHM improved TAA-induced oxidative stress damage and hepatotoxicity, especially in the DHM (40 mg/kg) group, which had a significant ameliorative effect and approached that of the control group.
The activation of HSCs is a key event leading to liver fibrosis, and the HSCs activation marker α-SMA and pro-fibrotic factor TGF-β1 in liver were analyzed by immunofluorescence staining in this study. The results demonstrated that the positive expression and fluorescence intensity of TGF-β1 and α- SMA were significantly improved by immunofluorescence staining compared with the control group after long-term TAA induction (p < 0.01, Figures 3A–D). On the contrary, the administration of DHM (20, 40 mg/kg) effectively reduced the secretion of TGF-β1 and the expression of α-SMA, which intuitively indicated that DHM inhibited the activation of HSCs and thus reversed the development of liver fibrosis by TAA-induced.
[image: Figure 3]FIGURE 3 | DHM alleviated TAA-induced activation of hepatic stellate cells. The protein expression levels of TGF-β1 (A) and Fluorescence density (B), The protein expression levels of α-SMA (C) and Fluorescence density (D); Data was expressed as the mean ± SD. The differences between groups were analyzed by two tailed T-test or one-way analysis of variance (ANOVA). **p < 0.01, *p < 0.05 versus control group; ##p < 0.01, #p < 0.05 versus TAA group.
Dihydromyricetin Attenuates Liver Fibrosis by Inhibiting Thioacetamide-Induced Inflammatory Injury
In order to explore the anti-inflammatory and hepatoprotective functions of DHM, the expression of NF-κB-related proteins were explored by western blotting in this study. Phosphorylated protein and its upstream inflammatory regulators p-IKKα/β and p-IκBα were significantly increased by TAA-induced (Figures 4A–D). Interestingly, the expression of NF-κB and its related proteins were significantly reduced after DHM treatment, especially DHM (40 mg/kg) had a significant ameliorating effect (p < 0.05). In addition, DHM inhibited the expression of pro-inflammatory factors TNF-α and IL-1β in the liver (p < 0.01), which was further confirmed by TNF-α immunofluorescence staining (p < 0.01, Figures 4E,F). These evidences suggested that DHM alleviated TAA-induced liver fibrosis by inhibiting the expression of NF-κB signaling pathway and other inflammatory factors.
[image: Figure 4]FIGURE 4 | DHM inhibits NF-κB-mediated inflammatory infiltration to reverse TAA-induced liver fibrosis. The protein expression levels of p-IKKα, IKKα, IKKβ, p- IKKβ, IκBα, p- IκBα, NFκB, p- NFκB, TNF-α and IL-1β in liver tissues were examined by western blot (A), The protein expression levels of p-IKKα, IKKβ (B), The protein expression levels of p- IκBα, p- NFκB (C), The protein expression levels of TNF-α and IL-1β (D), The protein expression levels of TNF-α (E) and Fluorescence density (F); Column charts showed relative expression levels of target protein, and protein expression levels were performed by quantification of relative protein expression analysis in each group. Data was expressed as the mean ± SD. The differences between groups were analyzed by two tailed T-test or one-way analysis of variance (ANOVA). **p < 0.01, *p < 0.05 versus control group; ##p < 0.01, #p < 0.05 versus TAA group.
Dihydromyricetin Decreases Hepatocyte Apoptosis by Regulating the PI3K/Akt Signaling Pathway
To further explore the molecular mechanism of DHM antagonizing TAA-induced liver fibrosis, western blotting and immunofluorescence staining were used to analyze the expression level of PI3K/Akt signaling pathway, including its downstream the expression levels of Bcl-2 family and caspase family proteins, which was also an important way to regulate the proliferation, apoptosis and differentiation of activated HSCs. The results observed that the expression of p-PI3K and p-AKT proteins were significantly down-regulated after TAA treatment (p < 0.05, Figures 5A,B). On the contrary, DHM increased the expression of PI3K/AKT proteins in liver tissue. Not only that, DHM pretreatment also significantly reduced the expression of caspase pathway related proteins. Apparently, the expression of the pro-apoptotic proteins Bax, cleaved Caspase-9 and cleaved Caspase-3 were increased significantly after TAA induction, while the expression of anti-apoptotic proteins Bcl-2 and Bcl-XL were significantly decreased in this study (p < 0.01, Figures 5C,D). However, these proteins were effectively reversed after DHM treatment. In addition, the immunofluorescence staining of Caspase 3 was analyzed, and Caspase 3 positive cells may be the key event of activated HSCs (Mi et al., 2019). Interestingly, the results of caspase 3 obtained by immunofluorescence analysis were consistent with western blot analysis, which showed that DHM exhibited anti-apoptotic effects in TAA-induced chronic liver fibrosis and further promoted the apoptosis of activated HSCs (Figures 6A,B).
[image: Figure 5]FIGURE 5 | DHM ameliorates PI3K/Akt-mediated apoptosis to reverse TAA-induced hepatic fibrosis. The protein expression levels of p-PI3K, PI3K, AKT, p-AKT in liver tissues were examined by western blot. (A) and the protein expression levels of p-PI3K and p-AKT protein (B); The protein expression levels of Bax, Bcl-2, Bcl-xL, p-Caspase 3, Caspase 3, p-Caspase 9, Caspase 9 in liver tissues were examined by western blot (C) and the protein expression levels of Bax, Bcl-2, Bcl-xL, p-Caspase 3 and p-Caspase 9 protein (D); β-actin protein was used as a loading control. Column charts showed relative expression levels of target protein, and protein expression levels were performed by quantification of relative protein expression analysis in each group. Data was expressed as the mean ± SD. The differences between groups were analyzed by two tailed T-test or one-way analysis of variance (ANOVA). **p < 0.01, *p < 0.05 versus control group; ##p < 0.01, #p < 0.05 versus TAA group.
[image: Figure 6]FIGURE 6 | DHM alleviated TAA-induced apoptosis of hepatocytes. The protein expression levels of caspase 3 (A) and Fluorescence density (B), Fluorescence analysis of hepatocyte apoptosis (C) and Fluorescence density (D); Data was expressed as the mean ± SD. The differences between groups were analyzed by two tailed T-test or one-way analysis of variance (ANOVA). **p < 0.01, *p < 0.05 versus control group; ##p < 0.01, #p < 0.05 versus TAA group.
TUNEL staining was used to identify hepatocyte apoptosis and the number of green apoptotic nuclei was significantly increased after TAA establishment of the model compared to the control, indicating that TAA caused severe hepatocyte apoptosis. Specifically, DHM (40 mg/kg) administration reduced the amount of green fluorescence, resulting in reduced hepatic apoptosis (p < 0.01, Figures 6C,D). These results indicate that DHM has a significant anti-apoptotic effect and is directly proportional to the dose.
DISCUSSION
This study established the liver fibrosis model of mice by long-term intraperitoneal injection of TAA, and the ameliorative effect of dihydromyricetin on TAA-induced liver fibrosis was observed. In liver disease, transaminase levels in serum are elevated due to damage to liver cells (Williams and Hoofnagle, 1988; Nascimento et al., 2018). Elevated serum aminotransferase levels are a marker of liver injury, therefore we measured ALT and AST in mouse serum to assess the extent of liver injury. Interestingly, the results showed that TAA significantly increased serum ALT and AST concentrations, which was consistent with the results of some researchers (Tsai et al., 2021), while that DHM was able to modify this phenomenon (Salama et al., 2013; Abood et al., 2020; Elnfarawy et al., 2020). In addition, liver indices were measured in mice and the results represent the effect of DHM with hepatoprotective activity on the liver weight/body weight ratio, which was consistent with previous studies (Salama et al., 2013; Abood et al., 2020; Elnfarawy et al., 2020). Under TAA induction, liver tissue is usually fibrotic, leading to an increase in the liver weight ratio, which subsequently decreased after administration of DHM.
Current research generally believes that the activation of HSCs is considered to be a key event in the development of liver fibrosis (Kisseleva and Brenner, 2006; Tsuchida and Friedman, 2017). α-SMA is a marker of HSCs activation, and TGF-β1 is generally considered to be the main hepatic fibrosis-promoting cytokine, and many factors leading to liver disease are related to TGF-β1 in varying degrees (Dewidar et al., 2015). In this study, immunofluorescence staining demonstrated that the positive expression of a-SMA and TGF-β1 were significantly increased in liver tissue by TAA-induced, which was consistent with previous studies (Mi et al., 2019; Zhou et al., 2021). The increase in α-SMA and TGF-β1 in turn induced the synthesis and secretion of ECM by HSC, thus aggravating liver fibrosis (Crosas-Molist et al., 2015). When there is an imbalance between the production and degradation of ECM, it will cause accumulation and scar reaction, and eventually lead to liver collagen deposition and fibrosis (El Taghdouini and van Grunsven, 2016). Furthermore, the histopathological examination of H&E and Masson found that TAA caused a large number of macrophage inflammatory infiltration and liver tissue structural disorders, which speculated that the inflammatory infiltration caused a large number of hepatocyte apoptosis, resulting in the expansion of hepatic veins and sinuses. Besides, the staining results showed that the massive deposition of collagen fibers and portal vein bridging led to the appearance of long fibrous septum, suggesting that long-term TAA induced severe liver fibrosis, while DHM treatment significantly reversed these changes, this was consistent with previous studies (Park et al., 2015; Zeng et al., 2020).
There was a view that many chronic liver diseases were accompanied by the certain degree of oxidative stress, and the extent of hepatic oxidative stress represented the level of liver injury (Uchida et al., 2020). Studies have shown that lipid peroxide products in liver fibrosis may play an important role in the activation of HSCs, especially in the early stage of liver fibrosis (Poli, 2000). Particularly, the excessive accumulation of typical liver lipid peroxidation product reactive oxygen species (ROS) may destroy the intracellular balance, lead to oxidative stress and mitochondrial dysfunction, and further cause the damage of enzyme and non-enzyme defense systems, which in turn causes cell damage (Demarquoy and Borgne, 2015; Horn and Jaiswal, 2018). Among them, these enzymes can transfer superoxide free radicals to other metabolites (Naqshbandi et al., 2013), including SOD and GSH. In this study, the activities of SOD and GSH were significantly reduced, while the level of MDA, as a marker of oxidative stress, was significantly increased by TAA-induced. On the contrary, DHM effectively inhibited the consumption of the above two enzymes and reduced the level of MDA, which was very important for maintaining cell function (Wright et al., 1981; Karadeniz et al., 2011). Consistent with the previous results, DHM had a significant regulatory effect on the decrease of GSH and SOD levels and the increase of MDA levels by TAA-induced.
In addition, studies have shown that inflammatory damage is an important factor leading to many chronic liver diseases, and which is usually accompanied by the development of liver fibrosis, cirrhosis and hepatocellular carcinoma (Koyama and Brenner, 2017). Among them, NF-κB induces the expression of pro-inflammatory cytokines, such as TNF-α and IL-1β, which produces the cytotoxic environment, thereby further triggering the development of chronic inflammation and progressive liver fibrosis (Wang et al., 2008). Therefore, this study detected the inflammation-related proteins in the liver tissue by TAA-induced, including IKKα/β, p-IKKα/β, IκBα, p-IκBα, NF-κB (p65), p-NF-κB (p-p65), TNF-α, IL-1β, which proved that DHM effectively inhibited the expression of these proteins, thereby reducing the inflammatory injury of liver fibrosis by TAA-induced.
Explicitly, chronic liver disease by TAA-induced causes severe cell injury and apoptosis. Some studies have shown that TAA attacks DNA, RNA and protein synthase in hepatocytes, produce toxic effects, which also induces liver metabolic disorder and even hepatocyte apoptosis. As one of the important signal transduction pathways in cells, PI3K/Akt signaling pathway plays a key role in inhibiting apoptosis and promoting proliferation by affecting a variety of downstream effector molecules related to apoptosis, which is closely related to the occurrence and development of liver diseases. When PI3K binds to growth factor receptors (such as EGFR), it can change the protein structure of AKT, which is a downstream protein of PI3K, and activates or inhibits a series of downstream substrates by phosphorylation, such as the apoptosis related proteins Bad and Caspase9, and further triggers apoptosis (Lin et al., 2015; Fang et al., 2019). Caspases are the key mediator of programmed cell death or apoptosis, and also the guide of the path of living cells to death (Singh et al., 2013). Therefore, the Caspases pathway, as a marker of apoptosis, plays an important role in mediating the process of cell apoptosis (Rehman et al., 2013; Prokhorova et al., 2018). In this study, immunofluorescence and western blot proved that DHM played an anti-apoptotic effect by regulating PI3K/AKT and its downstream pathway caspase-related proteins.
Indeed, the expression of Bcl-2 and Bax apoptotic molecules is also driven by nuclear NF-κB and oxidative stress in addition to PI3K/Akt (Zhang Q. et al., 2017; Sun et al., 2020). NF-κB, an important transcription factor in the nucleus, is not only involved in immunity, inflammation, tissue damage repair and embryonic development processes, but also upregulates the expression levels of inflammatory factors including TNF-α and IL-1β as well as apoptotic genes of the Bcl-2 family (Shou et al., 2002). Akt activates IκB kinase (IKKα/β), causes degradation of the NF-κB inhibitor IκB, results in the release of NF-κB from the cytoplasm for nuclear translocation, activates of its target genes and promotes of cell survival (Bava et al., 2011). In this study, DHM inhibited Bax expression while promoted Bcl-2 expression in TAA-induced liver fibrosis in mice. Bax and Bcl-2 apoptosis-related genes play an important role in the regulation of mitochondria-dependent pathways. In addition, Akt inhibited the activity of proteolytic enzyme caspase 9 and its downstream factor caspase 3 and reduced the activation of apoptosis cascade, which indicated that DHM improved hepatocyte metabolism by regulating hepatocyte proliferation and apoptosis.
In conclusion, the current study clearly demonstrated that TAA administration increased inflammation, oxidative stress, pro-fibrotic markers and hepatotoxic markers in mice and decreased liver function and abnormal liver histology. However, DHM treatment improved damaged liver structure, effectively reduced oxidative stress and hepatotoxic markers. More importantly, DHM reversed TAA-induced liver fibrosis by inhibiting NF-κB-mediated inflammation and TGF-β1-regulated apoptotic proteins downstream of the PI3K/Akt signalling pathway, which also indicated that DHM may be a potential active substance against chronic liver disease (Figure 7).
[image: Figure 7]FIGURE 7 | The potential mechanism of DHM in alleviating TAA-induced liver fibrosis. DHM reverses TAA-induced liver fibrosis by inhibiting suppression of HSC activation, NF-κB-mediated inflammatory infiltration and improving PI3K/Akt-mediated apoptosis, which may be a potential mechanism for the hepatoprotective effects of DHM.
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Fructose, especially industrial fructose (sucrose and high fructose corn syrup) is commonly used in all kinds of beverages and processed foods. Liver is the primary organ for fructose metabolism, recent studies suggest that excessive fructose intake is a driving force in non-alcoholic fatty liver disease (NAFLD). Dietary fructose metabolism begins at the intestine, along with its metabolites, may influence gut barrier and microbiota community, and contribute to increased nutrient absorption and lipogenic substrates overflow to the liver. Overwhelming fructose and the gut microbiota-derived fructose metabolites (e.g., acetate, butyric acid, butyrate and propionate) trigger the de novo lipogenesis in the liver, and result in lipid accumulation and hepatic steatosis. Fructose also reprograms the metabolic phenotype of liver cells (hepatocytes, macrophages, NK cells, etc.), and induces the occurrence of inflammation in the liver. Besides, there is endogenous fructose production that expands the fructose pool. Considering the close association of fructose metabolism and NAFLD, the drug development that focuses on blocking the absorption and metabolism of fructose might be promising strategies for NAFLD. Here we provide a systematic discussion of the underlying mechanisms of dietary fructose in contributing to the development and progression of NAFLD, and suggest the possible targets to prevent the pathogenetic process.
Keywords: non-alcoholic fatty liver disease (NAFLD), fructose, intestinal environment, de novo lipogenesis, inflammation
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is characterized by an excessive fat build-up in the liver without clear other causes, e.g., alcohol addiction, virus infection, and drug induction. Epidemiology investigation reveals that NAFLD has affected more than one-quarter population around the world (Loomba and Sanyal, 2013; Softic et al., 2017). Recently, NAFLD is proposed to be named as metabolic (dysfunction) associated fatty liver disease (MAFLD) due to the heterogeneous etiology and metabolic risks (Eslam et al., 2020). NAFLD has a spectrum ranging from simple fatty liver (NAFL) to nonalcoholic steatohepatitis (NASH), related fibrosis, cirrhosis and even hepatocellular carcinoma (Williams et al., 2011). While NAFL is usually considered to be benign, patients with NASH often potentiate a high probability to further progression. Although NAFLD has been the focus of numerous studies, the pathological mechanisms are still unclear.
Fructose is a plant-derived monosaccharide, the natural form can be found in fruits, berries, and certain vegetables. The association of fructose with NAFLD can be derived from the ancient Egyptians, who fed ducks and geese-dried fruits to make foie gras. Industrial fructose, e.g., the high-fructose corn syrup, is widely used in almost all kinds of processed foods and beverages, partially driven by the huge commercial profits (Moeller et al., 2009; Vos and Lavine, 2013). During food processing, fructose undergoes a series of reactions (e.g., polymerization, condensation, etc.) upon heating to produce aldehydes, reducing ketones, and heterocyclic compounds, thus enhancing the flavor and improving the palatability of food (Maillard reaction). In the past 200 years, per capita dietary fructose intake has increased more than 100-fold (Jang et al., 2018). The average daily consumption of added sugars currently is estimated at 15% of total energy intake all over the world, and almost half is fructose (Wittekind and Walton, 2014; Newens and Walton, 2016; Powell et al., 2016). The wide application of processed foods, such as various baked food and yogurt, further exaggerate the increase of “invisible sugar” intake. Although fructose intake has significantly increased, the early warning mechanisms for the harm in humans are still immature. When excess glucose consumption raises blood glucose, insulin will be secreted to reduce the overwhelmed blood glucose, and prevents the continuous hyperglycemia. The metabolic rate of fructose is much higher than that of glucose, but no immediate feedback mechanisms to suppress its absorption or transportation. Furthermore, the transcription of glucose transporter 5 (GLUT5) increases upon fructose stimulation, which, in turn, enhances fructose transportation and absorption (Gouyon et al., 2003). Simultaneously, fructose is continuously transformed into fructose-1-phosphate (F1P) in the liver, which is an unrestricted process. High fructose-contained diets also induce more caloric intake, thus exacerbating the metabolic disorders indirectly (Lustig, 2013).
Fructose consumption is found to be positively correlated with obesity, diabetes, cardiovascular disease, NAFLD, hypertension, and cancer (Ouyang et al., 2008; Shapiro et al., 2011; White, 2013; DiNicolantonio et al., 2018). Excessive fructose-contained drinks intake is strongly related to the childhood obesity and pediatric NAFLD (Forshee and Storey, 2003). In adults ≥48 years old, daily fructose consumption increases hepatic inflammation and hepatocyte ballooning (Abdelmalek et al., 2010). By producing toxic advanced glycation end-products, fructose is also a threat to the aging process, the occurrence of diabetic complications (e.g. vascular, renal, and ocular complications), and the development of atherosclerosis (Gaby, 2005). In a prospective study involving 77,797 subjects in Sweden, overconsumption of high-sugar-containing foods is found to be a great risk of pancreatic cancer (Larsson et al., 2006). In addition, fructose is also the main cause of symptoms associated with chronic diarrhea or functional bowel disturbances (Gaby, 2005). In animals, overconsumption of fructose can assemble most metabolic features that associated with NAFLD patients, such as insulin resistance, hyperlipidemia, visceral obesity and hyperuricemia (Sánchez-Lozada et al., 2008), suggesting that fructose is a noticeable factor that drives the process of NAFLD. Therefore, we will review the recent studies that focus on the contribution of dietary fructose to NAFLD development and progression, and highlight the metabolic risks and possible drug targets.
DIETARY FRUCTOSE AND INTESTINAL ENVIRONMENT
Fructose and Dysbiosis
Diet is the main source of fructose, and most fructose is absorbed in the small intestine, with 25 g being the upper limit for a healthy adult. Fructose transport proteins (GLUT2 and GLUT5) that locate in the enterocytes are accounting for sensing and passively transporting fructose (Ferraris et al., 2018). Studies showed that GLUT5 transcription is specifically stimulated by fructose via cyclic adenosine monophosphate (cAMP) and phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) systems (Cui et al., 2004; Cui et al., 2005), whereas GLUT2 is modulated by fructose and glucose levels, as well as systemic factors that released during their absorption (Cui et al., 2003). Absorbed fructose enters the liver via the portal vein for further metabolism. When fructose intake exceeds the absorptive capacity of enterocytes, it can transport to the colon where settles more than 100 trillion bacteria (Boulangé et al., 2016). These microbiomes are able to hydrolyze and ferment dietary polysaccharides by producing glycoside hydrolase enzymes (Xu et al., 2003; Sonnenburg et al., 2005; Patterson et al., 2016). By the action of gut microbiomes, fructose can transform into glucose, glycerol, and various organic acids, including uric acids (UA), short-chain fatty acids (SCFA) (e.g., acetate, butyric acid, butyrate and propionate), and amino acids (e.g., glutamic acid, glutamine and alanine) (Jahn et al., 2019; Qi et al., 2020; Zhao et al., 2020). These fructose metabolites either transport to the liver and serve as lipogenic substrates, or interact with the intestinal environment locally. As a monosaccharide, fructose can be the energy source for certain gut microbiomes, for instance, fructose is the single energy source of Anaerostipes caccae DSM 14662 and Roseburia intestinalis DSM 14610, the acetate-converting and butyrate-producing strains (Falony et al., 2006). High fructose diet (HFrD) is reported to affect the composition of gut microbiota characterized by decreased bacterial diversity, increased Firmicutes/Bacteriodetes ratio in Sprague-Dawley rats (Sen et al., 2017), and reduced protective commensal and bile salt hydrolase-expressing microorganisms in dextran sodium sulfate (DSS)-induced colitis mice (Montrose et al., 2021). HFrD decreases the abundance of Firmicutes phylum (Lactobacillus) and Verrucomicrobia phylum (Akkermansia), while increases the abundance of Bacteroidetes phylum (Bacteroides fragilis) and Proteobacteria phylum (Sutterella, Bilophila, and Escherichia) in rodents (Sen et al., 2017; Zubiría et al., 2017; Do et al., 2018; Cho et al., 2021). And the alteration of these gut microbiomes might contribute to the dysbiosis and possibly the impairment of gut barrier (Figure 1). Luminal fructose at the physiological level stimulates the release of glucagon-like peptide 1 (GLP-1) from L-subtype EECs in humans and animals, however, the type 2 diabetic mice are GLP-1 resistant due to gut dysbiosis (Kuhre et al., 2014; Seino et al., 2015; Grasset et al., 2017).
[image: Figure 1]FIGURE 1 | Excessive fructose intake leads to dysbiosis and gut barrier impairment. Fructose is absorbed in the small intestine, and transforms into glycerol, organic acids, and glucose, etc. by the action of resident microbiota. Fructose and fructose-derived metabolites may trigger dysbiosis characterized by decreased bacterial diversity and increased Firmicutes/Bacteriodetes ratio. Fructose over-intake also impairs gut barrier by decreasing protein expression of the tight junction (zonula occludens 1, occludin, claudin-1, and claudin-4) and adherent junction (β-catenin and E-cadherin) proteins, desmosome plakoglobin, and α-tubulin of enterocytes.
Fructose and Gut Barrier
When high-dose fructose saturates fructose clearance capacity in the ileum, the excessive fructose can enter the colon, and influence the gut barrier. Evidence implied that fructose acts on the intestinal barrier by regulating the transcriptional and post-translational modification of related proteins. In mammals, HFrD decreases protein expression of the tight junction (zonula occludens 1, occludin, claudin-1, and claudin-4) and adherent junction (β-catenin and E-cadherin) proteins, desmosome plakoglobin, and α-tubulin, and increases apoptotic proteins (p-JNK, Bax, cleaved caspase-3, and caspase-3 activity) of enterocytes (Cho et al., 2021). At the transcriptional level, prolonged HFrD feeding reduces genes encoding tight-junction protein-2, occluding, and different claudins in the intestine (Todoric et al., 2020) (Figure 1). In addition, HFrD feeding is reported to cause colon shortening possibly through endoplasmic reticulum (ER) stress and inflammatory reaction (Todoric et al., 2020). Recently, fructose is found to improve the survival of intestinal villus under hypoxia, resulting in the expanded nutrient absorption of the gut, thus contributing to increased body weight gain and fat accumulation in mice (Taylor et al., 2021). Nonetheless, it is still unclear whether there is an association between the extension of intestinal villi and disordered gut barrier.
Fructose also influences the intestinal barrier by regulating ethanol metabolism (Bradford et al., 1991; Uzuegbu and Onyesom, 2009; Villalobos-García et al., 2021). In alcohol-fed mice that lack alcohol dehydrogenase (ADH), fructose administration decreases the rates of ethanol metabolism by about 60% via diminishing H2O2 generation (Bradford et al., 1991). In light alcohol drinkers (<20 g/day) between 25 and 35 years old, however, fructose reduced the duration of alcohol intoxication by 30.7% through facilitating its clearance (Uzuegbu and Onyesom, 2009). At the same time, dysbiosis in fructose-exposed rodents may contribute to the endogenous ethanol production. Additionally, excess fructose intake may lead to fructose malabsorption, and unabsorbed fructose has been found to draw fluid into the intestinal lumen, resulting in abdominal pain, flatulence, diarrhea, and other digestive dysfunctions (Beyer et al., 2005; Gaby, 2005). The organic acids and gas that are produced during fructose metabolism also contribute to the aforementioned gastrointestinal symptoms (Southgate, 1995; Beyer et al., 2005).
FRUCTOSE METABOLISM IN THE DEVELOPMENT OF NASH
Fructose Metabolism and Hepatic Lipogenesis
Fructose dose as low as 0.33 g·kgBM−1 is sufficient to stimulate de novo lipogenesis (DNL) in mice (Tran et al., 2010), while fructose <0.35 g·kgBM−1 would not appear in the portal blood as a prototype (Jang et al., 2018), implicating that gut-derived fructose metabolites, e.g., acetate, amino acid, endotoxins, SCFA, and ethanol can enter the liver and stimulate lipogenesis physiologically. The saturation of intestinal fructose catabolism would occur at about 5 g sugar intake (e.g., one-fourth of a banana) (Ferraris et al., 2018; Gonzalez and Betts, 2018). And the hepatocellular metabolism of fructose (which bypasses the rate-limiting step of glycolysis at the level of phosphofructokinase) is responsible for most of the metabolic disorders (Andres-Hernando et al., 2020). Fructose at the physiological level can be completely metabolized by the liver, overwhelming fructose consumption, however, leads to steatosis via promoting lipogenesis, dyslipidemia, visceral adiposity, and insulin resistance (Jin and Vos, 2015). In addition, fructose metabolism lacks hormonal regulation (Douard and Ferraris, 2008; Douard et al., 2013), which may explain the significant variation in peripheral fructose levels (from 0.008 to 16 mM) (Kawasaki et al., 2002; Hui et al., 2009). On the contrary, fructose malabsorption is negatively correlated to hepatic steatosis (Walker et al., 2012), suggesting that fructose is an environmental factor that favors the development of NAFLD.
More than a quarter of the intrahepatic lipid is generated by DNL in obese and NAFLD individuals (Donnelly et al., 2005; Lim et al., 2010). Fructose enters hepatocytes in a GLUT5-mediated process, intracellular fructose transforms into Fructose-1-phosphate (F1P) by the action of fructokinase (KHK) (Mirtschink et al., 2018). Then, F1P is metabolized into pyruvate and acetyl-CoA for the tricarboxylic acid cycle (Lustig, 2013). During this process, fructose, F1P, as well as their intermediates can activate carbohydrate-responsive element-binding protein (ChREBP)-β, c-Jun N-terminal kinase/insulin receptor substrates, and peroxisome proliferator-activated receptor gamma co-activator-1β/sterol regulatory element-binding protein-1(SREBP-1)/acetyl-CoA carboxylase 1 (ACC1) and downstream DNL pathways (Lustig, 2013; Premachandran et al., 2017; Softic et al., 2017; Gonzalez and Betts, 2018; Pan et al., 2018). Concurrently, genes that encode fatty acid oxidizing enzymes are down-regulated upon fructose exposure, which further exacerbate the hepatic lipid accumulation (Premachandran et al., 2017; Pan et al., 2018). The metabolites of fructose in the intestine, such as SCFA, and amino acid also provide substrates for hepatic DNL, leading to the lipid accumulation in hepatocytes and the increase of circulating fatty acids (Jang et al., 2018; Jahn et al., 2019; Zhao et al., 2020) (Figure 2). Besides, fructolysis provides a carbon backbone for the synthesis of nucleotides, triglyceride-glycerol (glycerol-3-phosphate), and amino acids (serine, glutamate, glutamine, aspartate, and asparagine) (Liu et al., 2020).
[image: Figure 2]FIGURE 2 | Fructose metabolism in the liver. Fructose is mainly catabolized by hepatocytes. Fructose is absorbed by hepatocytes via Glut2/5. Intracellular fructose transforms into F1P by the action of KHK. Then, F1P is metabolized into pyruvate and acetyl-CoA for tricarboxylic acid cycle. During this process, fructose, F1P, as well as their intermediates can activate ChREBP-β, JNK/IRS, and PGC-1β/ SREBP-1/ACC1, which results in DNL. Gut-derived fructose metabolites enter the liver through portal vein, and contribute to DNL in the liver. In addition, UA, SCFA and AA produced in this process also trigger DNL. Simultaneously, fructose exposure alters the energy supply mode of macrophages, which induces oxidative stress and secretion of inflammatory cytokines. KHK, fructokinase; F1P, fructose-1-phosphate; ChREBP-β, carbohydrate-responsive element-binding protein β; JNK, c-Jun N-terminal kinase; IRS, insulin receptor substrates; PGC-1β, peroxisome proliferator-activated receptor gamma co-activator-1β; SREBP-1, sterol regulatory element-binding protein-1; ACC1, acetyl-CoA carboxylase 1; DNL, de novo lipogenesis; UA, uric acid; SCFA, short chain fatty acid; AA, amino acid.
Fructose in the liver can be transformed into glycogen (Davies et al., 1990; Warner et al., 2021), and hepatic glycogen storage also stimulates DNL (Hengist et al., 2019). In humans, fructose intake rapidly increases post-exercise liver glycogen synthesis (Décombaz et al., 2011). In rats, administration of fructose causes an immediate increase of glycogen synthase (GS) activity and initiates a fast accumulation of glycogen in the liver (Bezborodkina et al., 2014). Actually, glucose is usually used in food processing in a ratio of nearly 1:1 with fructose, high levels of glucose in the portal vein can induce the expression of hepatic aldose reductase (AR), resulting in the conversion of glucose into sorbitol, which is then metabolized to fructose by sorbitol dehydrogenase (Lanaspa et al., 2013). The production of endogenous fructose may further increase the total fructose content. Fructose contributes to hepatic lipid accumulation also by blocking fatty acid oxidation (FAO) (Lanaspa et al., 2012a; Lanaspa et al., 2012b). In high-fat high-fructose-fed mice, the activity of CTP1a (the rate-limiting enzyme of FAO) and its acylcarnitine products are decreased, and the mitochondrial fission and mitochondrial integrity are damaged (Softic et al., 2019), suggesting the blockage of FAO.
Fructose and Liver Inflammation
Fructose is believed to be an inflammatory mediator that promotes the progression of NAFLD to NASH (Jegatheesan and De Bandt, 2017). HFrD has been proven to induce insulin resistance, hepatic steatosis, ballooning degeneration and fibrosis in transgenic (Tg) MUP-uPA mice, and significantly increased the tumor necrosis factor (Tnf), interleukin (Il)-6, Il1β, Ccl2, Ccl5 and Emr1 (Todoric et al., 2020). Moreover, HFrD enhances diethyl nitrosamine-induced hepatocellular carcinoma in BL6 mice (Todoric et al., 2020).
Macrophage plays an important role in the hepatic inflammatory response. Fructose is thought to influence the metabolic phenotype of macrophages, which is a decisive factor for cellular function. Stressed macrophages present increased glycolysis, whereas oxidative metabolism primed macrophages for a less inflammatory mode (Vats et al., 2006). 2-deoxy-glucose (2-DG), an inhibitor of glycolysis, also blocks TNF-α and IL-6 production in macrophages (Wang et al., 2014). In lipopolysaccharide (LPS)-stressed macrophages, high concentrations of fructose alter the mode of energy supply, with impaired glycolysis and enhanced oxidative phosphorylation, along with glutaminolysis and oxidative stress, which result in the secretion of inflammatory cytokines, such as interleukin-1β (IL-1β), IL-6, IL-8, IL-10, and TNF (Jones et al., 2021) (Figure 2). Considering the fact that increased glycolysis favors cell proliferation in cancer while enhanced oxidative phosphorylation supplies sufficient amounts of energy for inflammatory macrophages, the different effects of fructose on cells may be derived from cell demands in different situations. And glycolysis-produced intermediates may contribute to both cell proliferation and activation.
And fructose overconsumption is shown to induce local macrophage infiltration in the liver (Hotamisligil et al., 1993; Glushakova et al., 2008; DiNicolantonio et al., 2018). Studies also show that fructose promotes monocyte recruitment via monocyte chemoattractant protein 1 and intracellular adhesion molecule 1 (Fantuzzi and Faggioni, 2000; Shapiro et al., 2011; DiNicolantonio et al., 2018). Besides, fructose exposure in LPS-stimulated human dendritic cells provokes the secretion of pro-inflammatory cytokines from T cells (Jaiswal et al., 2019). And mice deficient in T or NK cells are prevented from developing fructose-induced NAFLD (Bhattacharjee et al., 2014). Moreover, fructose treatment influences the viability of stressed immune cells (Jones et al., 2021).
Fructose overconsumption also increases visceral adipose tissue mass and intracellular cortisol concentration (Targher et al., 2006; Kovačević et al., 2014). Adipocyte hypertrophy may trigger ER stress, disturb adipokines (leptin and adiponectin) release, and increase pro-inflammatory cytokine secretion (de Heredia et al., 2012; DiNicolantonio et al., 2018). Fructose-induced increase of intracellular cortisol level via 11beta-hydroxysteroid dehydrogenase type1 (11β-HSD1) leads to a raise of fatty acid flux out of the subcutaneous adipocytes, thus providing more substrates for visceral fat accumulation (de Heredia et al., 2012; DiNicolantonio et al., 2018). Plasminogen activator inhibitor 1 (PAI-1) is an acute-phase protein that participates in hepatic lipid transport and provokes inflammation in the liver (Bergheim et al., 2006). It is reported that fructose content is positively correlated to PAI-1 concentration, and PAI-1 knock-out mice are protected from fructose-induced steatosis and inflammation (Castrogiovanni et al., 2012).
DIETARY FRUCTOSE AND UA METABOLISM
Dietary fructose increases both serum and intrahepatic UA levels (Lanaspa et al., 2012b). UA is primarily produced in hepatocytes, and the process of fructose metabolization to F1P consumes a large amount of intracellular ATP and phosphate, the decrease of phosphate activates adenosine monophosphate (AMP) deaminase that converts AMP to inosine monophosphate, which results in UA production (Van den Berghe, 1986). Simultaneously, fructose-derived amino acids also increase UA excretion and decrease plasma uridine (Yamamoto et al., 1999). UA is known to promote hepatic fat accumulation, and provokes mitochondrial oxidative stress by increasing superoxide generation and mitochondrial NOX4 expression, and decreasing manganese superoxide dismutase in NASH mice (Lanaspa et al., 2012b; Ishimoto et al., 2012). Meanwhile, UA can activate nuclear factor-κB and Nod-like receptor protein 3 inflammasomes (Wan et al., 2016). In patients with NAFLD/NASH, the serum UA level is positively correlated to the extent of the lobular inflammation and steatosis (Sertoglu et al., 2014). Additionally, UA may increase endogenous fructose production in a feedback way (Jensen et al., 2018). Inhibition of UA formation has been proven to be beneficial for metabolic diseases (Lanaspa et al., 2012c; Lanaspa et al., 2013; Nakatsu et al., 2015).
Fructose metabolites are found to induce renal damage (Ramezani and Raj, 2014; Tang et al., 2015). In healthy male adults, daily ingestion of 200 g fructose for 2 weeks appears to increase urinary stone formation partly via regulating urate metabolism, urinary pH, and increasing oxalate (Johnson et al., 2018). Fructose-contained beverage intake in infancy has been reported to be associated with worse outcomes in a later event of acute kidney injury and kidney damage during adolescence (García-Arroyo et al., 2020). In experimental hamsters, monosodium glutamate plus a high-fat and high-fructose (HFF) diet increases the risk of kidney injury, induces gut dysbiosis, and an increase in the amount of p-cresol sulfate (Pongking et al., 2020). At the same time, HFF can induce dyslipidemia and lipid accumulation in the kidney (Thongnak et al., 2020). Besides, fructose increases segmental artery vascular resistance by increasing serum UA and copeptin (Chapman et al., 2020), enhances angiotensin II-stimulated Na transport via activation of protein kinase C α1 in renal proximal tubules (Yang et al., 2020). Renal DNL stimulated by high-fructose supplementation may also contribute to the increase of intrahepatic triglycerides (Milutinović et al., 2020).
POSSIBLE DRUG TARGETS IN FRUCTOSE METABOLISM
Glucose Transporter Family Members (GLUTs)
Glucose transporter family members (GLUTs) belong to the major facilitator superfamily, which are encoded by the SLC2 genes (Mueckler and Thorens, 2013; Nomura et al., 2015). In humans, 14 GLUTs are found to mediate the facilitative diffusion of sugar along the concentration gradient (Schmidl et al., 2020). Dietary fructose absorption is very efficient in the small intestine mediated by GLUTs transporters.
The transport of fructose across the intestinal basolateral membrane is mediated by one or more sodium-independent routes. GLUT2 is responsible for moving both fructose in and glucose out of the enterocyte across the basolateral membrane under basal conditions (Cheeseman, 1993). The malfunction or dysregulation of GLUT2 is associated with diabetes, metabolic syndrome, and cancer (Schmidl et al., 2020). GLUT2 variants increase the risks of fasting hyperglycemia, type 2 diabetes, hypercholesterolemia and cardiovascular diseases. Besides, individuals with a missense mutation in GLUT2 show a preference for sugar-containing foods (Thorens, 2015). GLUT2 inhibition is desirable for patients with fructose-induced metabolic disorders, but it may lead to insulin insensitivity (Ferraris et al., 2018), suggesting that specific inhibition of GLUT2 is necessary. GLUT5 level is increased in patients with acute myeloid leukemia and prostate cancer, and is reported to be negatively related to the prognosis of patients (Carreno et al., 2021; Jeong et al., 2021). In rodents, increased GLUT5 is associated with enhanced steatosis and pancreatic inflammation (Roncal-Jimenez et al., 2011). GLUT5 deletion could reduce fructose absorption by approximately 75% in the jejunum and decrease the concentration of serum fructose by approximately 90% in comparison to wild-type mice on excess fructose intake, suggesting that GLUT5 is required for fructose transportation, and the function cannot be compensated by GLUT2 (Barone et al., 2009; Patel et al., 2015). GLUT5 is also highly expressed in many cancers, thus promoting the proliferation of cancer cells (Su et al., 2018; Jin et al., 2019; Chen et al., 2020). Inhibiting GLUT5 is expected to be a promising strategy for fructose-associated diseases. Lately, several drugs are found to inhibit GLUT2/5. i.e., Chamomile and green tea display acute inhibition on GLUT2/5 and thus decrease fructose and glucose transportation in human Caco-2 cells and Xenopus oocytes (Villa-Rodriguez et al., 2017). Kefir, a fermented drink, is found to decrease GLUT2/5 in the liver of HFrD fed rats (Akar et al., 2021).
Fructokinase (KHK)
KHK is an essential fructose-metabolizing enzyme in the liver, which specifically catalyzes the transfer of a phosphate group from adenosine triphosphate to fructose. KHK-C, the principal isoform of KHK in the liver, is increased in NAFLD patients that consume excessive fructose-contained beverages (Ouyang et al., 2008; Ishimoto et al., 2012). Pharmacological inhibition of KHK activity with PF-06835919 is reported to prevent patients from hepatic steatosis, lipogenic, and fibrosis (Shepherd et al., 2021). KHK deficiency or inhibition (PF-06835919) protects animals from fructose-induced obesity, insulin resistance, hypertriglyceridemia, and NAFLD (Lanaspa et al., 2013; Futatsugi et al., 2020; Gutierrez et al., 2021). Knockout KHK could also decrease fructose-derived UA production and attenuate mitochondrial oxidative stress in mice (Ishimoto et al., 2012). Besides, Extracts of Angelica archangelica, Garcinia mangostana, Petroselinum crispum, and Scutellaria baicalensis are identified with inhibitory activity against ketohexokinase-C (Le et al., 2016). Interestingly, fructokinase A (KHK-A), another isoform of KHK, protects against C-mediated metabolic diseases, but its activity is relatively low due to a low fructose affinity (Ishimoto et al., 2012). Drugs such as that targeting reshaping the balance between the two types of KHK is an attractive strategy.
Triokinase (TK)
TK is a rate-limiting enzyme in fructolysis, and is essential for the induction of the lipogenic program under physiological conditions (Liu et al., 2020). TK knockdown abrogates the expression of lipogenic enzymes and results in a significant reduction in HFrD-induced hepatic steatosis, as well as liver size and plasma glucose levels (Liu et al., 2020). Meanwhile, TK is necessary for maintaining mitochondrial respiration. It is found that 5 mM fructose is sufficient to have a significant decapacitating effect on mitochondrial respiration in the TK-deficient cells, an overnight culture of mutant cells with 15 mM fructose obliterates their respiration capacity (Liu et al., 2020). Liver TK deficiency results in a more than 2-fold sensitization of hepatocytes to fructose toxicity, indicating TK might be a promising target to block fructose toxicity. Although ADP is reported to be a potent inhibitor of TK, agents that target TK inhibition are not available yet.
Aldose Reductase (AR)
AR is the key enzyme in stimulating endogenous fructose production. It can be activated under pathological conditions, including ischemia, heart failure, inflammation, and hyperuricemia (Huang et al., 2017; Nakagawa et al., 2020). Increased AR results in the conversion of blood glucose into sorbitol, which is further metabolized into endogenous fructose by sorbitol dehydrogenase (Lanaspa et al., 2013). Liver AR knockdown, or AR inhibitors can attenuate hepatic steatosis and related metabolic disorders in mice (Lanaspa et al., 2013; Nakagawa et al., 2020). Furthermore, the addition of salt to fructose in the drinking water significantly accelerates the development of NAFLD, the high-salt diet activates the AR-fructokinase pathway in the liver and hypothalamus, resulting in endogenous fructose production (Lanaspa et al., 2018). These results suggest that AR is the target of blocking endogenous fructose production. Actually, a series of extracts from natural products such as Luteolin, quercetin, apigenin, fisetin, and myricitrin are potential AR inhibitors, and found to be beneficial for NAFLD/NASH (Grewal et al., 2016). And AR inhibitors Sorbinil and Ranirestat, are under clinical trials.
CONCLUSIONS AND PERSPECTIVES
The liver is the critical organ to metabolize fructose, the increasing consumption of fructose in various forms specially exaggerates liver burden and contributes to NAFLD/NASH. The rapidly metabolized fructose in the liver promotes lipogenesis, lipotoxicity, as well as the inflammatory reaction of immune cells. Meanwhile, the interaction of fructose and gut microbiota results in dysbiosis, impaired intestinal mucosa barrier, production of toxins and microbial metabolites that may further serve as substrates for liver lipogenesis, and pathogens for liver inflammation. In addition, fructose metabolism lacks hormonal regulation, making excessive fructose consumption thus a more dangerous factor to NAFLD patients.
Even so, patients with obesity, hypertension, and diabetes are encouraged to intake certain fructose contained in vegetables and specific fruits, such as blueberries, grapes, and apples (Bazzano et al., 2008; Muraki et al., 2013; Sundborn et al., 2019). The possible explanation might be that most fruits contain modest amounts of fructose (3–8 g per fruit), and the fiber, vitamin, and other constituents (flavonols, epicatechin, ascorbate, and other antioxidants) in it carries substantial metabolic benefits (Vasdev et al., 2002; Sundborn et al., 2019). Restriction of calorie intake when supplying high fructose failed to induce obesity but still triggered steatosis in rats (Roncal-Jimenez et al., 2011). Even supplement with high palm oil in high fructose diet, the rats tend to become non-obese NAFLD model (Abdelmoneim et al., 2021), suggested fructose induction may account for lean NAFLD. Lean NAFLD makes up about one-third of the NAFLD population, according to recent studies, lean NAFLD may potentiate higher metabolic risks than obese NAFLD. Thus, the association of fructose intake and lean NAFLD deserve to be systematically explored. Also, the fructose-associated NAFLD in children and adolescents needs to be highlighted. Considering the global epidemic of metabolic syndrome especially NAFLD, it is extremely important to provide alarming in controlling daily fructose intake for people, especially children and teenagers, in prevention and management of NAFLD.
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Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease and is associated with high morbidity and mortality. Pogostemon cablin (Blanco) Benth/Huo Xiang (HX) is a perennial herb with unique anti-oxidant and anti-inflammatory properties, and thus, can positively affect liver function. In this study, we used network pharmacology to predict the potential mechanism of HX on NAFLD. Pharmacological experiments were used to verify the effect of HX on the functions of NAFLD. Network pharmacology identified nine components that interacted with 82 NAFLD-related targets, revealing four target genes: TNF, IL6, TP53, and AKT1. HX prevents the development and progression of NAFLD through different pathways and targets with quercetin-regulated lipid metabolism, anti-inflammatory, and anti-oxidant pathways playing an essential role in the treatment of NAFLD. Compared with feeding HFD, HX significantly attenuated lipid accumulation in vivo with mice and also in vitro with mouse liver cells. A high dose of HX decreased hepatocyte lipid accumulation and the abundance of SREBF1 and FASN. Validation experiments revealed that HX inhibited the activation of NF-κB/IκB signaling and decreased the release and levels of pro-inflammatory factors (TNF-α and IL-6). These data suggest that HX can attenuate abnormal lipid metabolic responses and enhance antioxidant mechanisms. Thus, the pharmacological effects from plants used in traditional Chinese medicine are achievde through a multi-level response.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is a crucial component of the metabolic syndrome when obesity and insulin resistance (IR) are present (Danford and Lai, 2019). Inflammatory reactions induced by reactive oxygen species (ROS) in liver parenchymal cells during NAFLD characterize the so-called “first hit” (Buzzetti et al., 2016). Dysregulation of adipocyte metabolism in the metabolic syndrome is an independent risk factor for developing NAFLD (Eslam and George, 2019). Natural substances are not the only effective treatment for obesity, diabetes, insulin resistance (IR), and other metabolic diseases, but they are relatively safe to consume (Li et al., 2016). Traditional Chinese medicine (TCM) formulas based on plant extracts contain substances capable of eliciting the so-called “multiple organ-multiple hit” effect (Yan et al., 2020). Various TCMs and supplements offer suitable therapeutic options for the treatment and prevention of NAFLD (Perumpail et al., 2018).
Patchouli (Pogostemon cablin (Blanco) Benth./Huo Xiang (HX)), from the Labiatae family, has been used by humans for the treatment of anorexia, vomiting, hepatic injury (Cui BW. et al., 2019), and other intestinal disorders (Tuan et al., 2012; Li HQ. et al., 2013). Compilation of Materia Medica (“Ben Cao Gang Mu” in pinyin) also contains information indicating that HX can be used to treat dampness obstruction, abdominal distension, vomiting, and heat dampness syndrome. Previous studies indicated that HX exerts anticarcinogenic (Lu et al., 2016) and protective effects against lung (Su et al., 2016) and brain injury (Wei et al., 2018). Extracts of HX are also uesed to treat inflammatory (Li et al., 2011) and oxidative stress-induced disorders (Lian et al., 2018). In addition, HX reduces toll-like receptor (TLR) 4 and glycosylation end product (receptor for advanced glycation end products [RAGE]) protein signaling contributing to lipopolysaccharide-induced liver injury (Cho et al., 2015). Despite the substantial amount of information available, the main pharmacodynamic components contained in HX and the molecular mechanism of its protective effect on acute alcoholic liver injury are still unclear.
Network pharmacology is an emerging discipline based on systems biology theory, i.e. combining multiple disciplines to design multi-target drugs, analyze the interactions between biological networks, and identify desired targets (Hao and Xiao, 2014). It provides a scientific channel for mechanistic research focused on TCM prescriptions and how they may be successfully applied to various diseases (Luo et al., 2020). The framework of system biology is consistent with the characteristics of multi-component, multi-target, and multi-channel interactions of a given compound. The systems approach is compatible with the holistic view to differentiate various syndromes, but alos their treatment using TCM.
Therefore, our goal was to apply a network pharmacology–based approach to investigate the relationship between HX compounds and potential targets in NAFLD. Our specific objectives were to induce NAFLD in vivo and in vitro to study the underlying mechanisms whereby HX could positively affect the disease, focusing on the use of network pharmacology and experimental validation.
MATERIALS AND METHODS
Network Pharmacology Study
Collection of Potential Targets of HX
A search was performed for the active components of HX in the TCM system pharmacology technology platform (TCMIP, http://www.tcmip.cn/TCMIP/index.php/Home/) databases with “ Pogostemon cablin (Blanco) Benth” as the keyword. The bioactive compounds were screened further using oral bioavailability (OB) criteria of ≥30% and drug-likeness (DL) of ≥0.18 (Xu et al., 2019). Potential bioactive compounds of HX were submitted to the DrugBank (https://www.drugbank.ca/) server. Then, potential targets (proteins) from DrugBank and the Traditional Chinese Medicine Systems Pharmacology (TCMSP) database were translated into genes using STRING 11.5 (https://string-db.org/). The UniProt (https://www.uniprot.org/) database was used to standardize the results. An interaction network of component targets was constructed and visualized via Cytoscape software.
Nonalcoholic fatty liver–related targets were mined from DisGeNET (https://www.disgenet.org/) (Piñero et al., 2021). We used “nonalcoholic fatty liver disease” as index words and limited the species to “Homo sapiens” to collect therapeutic targets for NAFLD. Lastly, Cytoscape 3.8.2 was used to perform visual network analysis of the “disease-target.”
Construction and Analysis of the Protein-Protein Interaction Network
To explain the interactions between putative targets, the target information between HX and NAFLD obtained above was imported into the STRING platform (https://string-db.org) to generate relationships between these potential targets. High-confidence data >0.4 were included to ensure reliability of the analysis. Subsequently, the protein–protein interaction network was constructed and visualized.
Functional Enrichment and Pathways Analysis
The potential targets for the active ingredients of HX in NAFLD were annotated using the biomolecular function of Metascape (https://metascape.org/gp/index.html#/main/step1). A heatmap was plotted using http://www.bioinformatics.com.cn, a free online platform for data analysis and visualization. Gene Ontology (GO) enrichment analyses included biological process (BP), cellular component (CC), and molecular function (MF). In addition, Kyoto Encyclopedia of Gene and Genome (KEGG) pathway enrichment analyses were performed. Lastly, p < 0.01 was set as the threshold value to identify biological processes and signaling pathways that were significantly different. Enrichment analyses of the KEGG for the ingredients of HX in NAFLD were analyzed using ClueGO.
Herbal Plant Extract
The HX used in this study (Origin: Guangxi, China; Batch No.: 20170601; Quality standard: Chinese Pharmacopoeia 2015) was purchased from Fu Rui Bang Chinese Medicine Co., Ltd. (Daqing, China). Raw herbs were soaked in distilled water overnight, followed by decoction twice in boiling water (60 min each time). The combined aqueous extract was filtered through gauze and then heated until evaporation (Gou et al., 2017). Low-speed centrifugation was used to remove insoluble particles, and the concentration of the HX residue was at 1 g/ml. The supernatant was sterilized by filtration through a 0.22-μm Millipore filter (Millex, GP) and stored at 4°C until use. The main components of HX were analyzed by high-performance liquid chromatography-electrospray ionization/mass spectrometry (HPLC-ESI/MS Qingdao Kechuang Quality Inspection Co., Ltd. Qingdao, China) (Application No. PDFD-16-01 D/0). All samples were extracted with 300 µl methanol and 10 µl of internal standard was added. Samples were then sonicated in an ice bath. Two-hundred μl supernatant was transferred to vials for LC-MS analysis. The data were extracted and preprocessed using compound discovery software (Thermo), and then normalized and edited into a two-dimensional data matrix using Excel 2010 software, including retention time (RT), compound molecular weight (COMP MW), observed value (sample), and peak strength (Cui et al., 2019c).
Animals and Treatment
Male ICR mice (20–22 g; 8 weeks) were obtained from Harbin Medical University (Daqing, China). The mice were housed in cages with a 12-h light/dark cycle in a temperature-controlled environment and were acclimatized to laboratory conditions for 1 week before the study. Subsequently, mice were randomly divided into five groups of six animals each: 1) a control (Con) group and 2) a NAFLD group fed a high-fat diet (HFD), 3) a low-dose group fed HFD +1.8 g/kg HX (HFD+1.8HX) given orally (0.1 ml per 10 g body weight), 4) a medium-dose group (HFD+4.5HX), and a high-dose group (HFD+9.0HX). The dosage of HX was chosen based on recommendations from the Chinese Pharmacopoeia (Chinese Pharmacopoeia Commission, 2015). According to the literature, HX does not cause any behavioral changes or mortality (Li CW. et al., 2013). The Con diet was prepared by following the AIN-93M formula with adjustments (Reeves et al., 1993, 93), and the HFD was formulated by modifying the AIN-93M diet according to Chen et al. (Chen et al., 2016) (Supplementary Table S1). HFD feeding was initiated at 8 weeks of age and continued for an additional 8 weeks, at which point the mice were fasted for 12 h euthanasia with ether. Blood was collected for serum biochemical analysis. The liver was quickly excised, entirely cleaned with ice-cold phosphate-buffered saline (PBS), weighed, and preserved in liquid nitrogen until use. The Ethics Committee approved all animal studies of Heilongjiang Bayi Agricultural University following the Chinese Guidelines for the Care and Use of Laboratory Animals.
Histological Examination
A portion of liver tissue was fixed with 4% paraformaldehyde and embedded in paraffin. Rehydration was performed in a decreasing ethanol series, followed by staining with hematoxylin and eosin (H&E) (Ohtani et al., 2007). Frozen sections were prepared and stained with Oil Red O to determine hepatic lipid accumulation. The most severe hepatic inflammation in the representative histology sections was photographed using a microscope. Cells were fixed with 4% paraformaldehyde and stained with freshly diluted Oil Red O solution. Representative photomicrographs were captured using a system incorporated into the microscope.
ELISA Assays
The tissues were placed in pre-cooled PBS and homogenized. Then the supernatant was recovered by centrifugation for analysis. The following substances were quantified by ELISA kits (Shanghai Lington Biotechnology Co., Ltd.). Liver injury was evaluated via concentrations of alanine aminotransferase (ALT) (Catalog No. BPE20168), aspartate aminotransferase (AST) (Catalog No. BPE20184); inflammation was assessed via concentrations of tumor necrosis factor-α (TNF-α) (Catalog No. BPE20220), interleukin-6 (IL-6) (Catalog No. BPE20012); oxidative stress was evaluated via malondialdehyde (MDA) (Catalog No. BPE20347), superoxide dismutase (SOD) (Catalog No. BPE20348); and lipid metabolism was determined via triglyceride (TG) (Catalog No. BPE20754), and total cholesterol (TC) (Catalog No. BPE20095). All assays were performed according to the manufacturers’ instructions.
Cell Culture
Alpha mouse liver 12 (AML12) cells, a hepatocyte cell line from a mouse transgene for human transforming growth factor α, were kindly provided by the Stem Cell Bank, Chinese Academy of Sciences. The cells were cultured in the manufacturer’s recommended medium which was DMEM/F-12 (Dulbecco’s modified Eagle’s medium/Nutrient Mixture F-12, Gibco, 12400-024) medium containing 10% fetal bovine serum (FBS, CLARK, FB25015), 1% streptomycin (100 μg/ml) and penicillin-streptomycin (100 U/ml) (Solarbio, P1400), 1% transferrin (Gibco, 41400-045), and 40 ng/ml dexamethasone (Sigma, D4902-25MG). Cells were incubated with fresh medium at 37°C in 95% air and 5% CO2 and used in each experiment after 3 days.
Cell Viability Analysis
The compound 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) (Solarbio, M8180) was used to analyze cell viability. Cells were treated with different concentrations of HX for 20 h, and then 10 µl MTT was added for another 4 h. The culture medium was then completely removed, and dimethyl sulfoxide (DMSO) was added, followed by measurement of absorbance using a microplate reader. All MTT assays were performed at least three times in each group. Subsequently, results of the MTT assay were used to select five different concentrations of HX to add to the cell culture media. Real-time cell growth curves were measured using a real-time label-free cell analysis system (ACEA Biosciences).
Cell Treatment
AML12 cells were seeded in 6-well plates. Hepatic steatosis in vitro was induced according to previously-established methods (Zhang et al., 2010). The AML12 cells were treated for 24 h with a mixture of free fatty acids (FFA) containing a 2:1 ratio of oleate (Sigma, O1383-5G) and palmitate (Sigma, P5585-10G), at a final FFA concentration of 1 mM. For the HX supplementation experiment, herbal extracts were added to the aforementioned medium containing 1 mM FFA for 24 h at high (25 mg/ml), medium (12.5 mg/ml), and low (6.25 mg/ml) concentrations.
Protein Extraction and Western Blotting
Lysates of liver or AML12 cell samples containing protease inhibitors were prepared by adding frozen radioimmunoprecipitation assay (RIPA) buffer before determining the protein concentration with a bicinchoninic acid (BCA) kit (Beyotime, P0010). Protein samples (25 µg) were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and then transferred onto polyvinylidene difluoride (PVDF) membranes. After blocking for 1 h in Tris-buffered saline (TBS) containing (0.1% Tween 20, pH 7.4 (TBST) with 5% nonfat milk, the membranes were incubated overnight with the indicated primary antibodies. After dilution with TBST (1:1,000 dilution), ACACA (Abcam, ab45174), FASN (CST, 3180S), SREBF1 (Novusbio, NB100-2215), NF-κB (CST, 6956S), p-NF-κB (CST, 3033S), IκBα (CST, 4814S), p-IκBα (CST, 2859S), IKKα (CST, 2682S), ATF6 (Abcam, ab203119), PERK (CST, 3192S), and IRE1 (Abcam, ab37073) monoclonal antibodies were used to detect the protein expression levels in the samples. Membranes were washed three times with TBST, followed by room temperature incubation for 30 min with horseradish peroxidase (HRP)-labeled goat anti-mouse or goat anti-rabbit (3:5,000; Beyotime, A0208, A0216) IgG secondary antibody in TBST plus 5% milk. The membranes were washed with PBS, developed using a HaiGene (M2301) detection kit, and then imaged with the AI600 imaging system. ImageJ software was used for protein quantitation.
Confocal Laser Fluorescence Imaging
Cells were plated on coverslips at a density of 0.5 × 105 cells per well, followed by treatment, and then fixed with 4% paraformaldehyde for 30 min (Kim et al., 2018). After incubation in blocking solution (3% bovine serum albumin (BSA), 5% goat serum, 0.5% Triton X-100 in PBS, pH 7.4) for 30 min, the cells were incubated overnight at 4°C with NF-κB (1:800) antibody. They were then washed with PBS five times and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (E1216, Santa Cruz Biotechnology) for 1 h. Hoechst 33342 (C1026, Beyotime) was used for nuclear staining. Fluorescence images were observed and photographed using an immunofluorescence microscope (Leica Microsystems).
Flow Cytometry
An ROS Assay Kit (APPLYGEN, C1300) was used to measure ROS production according to the manufacturer’s instructions. Results were then analyzed by fluorescent microscopy and a flow cytometer (BD Biosciences, USA) (Cui et al., 2019b).
Statistical Analysis
All analyses were performed using SPSS 22.0 (SPSS, Inc., Chicago, IL, USA) statistical software.
In vivo experiments, 6 mice were treated in each group, one-way ANOVA analyzed data, and multiple comparisons were employed, and results are expressed as the mean ± SEM (n = 6 per group). p < 0.05 was considered significant between any two groups by analysis of variance (ANOVA) followed by Tukey’s post hoc test.
In vitro experiments, three concentrations of HX were added to cell culture, statistical analyses were performed using Student’s t-test, and continuous data are presented as the mean with S.E.M. Multiple comparisons were performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. All tests were two-sided, and p < 0.05 was considered significant.
RESULTS
Composition of Compounds in HX
The chemical composition of HX (peak MS spectra) is reported in Figure 1. Feature extraction was performed on the data and preprocessed with XCMS in R software. Data were then normalized and edited into a two-dimensional data matrix in Excel 2010 software, including retention time (RT), mass-to-charge ratio (MZ), observations (samples), and peak intensity. Concentrations of identified substances are reported in Supplementary Tables S2, S3. Ninety-nine compounds were identified, with 33% of those classified as flavonoids. The full spectrum of constituents was identified based on the METLIN database (https://metlin.scripps.edu).
[image: Figure 1]FIGURE 1 | Total ion chromatogram of HX. (ESI+) represents the positive ion detection mode, in which the mass analyzer scans only positively charged ions and filters out negatively charged ions. This allows us to obtain positively charged ion information during the detection process; (ESI-) denotes the negative ion detection mode, in which the mass analyzer scans only negatively charged ions and filters out positively charged ions, thus obtaining information regarding negatively charged ions.
Active Ingredient Targets and Disease Targets
Evaluation of the Drugbank and TCMSP databases revealed 164 potential targets from 9 bioactive compounds. Figure 2A depicts 174 nodes (9 bioactive compounds and 164 potential targets) and 239 edges. The red triangles denote HX, the green hexagons denote bioactive compounds, the blue rectangles denote potential targets, and each edge indicates an interaction among them. Green nodes represent compounds, and the degree value determines the size of the nodes. The potential active compounds were 5-hydroxy-7,4′-dimethoxyflavanon, quercetin 7-O-β-D-glucoside, quercetin, diop, acanthoside B, phenanthrone, irisolidone, genkwanin, and 3,23-dihydroxy-12-oleanen-28-oic acid (Supplementary Table S4). After translation, 964 target genes of disease were retrieved from potential targets in the protein. Targets associated with NAFLD were identified in the DisGeNET databases.
[image: Figure 2]FIGURE 2 | Predicted effects of HX against NAFLD. (A) The compound target network of HX, which consists of 164 compound target nodes, 174 compound nodes, and 239 edges. The hexagons in green represent compounds, while the squares in blue denote potential targets. The node size of gene targets is proportional to the number of degrees. Lines represent the relationship between compounds and target nodes. (B) Venn diagram of active ingredient targets and disease proteins.
Target Network Analysis
All active compound target proteins and disease-associated proteins were divided into two independent groups. The sets and their relationships were represented in a closed format with fixed positions, yielding a Venn diagram and 82 interacting proteins (Figure 2B). The Cytoscape plug-in generated protein-protein interaction (PPI) networks based on the STRING database and topological data analysis to obtain a PPI network of 82 essential targets in Figure 3. Through network prediction, it was revealed that Tnf, Il6, Tp53, and Akt1 were essential target genes in the first few degrees.
[image: Figure 3]FIGURE 3 | PPI network for HX acting on NAFLD. This target network was composed of 82 nodes and 1,246 edges. A node represents one target, the degree value determines the node’s size, and the edges represent protein–protein relationships. The 82 nodes represent therapeutic targets for HX acting on NAFLD, and the lines denote the relationship of 1,246 targets. The nodes (TP53, AKT1, IL6, and TNF) have higher degrees.
Pathway Enrichment Analysis of HX Target Proteins
Eighty-two common targets were studied using GO and pathway enrichment analysis functions of the Metascape platform; an advanced bubble chart was generated with the top 20 results selected according to p-value (p < 0.01). The analysis included BP, CC, and MF (Figures 4A–C). BP analysis showed that HX acts mainly through cellular responses to chemical stress and lipopolysaccharide. The CC was mostly composed by vesicle lumen, perinuclear region of the cytoplasm, and transferase complex. Results of the MF analysis showed that HX exerted its function mainly through interactions with DNA-binding transcription factor binding, cytokine receptor binding, oxidoreductase activity, and antioxidant activity. On these basis, KEGG analyses were performed to elucidate potential targets in NAFLD of the components that make up HX. As shown in Figure 4D, HX mainly functioned in Fluid shear stress and atherosclerosis, Hepatocellular carcinoma, and Diabetic cardiomyopathy (ClueGo analysis). The common parts of the KEGG enrichment pathways were further extracted, and Lipid and atherosclerosis, Nonalcoholic fatty liver disease, TNF signaling pathway, and MAPK signaling pathway were the main common factors (Supplementary Table S5).
[image: Figure 4]FIGURE 4 | Enrichment analysis of potential genes involved in the anti-NAFLD effects of HX. (A) Part of a GO functional analysis—biological process. (B) Part of a GO functional analysis—cellular components. (C) Part of a GO functional analysis—molecular functions. (D) Enriched KEGG pathways of potential targets of HX.
HX Alleviated Liver Lesions Induced by High-Fat Diet
To exclude the effect of HX on cell viability, tests were carried out 20 h after treatment of AML12 cells with different concentrations of HX. When cells were treated with 30, 60, and 90 mg/ml HX for 20 h, the inhibitory rate on cell viability was 110.1, 97.9, and 92.9%, respectively, and the IC50 value for AML12 cells was 199.3 mg/ml (Supplementary Figure S1). According to the experimental results, a concentration of HX was selected from the cell experiments for use in the follow-up experiment because it would provide sufficient safety.
Compared with the Con group, the content of ALT and AST in the liver homogenate of the HFD group were significantly greater (p < 0.01). Compared with the HFD group, the amounts of ALT and AST in the HX groups were lower with increasing concentrations of HX in the diet (Figure 5A).
[image: Figure 5]FIGURE 5 | (A) Concentrations of ALT and AST (B) H&E and Oil-Red-O staining in the liver tissue of mice after 8 weeks of HFD feeding, and (C) Oil-Red-O staining in AML12 cells incubated without or with FFA and different concentrations of HX (6.25, 12.50, and 25.00 mg/ml). A one-way ANOVA was used to analyze data, and multiple comparisons were employed, and the results are expressed as the mean ± SEM (n = 6 per group). Statistical analyses were performed using Student’s t-test. Different lowercase letters a, b and c denote significant differences between any two groups (p < 0.05), but with the same lowercase letters, like bc and c, ab and a or b means no differences between the two groups (p > 0.05). ALT, alanine aminotransferase; AST, aspartate aminotransferase; CON, control; HFD, high-fat diet; FFA, free fatty acid; HX, Huo Xiang.
Hepatocytes were structurally intact in the Con group, with polygonal shape, clear borders, red cytoplasm, no vacuoles, centered nuclei, clear outlines of the hepatic lobules, and stable structure. The hepatic cords were radially arranged with the central vein as the axis. However, the HFD group exhibited diffuse vacuoles around the central vein and portal vein, unclear borders between cells in the visual field, and swollen or inflated hepatocytes. Numerous sub-circular vacuoles were visible inside the cells. The vacuoles squeezed the nuclei of hepatocytes to one side, compressed and narrowed the hepatic sinusoids, and the structures of hepatic sinusoids and hepatic cords were unclear.
Compared with the HFD group, there was greater normality in liver tissue from the HX groups in terms of sinuses, the structural arrangement of hepatic cords, the morphology of liver cells and fat globules, and balloon-like changes (Figure 5B).
Oil Red O staining of the liver tissue showed that the nuclei in the Con group were blue, there were no apparent orange lipid droplets, the space between liver cells was clear, and the structure of the liver sinuses was typical. In the HFD group, however, hepatocytes were enlarged, with diffused lipid droplets in the field of vision. In the HX groups, decreasing amounts of orange lipid droplets were evident, denoting decreased lipid accumulation (Figure 5C).
Oil Red O staining revealed many lipid droplets in the AML12 cells in the FFA group, and there were chain and mass changes in some of the fusions. In the low-, medium-, and high-dose HX groups, the number of orange lipid droplets in the hepatocytes decreased as the HX dose increased, and the degree of lipid accumulation was reduced, which was consistent with the changes observed in the liver tissue (Figure 5C).
HX Increased the Liver Antioxidant Capacity During Nonalcoholic Fatty Liver Disease Induced by High-Fat Diet
Compared with the Con group, the activity of SOD in the liver of the HFD group was significantly lower (p < 0.01), while the concentration of MDA was significantly greater (p < 0.01). Furthermore, HX significantly decreased the MDA level (p < 0.01) in a dose-dependent manner (Figure 6A). In AML12 cells, the amount of ROS in the FFA group was significantly greater (p < 0.01) compared with the Con group, while the amount of ROS in the HX groups was significantly lower (p < 0.01) compared with the Con group (Figure 6B).
[image: Figure 6]FIGURE 6 | (A) Concentrations of SOD and MDA in liver tissue of mice after 8 weeks of HFD feeding and (B) ROS percentage in AML12 cells incubated without or with FFA and different concentrations of HX (6.25, 12.50, and 25.00 mg/ml). “Count”: cell counts; VL: Visible left of ROS negative percentage dye in cells; VR: Visible right of ROS positive percentage dye in cells. A one-way ANOVA was used to analyze the data for A, and multiple comparisons were employed, and the results are expressed as the mean ± SEM (n = 6 per group). Statistical analyses were performed using Student’s t test. Different lowercase letters a, b and c denote significant differences between any two groups (p < 0.05), but with the same lowercase letters, like bc and c, ab and a or b means no differences between the two groups (p > 0.05). SOD, superoxide dismutase; MDA, malondialdehyde. CON, control; FFA, free fatty acid; HX, Huo Xiang.
HX Suppressed Inflammation in the Liver and AML12 Cells
Compared with the Con group, the levels of TNF-α and IL-6 (Figure 7A) and abundance of IKK, p-NF-κB/NF-κB, and p-IκB/IκB protein in the liver of the HFD group were significantly increased (p < 0.01), and were significantly lower (p < 0.01) in the 9.0 g/kg HX groups (Figure 7B). Furthermore, HX significantly decreased p-NF-κB/NF-κB and p-IκB/IκB abundance in the AML12 cells (p < 0.01) (Figure 7C). In AML12 cells, compared with the Con group, NF-κB protein was mainly distributed in the nucleus of the FFA group, while the abundance of NF-κB protein was more significant in the cytoplasm of the high-dose HX groups (Figure 8).
[image: Figure 7]FIGURE 7 | (A) Concentrations of TNF-α and IL-6 and (B) components of the inflammatory pathway in the liver tissue of mice after 8 weeks of HFD feeding, (C) and in AML12 cells incubated without or with FFA and different concentrations of HX (6.25, 12.50, and 25.00 mg/ml). A one-way ANOVA was used, and multiple comparisons were employed, and the results are expressed as the mean ± SEM (n = 6 per group). Statistical analyses were performed using Student’s t test. Different lowercase letters denote significant differences among groups (p < 0.05). TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; IKK, inhibitor of κB kinase; NF-κB, nuclear factor-ĸB; IκB, inhibitor of NF-κB; p-IκB, phosphorylation inhibitor of NF-κB; p-NF-κB, phosphorylation nuclear factor-ĸB; CON, control; HFD, high-fat diet; HX, Huo Xiang.
[image: Figure 8]FIGURE 8 | Immunofluorescence images demonstrating nuclear staining (DAPI, blue; top images), NF-κB droplet staining (green; middle images), and an overlay of both (merge, bottom images) in AML12 cells incubated without or with FFA and different concentrations of HX (6.25, 12.50, and 25.00 mg/ml). FFA, free fatty acid; HX, Huo Xiang.
HX Reduced Fat Deposition During NAFLD Induced by a High-Fat Diet
Compared with the Con group, the amounts of TC and TG in the liver homogenate of the HFD group were significantly greater (p < 0.01). Compared with that of the HFD group, the amounts of TC and TG in the liver homogenate of the HX groups were significantly lower (p < 0.01) (Supplementary Figure S2A). Compared with the Con group, the abundance of SREBF1, ACACA, and FASN was significantly upregulated in the HFD group. Compared with the HFD group, there was a significantly lower abundance of SREBF1, ACACA, and FASN in the HX groups (Supplementary Figure S2B). In addition, the protein abundance of SREBF1 and FASN decreased in a dose-dependent manner in the HX groups. Furthermore, the abundance trends of SREBF1, ACACA, and FASN in AML12 cells were consistent with those in liver tissue (Supplementary Figure S2C).
HX Alleviated Endoplasmic Reticulum Stress During Nonalcoholic Fatty Liver Disease Induced by a High-Fat Diet
Compared with the standard group, protein abundance of PERK, IRE1, and ATF6 in the livers of the HFD group was significantly increased (p < 0.05), although no difference was observed in the groups with different HX dosage (p > 0.05). In contrast, marked decreases in the abundance of PERK, IRE1, and ATF6 were observed in the HX groups compared with the HFD group (p < 0.05) (Supplementary Figure S3A). Compared with the Con cells, cells treated with FFA exhibited significantly greater amounts of PERK and IRE1 (p < 0.05). Compared with the FFA-treated cells, there was a considerably lowered abundance of PERK and IRE1 proteins (p < 0.05) in a dose-dependent manner in cells pretreated with HX (Supplementary Figure S3B).
DISCUSSION
Based on traditional studies following the “one drug for one target” concept, in 2007 Hopkins proposed the idea of network pharmacology (Hopkins, 2007), which is a comprehensive discipline integrating systems biology, information networks, computer science, and pharmacology. Specifically, a single drug regulates multiple proteins simultaneously, or multiple drugs act together on one protein to produce better therapeutic effects on diseases.
Network pharmacology has become a popular tool for research on the traditional Chinese medicines’ pharmacological basis and mechanisms of action (TCM). This approach allows for modeling and studying biological systems using complex networks. It is widely used in the screening of active components in Chinese medicines, repositioning of drugs, exploration of the mechanism of compatibility of Chinese medicines, and explanation of the mechanism across multiple components, targets and pathways (Zheng et al., 2020; Zhou et al., 2021). According to literature reports, we predicted the relationship between the effective target of HX and NAFLD disease-related proteins through network pharmacology, which allowed us to speculate about the mechanism of HX action on NAFLD. The effect of HX on NAFLD was further verified through in vivo and in vitro experiments.
In this study, we used network pharmacological tool and discovered that HX has the ability to regulate molecules. These molecules are targets for the treatment of NAFLD, and are found in the signaling pathway for NAFLD (Chyau et al., 2020). The main compounds contained in HX that are effective for the treatment of NAFLD are flavonoids. The results of the topological analysis showed that quercetin attained the most targets, and these components were highly correlated with the core targets predicted by NAFLD. Quercetin can reduce hepatic stellate cell activation and prevent hepatic fibrosis by inhibiting the TGF-β1/Smads signaling pathway, with activation of PI3K/Akt signaling inhibiting autophagy caused by liver fibrosis and reduce liver injury (Wu et al., 2017). PPI network topology analysis showed that the inflammation related key targets, TNF, and IL-6 were essential components for the effect of HX on NAFLD. Hepatic steatosis and inflammation pathogenesis accour through the secretion of cytokines such as TNF- α and IL-6 (Zhang et al., 2019), which are critical pro-inflammatory factors in the development of steatohepatitis (Jing et al., 2015, 3). Pathway and function enrichment analysis also showed that HX mainly regulates metabolism-related pathways. Hepatic accumulation of lipids is the hallmark of NAFLD and subsequently leads to cellular stress, inflammation, and hepatic injury, eventually resulting in chronic liver disease (Spahis et al., 2017; Dalekos et al., 2020). Abnormal lipid accumulation is associated with perturbed hepatocyte endoplasmic reticulum (ER) proteostasis in steatotic livers (Kitade et al., 2017).
In addition to flavonoids, the other main components of HX are terpenoids, ketones, alcohols, and aldehydes (Yamani et al., 2014). According to the mass value in the detected data, the entire spectrum identification was carried out based on the network database Metlin. The identified substances mainly included flavonoids, caffeic acid, ellagic acid, and other phenolic substances. Fatty acids such as stearic acid and palmitic acid, organic acids such as fumaric acid, and NADH, coenzyme Q, and other coenzymes were identified by the full spectrum. (see Supplementary Tables S2, S3). Pengran (Cao et al., 2017) and He Qin (Li HQ. et al., 2013) also analyzed the chemical composition of HX and reported that its main components acacetin and tilianin exhibited significant anticoagulant activity. However, it is well known that flavonoids elicit many pharmacological effects, including antioxidant, anti-inflammatory, analgesic, immunomodulatory, antiaging, hypolipidemic, and anti-tumor effects (Lei et al., 2019). Although the present study did not attempt to isolate a unique compound in HX, but instead used an extract of the whole plant, the results demonstrated that the mixture of compounds had the capability to reduce lipid accumulation, enhance antioxidant capacity, and reduce inflammation.
Oxidative stress is a critical factor of the “second hit” theory during NAFLD (Borrelli et al., 2018). Accumulation of lipid in hepatocytes leads to acceleration of mitochondrial β-oxidation capacity, which enhances the production of ROS that often exceeds the antioxidant capacity of the liver and causes oxidative stress (Hwang et al., 2020). Previous results showed that the activity of SOD in serum decreased and MDA significantly increased in patients with NAFLD. (Świderska et al., 2019). The antioxidant effect of HX is dose-dependent, leads to increased HO-1 protein and enzymatic activity, and protects cells from H2O2-induced cytotoxicity (Oh et al., 2006). This response also attenuates UVB-induced photoaging by upregulating antioxidant enzymes (Oh et al., 2016) and reducing ROS production (Shin et al., 2018). Our results showed that compared with the HFD group, the activity of SOD in the livers of the HX groups significantly increased, while activity of MDA and ROS in hepatocytes decreased. Thus, we speculate that HX directly decreases lipid peroxidation by increasing antioxidant enzymatic activity.
An increase in mitochondrial β-oxidation induced by feeding HFD can cause oxidative stress, and an increase in ROS production can activate the inflammatory pathway regulated by IKK/NF-κB (de Meneses Fujii et al., 2014). As an inflammatory signaling pathway component, NF-κB induces the transcription of numerous pro-inflammatory cytokines (TNF-α and IL-6) (Cortez et al., 2013, 6). In terms of anti-inflammatory effects, the essential oils in HX suppressed nitric oxide (NO) production by inhibiting NF-κB in lipopolysaccharide (LPS)-stimulated RAW264.7 cells (Lee et al., 2012, 3). Supplemental HX prevented NF-κB’s activation and translocation to the nucleus (Hong et al., 2001; Oh et al., 2005). In the present study, feeding HX decreased the NF-κB-induced transcription of inflammatory cytokines in HFD-induced NAFLD and inhibited the protein abundance of IKK-NF-κB signaling pathway components. These results suggest that HX might inhibit activation of IKK/IKB/NF-κB signaling to interrupt the inflammatory cascade and thereby reduce the “second hit” of inflammatory factors on the liver.
Serum enzymology and blood lipids are stock indices used for the clinical diagnosis of NAFLD, but liver histology remains the “gold standard” (Castera et al., 2019). Our results showed that compared with the HFD group, there were decreased amounts of TC and TG and lipid accumulation in the hepatocytes of the HX groups. HFDs can lead to hyperlipidemia and disorders of liver lipid metabolism, including accumulation of TG and liver cell degeneration. According to the pathogenesis of HFD-induced NAFLD, many natural products can regulate hepatic lipogenesis and esterification of fatty acids into TG (Yh et al., 2020). SREBF1 is a crucial regulator of lipogenesis, and overactivation of this regulatory process is one characteristic of NAFLD (Khaleel et al., 2018). Hence, the downregulation of ACACA and FASN could prevent NAFLD (Cui et al., 2017). Recent studies have reported that ethanol extracts from HX conferred anti-adipogenicity effects in 3T3-L1 adipocytes (Park et al., 2016). Pogostone from HX reduced serum TNF-α and IL-6, increased IL-10, and increased the level of nonprotein sulfhydryl in gastric tissue to strengthen the inflammatory response (Chen et al., 2015). An anti-atherogenic effect was observed when HX was administered to low-density lipoprotein receptor−/− mice. Tilianin, a major component of HX, inhibits the TNF-α-induced expression of VCAM1 in cultured human umbilical vein endothelial cells (HUVECs) (Hong et al., 2001). Thus, our finding that HX decreased the abundance of SREBF1, ACACA, and FASN to modulate lipid accumulation and attenuate NAFLD induced by a HFD suggests a potent anti-lipogenic effect.
ER stress is a crucial feature of NAFLD (Ding et al., 2017). The ER is the central organelle where protein folding and post-translational modifications of proteins occur, and it acts as a significant intracellular calcium reservoir in the cell. A HFD activates ER stress in the liver, with PERK, IRE1, and ATF6 also being involved in the development of NAFLD (Cao et al., 2012). The unfolded protein response acts as a complementary adaptive machinery against ER stress. Three ER transmembrane receptor proteins coordinate it: inositol-requiring kinase 1 (IRE1), double-stranded RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6) (Wang et al., 2018). We observed that HX alleviated hepatic steatosis by decreasing ER stress-related protein expression in vivo and in vitro, which confirmed the results of Sandoval and Carrasco (Sandoval and Carrasco, 1997), who concluded that HX could successfully prevent ER stress.
HX treatment significantly reduced FFA-induced disruption of lipid metabolism, oxidative stress, and inflammatory responses in AML12 cells and inhibited lipid synthesis in the SREBF1/FASN/ACACA pathway, thereby ameliorating NAFLD symptoms and protecting the liver (Figure 9). These results are consistent with our predicted targets and signaling network analysis.
[image: Figure 9]FIGURE 9 | The protective mechanism of a water extract of Huo Xiang (HX) on free fatty acid (FFA)-induced nonalcoholic fatty liver disease (NAFLD).
CONCLUSION
A preliminary prediction of the potential active compounds, core targets and possible mechanisms of HX action for the treatment of NAFLD were generated. The network pharmacological method provided new avenues for future development and research of HX in the context of health disorders. HX inhibits oxidative stress and inflammatory responses through various signaling pathways and reduces lipid metabolism disorders. Among the components in HX, quercetin may be particularly beneficial for treatment of NAFLD, which is a multifactorial and complex condition including lipid accumulation in hepatocytes. Further studies are needed to determine the regulatory role and mechanisms whereby HX elicits beneficial effects in animal models of NAFLD.
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Gastric ulcers are a common health disorder that affect up to 10% of the world’s population. The gastroprotective potential of pentagalloyl glucose (PGG) against indomethacin-induced ulcer in rats and the possible underlying mechanisms were investigated. Gastric ulceration was induced by indomethacin (single dose, 60 mg/kg). Pretreatment with PGG (100 or 200 mg/kg, orally) for 8 days prior to the administration of indomethacin furnished significant reductions in gastric mucosal lesions as well as a significant increase in mucus concentration. Also, PGG significantly declined the elevations in gastric mucosal MDA, TNF-α, IL-6, PECAM-1, VEGF, and iNOS expression. It also mitigated the decrease in GSH and GPx and eNOS expression observed with indomethacin. The protective effects furnished by PGG were comparable to that of famotidine. The obtained results suggested that the anti-ulcer effects of PGG are mediated by increasing mucus production, scavenging free radicals, decreasing inflammation, and attenuating the NO/NOS signaling in favor of eNOS. To sum up, PGG could provide a potential therapy for gastric ulcer after evaluating its efficacy and effectiveness.
Keywords: indomethacin, pentagalloyl glucose, gastric ulcer, iNOS, eNOS, PECAM-1, VEGF
1 INTRODUCTION
Gastric ulcers, also known as peptic ulcers, are painful sores that develop in the stomach lining when the mucus layer is reduced or damaged. Gastric ulcer etiology includes several factors, such as excessive reactive oxygen/nitrogen species production, alcohol and spicy food intake, tobacco, radiation therapy, excessive use of NSAIDs, bile reflux, and Helicobacter pylori infection. The treatment of ulcer could be complicated because the pathology is multifactorial and includes antioxidant activity, inflammation, and angiogenesis, among others. Medications such as histamine H2-receptor antagonists and proton pump inhibitors are effectively used to treat gastric ulcers; however, they are associated with severe side effects. Therefore, there is a need to develop safe, natural, and multitarget agents (Ramakrishnan and Salinas, 2007; Lau et al., 2008; Mahmoud et al., 2021).
Medicinal plants that shape a major segment of flora have been used over centuries by mankind owing to their beneficial curing properties against diverse diseases and pathological conditions. These plants have been providing indigenous precursors and raw materials for medicine and drug industry all over the world. Natural polyphenols are the most abundant antioxidants present in a large number of foods of plant origin, such as fruits, vegetables, cereals, dry legumes, and beverages. Polyphenols exhibit a wide spectrum of biological activities and diverse chemical structures starting from simple phenolic compounds, such as phenolic acids and flavonoids, to oligomer tannins (Van Wyk and Wink, 2015; Ardalani et al., 2020). Mangiferin, a xanthonoid from Mangifera indica as well as from polyphenol-rich extract from leaf extracts of mango, exhibited gastroprotective activities highlighting the therapeutic activities of the plant (Carvalho et al., 2007; Severi et al., 2009).
The polyphenolic compound pentagalloyl glucose (PGG), found in numerous herbs, fruits, and by-products, among them mango seed kernel, is a potent antioxidant belongs to tannins. PGG demonstrated robust anti-inflammatory, antiviral, antimicrobial, antidiabetic, and antitumor activities (Patnaik et al., 2019). A recent study highlighted the ability of PGG to inhibit cell viability and cell growth in triple-negative breast cancer through the inhibition of MAPK1 and ƙBKE genes and the protein expression of MAPK and IƙBKE. PGG also reduced the expression of human proinflammatory cytokines GRO and GRO-α/CXCL1 (Mendonca et al., 2021). We previously isolated PGG (1,2,3,4,6-penta-O-β-D-galloyl glucose) from Mangifera indica L. seed kernels and comprehensively characterized its structure using mass spectrometry and NMR techniques and highlighted its promising larvicidal activities against the deadliest insect Culex pipiens (Emam et al., 2022). Furthermore, a recent study highlighted the potential antiviral activities of PGG against COVID-19 via blocking the fusion of SARS-CoV-2 spike-RBD to hACE2 receptors (Chen et al., 2021).
Herein, we investigated the protective effects of PGG on indomethacin-induced gastric ulcer in rats. We also explored a wide array of biochemical markers, including inflammatory cytokines, nitrosative stress, and oxidative stress. Additionally, we researched the interactions of PGG, through molecular docking, with two prostaglandin receptors, namely, EP3 and EP4 that are crucially involved in PGE2 gastroprotective action.
2 MATERIAL AND METHODS
2.1 Compound Isolation and Characterization
Mangifera indica L. seed kernels were crushed into small pieces and macerated with distilled water for 24 h and filtered, and the combined extract was reduced under pressure till dryness using Rotavapor® (Heizbad Hei-VAP, Heidolph, Germany). The combined extract was fractionated using ethyl acetate, and the obtained fraction was thoroughly cleaned using petroleum ether yielding gallotannin fraction. The latter was chromatographed over Sephadex LH-20 column (Pharmacia Co., Uppsala, Sweden) using methanol and prep-PC (Whatman 3 MM 46 × 57 cm) yielding PGG as a major compound. PGG identification was performed as previously described (Emam et al., 2022).
2.2 Animals
Male Wistar rats (200–250 g) had been purchased from the Faculty of Veterinary Medicine, Zagazig, Egypt. These rats were acclimatized to the animal house conditions (temperature of 25°C ± 2°C, with a light/dark cycle of 12 h/12 h) for 1 week before the study. Prior to administration of indomethacin, animals had free access to chow and tap water.
2.3 Experimental Design
The rats were randomly assigned into five groups (n = 6) as follows. Group 1 (control group) and group 2 received 2 ml/kg/day vehicle (5% Tween 80) for 8 days. Group 2 (ulcer group) was orally gavaged with a single dose of indomethacin (60 mg/kg, b.w.) (Nile Company for Pharmaceutical and Chemical Industries, Cairo, Egypt) 60 mg/kg after 24 h fasting (Slomiany and Slomiany, 2005). Groups 3–5 received 100 and 200 mg/kg of PGG (PGG 100, PGG 200), and 10 mg/kg famotidine (Amoun pharmaceutical company, Cairo, Egypt) suspended in 2 ml of 5% Tween 80, respectively, for 8 consecutive days followed by single oral dose of indomethacin (60 mg/kg, b.w.) at the eighth day. Six h after the last treatment, the rats were killed by decapitation. The stomachs were excised out of each rat, opened, and washed with normal saline for estimating ulcer indices. The stomachs were divided into two parts: one part was fixed in 10% neutral buffered formalin and coated in paraffin for the histological examinations and the other part was frozen in liquid nitrogen and kept at −80°C for biochemical measurements. The doses of PGG were chosen based on a previous study of Moharram et al. (2017). Famotidine dose was selected based on a previous study of Campos-Vidal et al. (2021).
2.4 Determination of Gastric Ulcer Index
The stomachs from different groups were opened along their greater curvature, cleaned with cold normal saline, blotted between two filter papers to dry them, and placed on a cardboard for gross examination of ulcers. Digital images of the stomachs were taken. The photomacrographs were analyzed using ImageJ software (Wayne Rasband, MA, United States) to assess ulceration area according to Szabo and Hollander (Szabo and Hollander, 1989). The ulcer index was estimated using the following formula: ulcer index = [ulcerated area/total stomach area] × 100.
2.5 Determination of Gastric Mucosal Glycoproteins
For histochemical studies of gastric mucosal glycoprotein content, the tissues were stained with the Periodic acid–Schiff (PAS) technique with hematoxylin counterstaining (McManus, 1948; Al Batran et al., 2013). The slides were examined under a light microscope (Primo star, ZEISS, China). The photomicrographs were captured using a camera (Axiocam ERc 5s, ZEISS, China) at the Histology Department, Faculty of Medicine for Girls, Al Azhar University, Egypt.
2.6 Histological Examination of Gastric Lesions
For routine histological study, after proper fixation of the fundus of the stomach in 10% formaldehyde, it was dehydrated in an alcohol series of 100, 90, 70, and 50%, cleared in xylene, infiltrated, and embedded in paraffin and then sectioned (5 µm thick) using a rotary microtome (LEICA RM 2125, United Kingdom). They were further deparaffinized, stained with hematoxylin and eosin (H&E), and examined under a light microscope (Primo star, ZEISS, China) and photographed using a camera (Axiocam ERc 5s, ZEISS, China) (Bancroft and Gamble, 2008). The results were graded based on a scoring system (Sidahmed et al., 2019) as follows: epithelial cell loss (score 0–3), edema in submucosa (score: 0–4), hemorrhagic damage (score: 0–4), and the presence of inflammatory cells (score: 0–3). This scoring was performed using a light microscope (Primo star, ZEISS, China).
2.7 Immunohistochemical Studies
The stomach sections were processed and immune-stained using the peroxidase-labeled streptavidin–biotin method for iNOS and eNOS. The primary antibodies used in the present study were as follows: iNOS polyclonal antibodies (diluted 1:100; Abcam, Cat: ab15323, Cambridge, United Kingdom) and eNOS polyclonal antibodies (diluted 1:100; Abcam, Cat: ab5589, Cambridge, United Kingdom) (Wang et al., 2005). The secondary antibody used was anti-rabbit immunoglobulin (Ig, Santa Cruz Inc., Santa Cruz, CA, United States) conjugated with biotin. The positive slide was provided by the manufacturer. Negative control sections were prepared with omission of the primary antibody.
2.8 Morphometric Study
Morphometric study was performed using a Leica light microscope MDLSD coupled to a Leica digital camera transferred to the screen using a computerized image analyzer Leica Q500 MC program (Leica Microsystems Ltd., Cambridge, United Kingdom). The data were calibrated automatically to convert the measurement units (pixels) produced by the image analyzer program into actual micrometer units. Ten different non-overlapping randomly selected fields from a slide of each rat in all different experimental groups were examined to evaluate the following mean area percentage of PAS-positive histochemical reaction in PAS-stained sections at a magnification of 200; optical density of positive immunostaining for iNOS and eNOS was measured within and around the ulcer area at a magnification of 200 (Mahmoud et al., 2021).
2.9 Determination of Gastric Oxidative Stress
Gastric lipid peroxidation product, MDA, Gpx activity, and GSH were determined as reported previously (Mahmoud et al., 2021).
2.10 Determination of Gastric Inflammation
The levels of IL-6 and TNF-α in the gastric tissue lysate were determined using Sigma-Aldrich ELISA kits (Catalog numbers RAB0480 and RAB0311, respectively) according to the manufacturer’s instructions.
2.11 Western Blot Analysis
The stomach tissues were dissected and crushed in ice-cold Nonidet-P40 (NP40) buffer with the addition of 1% protease inhibitor cocktail (Boster Biological Technology, Pleasanton, CA, United States, Catalog number: AR1182). The supernatants were recovered after centrifuging the samples. The Bradford technique was used to determine protein content. Ten percent SDS-PAGE was used to separate tissue proteins, which were then transferred to nitrocellulose membranes using the Trans-Blot® semi-dry transfer cell (Bio- Rad, Hercules, CA, United States) at 20 v for 15 min. After blocking with 1 × Tris-buffered saline/0.1% Tween 20 (TBST) with 5% non-fat dry milk for 1 h, rabbit polyclonal antibodies against VEGF (Catalog no: CAB12303; Assay genie, Dublin, Ireland; dilution, 1:500); primary rabbit polyclonal antibodies against PECAM-1 (Catalog no: PA5-96055; Invitrogen, Thermo Fisher Scientific corporation, Massachusetts, United States; dilution, 1:1,000); and primary rabbit monoclonal antibodies against β-actin (Catalog no: M01263; Boster Biological Technology, Pleasanton, CA, United States; diluted at 1:1,000) were all identified by the antibodies used (Sigma-Aldrich, United States). The membranes were subjected to goat anti-rabbit secondary antibodies (Catalog no: 5,220–0,308; SeraCare Life Sciences Inc., Massachusetts, United States; dilution, 1:3,000) for 2 h after being washed with 1 × TBST. Densitometrical analysis of protein bands was operated using Image Studio Lite software (LI-COR Biosciences, Nebraska, United States), and the protein expression was detected in consideration to its β-actin normalization.
2.12 Statistical Analysis
The data are presented as a mean standard error of the mean (S.E.M.). Student’s t-test and one-way ANOVA were used to perform statistical comparisons, which were then followed by Tukey’s multiple comparisons test. The severity scores of gastric injuries among different groups were performed by one-way analysis of variance (ANOVA), followed by Dunnett’s test. To illustrate statistical significance, a p value less than 0.05 was used. GraphPad Prism, version 8, was used to perform statistical calculations (GraphPad software Inc., La Jolla, CA, United States).
3 RESULTS AND DISCUSSION
3.1 Effect of PGG on Indomethacin-Induced Ulcer Index
Peptic ulcer is a debilitating global health problem. It develops when the usual balance between the aggressive factors (acid and pepsin) and the defensive processes, such as mucus production, bicarbonate, mucosal turnover, and blood flow (mucosal barrier), is disrupted (Piper and Stiel, 1986). When compared to other NSAIDs, indomethacin is a potent NSAID widely used in clinical practice. Because it has a higher ulcerogenic potency than other NSAIDs, it is commonly utilized for the induction of gastric ulcer in experimental animals (Suleyman et al., 2010). Similar to previous studies, the current study also found that indomethacin induced gastric ulceration and mucosal damage as it increased the ulcer index (Mahmoud et al., 2021; Ahmed et al., 2021; Nabil et al., 2021). PGG inhibited the indomethacin-induced gastric injury as presented by low values of ulcer index, and the effect of PGG was comparable to that shown by famotidine (Figure 1). This study confirmed the previous study findings that PGG and famotidine suppressed gastric ulceration induced by aspirin in rats by increasing PGE2 expression, antioxidant, anti-inflammatory, and antisecretory effects (Moharram et al., 2017).
[image: Figure 1]FIGURE 1 | Effect of pentagalloyl glucose (PGG) and famotidine on the ulcer index in indomethacin-induced ulcer in rats. Values are means of six rats ± S.E.M; as compared with normal (*) and indomethacin-treated (@) groups (one-way ANOVA followed by Tukey’s multiple comparison tests), p < 0.05.
3.2 Effect of PGG on Gastric Mucosal Glycoprotein Content
Mucous secretion is thought to be an important protective mechanism for the stomach mucosa against lesions (Mahmoud et al., 2021). One of the most important mechanisms of local stomach mucosal protection is mucus formation. To investigate the mechanism of the anti-ulcer effect of PGG, gastric mucosal glycoproteins, an indicator of gastric mucous secretion, was detected using PAS staining. Both control or famotidine-treated groups showed strong PAS positive reaction on the mucosal surface down to the pits, isthmus, neck, and body regions of the gastric glands, indicating normal glycoprotein content of the gastric mucosa (Figures 2A,E). Indomethacin caused depletion of gastric mucosal glycoprotein content where complete loss of PAS reaction at the ulcerated region was observed, but some positive reaction in the remaining part of the gastric glands can be noticed (Figure 2B). PGG at both dose levels restored glycoprotein content of the gastric mucosa where both groups showed strong PAS positive reaction on the mucosal surface down to the pits, isthmus, neck, and body regions of the gastric glands (Figures 2C,D).
[image: Figure 2]FIGURE 2 | Pentagalloyl glucose (PGG) effects on the gastric glycoprotein content of the gastric mucosa of ulcerative rats. Photomicrographs of gastric sections stained by Periodic acid–Schiff stain (PAS) collected from (A) normal control group, (B) ulcerative animals (indomethacin group, 60 mg/kg), (C,D) indomethacin + PGG-treated groups (100 mg/kg, and 200 mg/kg, respectively), and (E) indomethacin + famotidine-treated group (10 mg/kg). [PAS × 200]. The bar graph showed quantitative analysis of area percentage of PAS staining. Results are expressed as mean ± SEM, n = 10. *, @, #significantly different compared to the control group and indomethacin and famotidine groups, respectively at p < 0.05 by one-way ANOVA followed by Tukey’s post hoc test.
The increased mucin content by PGG is crucial for cytoprotective and ulcer healing effect of PGG. It was reported that indomethacin-induced delay in the healing of chronic gastric ulcers is reversed by 11-deoxy-PGE1 (EP3/EP4 agonist) (Hatazawa et al., 2007). Therefore, we virtually explored the interaction of PGG with two prostaglandin receptors, EP3 (PDB id: 6AK3) and EP4 (PDB id: 5YWY), following the procedure adopted for the molecular docking in our previous study (Mahmoud et al., 2021). PGG displayed low binding energy compared to the reference drug famotidine when docked into the active side of EP3 and EP4. It showed four crucial interactions with Met 137, Me58, Arg 333, and Phe 209 for EP3, while furnishing a special H-bonding interaction with Thr 168 in the case of EP4 along with four other interactions, Table 1 and Figure 3. Restoration of mucin content of gastric mucosa by PGG may be mediated by increasing PGE2 synthesis or activation of prostaglandin receptors, EP3 and EP4, as indicated by docking studies. Similar results were observed from other tannins, such as tellimagrandin II (score functions (kcal/mol) are -31.31 and -26.88 for EP3 and EP4, respectively) and casuarinin (score functions (kcal/mol) are −25.47 and −25.96 for EP3 and EP4, respectively) (Mahmoud et al., 2021).
TABLE 1 | Scoring functions (kcal/mol) and amino acid interactions for PGG and famotidine docked to two receptors (EP4 and EP3).
[image: Table 1][image: Figure 3]FIGURE 3 | 2D-interactions of (A) pentagalloyl glucose (PGG) and (B) famotidine with amino acid residues on EP4 and (C) PGG and (D) famotidine with amino acid residue EP3 receptor.
3.3 Effect of PGG on Gastric Histological Changes
To reveal whether PGG was able to reverse indomethacin-induced gastric structural alteration, a histopathological study was performed. This study showed that both normal control and indomethacin group pretreated with famotidine demonstrated normal histology of gastric tissue with gastric mucosa containing closely packed fundic glands that open in the luminal surface by gastric pits. These fundic glands occupy the whole thickness of the fundic mucosa extending from the gastric pits. Each gland is formed of the isthmus, neck, body, and base. The upper part of the fundic glands is lined with surface columnar epithelial cells with basal oval nuclei. Mucous neck cells have flat basal nuclei. Pyramidal oxyntic cells have central rounded nuclei and deep acidophilic cytoplasm. Peptic cells have basal oval nuclei and basophilic cytoplasm (Figures 4A,E). The indomethacin only–treated group showed a large mucosal ulcer affecting the upper half of the fundic glands. Tissue erosion and degeneration can be seen; the fundic glands lose their orientation and arrangement. Exfoliated cells appear in the lumen. Extravasated blood can be seen within the fundic glands. Some fundic gland cells appear. Inflammatory cellular infiltration was also observed (Total score: 8.50 ± 0.85) (Figure 4B). Indomethacin groups treated with 100 mg/kg or 200 mg/kg PGG showed dose-dependent, marked improvement of gastric mucosa with no ulcer. Some vacuolations and congested blood vessels may be seen (Total score: 2.67 ± 0.67 and 1.50 ± 0.56 respectively) (Figures 4C,D). These findings are in accordance with those of a previous study that showed that PGG at 100 and 200 mg mitigated aspirin-induced gastric histological changes in rats (Moharram et al., 2017).
[image: Figure 4]FIGURE 4 | Histopathological effects of pentagalloyl glucose (PGG) effects on the stomach mucosal tissues of animals. Representative gastric sections from (A) normal control group, (B) ulcerative animals (indomethacin alone, 60 mg/kg), (C) indomethacin + PGG-treated groups (100 mg/kg), (D) indomethacin + PGG-treated groups (200 mg/kg), and (E) indomethacin + famotidine-treated group (10 mg/kg). (F) Column graph illustrates the severity scores of gastric injuries among groups, Data are presented as mean ± SEM, *,@,#p < 0.05 vs. control, ulcer, and famotidine groups, respectively, by ANOVA followed by Dunnett’s test. Fundic glands (FGs), gastric pits (Pits), isthmus (IS), neck (N), columnar epithelial cells (black arrow), mucous neck cells (red arrow), pyramidal oxyntic cells (yellow arrow), peptic cells or vacuolation (green arrow), tissue erosion and degeneration (black arrow), exfoliated cells (red arrow), extravasated blood (orang arrow), cellular infiltration (circle), and congested blood vessels (BV), [H&E × 200].
3.4 Effect of PGG on Immunoexpression of Endothelial Nitric Oxide Synthase
The action of nitric oxide in the stomach mucosa is paradoxical. Nitric oxide is made from l-arginine in a chemical reaction mediated by either cytotoxic-inducible nitric oxide synthase (iNOS) or cytoprotective constitutive eNOS (Abdel-Raheem, 2010). In this study, we investigated the effect of PGG on the nitric oxide signaling pathway and its contribution in the gastroprotective effect of PGG. As illustrated in Figure 5, indomethacin-treated rats exhibited a 6-fold dramatic decrease in eNOS level when related to the control group. Pretreatment with the reference drug famotidine or the tested compound PGG at doses (100 and 200 mg/kg) markedly increased eNOS levels by 4.4, 3.9, and 4.7 folds, respectively, when related to the ulcerative animals (indomethacin-treated group). The increased expression of eNOS by PGG may be responsible for the observed gastroprotective effects of PGG in the present study. NO produced by eNOS improves ulcer healing by increasing vasodilation, inducing angiogenesis, scavenging the toxic-free radicals, and reducing leukocyte infiltration, resulting in epithelial tissue integrity restoration and enhanced mucous secretion (Khattab et al., 2001; Abd El-Rady et al., 2021), as observed in our study.
[image: Figure 5]FIGURE 5 | Immunohistochemical staining of endothelial nitric oxide synthase (eNOS) in gastric mucosal tissues. Representative gastric mucosal sections from (A) normal control animals, (B) ulcerative animals treated with indomethacin alone (60 mg/kg), (C,D) ulcerative rats treated with indomethacin + PGG at two doses: 100 and 200 mg/kg, respectively, and (E) ulcerative animals treated with indomethacin + famotidine-treated group (10 mg/kg). Brown and blue indicate positive and negative staining of eNOS, respectively. Avidine biotin peroxidase stained with Hx counter stain x200. Data are expressed as mean ± S.E, n = 10. *,@significantly different from corresponding control group of rats and indomethacin group, respectively, at p < 0.05 by one-way ANOVA was used for statistical analysis followed by Tukey’s post hoc test.
3.5 Effect of PGG on Immunoexpression of Inducible Nitric Oxide Synthase
Nitric oxide produced by iNOS plays a role in ulcer formation through the production of cytotoxic peroxide–free radicals (Pan et al., 2005). We showed previously that indomethacin administration is associated with increased expression of gastric iNOS, and its inhibition promotes ulcer healing effects (Nabil et al., 2021). In this study, control and famotidine-pretreated ulcer group sections displayed a lower positive cytoplasmic immunoreactivity to iNOS in the gastric mucosal cells (Figures 6A,E). On the other hand, indomethacin-induced ulcer group sections demonstrated an intense and significant positive immune reaction to iNOS in the gastric mucosal cells when related to the control group (p < 0.05) (Figure 6B). The PGG-treated groups at both dose levels revealed a significant reduction in iNOS immunoreactivity when compared to the ulcerative animals, indomethacin group (p < 0.05) (Figures 6C,D, respectively). Moreover, famotidine exerted more potent effects than PGG in decreasing iNOS expression, p < 0.05, (Figure 6F). It was observed that PGG lowered the expression levels of iNOS in LPS-stimulated macrophages (Zhang et al., 2021); this confirms its anti-inflammatory and cytoprotective effects observed in the current study.
[image: Figure 6]FIGURE 6 | Immunohistochemical staining of inducible nitric oxide synthase (iNOS) in gastric mucosal tissues. (A) Control and (E) famotidine-pretreated ulcer groups furnished a minimal positive cytoplasmic immunoreactivity to iNOS in the gastric mucosal cells (arrows). (B) Ulcerative animals (indomethacin group) displayed an intense positive immune reaction to iNOS in the gastric mucosal cells (arrows). (C,D) PGG -pretreated ulcer groups (100 or 200 mg/kg) showed a reduction in iNOS immunoreactivity (arrows). iNOS immunostaining (avidine biotin peroxidase stained with Hx counter stain X 200, scale bar = 100 µm). (F) Quantitative analysis of immunoreactivity intensity of iNOS. Results are shown as mean ± SEM, n = 10. * @, #significantly different compared the control group, indomethacin, and famotidine groups, respectively, at p < 0.05 by one-way ANOVA followed by Tukey’s post hoc test.
3.6 Effect of PGG on Oxidative Stress
In animal studies, reactive oxygen species, ROS, produced by activated neutrophils in gastric tissues are linked to the etiology and delayed stomach ulcer repair caused by indomethacin (Wang et al., 2014). Intracellular antioxidant systems, such as GPx, GSH, SOD, and catalase, can neutralize the produced ROS (Antonisamy et al., 2016). To further investigate the mechanism of action of PGG to prevent indomethacin-induced gastric injury, the endogenous antioxidants, such as GPx activity and GSH content, were examined in gastric tissues. Furthermore, malondialdehyde (MDA), a lipid peroxidation product resulted from increased cellular oxidative stress, was also measured. Figure 7 shows that MDA content was elevated in indomethacin group administration (p < 0.05, Figure 7A), while GPX activity and GSH content were decreased (p < 0.05, Figures 7B,C, respectively) compared with the control group. PGG at both doses or famotidine pretreatment exerted protective effects, in which MDA content was decreased and GPX activity and GSH content were elevated in gastric tissues. Both PGG at the two dose levels and famotidine exerted similar protective effects on MDA, while the effect of PGG at 200-mg/kg level was stronger than that of famotidine on gastric GPX activity. Both 200 mg/kg PGG and famotidine had more potent effect on gastric GSH than PGG 100 mg/kg. These data indicated that PGG improved antioxidant capacity in the gastric injury model.
[image: Figure 7]FIGURE 7 | Results from the malondialdehyde (MDA) level (A), glutathione peroxidase activity (GPx), (B) and reduced glutathione content (GSH) (C) in gastric tissues. The data are shown as the mean ± SEM (n = 6). *, @, #Mean values with different symbols are significantly different (p < 0.05) according to one-way ANOVA followed by Tukey’s post hoc test vs. control, indomethacin ulcer, or famotidine groups, respectively.
3.7 Effect of PGG on Gastric Inflammation
The induction and healing of gastric ulcers are influenced by a variety of inflammatory variables (Miyata et al., 1997; Mahmoud et al., 2021). As shown in the current study, indomethacin caused infiltration of inflammatory cells to the gastric tissues with subsequent release of ROS and inflammatory mediators. We previously reported that both TNF-α and IL-6 were elevated in gastric tissues following indomethacin administration (Mahmoud et al., 2021; Nabil et al., 2021). TNF-α and IL-6 are proinflammatory cytokines that play a role in the development of stomach ulcers and inflammation (Aziz et al., 2019). TNF-α induces the subsequent production of additional inflammatory factors, such as IL-2 and IL-6, that could activate neutrophils and release oxygen-free radicals, generate acute phase proteins, obstruct gastric mucosal blood microcirculation, and increase gastric mucosal injury (Su et al., 2017; Lian et al., 2020). In the current study, the levels of inflammatory factors TNF-α and IL-6 were also significantly elevated in gastric injury rats induced by indomethacin (p < 0.05; Figure 8). In rats pretreated with either PGG (100, 200 mg/kg) or famotidine, a decrease in inflammatory factors was observed, indicating that PGG efficiently relieved inflammation. The decrease was clearer in the famotidine group. In this context, PGG was able to suppress the expression of proinflammatory cytokines, including IL-1β and TNF-ɑ, and inflammatory enzyme, COX-2, in advanced glycation end product (AGE)–treated renal mesangial cells (Tong et al., 2021). Moreover, in LPS-stimulated RAW 264.7 cells, PGG dramatically reduced secretions of TNF-α, IL-1, IL-6, and NO (Zhang et al., 2021). Furthermore, in accordance with the present study, in vivo studies on the animal model of aortic aneurysm showed that PGG nanoparticles suppressed inflammatory cell infiltration and systemic inflammation (Wang et al., 2021).
[image: Figure 8]FIGURE 8 | Effect of pretreatment with either pentagalloyl glucose (PGG) (100 or 200 mg/kg) or famotidine on gastric TNF-α levels (A) and IL-6 (B) of indomethacin-induced gastric injury. Data are expressed as mean ± SEM, n = 4. *, @ and #statistically significant from control, indomethacin group, or famotidine groups of rats, respectively, at p < 0.05 by one-way ANOVA was used for statistical analysis followed by Tukey’s post hoc test.
3.8 Effect of PGG on Platelet Endothelial Cell Adhesion Molecule-1
PECAM-1 (platelet endothelial cell adhesion molecule-1 or cluster of differentiation 31, CD31) is a 130-kDa Ig superfamily member that is expressed on platelets and leukocytes and is particularly concentrated at endothelial cell–cell junctions (Newman, 1999). It was reported that increased expression of PECAM-1 is associated with increased leukocyte trans-endothelial migration and subsequent inflammation (Schenkel et al., 2004). PECAM-1 is engaged in the trans-endothelial migratory process in both leukocytes and endothelial cells (Muller et al., 1993). It was reported that PECAM-1 antibody administration attenuated lung inflammation and minimized tissue necrosis and leukocyte infiltration in a model of myocardial infarction (Vaporciyan et al., 1993; Gumina et al., 1996). PECAM-1’s role, however, has not been explored in any experimental model of indomethacin-induced gastric ulcer. As shown in Figure 9, indomethacin administration was associated with increased expression of PECAM-1 by 8.4 fold, which explains the increased leukocyte infiltration observed in the histopathological study and the increased levels of proinflammatory cytokines, TNF- and IL-6, in the gastric tissues of the ulcer group. This finding is in accordance with that of a previous study by Konturek et al. (2004), who showed that PECAM-1 is overexpressed in vehicle-treated gastric mucosa at the ulcer margin, and capsaicin attenuated this effect in acetic acid–induced gastric ulcer. However, a previous study of Alese et al. (2017) showed that PECAM-1 is decreased in aspirin-induced gastric ulcer, and flavonoid fraction of Musa paradisiaca increased its level. The difference in results may be attributed to the difference in the experimental design. As shown in Figure 9, the present study revealed that both PGG (100 & 200 mg/kg) and famotidine administration attenuated increased PECAM expression (6.4, 6.7, and 8.3 folds, respectively) compared to the ulcer group. The present study confirmed that PECAM-1 plays an important role in the ulcerogenic effect of indomethacin, and inhibition of its expression by PGG and famotidine may mediate their antiulcerogenic effects. Further studies using antibodies against PECAM-1 are required to confirm its role in indomethacin-induced ulcers.
[image: Figure 9]FIGURE 9 | Upper panel represents the effect of pretreatment with either pentagalloyl glucose (PGG) (100 or 200 mg/kg) or famotidine on gastric PECAM-1 level of indomethacin-induced gastric injury. The lower panel represents densitometry analysis of the ratio of PECAM-1 protein over β-actin protein. Data are expressed as mean ± SEM, n = 3. *, @ Statistically significant from control and indomethacin groups of rats, respectively, at p < 0.05 by one-way ANOVA was used for statistical analysis followed by Tukey’s post hoc test.
3.9 Effect of PGG on Vascular Endothelial Growth Factor
As shown in Figure 10, indomethacin-induced ulcer was associated with increased expression of VEGF by 150% when compared to the control group. Administration of either PGG (100 and 200 mg/kg) or famotidine decreased VEGF expression by 46, 64, and 58.4% when compared to the ulcer group. Vascular endothelial factor is an important growth factor that is involved in angiogenesis and ulcer healing processes. Our results indicate that indomethacin increased VEGF in gastric tissues in an attempt to start ulcer healing following gastric mucosal damage. As a result of PGG and famotidine, there may be less injury to the gastric mucosa, resulting in VEGF synthesis not being stimulated. These findings are confirmed by the previous study in which 50% ethanol administration caused deep necrosis in the gastric mucosa and increased VEGF expression after 3 h of ethanol administration, and Punica granatum peel extract administration attenuated this increase (Jones et al., 1999). On the contrary, other studies showed that indomethacin administration was associated with decreased expression of VEGF, and Chasmanthera dependens extract or cimetidine increased it (Tijani et al., 2021). However, the experimental design is different where drugs are used for 14 days following ulcer induction. In our study, drugs were used 8 days before indomethacin administration, and VEGF expression was measured 6 h after indomethacin administration, not after 14 days as in the previous study.
[image: Figure 10]FIGURE 10 | Upper panel represents the effect of pretreatment with either pentagalloyl glucose (PGG) (100 or 200 mg/kg) or famotidine on gastric VEGF level of indomethacin-induced gastric injury. The lower panel represents densitometry analysis of the ratio of VEGF protein over β-actin protein. Data are expressed as mean ± SEM, n = 3. * and @ Statistically significant from control or indomethacin groups of rats, respectively, at p < 0.05 by one-way ANOVA was used for statistical analysis followed by Tukey’s post hoc test.
4 CONCLUSION
This study is the first to show that pentagalloyl glucose (PGG) has a protective effect in a rat model of indomethacin-induced gastric ulcer. PGG’s cytoprotective effect could be linked to an increase of gastric mucosal mucopolysaccharides, reduction of oxidative stress, triggered inflammatory response, and modulating NO/eNOS/iNOS signaling. The proven therapeutic benefits of PGG in the present study suggest that it could be effective in the treatment or prevention of gastric ulcers. However, further experiments are recommended to confirm the obtained results in other ulcer models and to evaluate the safety of PGG and determine the therapeutic doses and time.
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This study aims to obtain scientific evidence on the use of Citrus to control dyslipidemia. The surveys were carried out in 2020 and updated in March 2021, in the PubMed, Scopus, LILACS, and SciELO databases, using the following descriptors: Citrus, dyslipidemias, hypercholesterolemia, hyperlipidemias, lipoproteins, and cholesterol. The risk of bias was assessed according to the Cochrane methodology for clinical trials and ARRIVE for preclinical trials. A meta-analysis was performed using the application of R software. A total of 958 articles were identified and 26 studies demonstrating the effectiveness of the Citrus genus in controlling dyslipidemia were selected, of which 25 were included in the meta-analysis. The effects of Citrus products on dyslipidemia appear consistently robust, acting to reduce total cholesterol, LDL, and triglycerides, in addition to increasing HDL. These effects are associated with the composition of the extracts, extremely rich in antioxidant, as flavonoids, and that act on biochemical targets involved in lipogenesis and beta-oxidation. The risk of bias over all of the included studies was considered critically low to moderate. The meta-analysis demonstrated results favorable to control dyslipidemia by Citrus products. On the other hand, high heterogeneity values were identified, weakening the evidence presented. From this study, one can suggest that Citrus species extracts are potential candidates for dyslipidemia control, but more studies are needed to increase the strength of this occurrence.
Keywords: dyslipidemia, citrus, hyperlipidemia, flavonoids, cholesterol
Systematic Review Registration: [https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42019121238], identifier [PROSPERO 2019 CRD42019121238].
INTRODUCTION
Dyslipidemia has high rates of occurrence in the world population (Pirillo et al., 2021), being closely related to obesity, metabolic syndrome (Mach et al., 2020), atherosclerosis (Wiggins et al., 2019), coronary heart disease (Zhao et al., 2021), increased susceptibility to cancer (Khan et al., 2021), and more recently increased mortality and severity of COVID-19 (Atmosudigdo et al., 2021). This disorder is characterized by changes in the lipid profile, including an increase in total serum cholesterol, low-density lipoprotein (LDL-c), and triglycerides, as well as a decrease in high-density lipoprotein (HDL-c) rates in the blood (Fruchart et al., 2008). The relationships between these markers have been used as indicators of insulin resistance and metabolic disorders (Sowndarya et al., 2021), in addition to atherosclerosis and coronary heart disease (Abid et al., 2021). However, inflammation markers such as us-CRP (high serum sensitivity C-reactive protein) can also be considered important indicators to estimate the severity and risk of coronary artery disease (Patil et al., 2020). Although there are therapeutic options for the treatment of dyslipidemias, these are not fully effective, due to non-adherence to treatment by various factors such as adverse effects, intolerance, regimen complexity, and imperceptible benefits, besides the need to combine drugs to improve the clinical condition (Schulz, 2006; Ingersgaard et al., 2020). On the other hand, lipid-lowering drugs are still inaccessible to the majority of the population in low-income countries (Pirillo et al., 2021), making the search for new strategies to control dyslipidemia necessary.
In this sense, searching for new treatment strategies for this important health problem is necessary. In this perspective, several plants and natural products have been studied regarding their effects on dyslipidemia control (Ballard et al., 2019; Adel Mehraban et al., 2021); among them, the species of the genus Citrus (Lamiquiz-Moneo et al., 2020) stand out. Belonging to the Rutaceae family, the genus Citrus is widely distributed in tropical and subtropical regions (Manuel et al., 2020) and contains several substances with biological and nutritional potential, such as fibers (e.g., pectin), vitamins, and bioactive compounds, with emphasis on the flavonoids (Alam et al., 2013; Rafiq et al., 2018). Naringin, naringenin, nobiletin, narirutin, and hesperidin correspond to the most frequently found flavonoids. They have pronounced antioxidant and anti-inflammatory activities (Tripoli et al., 2007; Craft et al., 2012), in addition to being effective in controlling metabolic syndromes, lipid changes, and obesity (Geleijnse et al., 1999; Lee et al., 2001; Gattuso et al., 2007; Alam et al., 2013; Sahebkar, 2017; Ballard et al., 2019).
Thus, this review sought to compile the scientific findings that demonstrate the effect of Citrus extracts on the control of serum lipid levels, measuring the size of the effect through meta-analysis.
MATERIAL AND METHODS
Focused Question
The question to be answered was established from the bibliographic survey “Are species of the genus Citrus effective in reducing dyslipidemia?” conducted through four steps: (Pirillo et al., 2021) identification of the use of the Citrus species, (Mach et al., 2020) identification of the pathology to be applied (dyslipidemia), (Wiggins et al., 2019) definition of the types of studies included (preclinical and clinical), and (Zhao et al., 2021) definition of the target outcome to be analyzed, which is the lipid profile, building the PICOS strategy (patient or pathology, intervention, control, other outcomes, and the type of study). PICOS is highlighted as follows: P: dyslipidemia; I: species of the genera Citrus (extract); C: untreated or placebo-treated and hyperlipidemia-induced group; O: blood lipid levels; and S: preclinical or clinical studies.
Review Writing and Registration of Protocols
The writing of this systematic review was based on the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (Page et al., 2021) tool. In addition, the instrument that guides how the experimental studies should be analyzed was ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines (Kilkenny et al., 2010). The protocol for this review was registered in the International Prospective Register of Systematic Reviews (Prospero) database and registered on the website https://www.crd.york.ac.uk/prospero/, through approved registry No. CRD42019121238.
Literature Search
The search was carried out through search strategies in the LILACS, PubMed, SciELO, and Scopus databases in 2019 and updated in March 2021. The terms used to compose the search in the databases were defined from consultations with MeSH and DeCS descriptors. Thus, the following search strategy was structured: “CITRUS” AND “Lipoproteins” OR “Cholesterol” OR “Epicholesterol” OR “Dyslipidemias” OR “Dyslipoproteinemia” OR “Hypercholesterolemia” OR “High Cholesterol Levels” OR “Hyperlipidemias” OR “Lipidemia,” described in detail in Supplementary Table S1.
Study Selection and Eligibility Criteria
After excluding duplicate records, titles, abstracts, and full texts were independently analyzed by two researchers in order to determine the study’s eligibility for inclusion in the review. The inclusion criteria were preclinical studies or randomized clinical trials that include the use of Citrus species to assess the effect on the lipid profile. In this review, were excluded reviews, case studies, case reports, and studies that did not assess the action on the lipid profile, which included the use of juices from Citrus species and their action on the lipid profile, or the association of Citrus species with another compound that could modify the lipid profile, as well as studies that used compounds isolated from Citrus species to target hyperlipidemia. To assess the agreement among researchers, the statistical test of the Kappa coefficient (K) was applied.
Data Extraction and Risk of Bias Assessment
Two independent reviewers extracted data from the included studies. The data from preclinical studies were as follows: Citrus species, type of extract and part of the plant, composition, hyperlipidemia induction model, evaluation methods, treatment, animal species, and results (all results that were in mg/dL were converted to mmol/L using the OnlineConversion.com electronic calculator according to the type of cholesterol). The data from clinical studies were as follows: Citrus species, type of extract and part of the plant, composition, study design/location, sample, criteria for inclusion and exclusion of participants, pathologies, treatment, and results (all results that were in mmol/L were converted to mg/dL using the OnlineConversion.com electronic calculator according to the type of cholesterol). All the outcomes of the experiments carried out in the articles were extracted for descriptive and inferential analyses.
Through ARRIVE, we apply the following: precise and concise description of the content of the article in the title, abstract, explanation of the methodological approach of the introduction, general and specific objectives, ethical nature of care and use of animals, study design regarding the number of animals per group, experimental procedures, information about animals such as sex, size, weight, and age, housing and breeding, sample size, statistical methods, description of results and their interpretation, and study funding.
All clinical studies included in this research were approved for methodological quality in the risk checklist of Cochrane randomized for controlled trials (Cochrane Training, 2019). Items such as generation of random sequence, concealment of allocation, certification of participants and professionals, as well as of evaluators, incomplete and selective outcomes, or whether the study presents any other problem or fraud were used. The studies considered as having the highest methodological quality were those related to randomization, blinding, and complete outcomes.
Meta-Analysis
The studies selected for the meta-analysis had the following outcomes analyzed: total cholesterol, LDL, HDL, and triglyceride levels, including the baseline and post-treatment data from both the control and treatment groups for both preclinical and clinical studies. In addition to the primary outcomes, to improve the understanding of the effects observed in preclinical studies, the studies were separated into the following subgroups: route of administration of the extract, type of animal, type of extract, and parts of the plant used.
For the quantitative analysis of the articles, the studies selected presented the value of the sample n, mean, deviation, or standard error for the serum levels of total cholesterol, LDL, HDL, and/or triglycerides of the treatment and control groups. All data were tabulated in Excel and later analyzed using the application of R software. The heterogeneity of the studies was measured using Cochran’s Q test, using the I2 statistic, which was considered as heterogeneous when the p value was less than 0.05. The heterogeneity between the studies was defined using the I2 statistic, which was considered with an unimportant (I2 < 25%), moderate (25% < I2 < 75%), or high degree of heterogeneity (I2 > 75%) (Higgins and Thompson, 2002). For heterogeneous studies (I2 > 75%), the following subgroup analyses were performed: route of administration, type of animal, parts of the plant used in the extract, type of fruit, and type of extract. In addition, we performed a sensitivity analysis, sequentially removing the individual studies to determine whether any single study affected the overall effect estimate.
RESULTS
Study Selection and Study Characteristics
During the search process, 958 articles were obtained: 169 from PubMed, 762 from SciVerse Scopus, 12 from SciELO, and 15 from LILACS. After analyzing the titles, 598 duplicate articles were removed. After excluding the repeated articles, 360 titles were screened for analysis according to the inclusion criteria, from which 329 studies were excluded for not inducing hyperlipidemia in an animal model or for not having dyslipidemia installed in the case of clinical studies. In addition, studies with isolated compounds of the Citrus species or without evaluation of total cholesterol, LDL-C, HDL-C, or triglycerides were also excluded.
After this design, 31 articles remained, the full texts of which were analyzed, thus yielding 27 articles that were finally included in the qualitative synthesis (Figure 1; Tables 1–3). Of these, 22 studies were preclinical trials (Vinson et al., 1998; Bok et al., 1999; Terpstra et al., 2002; Zulkhairi et al., 2010; Ding et al., 2012; Kang et al., 2012; Raasmaja et al., 2013; Lu et al., 2013; Kim et al., 2013; Muhtadi et al., 2015; Dinesh and Hegde, 2016; Shin et al., 2016; Ashraf et al., 2017; Fayek et al., 2017; Chou et al., 2018; Feksa et al., 2018; Mir et al., 2019; Sato et al., 2019; Hase-Tamaru et al., 2019; Ling et al., 2020; Ke et al., 2020; Lee et al., 2020), 3 were exclusively clinical studies (Gorinstein et al., 2007; Toth et al., 2015; Cai et al., 2017) and 1 study contained preclinical and clinical protocols (Mollace et al., 2011) (Figure 1). For the quantitative synthesis, 25 articles (Vinson et al., 1998; Bok et al., 1999; Gorinstein et al., 2007; Zulkhairi et al., 2010; Mollace et al., 2011; Ding et al., 2012; Kang et al., 2012; Terpstra et al., 2012; Kim et al., 2013; Lu et al., 2013; Raasmaja et al., 2013; Muhtadi et al., 2015; Dinesh and Hegde, 2016; Shin et al., 2016; Ashraf et al., 2017; Cai et al., 2017; Fayek et al., 2017; Chou et al., 2018; Feksa et al., 2018; Hase-Tamaru et al., 2019; Mir et al., 2019; Sato et al., 2019; Ke et al., 2020; Lee et al., 2020; Ling et al., 2020) were selected. The level of agreement among the reviewers was 0.470, being considered as moderate.
[image: Figure 1]FIGURE 1 | Flowchart of the studies included in the qualitative and quantitative synthesis.
TABLE 1 | Detailed description of the preclinical studies of the effect of Citrus extract on hyperlipidemia included in the systematic review.
[image: Table 1]TABLE 2 | Outcomes of the preclinical studies included in this systematic review.
[image: Table 2]TABLE 3 | Detailed description of the clinical studies of the effect of Citrus extract on hyperlipidemia included in the systematic review.
[image: Table 3]Tables 2 and 3 show the general characteristics and results of the preclinical studies, arranged in the chronological order of publication. Table 4 present the experimental conditions and results of clinical trials also arranged in the chronological order.
TABLE 4 | Outcomes of the clinical studies included in this systematic review.
[image: Table 4]The selected articles were published between 1998 and 2020, with a predominance of the number of publications in 2013 (n = 3), 2017 (n = 3), 2019 (n = 3), and 2020 (n = 3). These studies were conducted mainly in China (n = 6; 23.0%) and Korea (n = 5; 19.2%) followed by Italy (n = 2; 7.6%) and Japan (n = 2; 7.6%), in addition to other countries in which only 1 study was found as described in Tables 1–3.
In the 26 selected articles, 15 different species of Citrus were studied in a dyslipidemia model: C. reticulata (n = 4; 15.3%), C. bergamia (n = 3; 11.5%), C. sinensis (n = 3; 13.6%), C. junos Tanaka (n = 2; 9.1%), C. grandis (L.) Osbeck also called C. maxima (n = 3; 11.5%), C. paradise also known as grapefruit (n = 2; 7.6%), C. unshiu (n = 2; 7.6%), C. sunki Hort. Ex Tanaka (n = 1; 3.8%), C. aurantium (n = 1; 3.8%), C. mitis (n = 1; 3.8%), C. limon (n = 1; 3.8%), C. aurantiifolia (n = 1; 3.8%), C. ichangensis (n = 1; 3.8%), Poncirus trifoliata x Citrus sinensis (n = 1; 3.8%), and C. changshan-huyou (n = 1; 3.8%). Among the Citrus species used in the preclinical studies, there was a predominance of six hybrid species in eight studies, followed by three orange species in eight studies and three types of lemons in four publications and tangerine species in four articles. In the clinical studies, on the other hand, there is a predominance of orange-based bergamot products (C. bergamia; n = 3 studies) and a study with supplements containing grapefruit (C. paradise).
\From these species, hydroalcoholic extracts or organic fractions (n = 20; 86.9%), aqueous extract (n = 1; 4.3%), and processed fruits (n = 3; 13.0%) were used, which were incorporated to the diet (n = 14; 60.8%) or administered orally by gavage (n = 9; 40.9%). In the clinical trials as a whole, supplementation with encapsulated dry extract was used or inclusion in the diet. In addition, 21 studies (80.7%) evaluated the chemical composition of the extracts, with a predominance of compounds belonging to the class of flavonoids, such as naringin, hesperidin, neoeriocitrin, neohesperidin, nobiletin, tangeretin, and naringenin (Figure 2).
[image: Figure 2]FIGURE 2 | Chemical structure of the main flavonoids found in Citrus.
As observed in Table 1, the method of inducing hyperlipidemia in the preclinical studies was by cholesterol-rich diet or cafeteria-type diet, conducted with rats (n = 12; 52.1%), mice (n = 8; 34.7%), and hamsters (n = 3; 13.0%). Among the randomized clinical trials (Table 3), the clinical conditions of the participants were in their entirety dyslipidemia (n = 4; 100%), associated or not with coronary disease (n = 1, 25%), and hypertension and glucose intolerance (n = 1; 25%). In the preclinical and clinical studies, the outcomes evaluated were the levels of total cholesterol (TC, n = 18; 100%), HDL (n = 14; 77.7%), LDL (n = 12; 66.7%), VLDL (n = 2; 13.3%), IDL (n = 1; 5.5%), and triglycerides (TG, n = 17; 94.4%).
From the analysis of the preclinical and clinical studies (Tables 2–4), it was found that the Citrus species were able to significantly alter the lipid profile in the 26 (100%) studies, decreasing serum total cholesterol (n = 25; 96.1%), LDL (n = 14; 53.8%), triglycerides (n = 17; 65.3%), and VLDL (n = 2; 7.6%) and increasing HDL (n = 4; 15.3%). In the liver, Citrus also reduced TC and TG (n = 6; 23.0%), lipid accumulation (n = 5; 19.2%), and weight (n = 2; 7.6%). These effects were accompanied by the maintenance (n = 1; 3.8%) of glutamic-oxaloacetic transaminase (GOT), glutamic-pyruvic transaminase (GPT), and alkaline phosphatase (ALP) serum levels or the reduction of GOT, GPT (n = 2; 7.6%), and lactate dehydrogenase (LDH) (n = 1; 3.8%).
In addition, some Citrus products also reduced body weight gain (BWG; n = 7; 26.9%), food intake (FI; n = 1; 3.8%), and lipid accumulation in adipose tissue or cells (n = 3; 11.5%). In human, a study also demonstrated their effect on the reduction of waist circumference (WC), waist-to-hip ratio (WHR), and body mass index (BMI). Taken together, these effects can reduce the risk of atherosclerosis as shown in three studies (16.6%). However, its effects on the lipid excretion are still controversial, since two studies (11.0%) demonstrate increased excretion, two studies (11.0%) did not identify changes, and only one study (5.5%) found a reduction in excretion (Table 3). In parallel, some authors investigated the effect of Citrus-based products on glucose and their effects on blood glucose reduction (n = 8; 44.4%), insulin increase (n = 2; 11.0%), and glucose uptake in the cell (n = 1; 5.5%).
In addition, several targets involved in the energy and nutrient metabolism have been studied. As can be seen in Table 3, some species of Citrus demonstrated effects on peroxisome proliferator-activated receptor γ (PPARγ) and peroxisome proliferator-activated receptor α (PPARα), downmodulating fatty acid synthase (FAS), acyl-CoA oxidase (ACO), uncoupling protein 2 (UCP2), and adipocyte fatty-acid-binding protein (aP2), besides upregulating CD36 and acetyl-CoA carboxylase (ACC). They can also act on liver X receptor (LXR), reducing lipoprotein lipase (LPL), apolipoprotein E (ApoE), and cholesterol 7α-hydroxylase (CYP7A1) and increasing ATP-binding cassette transporter G1 (ABCG1) and ATP-binding cassette transporter A1 (ABCA1).
The adiponectin signaling pathway also can be involved in the lipid control. In fact, some Citrus products were able to increase adiponectin; stimulate the phosphorylation of LKB1, AMP-activated protein kinase (AMPK), ACC, and carnitine palmitoyl transferase-1 (CPT-1); and reduce HMGR and ACAT activities. Their effects on lipolysis were also observed by the upmodulation of cAMP-dependent protein kinase (PKA) and hormone-sensitive lipase (HSL), with increase in glycerol. Besides adiponectin, Citrus seems to act reducing other adipocytokines, as leptin and resistin, which regulate the appetite and glucose metabolism and have been associated with insulin resistance. Their effects were also observed in the hormones involved with satiety and hunger control, as leptin, glucagon-like peptide-1 (GLP-1), and ghrelin. Finally, the antioxidant potential of Citrus has also been demonstrated, which can offer benefits in reducing lipid oxidation and in the development of atheromatous plaques.
Methodological Quality/Risk of Bias
The 23 preclinical studies, using the criteria provided by the ARRIVE guidelines, were analyzed for methodological quality. The studies showed a percentage of adequacy varying between 50 and 92% (83.82 ± 10.77%), with a greater weakness in the quality of the methodological description of the studies (Supplementary Table S2).
As for the clinical studies included in this research and evaluated by the Cochrane list (Figure 3), all of them had blinding outcome evaluators and incomplete outcomes. In addition, 50% of the articles presented low risk of uncertain bias regarding the criteria of generating a random sequence, concealment of allocation, blinding of the participants, reporting of the selective outcome, and other sources of bias (conflict of interest, based on the source of funding for the study and method of determination of the sample size).
[image: Figure 3]FIGURE 3 | Methodological quality of clinical trials included.
Meta-Analysis
For the meta-analysis, the preclinical studies measured the level of total cholesterol [n = 23; 100%; I2 = 99.1% (98.9%; 99.2%)], triglycerides [n = 20; 87%; I2 = 99.4% (99.3%; 99.5%)], LDL [n = 12; 52.2%; I2 = 99.1% (98.9%; 99.3%)], and HDL [n = 14; 60.9%; I2 = 93.4% (90.6%; 95.4%)]. As for the clinical studies, three clinical trials with 92, 98, and 237 participants were included in the quantitative analyses, which were performed with patients with dyslipidemia and demonstrated the Citrus effects on the levels of total cholesterol [I2 = 94.5% (87.3%; 97.6%)], triglycerides [I2 = 95.6% (90.5%; 98.0%)], LDL [I2 = 96.6% (93.0%; 98.4%)], and HDL [I2 = 81.4% (42.2%; 94.0%)] (in both, n = 3; 100%).
The presentation of the forest graphs was distributed according to the results of the levels of total cholesterol, triglycerides, LDL, and HDL for preclinical and clinical studies. Through the global analysis of preclinical studies, a reduction of −1.08 mmol/L (95% CI: 1.23; −0.92; Figure 4A) was found in total cholesterol, equivalent to 41.76 mg/dL; a reduction of −0.50 mmol/L (95% CI: 0.69; −0.31; Figure 4B) was found in triglycerides, corresponding to 44.28 mg/dL; and a reduction of −0.71 mmol/L (95% CI: 0.97; −0.45; Figure 4C) was found in LDL, what represents 27.45 mg/dL. In addition, an increase of 0.11 mmol/L in the HDL levels was verified (95% CI: 0.05; 0.17; Figure 4D), equivalent to 4.25 mg/dL.
[image: Figure 4]FIGURE 4 | Forest plot of the preclinical studies that evaluated the effect of Citrus species on total cholesterol (A), triglycerides (B), LDL (C), and HDL (D) levels. The numbers on the x-axis indicate the effect of the treatment and its favoring. SD: standard deviation of the differences. MD: difference between the means.
As illustrated in Figure 5, in the studies carried out on humans, the levels (mg/dL) of total cholesterol (MD = −42.03, 95% CI: 73.53; −10.52), triglycerides (MD = −62.41, 95% CI: 110.09; −14.73), and LDL (MD = −37.76, 95% CI: 69.45; −6.06) were reduced after treating patients with Citrus extracts. In addition, it was observed that these patients had increased HDL levels (MD = 5.85, 95% CI: 0.41; 11.28). Although a high heterogeneity has been observed (I2 > 75%), the synthase of the results obtained with individual studies favors treatment to the control of serum lipids. After the analysis of subgroups, high heterogeneity was still verified and the sensitivity analysis did not change the result of the general analysis (data not shown).
[image: Figure 5]FIGURE 5 | Forest plot of the clinical studies that evaluated the effect of Citrus species on total cholesterol (A), triglyceride (B), LDL (C), and HDL (D) levels. The numbers on the x-axis indicate the effect of the treatment and its favoring. SD: standard deviation of the differences. MD: difference between the means.
DISCUSSION
This systematic review compiled data from 25 studies on the effects of Citrus-based products in the control of dyslipidemia. Based on the countries where the studies were carried out, most of them were developed in countries of Asia (such as Korea and China) and the European Union, in addition to United States and Egypt, which are among the biggest Citrus product makers in the world (FAS, 2018). In fact, countries that have greater production of natural resources tend to explore their products more from a commercial and scientific point of view.
Through the scientific analyses compiled, we can also verify that species of the genus Citrus have the potential to reduce the serum levels of total cholesterol (TC), triglycerides (TGs), LDL, and VLDL and increase HDL. Consequently, Citrus-based products reduced the body weight, lipid accumulation, and atherosclerosis risk by the modulation of proteins and genes involved in the lipid metabolism. Recently, a study with a standardized extract containing Citrus sinensis L. Osbeck associated with Citrus limon (Chiechio et al., 2021) also demonstrated an effect in controlling the levels of total cholesterol and triglycerides as well as glycemia, possibly due to its composition rich in anthocyanins, flavonoids, and hydroxycinnamic acids, reinstating the high potential of Citrus species in lipid control.
These effects were studied mainly in the animal models of dyslipidemia induced by cholesterol- or high-fat diets. In these protocols, lipids ingested are initially degraded by intestinal lipase and, in enterocytes, TGs are resynthesized and associated with cholesterol and lipoproteins (ApoB-48, ApoE, and ApoC-II), forming chylomicrons. These distributed fatty acids between tissues and their remnants are metabolized in the liver. In this organ, fatty acid and glucose activate metabolic pathways for energy synthesis and storage, so that excess citrate is converted by citrate lyase (ACLY) into acetyl-CoA, which by the action of acetyl-CoA carboxylase (ACC) forms malonyl-CoA. This metabolic intermediate is used by the cell to produce fatty acid through the action of the enzymes Stearoyl-CoA Desaturase-1 (SCD1) and fatty acid synthase (FAS), in addition to downregulating CPT-1, an important transporter of Acil-Coa into the mitochondria which enables its β-oxidation. These fatty acids give rise to triglyceride molecules. In addition, acetyl-CoA can participate in the synthetic pathway of cholesterol, forming HMG-CoA which is converted into mevalonic acid by HMGR. This originates the free cholesterol molecule, which can be esterified by acyl-CoA:cholesterol acyltransferase (ACAT) or converted into bile acids by CYP7A1. TG, free cholesterol, and cholesterol ester conjugate with lipoproteins (ApoE, ApoC-II, and ApoB-100) constituting the VLDL molecule (TGs > cholesterol). This lipoprotein distributes fatty acids to tissues by the action of lipoprotein lipase (LPL) and becomes IDL (TGs ≈ cholesterol, ApoB-100, ApoE) and later LDL (TGs, < cholesterol, ApoB-100). That way, high-lipid diets increase the plasmatic concentrations of TG, TC, VLDL, IDL, and LDL (DiNicolantonio and O'Keefe, 2018; Andreadou et al., 2020). These mechanisms can be observed in Figure 6 (black lines).
[image: Figure 6]FIGURE 6 | Biochemical and tissue changes caused by diets high in fat and calories (black lines) and mechanisms of action of Citrus products upon metabolic disorders associated with hyperlipidemia (blue lines indicate activation and red lines indicate inhibition).
Through this review, it was found that the effect of Citrus-based products on the release of adipocytokines and their signaling pathways has been studied. These molecules are produced by adipose tissue and control several metabolic pathways, in addition to affecting the state of hunger and satiety and being related to the development of coronary diseases and metabolic disorders (Cao, 2014). Citrus products reduce adiponectin (Kang et al., 2012), whose action on specific receptors (AdipoR) increases the phosphorylation of LKB1 and AMPK (Kang et al., 2012; Shin et al., 2016). It negatively modulates ACC (Kang et al., 2012; Shin et al., 2016), reducing malonyl-Coa levels and, consequently, increasing CPT-1 (Shin et al., 2016); in addition, it decreases the HMGR activity (Bok et al., 1999; Shin et al., 2016) and modulates genes like LXR (Ding et al., 2012; Lu et al., 2013) and PPAR (Kim et al., 2013; Shin et al., 2016; Lu et al., 2018). Through these genes, Citrus regulates several protein targets involved in lipogenesis (FAS, aP2, ACC) (Ding et al., 2012; Lu et al., 2013; Shin et al., 2016), lipoprotein formation and metabolism (ApoE, LPL) (Ding et al., 2012; Lu et al., 2013), cholesterol metabolism (CYP7A1) (Ding et al., 2012), and cholesterol and lipid efflux (ABCG1 and ABCA1) (Ding et al., 2012; Lu et al., 2013). At the same time, its ability to stimulate the PKA-HSL pathway has also been observed (Kang et al., 2012), increasing the degradation of TG in glycerol and fatty acid, in addition to reducing the activity of ACAT (Bok et al., 1999), which contributes to the reduction of cholesterol ester levels. It is worth mentioning that bio-products based on Citrus help in glycemic control (Mollace et al., 2011; Ding et al., 2012; Kim et al., 2013; Lu et al., 2013; Raasmaja et al., 2013; Muhtadi et al., 2015; Dinesh and Hegde, 2016; Ashraf et al., 2017; Fayek et al., 2017), possibly by reducing resistin (Kim et al., 2013), an adipocytokine whose increase has been associated with insulin resistance, atherosclerosis, oxidative stress, and inflammation. All of these molecular events result in decreased lipogenesis and increased lipid oxidation, contributing to the control of the lipid profile (Figure 6).
However, some results seem contradictory, such as the effect of Citrus in reduction of the mRNA levels of PPARγ target genes, including ACO and UCP2 in the liver tissue (Ding et al., 2012). ACO is the first enzyme of peroxisomal β-oxidation which will reduce the accumulation of lipids in the liver and promote its excretion (Ferdinandusse et al., 2007). On the other hand, UCP2 is an uncoupling protein which acts as a carrier of protons present in the inner membrane of mitochondria and contributes to thermogenesis, being a positive factor for the prevention of obesity (Brand and Esteves, 2005). Thus, upregulation of these mRNAs would contribute to the observed outcomes. However, the absence of baseline conditions for these targets makes it difficult to understand these data, so further studies are needed to elucidate this mechanism.
Similarly, Citrus seems to increase CD36 (Ding et al., 2012), the fatty acid translocase protein that facilitates the transport of fatty acids, the hepatic uptake of fatty acids, and the accumulation of fat and has a high affinity for binding with the oxidized LDL molecule, increasing the inflammatory activity and being a main condition for the development of atherosclerosis and thrombosis (Pepino et al., 2014). However, the correlation with the observed outcomes also needs to be further investigated, since the experimental conditions of the study do not allow a thorough analysis of this target in the experimental model used, as well as in the primary outcome studied.
It is also worth noting that some studies have shown that Citrus can help control hunger promoting the modulation of ghrelin. Known as “Hunger Hormone,” this peptide is produced by endocrine cells present in the stomach and acts in the control of hunger, adiposity, and glucose- and energy-homeostasis, among other functions (Pradhan et al., 2013). More over, Citrus also downregulates leptin and GLP-1 levels, which are involved with satiety control. Leptin, a hormone produced by adipose tissue, plays an important role in the control of energy homeostasis, the excess and resistance of which are associated with obesity, leading to failures in the signaling mechanisms associated with decreased nutrition and body weight control (Pan and Myers, 2018). On the other hand, glucagon-like peptide 1 (GLP-1) is a gut hormone that promotes satiety; potentiates insulin release and suppression of glucagon release in response to nutrient intake; and decreases postprandial plasma levels of glucose (Andersen et al., 2018). Thus, the effects observed for Citrus in the reduction of GLP-1 may be related to overnight fasting or long-term regulation of eating and energy metabolism, requiring further investigation.
The notations are as follows: ABCA1: ATP-binding cassette transporter A1; ABCG1: ATP-binding cassette transporter G1; ACAT: acyl-CoA:cholesterol acyltransferase; ACC: acetyl-CoA carboxylase; ACLY: citrate lyase; ACO: acyl-CoA oxidase; AdipoR: adiponectin receptor; AMPK: AMP-activated protein kinase; aP2: adipocyte fatty-acid-binding protein; ApoB-100: apolipoprotein B-100; ApoC-II: apolipoprotein C2; ApoE: apolipoprotein E; CD36: cluster of differentiation 36; CPT-1: carnitine palmitoyl transferase-1; CYP7A1: cholesterol 7α-hydroxylase; FAS: fatty acid synthase; GLUT 4: glucose transporter 4; HMGR: 3-hydroxy-3-methylglutaryl-coenzyme A reductase; HSL: hormone-sensitive lipase; IDL: intermediate low-density lipoprotein; LDL: low-density lipoprotein; LKB1: liver kinase B1; LPL: lipoprotein lipase; LXR: liver X receptor; p-ACC: phosphorylated acetyl-CoA carboxylase; PKA: cAMP-dependent protein kinase; PPAR: peroxisome proliferator-activated receptor; SCD1: Stearoyl-CoA Desaturase-1; TC: total cholesterol; TGs: triglycerides; UCP2: uncoupling protein 2; VLDL: very low-density lipoprotein.
The effects of Citrus bioproducts on the lipid profile may be related to the presence of bioactive compounds, with emphasis on the flavonoids, such as naringin, hesperidin, neohesperidin, neoeriocitrin, nobiletin, tangeretin, and naringenin as compiled in this review. In fact, these compounds are believed to play a very significant role in reducing the levels of total cholesterol, triglycerides, and LDL (Mulvihill and Huff, 2012; Assini et al., 2013; Kou et al., 2017; Zeka et al., 2017). Several studies have shown that naringin reduces the HMGR activity more potently than does vitamin E (Choi et al., 2001; Lee et al., 2001), as well as decreasing the action of ACAT (Kim et al., 2006), which contributed to hypocholesterolemic action and higher excretion of fecal sterols (Jeon et al., 2004). Similarly, hesperidin reduces plasma cholesterol in hypercholesterolemic rats by decreasing ACAT and HMGR (Lee et al., 1999; Lee et al., 2012) besides changing the expressions of genes encoding PPARs and the LDL receptor (Akiyama et al., 2009). A recent study demonstrated that neohesperidin is also able to regulate the lipid metabolism in vivo and in vitro via FGF21 and AMPK/SIRT1/PGC-1α signaling axis (Wu et al., 2017). Furthermore, the non-glycoside Citrus flavonoid, naringenin, stimulates the hepatic fatty acid oxidation via PPARγ and prevents lipogenesis in both the liver and the muscle, reducing the serum lipid levels (Mulvihill et al., 2009).
In this review, we also observed that the Citrus products act by reducing the atherogenic index or tissue manifestations associated with atherosclerosis (Vinson et al., 1998; Bok et al., 1999; Zulkhairi et al., 2010). In fact, the polyphenolic compounds and flavonoids found in the Citrus species have antioxidant (Vinson et al., 1998; Gorinstein et al., 2007; Zulkhairi et al., 2010; Craft et al., 2012) and anti-inflammatory properties, in addition to their ability to decrease LDL levels, inhibiting the formation of atherosclerotic plaques (Tripoli et al., 2007; Assini et al., 2013; Onakpoya et al., 2017). Naringin, for example, reduces plaque progression once it decreases non-high-density lipoprotein cholesterol concentrations and biomarkers of endothelial dysfunction and inhibits the expression of ICAM-1 in endothelial cells, preventing immune cell adhesion and infiltration in the vascular wall (Choe et al., 2001; Chanet et al., 2012).
Confirming the results of the systematic review, the meta-analysis of preclinical studies indicated that Citrus products reduce the total cholesterol, triglycerides, and LDL levels by −41.76, −44.28, and −27.45 mg/dL, respectively, while increasing the HDL levels by 4.25 mg/dL. Similar results were observed in the clinical studies, in which the Citrus species induce a reduction in the total cholesterol, triglycerides, and LDL levels by −42.03, −62.41, and −37.76 mg/dL, respectively, whereas the HDL levels increased by an average of 5.85 mg/dL.
In the meta-analysis published by Onakpoyaa et al. (2015) (Onakpoya et al., 2017), performed with two clinical trials about the effect of grapefruits on the lipid profile, significant effects were observed only for the increase in HDL, without TC and LDL changes. More recently, a meta-analysis published by Kou et al. (2017) showed that the sizes of effect measures for LDL and total cholesterol presented significant results in the group of patients treated with Citrus juice, without considerable changes in HDL and TG levels. The divergence between the results presented in our meta-analysis compared to those previously published is justified by the broader scope of our question, as well as the inclusion of more recent studies, which have confirmed the contribution of Citrus-based products in the control of blood lipids.
Through the analysis of the risk of bias, it can be observed that the preclinical studies have a satisfactory average score, with some limitations in the methodological description of the studies and the results. Similarly, clinical studies had limitations in reporting or methodology in terms of blinding, allocation, randomization, and reporting of results. The use of tools to assess the risk of bias in the studies included in the systematic reviews has been widely well supported by groups such as SYRCLE (Hooijmans et al., 2014), ARRIVE (Kilkenny et al., 2010), and Cochrane (Cochrane Training, 2019), since the credibility of the results and the strength of the evidence depend on the methodological criteria of the studies (Busch et al., 2020).
Thus, although the results obtained are favorable to the treatment with Citrus extracts, the methodological limitations and high heterogeneity of the studies included in the meta-analysis weaken the evidence about the real benefits of this intervention. In addition, the studies do not provide information on effective dose, bioavailability, efficacy, and safety. These parameters are required to propel the use of these promising therapeutic agents into the clinical area. For this reason, further studies are needed to strengthen the evidence of the effects of Citrus on dyslipidemia.
This systematic review presents as limitations the low evidence found due to the high variability of the studies and variation of the methodological protocols of the articles. Among them, we can mention the differences in the induction of dyslipidemia, routes of administration, and types of extracts, besides the absence of baseline serum levels of lipids for comparison after the induction and inconclusive report. Finally, as in our review, of the 25 studies included in the meta-analysis, only 3 presented results in humans; we chose not to use the GRADE system. For this reason, we believe that further clinical studies are needed to provide sufficient scientific support to measure the effectiveness of Citrus effects on dyslipidemia.
CONCLUSION
From the compilations of the studies, one can suggest that the Citrus extract has a potential effect in dyslipidemia control, both in the preclinical studies and clinical trials. These effects can be associated with the presence of bioactive compounds, as flavonoids, which act synergistically through several pathways, causing inhibition of lipogenesis and activating β-oxidation. However, due to the high heterogeneity of the reposted findings, further studies are needed to increase the strength of clinical evidence of the action of Citrus extracts on the control of dyslipidemia and increase the strength of that evidence.
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Rhein is widely used in inflammation treatment in China, but its effects on severe acute pancreatitis (SAP) have not been studied closely. This study investigated rhein’s protective effects against SAP using in vitro and in vivo models to determine whether its protective mechanism regulated the Janus kinase two and signal transducer and activator of transcription 3 (JAK2/STAT3) signalling pathway. Thirty-six male Sprague–Dawley rats were randomised into sham operation, SAP and rhein groups. The SAP model was induced by retrograde pancreatic bile duct injection of sodium taurocholate. Serum TNF-α and interleukin (IL)-6 levels were determined by ELISA, whereas serum amylase and lipase concentrations were measured using test kits. Western blot and/or immunohistochemistry quantified JAK2 and STAT3 expression. Furthermore, histopathological pancreatic changes were detected by haematoxylin and eosin staining. AR42J cells were randomly divided into the control, cerulein and rhein groups. Amylase activity was assessed using an amylase test kit; the tumour necrosis factor-α (TNF-α) expression was determined by enzyme-linked immunosorbent assay (ELISA). JAK2 and STAT3 protein expression were evaluated by western blot. SAP was concomitant with increased JAK2 and STAT3 expressions in vivo. Pre-treatment with rhein attenuated serum TNF–α and IL-6 levels effectively, and notably reduced p-JAK2, p-STAT3, JAK2 and STAT3 protein expression. Rhein significantly alleviated pancreatic histopathology. Compared to untreated groups, rhein significantly reduced amylase activity in supernatants of AR42J cells induced by cerulein in vitro. Furthermore, rhein altered JAK2 and STAT3 protein levels in AR42J cells after cerulein induction. Overall, rhein exerted protective effect on SAP in vitro and in vivo, possibly through the JAK2/STAT3 signalling pathway.
Keywords: rhein, severe acute pancreatitis, JAK2/STAT3, TNF-α, IL-6
INTRODUCTION
Acute pancreatitis is an acute inflammatory disease that severely affects health and threatens life, and about 30% of patients with acute pancreatitis progress to severe acute pancreatitis (SAP) (Lankisch and Lerch, 2006; Morel et al., 2006). About 15%–20% of SAP cases often develop multiple systemic complications, such as the liver, intestine, kidneys and lungs complications, and the therapeutic effects of current treatments are unsatisfactory (Zerem, 2014).
Some studies propose that the effective inhibition of inflammation is key to preventing SAP progression (Gallmeier et al., 2005; Andersson et al., 2007; Ivanenkov et al., 2011). Therefore, cell signalling pathways related to inflammation in SAP have been the subject of increased research attention. The Janus kinase two and signal transducer and activator of transcription 3 (JAK2/STAT3) signalling pathway, one of the main cytokine signalling pathways, has become a hotspot of pancreatic research in recent years. The JAK2/STAT3 signalling pathway is widely involved in disease physiology and pathogenic development, including intracellular homeostasis, immune response, cell proliferation and apoptosis (O’shea, 2004). Tumour necrosis factor-α (TNF-α) and interleukin (IL)-6 are important transduction factors in the JAK2/STAT3 signalling pathway that can induce the inflammatory cascade, enhance the inflammatory effect and even lead to organ damage and multiple organ dysfunction syndrome in SAP (Zhu et al., 2017). Moreover, the JAK2/STAT3 signalling pathway amplifies the inflammatory response by initiating a series of inflammatory factor transmissions and related protein expression, thereby creating a waterfall effect. Several previous studies have shown that the JAK2/STAT3 pathway plays a key role in inflammatory diseases (Zhu et al., 2017; Xia et al., 2021). Thus, inhibiting this pathway may restrain the expansion of early cascading inflammatory response and prevent acute inflammatory injury to related tissues.
The current treatment protocol for SAP is a multi-targeted therapy based on the diagnostic and treatment guidelines for SAP, which focuses on pharmacological blockade of necrosis, inflammation and cellular damage in the pancreas. The multi-targeted action of natural drugs has attracted attention, compared to the single-targeted action of western drugs (Xue et al., 2006; Weng et al., 2012; Xia et al., 2012; Zhong, 2015). Rhein is also a natural molecule and is widely found in medicinal plants such as rhubarb, Sennae folium, Semen cassiae, and Polygonum multiflorum, and it is widely used in clinical practice (Xian et al., 2020). In China, approximately 10% (800) of more than 8,000 proprietary Chinese medicines contain rhubarb.
Rhein (the chemical structure is shown in Figure 1, the main rhubarb component, is reported to be widely used in inflammation treatment in China (Cheng et al., 2021). Rhein is also the major active component in Dachengqi Decoction with strong anti-inflammatory effects (Xu et al., 2008; Xu et al., 2010; Xu et al., 2010). Several studies have shown that Dachengqi Decoction can improve the inflammatory response in patients with SAP and reduce pathological pancreatic damage (Chen et al., 2010; Chen et al., 2015). In addition, the JAK2/STAT3 is predicted to be one of the targets of rhein according to network pharmacology. While rhein has been shown to play a prominent role as an inhibitor of the JAK2/STAT3 pathway in several experimental models and human diseases (Zhang et al., 2016; Yang et al., 2019). However, it is unclear whether rhein has a therapeutic effect on SAP by inhibiting JAK2/STAT3 pathway. Therefore, the present study was designed to investigate rhein’s protective effects on SAP using in vitro and in vivo models.
[image: Figure 1]FIGURE 1 | The chemical structure of rhein.
MATERIALS AND METHODS
Drugs and Reagents
Purified rhein (Cat. No. 478-43-3) was purchased from the National Institute for Food and Drug Control (Beijing, China), the purity by authorization >98%. Sodium taurocholate (Cat. No. T4009), cerulein (Cat. No. C9026) and 5% carboxymethylcellulose sodium (CMCS) (CAS number:9004-32-4) were purchased from Sigma-Aldrich Merck KGaA (Darmstadt, Germany). Amylase kits (Cat. No. C016-1-1) were purchased from Nanjing Jiancheng Institute of Bioengineering (Jiangsu, China). Foetal bovine serum (Cat. No.10099-141), F12K medium (Cat. No. C11330500BT) and trypsin (Cat. No. 25200-056) were purchased from Gibco Ltd. (United States). PCR kits (Cat. No. RR820Q) were purchased from TaKaRa Corporation (Japan). GoScript Reverse Transcription Kits (Cat. No. A5001) were purchased from Promega (United States). Phosphatase inhibitors (Cat. No. P1081), SDS–PAGE gel preparation kits (Cat. No. P0012A) and ECL hypersensitive colour development kits (Cat. No. P0018AS) were purchased from Shanghai Biyuntian Biotechnology (Shanghai, China).
Cellular Model
Rat pancreatic acinar AR42J cells were obtained from the American Type Culture Collection and were cultured in F12K medium (Cat. No. C11330500BT, Gibco) supplemented with 20% Australian foetal bovine serum (Cat. No. 10099141C, Gibco), 100 U/ml penicillin and 100 mg/l streptomycin (Cat. No. 15140-122, Gibco) at 37°C and 5% CO2. The AR42J cells were divided into three groups: control group, cerulein group (cerulein 10–8 mol/L) (Lee et al., 2003; Huang et al., 2012; Yu et al., 2003; Zhao et al., 2014; Chen et al., 2019) and rhein group (final concentration 0.25, 0.5 and 1 μg/ml). The AR42J cells density was 5×106/ml. In the cerulein group, cells and culture supernatants were collected at 0, 0.5, 1, 2, 4, 6, 12 and 24 h after the addition of cerulein.
Animal Model Thirty-six adult male Sprague–Dawley rats (8–10 weeks old, weighing 200–250 g) were obtained from the Shanghai SLAC Laboratory Animal Co., Ltd. SD rats were randomly divided into three groups: sham operation group (n = 12), SAP model group (n = 12), rhein (dissolved in 0.5% CMCS) treatment group (n = 12). All rats were maintained under standardised conditions on a 12 h light/dark cycle and allowed free access to food and water. The rats fasted for 12 h before the operation, however, drinking water was available ad libitum. The SAP model was induced via a standardised pressure-controlled infusion of 3.5% sodium taurocholate (1 ml/kg, 0.1 ml/min) into the bile–pancreatic duct, and the common hepatic duct was closed with a small clamp for 5 min as previously described (Pérez et al., 2015). Subsequently, the clamp was removed, and the abdomen was closed. Rats in the sham control group underwent the same operative procedure with the injection of 0.9% saline in the pancreatic duct. In the rhein group, rats were given rhein by a gastric gavage (30 mg/kg, 0.5 ml/100 g) (Xian et al., 2020) once a day for 7 days prior to establishing the SAP model. Each group was orally administered with by gavage rhein (30 mg/kg) or saline for seven continuous days. All samples were collected 24 h after operation. All protocols and procedures were established in compliance with the US National Institute of Health Guidelines for the Care and Use of Laboratory Animals. They were approved by the Animal Care and Use Committee of Shanghai University of Traditional Chinese Medicine (Protocol number: PSHUTCM200103002).
Amylase, IL-6, TNF-α, lipase And myeloperoxidase Assays.
Amylase (Cat. No. C016-1-1), lipase (Cat. No. A054-2-1) and myeloperoxidase (Cat. No. A044-1-1) were purchased from Nanjing Jiancheng Institute of Bioengineering (Jiangsu, China). Serum amylase, lipase and myeloperoxidase concentrations were measured using test kits according to the manufacturer’s instructions. The amounts of TNF-α (Cat. No. E-EL-M0049c) and IL-6 (Cat. No. E-EL-R0015c) were determined using ELISA kits (eBioscience Ltd., United States) according to the manufacturer’s instructions.
Western Blot
RIPA lysis buffer was added to pancreatic tissues and centrifuged at 13,700× g at 4°C for 15 min. Supernatants were harvested, and the BCA protein kit was used to determine each protein sample’s protein content. SDS–PAGE gels (10% separating gel, 3% concentrating gel) were prepared. After electrophoresis, the protein was transferred to a PVDF membrane, which was then sealed using 5% BSA for 2 h at room temperature. The following primary antibodies were added and incubated at 4°C overnight: JAK2 (Cat. No. 3230, 1:1,000, Cell Signaling Technology Inc.), STAT3 (Cat. No. 12640, 1:2000, Cell Signaling Technology Inc.), p-JAK2 (Cat. No. 3776, 1:1,000, Cell Signaling Technology Inc.), p-STAT3 (Cat. No. 9145, 1:1,000, Cell Signaling Technology Inc.) and GAPDH (Cat. No. 5174, 1:1,000, Cell Signaling Technology Inc). The membranes were then washed with Tris-Buffered Saline Tween buffer three times for 10 min and incubated with horseradish peroxidase (HRP)-labelled goat anti-rabbit IgG secondary antibody (Cat. No. 7074P2, 1:3,000, Cell Signaling Technology Inc.) for 2 h at room temperature. Afterwards, the membranes were washed with Tris-Buffered Saline Tween buffer three times for 10 min. Ultra-sensitive ECL luminescence solution was then added to detect the proteins, and a Fluorchem FC3 gel imager was used for detection. ImageJ 1.52a software was used to determine the gray value of the band. .
Pathological Changes in the Pancreas
The rat pancreatic tissues were fixed in 4% paraformaldehyde and embedded in paraffin wax for routine sections. The sample was cut into 5 µm thick sections. After staining with haematoxylin and eosin, the sections were photographed under the microscope (Nikon FCI IPSE NI, Nikon Corporation) at ×200 magnification for image processing and analysis. Pancreatic histopathology was scored by the double-blind method (Schmidt et al., 1992). The mean total score of each histopathological variable was subsequently calculated.
The methods of histological score of pancreatic injury were as follows: Edema: 0, absent; 1, focal expansion of the interlobar septa; and 2, diffuse expansion of the interlobar septa. vascular: 0, absent; 1, congestion; 2, congestion plus local interlobar or intralobar hemorrhage; 3, multifocal diffuse hemorrhage; and 4, vascular fibrinoid necrosis or thrombosis. Fat necrosis: 0, absent; 1, focal dissolution of the interlobular or peripancreatic fat; and 2, diffuse dissolution of the interlobular or peripancreatic fat. Acinar necrosis: 0, absent; 1, <10% patchy necrosis of the edges of the lobules; 2, 10–30% patchy, peripheral necrosis of the lobules; 3, <30% confluent lobules necrosis; 4, <50% confluent lobular necrosis; and 5, formation of microabscesses. Calcification: 0, absent; 1, focal in fat or acinar necrosis; and 2, diffuse in fat or acinar necrosis.
Immunohistochemistry
The rat pancreatic tissues slices were dewaxed with xylene, dehydrated with an ethanol gradient, and then placed in a sodium citrate buffer solution for 15 min. The slices were cooled for 30 min and then treated with 3% hydrogen peroxide for 10 min at room temperature. After three washing with PBS (phosphate buffer saline), shook off the PBS before adding antibody to each slice. The following antibodies were added and incubated at 4°C overnight: p-JAK2 (Cat. No. ab32101, 1:50, Abacam Company), p-STAT3 (Cat. No. ab267373, 1:250, Abacam Company), After three washings with PBS, the HRP-labelled goat anti-rabbit IgG secondary antibody was added and incubated at room temperature for 1 h. The tissue sections were then covered with DAB solution. After colour development, the sections were rinsed with water. Hematoxylin stained for 1 min 20 s, then soaked in tap water, alcohol fractionated in 1% hydrochloric acid for 1 s, soaked in tap water and rinsed under running water for 7–8 min, dried at 65° for 30 min, then taken out and cooled to room temperature and sealed in neutral gum. Image processing and photography, two different observers calculated the positive areas.
Molecular Docking
Rhein was preprocessed by the Ligprep 3.6 program (Schrödinger, LLC, New York, NY, United States) applying OPLS_2005 force field before molecular docking, with Epik 3.4 (Schrödinger, LLC, New York, NY, United States) to generate the proper protonation states at pH 7.0 ± 2.0. A restrained minimization of the crystal structure was performed to reorient side-chain hydroxyl groups before further processing. The DQX pocket of 3KRR was selected to define and generate the receptor grid. In silico docking was performed by Glide 6.9 (Schrödinger, LLC, New York, NY, United States) in standard precision (SP) with default values for other parameters.
Statistical Analysis Statistical analyses of the obtained experimental data was carried out using SPSS version 21.0. ImageJ 1.52a software was used to calculate the greyscale value. Significance between groups was evaluated by one way analysis of variance (ANOVA) followed by a Tukey post hoc test. Data are expressed as mean ± SD, and p < 0.05 was considered statistically significant.
RESULTS
The network pharmacology results of rhein with JAK2 molecule.
3KRR is a Crystal Structure of JAK2 complexed with a potent quinoxaline ATP site inhibitor (Figure 2A). The pocket factor of 3KRR was mostly buried in the hydrophobic pocket of DQX, and its main body forms abundant hydrophobic interactions with surrounding residues, whereas its head forms hydrogen bonds with residues nearby the entrance and middle position of the pocket. The in silico docking models showed that the binding sites of the rhein was located near the entrance and middle part of the 3KRR pocket, find rhein partially overlapping with that of the pocket factor of Tyrosine 931 (TYR-931) and MET-929 (Figure 2B, Figure 2C), they may play an important role in the interaction of compounds with pockets, by preempting residue positions and thus achieving the ability to inhibit other compounds from binding to them.
[image: Figure 2]FIGURE 2 | The structure-activity relationships of rhein with JAK2 molecule. (A) Schematic diagram of the connection between jAk2 and 3kRR in the software pymol view, 3kRR is a compound structure that can already bind to JAK2. (B) Schematic diagram of docking with the pocket after rhein is replaced by 3KRR through molecular docking. (C) The residues in the pocket TYR-931 and MET-929 are the residues in the pocket, which they are stable binding sites for rhein.
The Effect of Rhein on Inflammatory Cytokines Levels in SAP Rats
Figure 3 shows the effect of rhein on the level of inflammatory cytokines in pancreatic tissue of SAP rat model. Compared with the control group, the levels of serum amylase, serum TNF-α, serum IL-6, myeloperoxidase and serum lipase were significantly increased in the SAP group (p < 0.001). After rhein treatment, the levels of serum amylase, serum TNF-α, serum IL-6, myeloperoxidase and serum lipase were significantly decreased in the rhein group compared with the SAP group (p < 0.001).
[image: Figure 3]FIGURE 3 | Effects of rhein on the inflammatory cytokine levels in pancreatic tissue of the SAP rat model. (A) Serum amylase levels in the SO, SAP and rhein groups. (B) Serum TNF-α levels in the SO, SAP and rhein groups. (C) Serum IL-6 levels in the SO, SAP and rhein groups. (D) Myeloperoxidase levels in the SO, SAP and rhein groups. (E) Serum lipase levels in the SO, SAP and rhein groups. Data are expressed as mean ± SD (n = 5 per group). Significance between groups was evaluated by one way analysis of variance (ANOVA) followed by a Tukey post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the SO group; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the SAP group. SO, sham operation; SAP, severe acute pancreatitis; TNF-α, tumour necrosis factor-α; IL-6, interleukin-6.
Effect of Rhein on Pathological Dmage in Pancreatic Tissue of SAP Rats
Figure 4 shows the protective effect of rhein on pancreatic injury. In the control group, typical normal acinar architecture were observed. Only minimal focal edema was detected, and no apparent inflammatory infiltration was found. Compared with the control group, edema, necrosis and inflammatory infiltration were observed in the acinar cells of pancreatic tissue in the SAP group. Compared with the SAP group, less infiltration of inflammatory cells was observed in the rhein group, Only fewer abnormal acinar cells were detected. Figure 4D reveals that the pathological scores were significantly increased in the SAP group compared with the control group (p < 0.01). Compared with the SAP group, the pathological scores were significantly decreased in the rhein group (p < 0.05).
[image: Figure 4]FIGURE 4 | Histological analysis of SAP. (A–C) Morphological analysis of H&E-stained sections; Scale bar: 100 μm. (D) Pathological scores of pancreatic tissue sections. Data are expressed as mean ± SD (n = 3 per group). Significance between groups was evaluated by one way analysis of variance (ANOVA) followed by a Tukey post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the SO group; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the SAP group. SO, sham operation; SAP, severe acute pancreatitis; H&E, haematoxylin and eosin.
Effects of Rhein on p-JAK2, p-STAT3, JAK2 and STAT3 Expression in Pancreatic Tissue of SAP Rats
Figure 5 indicates that p-JAK2 and p-STAT3 expression were significantly increased in the SAP group compared with the control group (p < 0.001). After rhein treatment, the activity of p-JAK2 and p-STAT3 were significantly decreased compared with the SAP group (p < 0.001). Figure 6 shows that p-JAK2, JAK2, p-STAT3 and STAT3 proteins expression were significantly increased in the SAP group compared with the control group (p < 0.001). This increasing trend was significantly reversed by treatment with rhein (p < 0.001). These phenomena suggest that four proteins closely related to the JAK2/STAT3 signalling pathway are activated in the pancreatic tissue of SAP rats.
[image: Figure 5]FIGURE 5 | Immunohistochemical analysis of p-JAK2 and p-STAT3 in pancreatic tissues. (A) Representative immunohistochemistry images of p-JAK2 and p-STAT3 in pancreatic tissues 24 h after the induction of SAP; Scale bar: 25 μm. (B) Positive cell ratio of pancreatic tissue sections. Data are expressed as mean ± SD (n = 3 per group). Significance between groups was evaluated by one way analysis of variance (ANOVA) followed by a Tukey post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the SO group; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the SAP group. JAK2, janus kinase two; STAT3, signal transducer and activator of transcription three; SO, sham operation; SAP, severe acute pancreatitis.
[image: Figure 6]FIGURE 6 | Effects of rhein on p-JAK2, p-STAT3, JAK2 and STAT3 expression in pancreatic tissue of SAP rats. (A,B) p-JAK2 and JAK2 protein expression in the SO, SAP and rhein groups. (C,D) p-STAT3 and STAT3 protein expression in the SO, SAP and rhein groups. Data are expressed as mean ± SD (n = 5 per group). Significance between groups was evaluated by one way analysis of variance (ANOVA) followed by a Tukey post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the SO group; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the SAP group. JAK2, janus kinase two; STAT3, signal transducer and activator of transcription three; SO, sham operation; SAP, severe acute pancreatitis.
Establishment of AR42J Pancreatic Acinar Cell Injury Model Induced by Cerulein
We constructed an in vitro cell model mimicking SAP by treating the AR42J cells line with cerulein to stimulate pro-inflammatory cytokine expression. Figure 7A reveals that amylase activity increased significantly at 4 h, and then gradually increased at 6, 12 and 24 h. Figures 7B–D shows that JAK2, STAT3, p-JAK2 and p-STAT3 protein expression gradually increased and peaked at 4 h (p < 0.001), to gradually decrease at 6, 12 and 24 h. Therefore, we chose 4 h as the checkpoint for sample collection of cells in the succeeding experiments. These results suggested that the AR42J cell injury model was successfully established.
[image: Figure 7]FIGURE 7 | AR42J cell injury model established by cerulein treatment. (A) The amylase activity was measured at different time points. (B,C) Western blot findings of p-JAK2, JAK2, p-STAT3 and STAT3 protein expression in AR42J cells treated with cerulein. (D) Peak of p-JAK2, JAK2, p-STAT3 and STAT3 proteins expression at different simultaneous phase sites. (E) amylase activity in the control, cerulein, rhein 0.25 μg/ml, rhein 0.5 μg/ml and rhein 1 μg/ml groups (F) The TNF-α levels in the control, cerulein, rhein 0.25 μg/ml, rhein 0.5 μg/ml and rhein 1 μg/ml groups. Data are expressed as mean ± SD (n = 5 per group). Significance between groups was evaluated by one way analysis of variance (ANOVA) followed by a Tukey post hoc test. JAK2, janus kinase two; STAT3, signal transducer and activator of transcription 3.
Figure 7E shows that the amylase activity in the cerulein group was significantly upregulated compared with the control group (p < 0.001). When rhein was added to the supernatants of cells at concentrations of 0.25, 0.5 and 1 μg/ml 20 min before adding cerulein, the amylase level downregulated in a concentration-dependent manner (p < 0.001). Figure 7F reveals that the TNF-α level in the cerulein group was significantly upregulated compared with the control group (p < 0.001). This increasing trend was significantly reversed by treatment with rhein in a concentration-dependent manner (p < 0.001). These results suggested that rhein protected the injured AR42J cells.
Effect of Rhein on the AR42J Cell Injury Model
Effect Of Rhein On JAK2 and STAT3 Expressions In The AR42J Cell Injury Model Figure 8 shows that p-JAK2, JAK2, p-STAT3 and STAT3 proteins expression were significantly increased in the cerulein group compared with the control group (p < 0.001). After rhein treatment, the activity of p-JAK2, JAK2, p-STAT3 and STAT3 were significantly decreased compared with the cerulein group (p < 0.001). The expression of p-JAK2, JAK2, p-STAT3and STAT3 proteins at the middle and lower doses in the rhein group differed significantly from those at the high dose. These results suggest that rhein could inhibit the expression of protein p-JAK2, JAK2, p-STAT3and STAT3, which are important components in the JAK2/STAT3 signalling transduction pathway induced by cerulein in AR42J cells.
[image: Figure 8]FIGURE 8 | The protein expression of p-JAK2, JAK2, p-STAT3 and STAT3 in the AR42J cell model was measured by western blot. (A,B) p-JAK2 and JAK2 protein expression in the control, cerulein, rhein 0.25 μg/ml, rhein 0.5 μg/ml and rhein 1 μg/ml groups. (C,D) p-STAT3 and STAT3 protein expression in the control, cerulein, rhein 0.25 μg/ml, rhein 0.5 μg/ml and rhein 1 μg/ml groups. Data are expressed as mean ± SD (n = 5 per group). Significance between groups was evaluated by one way analysis of variance (ANOVA) followed by a Tukey post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the cerulein group; $p < 0.05, $$p < 0.01 and $$$p < 0.001 compared with the rhein 0.25 μg/ml group. JAK2, janus kinase two; STAT3, signal transducer and activator of transcription 3.
DISCUSSION
In the current study, we found that rhein significantly alleviated pancreatic histopathology, attenuated proinflammation factors, and inhibited JAK2/STAT3 signalling pathway in SAP rat model. In SAP cell model, rhein significantly decreased the expression of amylase and TNF-α induced by cerulein, and inhibited JAK2/STAT3 signalling pathway.
The pathogenesis of SAP seems to be related to multifaceted pathological processes, involving inflammation, parenchymal acinar cell death by necrosis, and cellular damage in the pancreas. We established SAP rat models by retrograde pancreatic bile duct injection of sodium taurocholate (Pereda et al., 2004; Wu et al., 2013; Pérez et al., 2015). However, under the action of sodium taurocholate, pancreatic acinar cells are damaged and the inflammatory response is enhanced, which may activate various disease-related signalling pathways, such as the JAK2/STAT3 signalling pathway (Booth et al., 2011; Husain et al., 2012; Lerch and Gorelick, 2013). Conversely, crosstalk between acinar cells and the immune system perpetuates the inflammatory response. These pathways amplify the production of proinflammatory cytokines, including TNF-α, IL-1 β, IL-6 and IL-18 (Lerch and Gorelick, 2013; Abu-El-Haija and Lowe, 2018; Lee and Papachristou, 2019). The SAP cell model was induced by cerulein. Pathological changes similar to those of human SAP were found during the induction (Yu et al., 2008; Lee et al., 2010). Because cerulein is a CCK analogue, it binds to CCK receptors to activate signal transduction in pancreatic acinar cells. The CCK2 receptor is a Gq protein-coupled receptor that mediates JAK2/STAT3 activation and promotes pancreatic tumour cell proliferation (Ferrand et al., 2005; Ferrand et al., 2006; Beales and Ogunwobi, 2009). Previous studies have shown that cerulein induces IL-1β expression in pancreatic acinar cells by activating the JAK2/STAT3 signalling pathway (Yu et al., 2006; Yu et al., 2007; Zhou et al., 2021). Therefore, relieving pancreatic inflammation and inhibiting activated JAK2/STAT3 should be included in new-generation of drugs for SAP.
Traditional Chinese medicine has rich experience in the prevention and treatment of SAP. At present, it has been reported that Dachengqi Decoction plays an important role in reducing the complications of SAP in patients (Zhang et al., 2008; Wan et al., 2011). In SAP rats treated with Dachengqi Decoction and rhubarb, the distribution characteristics of five main anthraquinone compounds of rhubarb (rhein, emodin methyl ether, rhubarb phenol, aloe-emodin and emodin) in pancreas were studied, rhein is the most abundant component of all anthraquinones detected in pancreatic tissue (Zhao et al., 2004; Gong et al., 2009). However, the research on the inhibitory effect of the above traditional Chinese medicine on SAP is often limited to the determination of inflammatory factors and pharmacodynamics, and there is a lack of in-depth research on its mechanism.
At present, natural products with low side effects and efficacy have been considered for the treatment of SAP. In SAP model, huperzine II treatment was able to increase antioxidant, anti-inflammatory and anti-apoptotic activity (Piao et al., 2017), possibly by activating the farnesoid X receptor or affecting the JAK2/STAT3 signalling pathway to reduce oxidative, inflammatory and apoptotic levels (Li et al., 2020), thus providing protection for SAP. Another study also indicated that curcumin ameliorates acute renal injury in a rat model of SAP. The molecular mechanism of its effect may be associated with the suppression of the JAK2/STAT3 pathway to reduce TNF-α and IL-6 levels in SAP-induced acute renal injury. Rhein is a natural molecule and our results showed that it inhibited the JAK2/STAT3 signalling pathway, and caused a decrease in inflammatory factor levels, these results consistent with the predicted target results of network pharmacology. Besides, Rhein is widely found in medicinal plants such as rhubarb, Sennae folium, Semen cassiae, and Polygonum multiflorum, and it is widely used in clinical practice (Xian et al., 2020). These medical plants are broadly used all over the world. In China, approximately 10% (800) of more than 8,000 proprietary Chinese medicines contain rhubarb. So, rhein has extremely important value in the treatment of SAP.
Nowadays, rhein is widely used in inflammation treatment in China (Ji and Gu, 2021; Wang et al., 2020). In this study, in order to investigate whether rhein possessed anti-inflammatory effects in a rat model of SAP, we first established a rat model of SAP. In our current study, SAP model was established in rats by retrograde pancreatic bile duct injection of sodium taurocholate with a dose of 3.5% (Pereda et al., 2004; Wu et al., 2013; Pérez et al., 2015). Then the model was tested by pathological damage and inflammatory cytokines. For pancreatic injury, we tested it by HE staining. Edema, necrosis and inflammatory infiltration were observed in the acinar cells of pancreatic tissue. These alterations can be attributed to the action of sodium taurocholate. However, under the action of sodium taurocholate, pancreatic acinar cells are damaged and the inflammatory response is enhanced, which may activate various disease-related signalling pathways, such as the JAK2/STAT3 signalling pathway (Booth et al., 2011; Husain et al., 2012; Lerch and Gorelick, 2013). Previous studies have reported that the JAK2/STAT3 pathway plays a key role in inflammatory diseases (Zhu et al., 2017; Xia et al., 2021). Therefore, the JAK2/STAT3 signalling pathway plays a crucial role in evaluating potential mechanism. In this work, p-JAK2, JAK2, p-STAT3 and STAT3 proteins expression were significantly increased in the SAP group compared with the control group. The above-mentioned findings indicated that a SAP rat model was successfully established.
After rhein treatment, inflammatory cytokines were decreased, and JAK2/STAT3 signalling pathway related proteins were also downregulated, suggesting that rhein plays an anti-inflammatory role by inhibiting JAK2/STAT3 signaling pathway. In addition, HE staining is another method frequently used in evaluation of pancreatic injury (Wang et al., 2020). In the current study, the protective effects of rhein were further validated by the significantly improved histological results. The histopathological changes were significantly restored by rhein treatment, and less infiltration of inflammatory cells was observed in the rhein group compared with the model group. These findings also provided convincing evidence that rhein exerted protective effects against sodium taurocholate-induced pancreatic injury.
According to published many literatures about rhein anti-inflammatory mechanism, such as the interactive relationships of rhein on multiple inflammatory signaling pathways and cellular processes (Wang et al., 2020; Ding et al., 2020) The SAP cell model was induced by cerulein in AR42J cells, which pathological changes similar to those of human SAP were found during the induction (Yu et al., 2008; Lee et al., 2010). AR42J cells were treated with 10−8 mol/L of cerulein for 24 h. Then the model was tested by inflammatory cytokines and JAK2/STAT3 signalling pathway related proteins at 4 h. These alterations can be attributed to the action of cerulein. In this work, amylase and TNF-α activity in the SAP group were significantly upregulated compared with the control group, and p-JAK2, JAK2, p-STAT3 and STAT3 proteins expression were significantly increased in the SAP group compared with the control group. The above-mentioned findings indicated that SAP cell model was successfully established. After rhein treatment, inflammatory cytokines were downregulated, and JAK2/STAT3 signalling pathway related proteins were also decreased, suggesting that rhein plays an anti-inflammatory role by regulating JAK2/STAT3 signaling pathway.
In summary, rhein not only inhibits the release of inflammatory factors but also alters the expression of JAK2/STAT3 signal pathway-related proteins in the SAP model in vivo and in vitro. Our findings indicate the potential therapeutic effects of rhein on SAP.
CONCLUSION
Taken together, our data provided evidence that rhein plays therapeutic role by inhibiting therelease of inflammatory factors in the SAP model in vivo and in vitro. This effect may be related to the regulation of JAK2/STAT3 signal pathway. This study will be helpful for the treatment of SAP.
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The purpose of this study is to investigate the protective effect of kaempferol (KAE), the main active monomer from Penthorum chinense Pursh, on hepatic ischemia/reperfusion injury (HI/RI) and its specific mechanism. HI/RI is a common complication closely related to the prognosis of liver surgery, and effective prevention and treatment methods are still unavailable. Ischemia/reperfusion (I/R) injury is caused by tissue damage during ischemia and sustained oxidative stress and inflammation during reperfusion. Penthorum chinense Pursh is a traditional Chinese medicine widely used to treat liver disease since ancient times. Kaempferol (KAE), a highly purified flavonoid active monomer isolated and extracted from Penthorum chinense Pursh, was investigated for its protective effect on HI/RI. Our study indicates that KAE pretreatment alleviated I/R-induced transaminase elevation and pathological changes. Further analysis revealed that KAE pretreatment attenuates I/R-induced oxidative stress (as measured by the content of MDA, SOD and GSH) in vivo and reduces hypoxia/reoxygenation (H/R) -induced reactive oxygen species (ROS) generation in vitro. Meanwhile, KAE inhibits activation of NF-κB/p65 and reduces the release of pro-inflammatory factors (TNF-α and IL-6) to protect the liver from I/R-induced inflammation. Nuclear erythroid 2-related factor 2 (Nrf2) is a crucial cytoprotection regulator because it induces anti-inflammatory, antioxidant, and cytoprotective genes. Therefore, we analyzed the protein levels of Nrf2 and its downstream heme oxygenase-1 (HO-1) in the liver of mice and hepatocytes of humankind, respectively, and discovered that KAE pretreatment activates the Nrf2/HO-1 signaling pathway. In summary, this study confirmed the hepatoprotective effect of KAE on HI/RI, which inhibits oxidative stress and inflammation by activating the Nrf2/HO-1 signaling pathway.
Keywords: kaempferol, ischemia/reperfusion, oxidative stress, inflammation, Nrf2/HO-1
INTRODUCTION
HI/RI is a pathological state characterized by initial restriction of blood flow to the organ followed by restoration of perfusion and concomitant reoxygenation. However, blood flow restoration and reoxygenation are frequently associated with worsening tissue damage and a severe inflammatory response (Eltzschig and Eckle, 2011). HI/RI is a severe and unavoidable complication of certain liver surgeries, particularly partial hepatectomy and liver transplantation. It can result in delayed recovery of liver function and nonfunctioning of the transplanted liver following surgery, compromising the prognosis of liver surgery (Jochmans et al., 2017). HI/RI is a biphasic pathophysiological process that consists of two phases; the ischemic phase and the reperfusion phase. During ischemia, activated Kupffer cells release ROS, TNF-α, and IL-1β, leading to subsequent leukocyte recruitment, hepatocyte death, and endothelial injury (Ju and Tacke, 2016; Abu-Amara et al., 2010). Meanwhile, reoxygenation during the reperfusion period will lead to acute ROS generation, and the rapid accumulation of ROS directly causes tissue damage and impairs mitochondrial function and antioxidant systems, further exacerbating the deleterious effects of ROS, leading to sterile inflammation, apoptosis, and organ failure (Elias-Miró et al., 2013).
Natural product-based drugs have been regarded as a novel therapeutic strategy for preventing and treating certain diseases in recent years. Previous studies have shown that herbal active monomers have tremendous therapeutic potential, with pharmacological effects, including anti-inflammatory, antioxidant, and anti-apoptotic (Subramanya et al., 2018). Penthorum chinense Pursh (also known as Ganhuangcao in traditional Chinese medicine) is a medicinal and edible herb native to Miao nationality in China that grows primarily in southwest China (especially in Gulin County, Luzhou, Sichuan). Penthorum chinense Pursh has been used to treat liver diseases and alleviate liver injury in acute and chronic hepatitis, liver fibrosis, and non-alcoholic fatty liver disease for thousands of years (Wang et al., 2015). The main active ingredients of Penthorum chinense Pursh include flavonoids, organic acids, sterols, lignans, and volatile oils (Guo et al., 2015).
In our previous study (Du et al., 2020), we isolated and extracted high purity KAE (purity >98%, based on High-performance liquid chromatography (HPLC) analysis) (Figure 1) from Penthorum chinense Pursh and demonstrated its significant anti-inflammatory, antioxidant, and anti-apoptotic effects using the acetaminophen (N-acetyl-p-aminophenol, APAP)-induced hepatotoxicity mice model. Furthermore, Rabha et al. (Rabha et al., 2018) demonstrated that in a mice model of sepsis-induced acute lung injury, KAE pretreatment reduced the levels of cytokines IL-6, IL-1β, and TNF-α in plasma and lung tissue and increases the antioxidant products, SOD and GSH, to attenuate inflammation and oxidative stress.
[image: Figure 1]FIGURE 1 | Chemical and 3D structure of KAE and chemical properties.
Current studies widely indicate that oxidative stress and inflammation are critical mechanisms for the occurrence and progression of HI/RI, which is induced by the release of inflammatory factors (primarily TNF-α and IL-6, etc.) and the accumulation of ROS. Therefore, inhibiting oxidative stress and inflammation following liver surgery is a feasible therapeutic strategy for alleviating HI/RI (Pizzino et al., 2017; Nace et al., 2013). Based on the above background, this study examined the protective effect of KAE on I/R injury using the HI/RI model of mice and the H/R model of hepatocytes, and investigated the specific mechanism of the hepatoprotective effects of KAE.
MATERIALS AND METHODS
KAE Extraction and Isolation
The method for isolating and extracting KAE from Penthorum chinense Pursh is described in our previous study (Du et al., 2020), and the purity was confirmed to be >98% based on HPLC analysis (Figure 1).
Animals and Groups
We purchased 48 male C57BL/6 mice (8–10 weeks old, weighing 18–22 g) from Hua Fukang Bioscience (Beijing, China) and housed them under controlled light (12-h light/dark cycle) and temperature (22 ± 2°C) conditions with free access to food and water. After 1 week of adaptive feeding, the mice were randomly divided into the following groups (eight mice each): 1) Sham group (Sham); 2) KAE 60 mg/kg group (KAE60); 3) HI/RI group (HI/RI); 4) HI/RI + KAE 15 mg/kg (HI/RI + KAE15); 5) HI/RI + KAE 30 mg/kg (HI/RI + KAE30); 6) HI/RI + KAE 60 mg/kg (HI/RI + KAE60).
Mice in groups 2), 4), 5), and 6) were administered the above dose of KAE by gavage for 7 days, and HI/RI model was performed, with samples collected on day 8. All animal experiments in this study were reviewed and approved by the Animal Care and Use Committee and Ethics Committee of Southwest Medical University.
Mice HI/RI Model
According to Yuta Abe’s method, nonlethal segmental (70%) liver ischemia was established. Briefly, all mice were anesthetized with sodium pentobarbital (40 mg/kg, i.p) before dissecting their abdomens along the midline. Then, using an atraumatic microvascular clamp, nonlethal segmental (70%) liver ischemia was induced by occlusion of the hepatic artery and portal vein of the left and median lobes. After 60 min of segmental liver ischemia, the clamps were removed to initiate liver reperfusion. The mice were sacrificed with overdose sodium pentobarbital (90 mg/kg, i. p) after 6 h of reperfusion, and plasma and liver tissues were collected for analysis. Additionally, the mice belonging to the Sham group underwent a midline laparotomy incision without microvascular clamp placement.
Cell Culture and H/R Model of Hepatocytes
Normal human hepatocytes QSG-7701 were purchased from Beyotime Biotechnology (Shanghai, China) and cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco; Thermo Fisher Scientific, United States) supplemented with 10% fetal bovine serum (Biological Industries, Beit Haemek, Israel) and 1% penicillin-streptomycin (Solarbio, Beijing, China) in a humidified incubator (Thermo Fisher Scientific, United States; 37°C, 5% CO2). The H/R model of hepatocytes was established with some modifications to our previous study (Du et al., 2019). Briefly, experimental group hepatocytes were pretreated with various concentrations of KAE for 24 h before H/R procedure, while the control group was treated with the same volume of the KAE vehicle (DMSO; Solarbio, Beijing China) and maintained in the incubator. After that, all hepatocytes were washed twice with warm PBS and replaced with glucose-free and serum-free DMEM (Balanced with 1% O2, 5% CO2, and 94% N2; Procell, Wuhan, China) 1 h before the hypoxia period. Experimental group cells were then cultured under hypoxic conditions (37°C, 1% O2, 5% CO2, and balanced N2) in an InvivO2 400 hypoxic workstation (Baker Ruskinn, United Kingdom) for 6 h. Then, both groups of hepatocytes were replaced with fresh warm DMEM in the incubator (37°C, 5% CO2) for a 4-h reoxygenation period.
Serum Aminotransferase Analyses
Mice serum samples were obtained by centrifuging (4°C, 5,000 rpm, 5 min) blood. An automatic biochemical analyzer (ADVIA 2400 Chemistry System, Siemens, Germany) was used to determine the serum activities of ALT and AST in mice.
Determination of Hepatic MDA, SOD and GSH Content
The supernatant was collected after the homogenization of the mice liver, and the content of MDA, SOD and GSH were measured according to the kit manufacturer’s instructions (Beyotime, Shanghai, China).
Hematoxylin-Eosin and Immunohistochemistry Staining
Liver samples from each group of mice were collected immediately after the I/R procedure and fixed in a 4% paraformaldehyde solution for 24 h, followed by dehydration with gradient ethanol, paraffin embedding, and sectioning for H&E and IHC staining of HO-1 (1:500, Proteintech, Wuhan, China).
Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick End Labeling Apoptosis Assay
TUNEL apoptosis assay for mice liver tissue sections was performed according to the kit manufacturer’s instructions (Servicebio, Wuhan, China).
Cell Viability Assay
According to the manufacturer’s instructions, cell viability was determined using the cell counting kit 8 (CCK-8; Beyotime, Shanghai, China). Briefly, hepatocytes (3 × 104/well) were inoculated in a 96-well plate, then 10 μl CCK-8 solution was added and cultured routinely. After 2 h, absorbance at 450 nm was measured using a Cytation5 Imaging Reader (BioTek, United States), and cell viability was calculated. Duplicate wells were used in the respective groups and repeated four times.
Detection of ROS Generation
For cellular ROS determination and fluorescence analysis, we loaded a dichlorofluorescein-diacetate (DCFH-DA) fluorescent probe according to the manufacturer’s instructions (Beyotime, Shanghai, China). The area scan function (3 × 3 reads/well; excitation/emission = 488/525 nm) of the Gen5 software (Vision.3.08; Biotek, United States) was used to calculate the average fluorescence intensity of 6-well plates, and subsequent fluorescence images were captured using a fluorescence microscope (IX73; Olympus, Tokyo, Japan).
Western Blotting
According to the manufacturer’s instructions, RIPA lysis buffer (Beyotime, Shanghai, China) was used to extract total protein from liver tissue and hepatocytes. Western blotting was performed as previously described (Lei et al., 2016). The membranes were incubated with primary antibodies against NF-κB/p65 (1:1,000; Proteintech, United States), phospho-NF-κB/p65 (p-p65; 1:1,000; Zen Bioscience, China), TNF-α (1:1,000; Proteintech; United States), IL-6 (1:1,000; Proteintech, United States), IL-10 (1:1,000; Wanleibio, China), Bax (1:2000; Proteintech, United States), Bcl-2 (1:1,000; Proteintech, United States), Nrf2 (1:1,000; Proteintech, United States), HO-1 (1:1,000; Proteintech, United States), β-actin (1:5,000; Proteintech, United States) and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5,000; Proteintech, United States). The relative protein expression was analyzed using ImageJ software (NIH, Maryland, United States).
Statistical Analysis
All data analyses were performed using GraphPad Prism v.8.0 (GraphPad Software, San Diego, United States) and presented as mean ± standard deviation. All data were compared using one-way ANOVA and t-test, and a p-value less than 0.05 (p < 0.05) was considered to represent statistically significant results.
RESULTS
KAE Mitigates Liver Injury in Mice HI/RI Model
In this study, mice were pretreated with different doses of KAE gavage (15, 30, and 60 mg/kg) for 7 days before establishing HI/RI models, as previously described (Figure 2A). We first evaluated the effect of KAE on the liver of mice and observed no significant difference in liver function (p > 0.05) (Figures 2B,C) and tissue structure (Figure 2D) between the KAE60 and Sham groups of mice, confirming that the dose of KAE gavage was not significantly toxic to mice. While KAE pretreatment dose-dependently reduced I/R-induced transaminase elevation, with the most significant effect of KAE at 60 mg/kg (ALT, p < 0.01; AST, p < 0.001) (Figures 2B,C). The Sham and KAE60 groups had normal liver structure and intact liver lobules on morphological and histopathological inspection. In contrast, mice in the HI/RI group showed a larger area of necrosis in the liver, and KAE pretreatment reversed this result (Figure 2D). The area of I/R-induced necrosis was reduced in all KAE pretreatment groups, with the best effect in the KAE60 group. However, the improvement of I/R by KAE 15 mg/kg was less significant (Figure 2D), consistent with serological results (p > 0.05) (Figures 2B,C).
[image: Figure 2]FIGURE 2 | KAE mitigates liver injury in mice HI/RI model. (A) KAE administration and HIRI model establishment in mice (n = 8/group); Effect of KAE pretreatment on serum of ALT (B) and AST (C); (D) Pathological evaluation of liver tissue specimens by H&E staining (original magnification ×200). Data were expressed as mean ± standard deviation (SD) values. *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 versus the sham group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HI/RI group; NS: no significance.
KAE Attenuates I/R-Induced Oxidative Stress in vivo
To assess the KAE effect on oxidative stress in the mice HI/RI model, we measured the content of MDA, SOD and GSH in the supernatant of mice liver tissue homogenates as markers of oxidative stress levels (Figures 3A–C). Compared with the Sham group, the MDA content in the liver of mice subjected to I/R injury significantly increased (p < 0.001) (Figure 3A), but the KAE pretreatment group was considerably lower than the HI/RI group, especially the HIRI + KAE60 group (p < 0.001) (Figure 3A). SOD and GSH, components of the antioxidant system in organisms, were significantly reduced by I/R-induced oxidative stress (p < 0.001) (Figures 3B,C), and KAE pretreatment dose-dependently reversed this result, with the best effect at a KAE dose of 60 mg/kg (p < 0.001) (Figures 3B,C). However, KAE pretreatment at 15 mg/kg had almost no effect on oxidative stress (Figures 3A–C).
[image: Figure 3]FIGURE 3 | KAE attenuates I/R-induced oxidative stress in vivo. Determination of MDA (A), SOD (B) and GSH content (C) in mice liver tissue homogenates using the corresponding kits. Data were expressed as mean ± standard deviation (SD) values. *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 versus the sham group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HI/RI group; NS: no significance.
KAE Suppresses I/R-Induced Inflammation in vivo
To investigate the protective effect of KAE against inflammation induced by I/R, we analyzed the protein expression of inflammatory factors and markers by western blotting. I/R-induced significant NF-κB/p65 phosphorylation and increased the expression of pro-inflammatory factors, including TNF-α and IL-6 (p < 0.001) (Figures 4A–D), whereas KAE pretreatment dose-dependently reversed these effects, and the anti-inflammatory effect was most pronounced at a dose of 60 mg/kg (p < 0.001) (Figures 4A–D). In addition, the IL-10 involved in anti-inflammatory was significantly downregulated by I/R injury (p < 0.001) (Figures 4A,E), whereas KAE pretreatment dose-dependently restores some of the effects (Figures 4A,E). The above results indicate that KAE pretreatment inhibits I/R-induced pro-inflammatory factors release by suppressing NF-κB/p65 activation and increasing the expression of anti-inflammatory factors.
[image: Figure 4]FIGURE 4 | KAE suppresses I/R-induced inflammation in vivo. (A) Protein expression in liver tissue were determined by western blotting for p65, p-p65, TNF-α, IL-6, IL-10 and β-actin. (B–E)Relative protein expression was semi-quantified by analyzing protein grayscale values. Data were expressed as mean ± standard deviation (SD) values. *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 versus the sham group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HI/RI group; NS: no significance.
KAE Alleviates I/R-Induced Hepatocellular Apoptosis in vivo
To further assess the extent of I/R-induced injury in vivo, we analyzed the expression of related proteins by western blotting and performed TUNEL staining on liver tissue sections. Western blotting of apoptosis-related protein expression revealed that I/R significantly upregulated the expression of the pro-apoptotic protein Bax while inhibiting the expression of the anti-apoptotic protein Bcl-2 (p < 0.001) (Figures 5A–C), which was reversed by KAE pretreatment at an optimal dose of 60 mg/kg (p < 0.001) (Figures 5A–C). TUNEL staining was the next section, and our results showed that a large number of TUNEL-positive cells were detected in the liver tissue of the HI/RI group compared with the Sham group (Figure 5D). However, apoptotic hepatocytes in the KAE pretreatment group were significantly lower than those in the HI/RI group, which was particularly significant in the HIRI + KAE60 group (Figure 5D), indicating that KAE pretreatment inhibits I/R-induced hepatocellular apoptosis by downregulating pro-apoptotic protein expression and upregulating anti-apoptotic protein expression.
[image: Figure 5]FIGURE 5 | KAE alleviates I/R-induced hepatocellular apoptosis in vivo. (A) Protein expression in liver tissue were determined by western blotting for Bax, BCL-2, and β-actin; (B,C) Relative protein expression was semi-quantified by analyzing protein grayscale values. (D) Analysis of hepatocellular apoptosis by TUNEL staining. Data were expressed as mean ± standard deviation (SD) values. *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 versus the sham group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HI/RI group; NS: no significance.
KAE Activates the Nrf2/HO-1 Signaling Pathway to Attenuate I/R Injury in vivo
To investigate the role of KAE in the Nrf2/HO-1 signaling pathway, we analyzed the expression of Nrf2 and HO-1 in total protein extracts from the mice liver by western blotting. Our study showed that I/R injury mildly increased the expression of Nrf2 (p < 0.05) (Figures 6A,B) and dramatically increased the expression of HO-1 (p < 0.001) (Figures 6A,C) compared with the Sham group. Compared with the HI/RI group, expression of Nrf2 and HO-1 were further increased in the KAE pretreatment groups, and the extent of the increase correlated with the KAE dose, the effect was most pronounced when KAE pretreatment dose reached 60 mg/kg (p < 0.001) (Figures 6A,C). IHC staining of HO-1 showed similar results: a minor increase in HO-1-positive cells in the HI/RI group compared with the Sham group, and a significant increase in HO-1-positive cells in the KAE pretreatment group (Figure 6D). These results indicate that Nrf2 was activated under stress conditions and upregulated HO-1 expression to counteract I/R injury, and KAE pretreatment further enhanced the effect.
[image: Figure 6]FIGURE 6 | KAE activates the Nrf2/HO-1 signaling pathway to attenuate I/R injury in vivo. (A) Protein expression in liver tissue were determined by western blotting for Nrf2, HO-1, and β-actin; (B,C) Relative protein expression was semi-quantified by analyzing protein grayscale values. (D) Analysis of HO-1 expression in mice liver tissues by IHC staining. Data were expressed as mean ± standard deviation (SD) values. *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 versus the sham group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HI/RI group; NS: no significance.
KAE Palliates H/R-Induced Hepatocellular Apoptosis in vitro
At the cytological level, we started by pretreating the normal human hepatocyte line QSG-7701 with DMSO and different KAE concentrations for 24 h. Then, cell viability was measured to assess the cytotoxicity of KAE (Figure 7A). Hepatocyte proliferation was significantly inhibited at KAE concentrations up to 20 μM (p < 0.001) (Figure 7A), hence KAE concentrations below 20 μM will be used in subsequent experiments. H/R injury significantly inhibited the proliferation of hepatocytes (p < 0.001) (Figure 7B), and KAE pretreatment restored the injury, with 5 μM KAE being the optimal concentration (p < 0.01) (Figure 7B). Subsequently, western blotting was performed to detect the expression of pro-apoptotic factor Bax and anti-apoptotic factor Bcl-2 in each group of hepatocytes (Figures 7C–E). The results showed that H/R significantly upregulated Bax expression but downregulated the expression of Bcl-2, which was reversed by KAE with an optimal concentration of 5 μM (p < 0.001) (Figures 7C–E). These findings are similar to those obtained in vivo.
[image: Figure 7]FIGURE 7 | KAE palliates H/R-induced hepatocellular apoptosis in vitro. (A) Assessment of cytotoxicity of KAE by cell viability assay; (B) Screening of optimal concentration of KAE pretreatment by cell viability assay. (C) Protein expression in liver tissue was determined by western blotting for Bax, BCL-2, and β-actin; (D,E) Relative protein expression was semi-quantified by analyzing protein grayscale values. Data were expressed as mean ± standard deviation (SD) values. *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 versus the control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the H/R group; NS: no significance.
KAE Reduces ROS Generation and Activates the Nrf2/HO-1 Signaling Pathway to Relieve H/R Injury in vitro
To assess the level of H/R-induced oxidative stress in vitro, the DCFH-DA fluorescent probe was used to label ROS. DCFH-DA fluorescent probe was loaded on hepatocytes, and the fluorescence area was compared to measure ROS levels. Pretreatment with a 5 μM KAE concentration reversed H/R-induced fluorescent area increase, but increasing the KAE concentration to 20 μM may have caused more ROS generation (p > 0.05) (Figure 8A). The average fluorescence intensity measurement confirmed the above results (p < 0.001) (Figure 8B). Further, we investigated Nrf2 and HO-1 protein expression in hepatocytes under H/R conditions. Compared with the Sham group, H/R injury increased the expression of total Nrf2 and its downstream HO-1 (p < 0.001) (Figures 8C–E), which was further enhanced by KAE pretreatment, especially at KAE pretreatment concentration of 5 μM (p < 0.001) (Figures 8C–E). The above in vitro results were in good agreement with the in vivo experiments, confirming the validity of KAE pretreatment.
[image: Figure 8]FIGURE 8 | KAE reduces ROS generation and activates the Nrf2/HO-1 signaling pathway to relieve H/R injury in vitro. (A) Assessment of hepatocellular ROS generation by DCFH-DA fluorescent probe; (B) Analysis of ROS relative fluorescence intensity by area scan (3 × 3 reads/well; excitation/emission = 488/525 nm); (C) Protein expression in liver tissue were determined by western blotting for Bax, BCL-2, and β-actin; (D,E) Relative protein expression was semi-quantified by analyzing protein grayscale values. Data were expressed as mean ± standard deviation (SD) values. *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 versus the control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the H/R group; NS: no significance.
DISCUSSION
HI/RI is a common and severe complication in liver surgery, which constrains the development of hepatic surgery, but current therapeutic strategies are limited (Yang et al., 2019). KAE, a flavonoid isolated from Penthorum chinense Pursh, has been reported to exhibit significant anti-inflammatory and antioxidant effects (Suchal et al., 2016; Xu et al., 2019; Chen et al., 2020; Du et al., 2020). However, the effects of KAE on HI/RI are yet to be reported. Our study showed that KAE pretreatment significantly reduced I/R-induced impairment of liver function and tissue structure. We attempted to elucidate its possible mechanisms in three dimensions: inflammation, oxidative stress, and apoptosis.
HI/RI manifests as a direct result of hepatocyte injury during the ischemic phase, which induces an inflammatory response, and further cellular dysfunction and injury caused by inflammatory pathway activation (Nace et al., 2013). The anti-inflammatory effect of KAE has been demonstrated in several disease models (Devi et al., 2015), and our study showed that the anti-inflammatory effect of KAE is closely related to the inhibition of NF-κB phosphorylation. NF-κB/p65, as one of the primary regulators of classical inflammatory pathways, plays a vital role in the occurrence and progression of ischemia-reperfusion injury in multiple organs (Zhang et al., 2020). In addition, our study indicated that KAE downregulated the expression of pro-inflammatory factors (including TNF-α and IL-6) by inhibiting the activation of NF-κB/p65.
When it comes to oxidative stress, as mentioned previously, the occurrence and progression of HI/RI are closely related to oxidative stress, and ROS is a key link in it (Elias-Miró et al., 2013). Therefore, we measured the content of MDA, SOD, and GSH in vivo and the level of ROS in vitro to represent the degree of oxidative stress. Several existing studies have demonstrated the potential of KAE on scavenging ROS and mitigating oxidative stress (Saw et al., 2014; Zeka et al., 2020). In the present study, our data confirmed that KAE exerts antioxidant effects by activating the Nrf2/HO-1 signaling pathway.
Further investigation of the hepatoprotective effects of KAE revealed that KAE pretreatment attenuates inflammation and oxidative stress under stressful conditions in vivo and in vitro and remarkably alleviates hepatocyte apoptosis. It has long been demonstrated that Bcl-2 is a critical anti-apoptotic protein in organisms and promoting Bcl-2 expression significantly alleviates HI/RI (Selzner et al., 2002). Similarly, our results suggested that KAE downregulates the expression of apoptotic protein Bax and upregulates the expression of anti-apoptotic protein Bcl-2 in I/R and H/R-induced injury, thereby alleviating hepatocyte apoptosis. Also, TUNEL staining of liver sections supported the results of western blotting.
Our study on the mechanism of KAE revealed that the potent anti-inflammatory, antioxidant and anti-apoptotic effects of KAE might be attributed to the activation of the Nrf2/HO-1 signaling pathway by KAE. Previous studies have demonstrated that the Nrf2/HO-1 signaling pathway is one of the critical pathways for biological resistance to inflammation and oxidative stress, and the transcriptional response of Nrf2 is essential for maintaining homeostasis in the organism (Bardallo et al., 2021). Under physiological conditions, Nrf2 is anchored in the cytoplasm by binding to its inhibitor, Kelch-like ECH-associated protein-1 (Keap1). Various endogenous or exogenous stimuli dissociate Nrf2 from Keap1, resulting in nuclear translocation of Nrf2, which in turn mediates transcriptional activation of antioxidant response element (ARE) regulatory genes, thereby reducing ROS levels, inflammation, and cell death (Bataille and Manautou, 2012; Galicia-Moreno et al., 2020; Jayasuriya et al., 2021). Among the genes downstream of ARE-mediated transcriptional activation, up-regulation of HO-1 may be one of the most critical cytoprotective mechanisms activated during cellular stress, such as inflammation, ischemia, hypoxia, hyperoxia, hyperthermia, or radiation (Brockmann et al., 2005). Moreover, HO-1 was thought to play a crucial role in maintaining antioxidant/oxidant balance during cellular injury (Waltz et al., 2011), and its anti-inflammatory and anti-apoptotic effects have been validated in multiple disease models (McDaid et al., 2005).
Notably, studies showed that the expression of Nrf2 and HO-1 were downregulated under stress conditions (Yao et al., 2020; Yu et al., 2021). In addition, KAE was found to upregulate the expression of Nrf2 and HO-1 in WT mice and cells without any treatment (Yao et al., 2020). However, in contrast to earlier findings, our results demonstrate that KAE pretreatment has no significant effect under physiological conditions (Sham group versus KAE60 group in vivo). Meanwhile, Nrf2 and HO-1 expression was mildly elevated under stress conditions (Sham group versus HI/RI group in vivo; Control group versus H/R group in vitro), and the effect was dose-dependently enhanced by KAE pretreatment. Our results are similar to some studies that indicated that upregulation of Nrf2 and HO-1 expression was associated with anti-inflammatory and antioxidant functions initiated by hepatocytes during HI/RI (Li et al., 2021; Ma et al., 2021; Zhuang et al., 2021). Collectively, our results suggested that I/R injury upregulated Nrf2 and HO-1 to some extent to counteract stress and injury and that KAE pretreatment has a significant effect only when mice are subjected to I/R injury.
CONCLUSION
This study verified the protective effects of KAE pretreatment on the liver from both animal and cellular perspectives. Its potent anti-inflammatory and antioxidant effects were associated with inhibition of the NF-κB/p65 and activation of the Nrf2/HO-1 signaling pathway. Based on the existing studies, the current study further elaborated the specific mechanism of KAE to alleviate HI/RI. These results suggest promising drug candidates for preventing and treating HI/RI and laying the foundation for the development and application of Penthorum chinense Pursh.
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Tiaoganquzhi Decoction (TGQZD) is a traditional Chinese herbal formulation demonstrated to be a clinically effective treatment for nonalcoholic fatty liver disease (NAFLD), although details concerning its clinical mechanism are poor. This study aimed to explore the mechanism of TGQZD on improvement of inflammatory damage and dyslipidemia caused by NAFLD through the CGI-58/ROS/NLRP3 inflammasome pathway. In our research, the in vivo protective effects of TGQZD on HFD-induced liver injury in rats and in vitro using lipopolysaccharide (LPS)+palmitate (PA)-stimulated HepG-2 cells model. Histological changes were evaluated by hematoxylin-eosin and Oil Red O staining. Inflammatory cytokines and protein expression were analyzed by ELISA, Real time PCR and western blotting. Liver function, blood lipids, free fatty acids (FFA), and reactive oxygen species (ROS) were determined by biochemical detection. Our results indicated that TGQZD exhibited anti-inflammatory activity, reduced the severity of NAFLD and ameliorated the pathological changes. Further, TGQZD improved liver function and lipid metabolism in NAFLD rats. TGQZD lowered serum aspartate aminotransferase, alanine aminotransferase, triglyceride, and total cholesterol levels. TGQZD suppressed the formulation of FFA and ROS. It also reduced the expression and release of the inflammatory cytokine interleukin-1β by promoting CGI-58 expression and inhibiting the expression of FFA, TNF-α, and the NLRP3 inflammasome induced by ROS. TGQZD exhibited anti-inflammatory effects via the CGI-58, ROS and NLRP3 inflammasome pathway in vivo and in vitro, respectively. Our findings demonstrated that TGQZD is a useful and effective therapeutic agent for treating NAFLD via promotion of CGI-58 to inhibit the expression of ROS-induced NLRP3 inflammasome.
Keywords: Tiaoganquzhi decoction, non-alcoholic fatty liver disease, CGI-58, ROS, NLRP3, IL-1β
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is the first cause of chronic liver disease, currently the prevalence of NAFLD in the world is 6.3–33% (Chalasani et al., 2012). NAFLD has become the most common chronic liver disease in the world. NAFLD is a clinicopathological syndrome that causes fatty degeneration of liver parenchyma cells due to excessive fat accumulation. NAFLD lesions generally develop from simple steatosis to steatohepatitis (NASH), liver fibrosis, cirrhosis and liver necrosis (Hasegawa et al., 2020), and may even transform into liver failure and liver cancer (Soresi et al., 2020). Therefore, it is of great significance to prevent and treat NAFLD.
NAFLD is a complex disease regulated by many factors and mechanisms, including environment, metabolism, gene, immunity and intestinal microecology, etc. Steatosis is a necessary condition for NAFLD. According to the classic theory of “second strike” in the pathogenesis of NAFLD, excessive accumulation of lipids in the cytoplasm of hepatic cell caused by various reasons are the first strike, which decreases the anti-strike ability of liver. The second attack is caused by the increase of reactive oxygen species (ROS), intestinal lipopolysaccharide (LPS), some cytokines secreted by immune system and adipose tissue, which triggered a series of cytotoxic events, leading to the inflammatory over reaction of liver (Day and James, 1998). The occurrence and progress of NAFLD mainly include fat accumulation in viscera, insulin and leptin resistance, oxygen stress, lipid peroxidation injury, inflammation of adipose tissue and liver tissue, etc. Inflammasome in liver cells may play an important role in the “second strike” response (Arab et al., 2018; Chen et al., 2020).
Comparative gene identification 58 (CGI-58) is named asα/βhydrolase domain-containing 5 (Abhd5) and expressed widely. Mutations CGI-58 in human will cause Chanarin-Dorfman syndrome (CDS) and it is a neutral lipid storage disease that the characterion is ichthyosis (thickened dry skin) and accumulation of triglyceride rich lipid droplets are found in most tissues and cell types (Lefevre et al., 2001). The role of CGI-58 in mediating intracellular fat hydrolysis is well established. CGI-58 has been shown to be involved in the intracellular fat hydrolysis (Lass et al., 2006; Brown et al., 2007; Brown et al., 2010; Zierler et al., 2013), but research concerning how CGI-58 is linked to inflammasome activation is limited.
The inflammatory corpuscle is a kind of multi protein complex which is involved in innate immune defense function and assembled by the cytoplasmic pattern recognition receptor (PRR), When cells are stimulated by external signals, specific inflammasome recruit and activate caspase-1, which processes and self activates and secretes cytokines IL-1β, IL-18 and TNF-αto enhance the inflammatory reaction of the body against internal and external stimuli (Lee et al., 2015; Sarkar et al., 2019). Nod-like receptor protein 3 (NLRP3) is the most well-known inflammasome. It is mainly composed of NLRP3, ASC (known as the apoptosis-associated speck-like granular protein with a CARD domain) and caspase-1 (a hydrolase containing hemitryptophan and hydrolysable aspartic acid protein). After receiving the activation signal, NLRP3 first combines with ASC, and ASC then recruits pro-caspase-1 to the multiprotein complex. The binding of multiple pro-caspase-1 clusters is unstable and is rapidly activated by via autocatalytic activity to produce active caspase-1 (Wan et al., 2016). Caspase-1 processes pro-IL-1β into IL-1β. IL-1β once released exerts effects outside the cell and activates a series of inflammatory chain reactions (Ajmera et al., 2017). NLRP3 inflammasome has been shown to be associated with a variety of immune diseases. At present, few studies have investigated the pathogenesis of NLRP3 inflammasome in NAFLD (Lee et al., 2015; Gao et al., 2016; Shao et al., 2018).
Specific CGI-58 knockout in mice can increase HFD-induced impaired glucose tolerance and insulin resistance (IR), which are associated with inflammation. CGI-58-deficiency leads to overproduction of ROS, which activates the NLRP3 inflammasome to secrete proinflammatory cytokines. CGI-58 as a suppressor inhibits the activation of the NLRP3 inflammasome in HFD-induced NAFLD mice (Miao et al., 2014).
Clinical studies have shown that the Tiaoganquzhi decoction (TGQZD) can improve the clinical symptoms of NAFLD patients, and has a certain role in regulating blood lipids and in reducing body weight. Compared with silibinin capsule, it has certain advantages in improving clinical symptoms, liver function and regulating blood lipids (Qi, 2012). However, there are few reports that TGQZD inhibited inflammatory damage of hepatocytes and improved the metabolism of lipid by regulated CGI-58 and the NLRP3 inflammasome. The aim of this study was to observe the effect of TGQZD on NAFLD rats and to explored whether its mechanism is related to the regulation of CGI-58 and NLRP3inflammasome expression, which will provide a reference for the treatment of NAFLD and deepen the therapeutic effect mechanism of TGQZD.
MATERIALS AND METHODS
Laboratory Animals
Male Sprague-Dawley (SD) rats, weighting 120 ± 20 g, were obtained from Beijing Weitong Lihua Research Center for Experimental Animals. Rats were maintained in a temperature-controlled room (25 ± 1 °C in 12–12 h light-dark cycles) and housed in the animal facilities at the Beijing Hospital of Traditional Chinese Medicine (Capital Medical University Beijing, China). The study was carried out under the established guidelines for animal experimentation and the protocol was approved by the Animal Studies Ethics Committee of Beijing Hospital of Traditional Chinese Medicine, Capital Medical University with code number 2019030201.
Preparation of TGQZD
TGQZD consists of the following 13 dried crude herbs: Astragalus membranaceus (Fisch.) Bge, Bupleurum chinense DC, Atractylodes macrocephala Koidz, Curcuma wenyujin Y. H. Chen et C. Ling, Pinellia ternata (Thunb.) Breit, Artemisia scoparia Waldst. etKit, Alisma orientale (Sam.) Juzep, Cassia obtusifolia L, Salvia miltiorrhiza Bge, Angelica sinensis (Oliv.) Diels, Paeonia lactiflora Pall, Crataegus pinnatifida Bge. var. Major N. E. Br and Semen sinapis. The ratio of the TGQZD formulation is 3:2:4:3:1:4:3:3:6:3:3:3:2 (Table 1). On the basis of standards specified in the Chinese Pharmacopoeia (2015 edition), Beijing Hospital of Traditional Chinese Medicine, Capital Medical University provided all the herbs for this preparation. The herbs were chopped into crude herbs and mixed. TGQZD was boiled in distilled water at 100°C for 2 h for extraction. Then the TGQZD solution was concentrated to the density of 2 g crude herb/ml and stored at −20 °C until further use.
TABLE 1 | Different components in the formula of TGQZD.
[image: Table 1]Ultra-high-performance Liquid Chromatography-Tandem Mass Spectrometry (UPLC-MS/MS) Analysis of TGQZD
Then the components of the TGQZD were analyzed by liquid chromatography/mass spectrometry (LC/MS)/MS instrument (Thermo Fisher). Briefly, DIONEX Ultimate 3,000 (Thermo Fisher) ultrahigh-performance liquid chromatography and Thermo Hypersil Gold C18 column (1.7 μm × 2.1 mm × 100 mm) were used to analyze sample. The mobile phase consisted of A (water, 2 mmoL/L ammonium formate, and 0.1% formic acid, v/v) and B (acetonitrile) with gradient elution. The gradient conditions for C18 separation was as follows: 100% A and 0% B, initial; 70% A and 30% B, 2 min; 30% A and 70% B, 9 min; 5% A and 95% B, 11 min; 0% A and 100% B, 12 min; 0% A and 100% B, 14 min; 100% A and 0% B, 14.1 min, 14 min; 100% A and 0% B, 16 min. The flow rate was 300 μl/min and the injection volume was 1 µl. The column temperature was maintained at 45°C. Mass spectrometry analysis was performed by the Q Exactive mass spectrometer (Thermo Fisher). The voltage of positive and negative ion source were 3.7 and 3.5 kv, respectively, and the heated vaporizer temperature was maintained at 320°C. Data were collected and processed by the Xcalibur 2.2 SP1.48 software (Thermo Fisher).
In vivo Experimental Design
Eighteen 6-week-old male Sprague-Dawley rats were randomly divided into three groups of six rats each. One group (normal diet, ND, n = 6) of rats was fed with 11.4% kcal fat diet (Beijing Science and Cooperation Feed Technology Limited Company, Beijing, China; protein: 27.5%, carbohydrate: 65.8%, and fat: 11.4% kcal/g), and the other two groups (high-fat diet HFD, n = 6), or a high-fat diet along with TGQZD, HFD + TGQZD, n = 6) were fed with a 33.1% kcal fat diet (Beijing Science and Cooperation Feed Technology Limited Company, Beijing, China; protein: 19.6%, carbohydrate: 47.1%, and fat: 33.1% kcal/g). The high fat diet was administered for 8 weeks to establish the NAFLD rat model (Al-Shaaibi et al., 2016; Liu et al., 2016). From the ninth week rats were dosed by oral gavage once per day for 8 weeks with TGQZD 5 ml/kg per day. The rats were treated for 8 weeks.
Sample Collection
After 8 weeks of treatment, the rats were anesthetized by 10% pentobarbital sodium. After deep anesthesia abdominal blood samples from all rats were collected for serum biochemical assays. In order to minimize the time that rats suffered pain from experiment as much as possible, they were rapidly euthanized by cervical dislocation during deep anesthesia and then the liver was removed and washed in PBS before being placed in 4% paraformaldehyde. Liquid nitrogen was used to freeze the remaining liver tissue, which was stored at −80°C for subsequent analysis.
Histological Examination and Assessment
Sections of liver samples (4-μm thick) were stained with hematoxylin-eosin (H&E), while frozen liver tissues (5-μm thick) were dyed with Oil Red O stain. Liver samples were examined under a light microscope (Olympus Medical Systems Corp, Tokyo, Japan). Severity was assessed by the NAFLD score. The evaluation system consisted of the following: steatosis (on a scale of 0–3), lobular inflammation (on a scale of 0–3), and hepatocellular ballooning (on a scale of 0–2). Higher scores indicated more serious disease (Kleiner et al., 2005).
Serum Biochemical Parameter Analysis
The serum levels of alanine aminotransferase (ALT); aspartate aminotransferase dd (AST); blood triglyceride (TG), and total cholesterol (TC) were measured using the 7,160 Automatic Biochemical Analyzer (Hitachi, Japan) following the manufacturer’s operating instructions.
Determination of FFA and ROS Levels in Liver
Liver tissues stored at −80 °C were then transferred to a homogenizer to obtain a tissue homogenate and then centrifuged at 3,500 rpm for 10 min to obtain the supernatant. The FFA and ROS levels in the supernatant were determined using the commercial kits (Nanjing Jiancheng Biochemical Co., Ltd. and Beijing Sino-Uk institute of Biological Technology, respectively).
Enzyme-Linked Immunosorbent Assay
The serum levels of IL-1β and TNF-α were detected by enzyme-linked immunosorbent assay (ELISA) according to the manufacturers’ protocols (Beijing SINO-UK Institute of Biological Technology, cat. no. HY-10101, HY-H0019). Briefly, solid-phase antibodies are produced by microplates using purified biotin-based antibody packs, which are added to the colon tissue lysate and affinity labeled by ’spicy root peroxidase. After thorough washing, add 3, -3′, -5, -5′-tetamiphenyl benzene to develop color. The absorbance was measured at 450 nm and the sample concentration was calculated.
Cell Culture and Treatment
The human hepatocellular carcinoma cell line (HepG-2) was purchased from cell resource center of Shanghai Institutes for Biological Sciences Chinese Academy of Sciences. HepG-2 cells were cultured in DMEM containing 10% fetal bovine serum and maintained in 6-cm dishes under a humidified atmosphere with 5% CO2 at 37°C in a cell culture incubator. When cells reached 60% confluence, the cells were divided into four groups: the Control, TGQZD, Lipopolysaccharide (LPS) + palmitate (PA), and LPS + PA + TGQZD groups. In the Control group, cells were treated with phosphate-buffered saline (PBS) in the culture medium; TGQZD group was treated with TGQZD in the culture medium; the LPS + PA group was treated with 10 μg/ml LPS+0.4 mM PA in the culture medium and the LPS + PA + TGQZD group was treated with 4 mg/ml TGQZD and 10 μg/ml LPS+0.4 mM PA in the culture medium, each group of cells was incubated at 37 °C with 5% CO2. After 24 h of the co-culture, cells in each treatment group were collected and analyzed as described below.
The Institute of Traditional Chinese Medicine, Chinese Academy of Traditional Chinese Medicine provided TGQZD lyophilized powder. 100 mg TGQZD lyophilized powder were dissolved in 5 ml DMEM. The drug solution is sterilized after filtration through the filter membrane and stored at 4°C. TGQZD-dried powder solution was diluted to the required concentration prior to experimentation.
Cell Viability Assays
Cell viability was determined using MTT. HepG-2 cells were seeded at 1 × 104 cells/well in 96-well plates and then incubated with MTT for 4 h at 37°C. Absorbance was measured at 490 nm and the optical density (OD) values were compared to determine whether the TGQZD have an effect on cell viability.
Measurement of Lipid Accumulation and Intracellular ROS Formation
HepG-2 cells were seeded at 2 × 105 cells/well in a 6-well plate. When HepG-2 cells reached 70% confluence, cells were treated with 0, 4 mg/ml TGQZD and LPS + PA mixture for 24 h, respectively. The TG levels were measured using a commercial kit according to the manufacturer’s instructions (Applygen Technologies Inc. Beijing, China). A fluorescence probe (DCF-DA) was used to detect the ROS levels of HepG-2 cells according to the manufacturer’s instructions (Beijing Sino-Uk institute of Biological Technology).
RT-PCR
RNA was extracted from the liver tissue and HepG-2 cells were lysed in ice-cold samples preserved at −80 °C using a kit according to the manufacturer’s protocol. The following PCR primers were synthesized. NLRP3-Human: forward, 5ʹ-CCACAAGATCGTGAGAAAACCC-3ʹ and reverse, 5ʹ-CGG​TCC​TAT​GTG​CTC​GTC​A-3ʹ; CGI-58-Human:forward,5ʹ-CACATGGTGCCCTACGTCTAT-3ʹ and reverse, 5ʹ-ACAGGT​CTG​TTG​GTG​CAA​AGA-3ʹ; ACTIN-Human:forward, 5ʹ-CCT​GGC​ACC​CAG​CAC​AAT-3ʹ and reverse, 5ʹ-GGG​CCG​GAC​TCG​TCA​TAC-3ʹ; NLRP3-Rat: forward, 5ʹ-TGC​ATG​CCG​TAT​CTG​GTT​GT-3ʹ and reverse, 5ʹ-AGC​TGA​GCA​AGC​TAA​AGG​CT; CGI-58-Rat: forward, 5ʹ-CGGCAGTGATGAAAGCGATG-3ʹ and reverse, 5ʹ-TAG​ACG​TGG​GAC​ACC​AGG​TA; ACTIN-Rat:forward, 5ʹ-TCC​ACC​CGC​GAG​TAC​AAC​C-3ʹ and reverse, 5ʹ-CGA​CGA​GCG​CAG​CGA​TA (Sangon Biotech, Shanghai, China). cDNA was synthesized using a RevertAid first-strand DNA synthesis kit (Tiangen Biotech). ABI-7500 Real-time quantitave PCR thermal cycl and a real-time PCR system kit (Tiangen Biotech) were used to detect Thermal cycler gene expression according to the manufacturer’s instructions and cycle threshold (CT) values were calculated by normalizing CT to ACTIN expression to present target gene (2-ΔΔCT) expression. The SYBR Green real-time PCR cycling protocol used was as follows: DNA denaturation at 95°C for 3 min, followed by 40 cycles at 95°C for 5 s and 60°C for 33 s (Zhang et al., 2021).
Western Blot Analysis
The liver tissue and HepG-2 cells were lysed in ice-cold RIPA lysis buffer (Beyotime, Shanghai, China) for 30 min. Protein extracted were centrifuged at 20000r/min×10 min at 4 °C. BCA method (Beyotime Biotechnology, China) was used to determine the lysate protein concentration. The supernatant with buffer solution was then boiled at 100°C for 10 min and stored at −20 °C.
10% SDS gel electrophoresis (SDS-PAGE) was used to separate 60 µg liver and 30 µg HepG-2 cells denatured proteins solution. Then the protein in the gel was transferred to the nitrocellulose membrane. The membrane was sealed in TBST with 8% nonfat milk for 1 h at 37°C, then CGI-58 (sc-100468) antibody, NLRP3 antibody (AF2155) and anti-ACTIN (AA128) were added and incubated overnight at 4°C. After washing the membrane in TBST for three times for 10 min each, the secondary antibody was added and incubated at 37°C for 1 h. The film was washed in TBST for three times for 10 min each again, and was scaned by an Odyssey scanner (LI-COR). Then image was analyzed by ImageJ software.
Statistical Analysis
The statistical analyses was performed using statistical software package SPSS 17.0 and data were reported as means ± standard deviation. The normality test was performed by Shapiro-Wilk test, and then the differences among multiple groups were analyzed by one-way analysis of variance (ANOVA). ANOVA was followed by the least significant difference (LSD) post hoc test for pairwise comparison. A p value less than 0.05 was considered statically significant.
RESULTS
Identification of the Components of the TGQZD Formula Using UPLC-MS/MS
The composition of TGQZD were analyzed by UPLC-MS/MS. The total ion chromatogram of the TGQZD is shown in Figure 1. According to the Chinese pharmacopeia (2015), the components identified in TGQZD were listed as follows: ferulic acid, salvigenin, saikosaponin A, bisdemethoxycurcumin, angelicoidenol, 1,2-dihydrotanshinone, astragaloside II, astragaloside I, galloylpaeoniflorin, paeonidaninol A, astraverrucin IV, paeonin A, saikosaponin C, salvianolic acid B, aurantio-obtusin, chrysophanol, atractylenolide I, and alisol B 23-acetate. They were eluted at 4.3, 6, 10.01, 10.3, 8.46, 12.24, 9.81, 10.32, 5.73, 8.03, 8.03, 8.26, 9.28, 6.76, 9.23, 12.33, 10.55 and 12.79 min, respectively (Table 2).
[image: Figure 1]FIGURE 1 | Identification of components of Tiaoganquzhi Decoction(TGQZD) using UPLC-MS/MS. The positive (A) and negative (B) ion chromatograms of TGQZD were shown as indicated. The major component and their retention time were listed in the (Table 2).
TABLE 2 | The components identified in TGQZD.
[image: Table 2]TGQZD Attenuates HFD-Induced TG Accumulation
H&E staining revealed that the morphology and structure of the liver tissue. There were limited red lipid droplets in the ND-treated group. In the HFD group, fatty degeneration appeared in the liver. Hepatocytes were swollen and round and their volume was significantly larger than that of the ND group. A large number of fat vacuoles and evidence of balloon degeneration was detected in the cytoplasm. Following treatment with TGQZD, the fatty vacuoles and balloon-like changes in the livers of NAFLD rats improved. Consistent with the H&E staining, the results of Oil Red O staining showed that a large number of red lipid droplets in the liver tissue of the HFD group. While lipid droplets in the TGQZD group were less than that in the HFD group (Figure 2A). Histological examination showed fatty degeneration, inflammation, and hepatocyte ballooning in the TGQZD group were alleviated compared with the HFD group (Table 3).
[image: Figure 2]FIGURE 2 | (A)Effect of TGQZD on liver histomorphology of NAFLD rats. The HE staining showed that the morphology and structure of the liver tissue in the ND group were normal; In the HFD group, fatty degeneration appeared in the liver. Hepatocytes are swollen and round and their volume is significantly higher than that of ND group. There exist a large number of fat vacuoles and balloons in cytoplasm. After the treatment of TGQZD, the fatty vacuoles and balloon like changes in NAFLD rats’ liver were improved. The results of oil red O staining showed that there was little red lipid drop in the liver tissue of the ND group and a large number of red lipid drops in the liver tissue of the HFD group, which showed that the lipid droplets infiltrated into the hepatocytes and fused into pieces. Red lipid droplets were also found in liver tissue of rats in TGQZD group, but the number and the fusion into pieces were less than that in HFD group (Figure 2). Histological examination showed that fatty degeneration, inflammation, and hepatocyte ballooning in TGQZD group were alleviated than HFD group (Table 3). (B) Effect of TGQZD on liver function and blood lipid of NAFLD rats. Compared with the ND group, the levels of ALT, AST, TG and TC in the HFD group were significantly higher (p < 0.05); compared with the HFD group, the levels of ALT, AST, TG and TC in the TGQZD group were significantly lower (p < 0.05). *p < vs. HFD Group, alone.
TABLE 3 | Average score of histopathological findings in livers ([image: image],n = 6).
[image: Table 3]Compared with the ND group, the levels of ALT, AST, TG, and TC levels in the HFD group were significantly higher (p < 0.05); compared with the HFD group, the levels of ALT, AST, TG, and TC in the TGQZD group were significantly lower (p < 0.05) (Figure 2B).
TGQZD Lowered FFA and ROS Levels in Liver of NAFLD Rats
Compared with the ND group, FFA and ROS levels in the HFD group were significantly higher (p < 0.05), while Compared with the HFD group, TGQZD had significantly lowered levels of FFA and ROS in NAFLD rats (p < 0.05) (Figure 3).
[image: Figure 3]FIGURE 3 | Effect of TGQZD on FFA and ROS content in liver of NAFLD rats. Compared with the ND group, the content of FFA and ROS in the liver of NAFLD rats was significantly increased (p < 0.05), while compared with the HFD group, TGQZD significantly reduced the level of FFA and ROS in the liver of NAFLD rats (p < 0.05). *p < 0.05 vs. HFD Group, alone.
TGQZD Decreased Serum IL-1β and TNF-α Content in NAFLD Rats
Compared with the ND group, the levels of serum IL-1β and TNF-α in HFD group increased significantly (p < 0.05). Compared with the HFD group, the levels of serum IL-1β and TNF-α in the TGQZD group decreased significantly (p < 0.05) (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of TGQZD on serum IL-1 β content in NAFLD rats. After 8 weeks of treatment, compared with the ND group, the level of serum IL-1β in HFD group increased significantly (p < 0.05); while compared with the HFD group, the level of serum IL-1β in the TGQZD group decreased significantly (p < 0.05), indicating that TGQZD could effectively inhibit the formation of pro-inflammatory cytokines by reducing the increased level of IL-1 β in NAFLD rats. *p < 0.05 vs. HFD Group, alone.
TGQZD Improved the Viability of Hepatocytes-Stimulated With LPS + PA
After being stimulated with LPS + PA for 24 h, there was a significant difference in the rate of cell proliferation between in the LPS + PA and Control groups. Compared with the Control group, the cell proliferation of the LPS + PA group was markedly decreased. Compared with the LPS + PA group, TGQZD treatment resulted in a significant increase in cellular proliferation (Figure 5).
[image: Figure 5]FIGURE 5 | Effects of TGQZD on the viability of HepG-2 cells. HepG-2 cells were treated with 10ug/ml LPS+0.4 mM palmitate and different concentrations of TGQZD for 24 h, and cell viability was measured using the MTT assay. Data are expressed as the mean ± SD (n = 3). *p < 0.05 vs. LPS + PA Group, alone.
TGQZD Reduced Cellular TG and ROS Levels in HepG-2 Cells Exposed to LPS and PA
Following a 24 h treatment of HepG-2 cells with LPS + PA, the TG concentrations and ROS levels in the LPS + PA group were obviously higher than in control group. Meanwhile, TG and ROS production in the LPS + PA + TGQZD treatment group were markedly decreased compared with the LPS + PA group (p < 0.05). Compared with the control group, there were no significant TG and ROS change in the TGQZD alone group (Figure 6).
[image: Figure 6]FIGURE 6 | Effect of water extract TGQZD on the formation of intracellular triglyceride (TG) and reactive oxygen species (ROS) in LPS + PA -treated HepG-2 cells. In the Control group, phosphate-buffered saline (PBS) in the culture medium; TGQZD group was treated with TGQZD in the culture medium; the LPS + PA group was treated with 10 μg/ml LPS + 0.4 mMPA in the culture medium and the LPS + PA + TGQZD group was treated with 4 mg/ml TGQZD and 10 μg/ml LPS + 0.4 mMPA in the culture medium, respectively. *p < 0.05 vs. LPS + PA Group, alone.
TGQZD Increased CGI-58 Expression and Reduced NLRP3 Inflammasome in HepG-2 Cells Stimulated With LPS and PA
Real time PCR and western blot analysis indicated, in HepG-2 cells stimulated with LPS + PA for 24 h, the expression of CGI-58 in the LPS + PA group was inhibited, while CGI-58 increased in the LPS + PA + TGQZD group. Compared with the control group, the expression of NLRP3 inflammasome in the LPS + PA group was overexpressed. TGQZD decreased the overexpression of NLRP3 inflammasome induced by LPS + PA. Compared with the control group, there were no significant CGI-58 and NLRP3 inflammasome change in the TGQZD alone group (Figure 7).
[image: Figure 7]FIGURE 7 | Effect of TGQZD on CGI-58 and NLRP3 inflammasome of HepG-2 cells. (A) Representative images of Western blot showing CGI-58 and NLRP3 inflammasome protein expression in HepG-2 cells in the different groups. (B) Quantitation of CGI-58 and NLRP3 inflammasome mRNA expression in HepG-2 cells in different groups. ACTIN was used as a loading control. *p < 0.05 vs. LPS + PA Group, alone, (n = 3).
TGQZD Promoted CGI-58 Expression and Inhibited NLRP3 Inflammasome Formation in the Liver of NAFLD Rats
After TGQZD treatment, compared with the ND group, the hepatic levels of CGI-58 decreased, while NLRP3 inflammasome in the HFD group increased significantly (p < 0.05). Compared with those of the HFD group, TGQZD significantly promoted the formation of CGI-58 and inhibited the expression of NLRP3 inflammasome (p < 0.05) (Figure 8).
[image: Figure 8]FIGURE 8 | Effect of TGQZD on CGI-58 and NLRP3 inflammasome of liver in NAFLD rats. (A) Representative images of Western blot showing CGI-58 and NLRP3 inflammasome protein expression in NAFLD rats in the different groups. (B) Quantitation of CGI-58 and NLRP3 inflammasome mRNA expression in NAFLD rats in different groups. ACTIN was used as a loading control. *p < 0.05 vs. HFD Group, alone, (n = 3).
DISCUSSION
As with earlier research, SD rats fed by the high-fat diet were developed NAFLD asssocited with hepatic glycerol accumulation and hyperlipidaemia (Marchesini et al., 2003). In our study, the HFD fed rats have significant biochemical features of NAFLD, including significantly elevated liver enzymes and hyperlipidemia accompanied by an increase in the accumulation of triglyceride in the liver. The histological abnormalities in the HFD rats of this study were consistent with the findings of the previous literatures (Kim et al., 2017).
Researchers have widely used animal model of NAFLD induced by high-fat diet to identify the pathogenesis and explore its treatment for NAFLD (Barbuio et al., 2007).
The nonspecific clinical feature of NAFLD is elevated hepatic aminotransferase (ALT and AST) and they are positively correlated with most patients with NAFLD (Bacon et al., 1994). After Treatment with TGQZD, elevated hepatic aminotransferase were significantly reduced. The results of biochemical and histological analysis showed that TGQZD have a protective effect on HFD-induced liver damage.
The pathogenesis of NAFLD has not been clarified. Abnormal fat metabolism, oxygen stress, and lipid peroxidation, heredity, hormones, the microenvironment, and drugs may all play important roles in the excessive fat accumulation in the liver. Obesity and IR increases the levels of FFAs and promotes the accumulation of TGs in the liver as the first strike (Li et al., 2018) and changes the permeability of membrane. It promotes the release of inflammatory factors, swelling, inflammation, and necrosis. The second attack was mainly caused by the self-injury of intracellular environmental factors including ROS, lipid peroxidation products, inflammasome, and inflammatory reactions caused by downstream inflammatory factors (Gao et al., 2020). Oxidative stress causes the peroxidation of membrane phospholipid and changes the permeability of the membrane. It promotes the release of inflammatory factors. Swelling, inflammation, and necrosis of hepatocytes lead to liver fibrosis, which can develop into cirrhosis (Canada et al., 2019). The liver is a key organ of fat metabolism. It is an important site of fat digestion, absorption, oxidation, decomposition, transformation, and maintenance of the balance of lipid metabolism in the body. If too much fat is ingested, the level of blood lipids is increased, thus the fat entering the liver exceeds the threshold of liver transformation, TG in hepatocytes are increased, apolipoproteins are insufficient, and the release of TGs from the liver is reduced, which leads to a large amount of TGs accumulating in the liver, eventually causing NAFLD (Grasselli et al., 2019). Clinically, NAFLD is often accompanied by damage in liver function and disorder in liver lipid metabolism. In the present study, compared with the HFD group, the levels of ALT, AST, TG, and TC in the TGQZD group were significantly lower (p < 0.05), which indicated that TGQZD could reduce the damage due to the presence of high fat levels in hepatocytes and improve the lipid metabolism of NAFLD rats. An analysis of the pathological sections also showed that TGQZD alleviated the liver damage, lipid deposition, and fatty degeneration of hepatocytes in NAFLD rats. Nonetheless, the abnormal fat metabolism, the inflammatory response by hepatocytes, the oxygen stress may play an important role in the formation and development of NAFLD (Yamada and Guo, 2018).
When the liver cell membrane is damaged, an inflammatory response is triggered, reducing various functions of liver, and causing excessive fatty accumulation in liver (Teimouri et al., 2020). The mitochondria are the main sites of fatty acid β-oxidation and trifusoic acid cycle. Lipid peroxidation leads to the formation of free radicals, which can directly damage the structure of cell membrane and brings about its functional disorder (Wang et al., 2020). Free radicals can react with the double bonds of fatty acyl lipids of the cell membrane to generate MDA. MDA affects mitochondrial activity and blocks fatty acid oxidation, which results in fat accumulation in the liver (Ji et al., 2019). Excessive lipid peroxide also can induce inflammatory cell infiltration, activate Kupffer’s cell, and HSC, which can cause liver fibrosis (Liang et al., 2018). We showed that TGQZD effectively reduced the levels of FFA and ROS in NAFLD rats. This indicated that TGQZD could improve lipid metabolism and reduce the level of oxidative stress in NAFLD rats.
CGI-58 is a key regulator of TG conversion. CGI-58 regulates the mobilization of TG by stimulating adipose TG lipase (ATGL) enzyme activity. In neutral lipid storage disease patients, the presence of CGI-58 mutation is more strongly associated with the potential development of fatty liver disease and hepatomegaly than the ATGL mutation (Lord and Brown, 2012), which indicates that CGI-58 has an independent function of ATGL in the liver. CGI-58 gene knockout leads to hepatic steatosis, CGI-58 regulates the storage and secretion of liver neutral lipids in the absence of the ATGL gene. The regulation of hepatic triacylglycerol metabolism by CGI-58 does not require ATGL co-activation (Lord et al., 2016). CGI-58 is not only a lipolytic factor, but it is also an endogenous inhibitor of NLRP3 inflammasome activity. CGI-58 deficiency induced ROS accumulation and then activated NLRP3 inflammasome, which caused liver inflammatory injury induced by HFD in mice (Miao et al., 2014). In our study, TGQZD might promote the formation of CGI-58 and inhibit the expression of NLRP3 inflammasome, which can effectively improve the lipid metabolism disorder and inflammatory injury of hepatocytes induced by HFD.
ROS are key mediators in the activation of caspase-1 and the NLRP3 inflammasome (Dostert et al., 2008; Zhou et al., 2011). Studies have shown that mitochondrial dysfunction activates the NLRP3 inflammasome by inducing ROS accumulation (Wen et al., 2011). NLRP3 combines with ASC to activate caspase-1, and then activates IL-1β, which promotes the release of inflammatory factors, and thus aggravates the inflammatory response (Tilg et al., 2016). IL-1β could promote hepatocytes to take up fatty acids, synthesize TG, and aggravate the steatosis of liver. Under the condition of a high-fat diet, IL-1ra deficient mice exhibited a more severe fatty hepatitis than wild-type mice (Matsuki et al., 2003). These studies indicated that IL-1β could promote the accumulation of lipids and the development of inflammation in the liver (Stojsavljevic et al., 2014; Ajmera et al., 2017). The generation of ROS also led to the activation of the transcription factor NF-κB, which in turn leads to an increase in the production of TNF-α (Syn et al., 2009). TNF-α levels were found to be elevated in NASH patients (Wigg et al., 2001). Further, serum TNF-α levels have been associated with NAFLD and may be involved in hepatocellular inflammation and IR in NAFLD (Valenti et al., 2002). TGQZD could effectively inhibit the formation of pro-inflammatory cytokines by reducing the upregulation of IL-1β and TNF-α levels in NAFLD rats. Thus, regulating CGI-58 and NLRP3 inflammasome are of great significance for the treatment of NAFLD in the future.
The “multiple parallel strikes” process emphasizes the parallel effects of different injury factors (Tilg and Moschen, 2010). The combined interaction of PA and LPS with toll-like receptors (TLRs) can increase NLRP3 inflammasome and pro-IL-1β expression (Wan et al., 2016). PA can be absorbed by the scavenger receptor CD36, which as a TLR activator and endophage agent, will promote the activation of NLRP3 inflammasome (Kagan and Horng, 2013). In order to study further mechanism of improving NAFLD fat metabolism in vitro, We applied PA and LPS as “parallel hits” to mimic NASH environment. HepG-2 cells, were incubated with LPS + PA and TGQZD. It is similar to the results of animal experiments, TGQZD decreased the NLRP3 inflammasome and ROS level while increased CGI-58 expression in HepG-2 cells induced by LPS + PA.
As discussed above, regulating CGI-58 and NLRP3 inflammasome will be of great significance for the treatment of NAFLD in the future. In this study we found that after the treatment with TGQZD, the CGI-58 levels increased significantly, while NLRP3 inflammasome protein, IL-1β, and TNF-α levels decreased significantly, which also suggested that TGQZD exerted certain protective effects on NAFLD-induced rats through the regulation of CGI-58 and NLRP3 inflammasome (Figure 9).
[image: Figure 9]FIGURE 9 | The therapeutic effect of TGQZD on NAFLD rats. Based on the above, TGQZD can reduce the accumulation of lipid in liver by regulating the level of lipoproteins; improved hepatic function; inhibit FFA and promote CGI-58 expression to suppress activating the ROS-dependent NLRP3 inflammasome pathway, which reduce the liver inflammation injury.
TGQZD significantly improved the liver function; blood lipids; the body weight of NAFLD patients (Qi, 2012). According to the dose conversion between rats and human (Nair and Jacob, 2016), we didn’t design different doses of TGQZD in the experiment. TGQZD is prepared from the aqueous extracts of 13 medicinal herbs and thus may contain many different chemical compounds.
It has been reported that ferulic acid can ameliorate hepatic inflammation and modulate specific gut microbiota and genes involved in TG and TC metabolism (Ma et al., 2019; Wu et al., 2021). Salvigenin improve the metabolic syndrome symptoms by decreasing lipid levels and stimulating mitochondrial functionality and it also help cells to survive by inhibiting apoptosis and enhancing autophagy (Rafatian et al., 2012; Serino et al., 2021). Saikosaponin A, modulate glycerolipid metabolism role by regulating Lipe and Lipg and transcription factors peroxisome proliferator-activated receptor alpha (PPARa) (Li et al., 2021).
With the help of UPLC-MS/MS analysis of TGQZD, ferulic acid, salvigenin and saikosaponin A were also found in TGQZD. Combining previous research with our research data, TGQZD exerts its therapeutic effect may not only through regulation of CGI-58 and NLRP3 inflammasome, but also modulation the above targets and their related signal pathways, which needs to be confirmed in our follow-up study. It also refects that TGQZD posess the advantage of multi-target in the treatment of NAFLD.
Due to NAFLD belong to a complex systemic metabolic disease, it is not easy to design the ideal drugs for single target. Multi target therapy or combination therapy have recently become the main treatment to reduce the symptoms of NAFLD (Corey and Chalasani, 2011; Johnston et al., 2020), which is consistent with multi-target of TGQZD for treatment NAFLD.
To clarify the exact therapeutic effect of TGQZD in the treatment of NAFLD, we will perform a follow-up study to identify the main active ingredients of TGQZD that are responsible for the hepatic protective activities, which will be the focus of our future studies.
CONCLUSION
Our findings provide evidence that TGQZD can exert therapeutic effects on NAFLD and reduces the accumulation of lipids in the liver by regulating the level of lipoproteins; improving hepatic function, inhibiting FFA metabolism, and promoting CGI-58 expression to suppress the activation of the ROS-dependent NLRP3 inflammasome pathway, which ultimately reduces liver inflammatory injury. By inhibiting the formation of FFA and ROS formation, TGQZD induces CGI-58 expression, inhibits the formation of NLRP3 inflammasome, and TGQZD also could suppress the inflammatory response induced by IL-1 β and TNF-α.
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Bone marrow mesenchymal stem cells (BMSCs) can effectively alleviate liver fibrosis, but the efficacy of cell therapy alone is insufficient. In recent years, a combination of traditional Chinese medicine (TCM) and cell therapy has been increasingly used to treat diseases in clinical trials. Ferulic acid (FA) is highly effective in treating liver fibrosis, and a combination of cells and drugs is being tested in clinical trials. Therefore, we combined BMSCs and Ferulic acid to treat CCl4-induced fibrosis and determine whether this combination was more effective than single treatment. We used BMSCs and FA to treat CCl4-induced fibrosis in rat models, observed their therapeutic effects, and investigated the specific mechanism of this combination therapy in liver fibrosis. We created a BMSC/hepatic stellate cell (HSC) coculture system and used FA to treat activated HSCs to verify the specific mechanism. Then, we used cytochalasin D and angiotensin II to investigate whether BMSCs and FA inactivate HSCs through cytoskeletal rearrangement. MiR-19b-3p was enriched in BMSCs and targeted TGF-β receptor II (TGF-βR2). We separately transfected miR-19b-3p into HSCs and BMSCs and detected hepatic stellate cell activation. We found that the expression of the profibrotic markers α-SMA and COL1-A1 was significantly decreased in the combination group of rats. α-SMA and COL1-A1 levels were also significantly decreased in the HSCs with the combination treatment. Cytoskeletal rearrangement of HSCs was inhibited in the combination group, and RhoA/ROCK pathway gene expression was decreased. Following angiotensin II treatment, COL1-A1 and α-SMA expression increased, while with cytochalasin D treatment, profibrotic gene expression decreased in HSCs. The expression of COL1-A1, α-SMA and RhoA/ROCK pathway genes was decreased in the activated HSCs treated with a miR-19b-3p mimic, indicating that miR-19b-3p inactivated HSCs by suppressing RhoA/ROCK signalling. In contrast, profibrotic gene expression was significantly decreased in the BMSCs treated with the miR-19b-3p mimic and FA or a miR-19b-3p inhibitor and FA compared with the BMSCs treated with the miR-19b-3p mimic alone. In conclusion, the combination therapy had better effects than FA or BMSCs alone. BMSC and FA treatment attenuated HSC activation and liver fibrosis by inhibiting cytoskeletal rearrangement and delivering miR-19b-3p to activated HSCs, inactivating RhoA/ROCK signalling. FA-based combination therapy showed better inhibitory effects on HSC activation.
Keywords: liver fibrosis, BMSCs, ferulic acid, HSCs, miR-19b-3p
INTRODUCTION
Hepatic fibrosis is a repair response of the liver to chronic hepatocyte injury. Following persistent injury of the liver or stimulation by fibrotic factors, pathological changes in the extracellular matrix (ECM) occur in the liver tissue, and the balance between the production or degradation of ECM is disrupted, leading to excessive deposition of ECM in the liver tissue, fibrosis and eventually cirrhosis. (Bataller and Brenner 2005; M. Pinzani and Rombouts, 2004). Activated hepatic stellate cells (HSCs) are an important cause of liver fibrosis. Upon liver injury, Kupffer cells and endothelial cells in the liver release cytokines, such as transforming growth factor-β (TGF-β), to activate quiescent HSCs. Activated HSCs transdifferentiate into myofibroblastic HSCs (Virarkar et al., 2021). Then, the cytoskeleton in these HSCs undergoes rearrangement, the cell dynamics increase, and these cells migrate to the site of liver injury and produce substantial amounts of ECM components, such as α-smooth muscle actin (α-SMA) and collagens. Fired-Man proved that activated HSCs are the main source of extracellular collagen in the liver. Therefore, regulating HSC activation and migration could be an anticipated antifibrotic strategy.
Bone marrow mesenchymal stem cells (BMSCs) have become an emerging therapeutic agent for liver fibrosis in recent years due to their proliferative potential, low immunogenicity, abundant sources, tissue repair ability, and chemotactic and homing abilities (Alfaifi et al., 2018). The therapeutic effects of MSCs on liver fibrosis are related to their ability to undergo hepatocyte-like differentiation, participate in immunization activities and secrete paracrine factors (Yao et al., 2020). For example, hBMSC-derived exosomes protected against liver fibrosis by regulating the Wnt/β-catenin pathway, and antler stem cells were identified as a novel source to reduce liver fibrosis (Rong et al., 2019; Rong et al., 2020). In our previous study, BMSCs ameliorated CCl4-induced liver damage and fibrosis in rats via the FGF2-Dlk1-Notch1 pathway (Li et al., 2017).
Although BMSCs can improve liver fibrosis, one of the major challenges of BMSCS therapy is the inefficiency of clinical treatment. BMSCs are commonly injected at 1 × 106 cells/kg. BMSC treatment can also lead to potential risks, such as in vitro cell amplification and adverse reactions caused by implanted BMSCs. In addition, several phase III clinical trials have failed due to the inefficiency of BMSCs. Therefore, identification of strategies to improve the therapeutic effects has become a key issue in BMSC therapy (Ankrum and Karp 2010; Liao et al., 2017). In recent studies, traditional Chinese medicine (TCM) combined with BMSC therapy has shown unique advantages and characteristics. Bie jia jian pill combined with BMSCs suppressed hepatocellular carcinoma (Jingjing et al., 2021). Saponins from Rhizoma Panacis Majoris combined with BMSCs could improve hepatic fibrosis (Tian 2016). Naringin combined with BMSCs and acellular dermal matrix affected cartilage injury (Ye Chao et al., 2021). Ferulic acid (FA), as an important ingredient in TCM, has therapeutic activity against a variety of diseases. The hepatoprotective effects of FA have been demonstrated in studies using CCl4 to induce liver fibrosis (Jayamani et al., 2018; Ali et al., 2021; Li et al., 2021). Therefore, we proposed the combination of BMSCs and FA in the treatment of liver fibrosis and investigated the mechanisms underlying the antifibrotic effect in this study.
MATERIALS AND METHODS
Cell Culture
SD-BMSCs were isolated from the bone marrow of Sprague-Dawley (SD) rats aged 3–6 weeks and were cultured as previously described (Yuhui Lin et al., 2011). BMSCs were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, MA, United States, CAT: C11995500BT) with 10% foetal bovine serum (FBS; AQ, Beijing, China, CAT: AQmv02200-500ml) and 1% penicillin/streptomycin (P/S; Gibco, CAT: 15140122) at 37°C in an incubator containing 5% CO2. HSC-T6, a rat HSC cell line (purchased from Keygen Biotech, Nanjing, China, CAT: KG313), was cultured in DMEM-high (Gibco) with 10% FBS (AQ) and 1% P/S (Gibco) at 37°C in a humidified atmosphere containing 5% CO2. SD-BMSCs and HSC-T6 cells were seeded in 25-cm2 plates at 70% confluence.
Experimental Animal Models
Male SD rats were treated in the Experimental Animal Center of Capital Medical University in an environment without a specific pathogen barrier. All experiments were approved and supervised by the Animal Care and Use Committee of Capital Medical University (approval number: SCXK 2016-0006), and the animals were housed in a facility with a 12 h light/12 h dark cycle and allowed free access to food and water. Eight-week-old rats (n = 30) received 0.2 ml/kg body weight of CCl4 (RhawnSeal, Shanghai, China, CAT: R015578-500ml) dissolved in olive oil by intraperitoneal injection for 2 weeks, followed by 0.1 ml/kg body weight of CCl4 for 2 weeks and finally 0.05 ml/kg body weight of CCl4 for 2 weeks. As a normal control (NC group), rats were injected with an equal volume of olive oil (n = 6). All modelling injections were administered three times per week for a total of 6 weeks. After 6 weeks of modelling, 30 model rats were randomly divided into 5 groups (n = 6). We randomly chose rats in 2 CCl4 groups (n = 6) by injection of 5 × 106 BMSCs into tail vein (stained with CFDA SE, Meilunbio, Dalian, China, CAT: MB2308-1) once a week for 2 weeks. Then, we established a CCl4 group and a CCl4+ BMSC group (LIU Wen-lan et al., 2014), and the animals were treated with FA (10 mg/kg) by intragastric administration (Solarbio, Beijing, China, CAT: F8330-5g). The rats in another CCl4 group were treated with colchicine (0.1 mg/kg) (Aladdin, Shanghai, China, CAT: C106738-100mg) as a positive control (Mu et al., 2018). The animals in the other groups were treated with equal amounts of normal saline. All rats were gavaged once a day for 2 weeks. After treatment for 2 weeks, all rats were sacrificed, and the serum and liver tissues were obtained. The groups were as follows: normal control group (NC), model group (model), colchicine group (positive control), FA group (FA), BMSC group (BMSCs), and BMSC + FA group (FC).
Measurement of Aspartate Aminotransferase and Alanine Aminotransferase
We collected 1 ml of blood from each animal. After storage at room temperature for 4 h, the serum was separated by centrifugation (×1500 g, 10 min). Then, 200 μL serum samples were used for analysis. The activities of serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were determined by commercial kits obtained from Konkahongyuan Co. (Beijing, China, CAT: KA4189) according to the manufacturer’s instructions.
Histopathological Evaluation
Fresh liver tissue samples were fixed in 10% formaldehyde at 4°C overnight and embedded in paraffin wax for histological evaluation. Sections were stained with haematoxylin and eosin (HE), and the severity of the histological changes was evaluated. We obtained images by using a microscope equipped with a LI-COR Odyssey Infrared Imaging System (LI-COR, Inc., Lincoln, NE, United States).
Masson Trichrome Staining
For staining, 4–6 µm-thick sections were obtained from paraffin-embedded blocks and stained with Masson trichrome (MT) and FANCM. For MT staining, the Trichrome III Green Staining Kit (Solarbio, Beijing, China, CAT: G1340), a modified version of the MT stain, was used with Bouin’s solution to intensify the final colouration.
Cell Coculture Experiments
HSCs were activated with TGF-β1 (10 ng/ml, PeproTech, United States, CAT: 100-21-10) for 24 h, and then, activated HSCs were cocultured with SD-BMSCs by using 6-well Transwell inserts (0.4 µm, Corning, NY, United States, CAT: 3412), which were permeable to the culture medium but not cells. All coculture experiments were performed with HSCs seeded in the bottom chambers and BMSCs seeded in the insert chambers. After coculture for 12 h, the cells were washed twice with PBS, randomly divided into 5 groups and incubated in fresh DMEM. One group with normal medium was set as the model group. The group with medium containing 6 µg/ml colchicine was used as a positive control. Another three groups with medium with three doses of FA (1 mg/ml, 0.5 mg/ml, 0.25 mg/ml) were set as the FA groups. In addition, inactivated HSCs cocultured with BMSCs were used as the normal group. After coculture for 24 h, we collected HSCs and medium for subsequent experiments.
Cell Migration Experiments
The cocultured cells were divided into 6 groups (NC, model, positive, FA-1 mg, FA-0.5 mg, and FA-0.25 mg). The specific cell coculture conditions were the same as those in the above experiments. When activated HSCs were treated with FA (1 mg/ml, 0.5 mg/ml, 0.25 mg/ml) and colchicine (6 μg/ml) for 24 h, we washed the cells with PBS twice, collected HSCs and seeded equal numbers of cells into 24-well Transwell inserts (8 μm, Corning, CAT: 3422), which allowed cell migration. After culture for 12 h, the cells were fixed with 4% paraformaldehyde for 20 min and washed twice with PBS, and the residual HSCs on the surface membranes were removed. Then, the cells were stained with crystal violet (Solarbio, CAT: C8470-25g) for 10 min and washed twice with PBS again. We removed the membranes from the inserts and counted the cells on the membrane by microscopy.
Cytoskeletal Inhibitor and Agonist Experiments
HSCs were activated with TGF-β1 (10 ng/ml) for 24 h, and then, activated HSCs and BMSCs were cocultured with 0.4 µm Transwell inserts for 12 h. When cells adhered to wells, the coculture system was divided into three groups, and we next added fresh medium. One group with 1 µM cytochalasin D (cytoskeleton inhibitor, purchased from Sigma, Germany, CAT: C2618) was set as the cytoskeletal inhibitor group, one with 10 µM angiotensin II (cytoskeleton agonist, purchased from Sigma, CAT: A9525) was set as the cytoskeletal agonist group, and the normal and model groups had blank medium. After 24 h of culture, we collected cells and medium for subsequent experiments.
Transfection of miR-19b-3p Mimics and a miR-19b-3p Negative Fragment Into Hepatic Stellate Cells
To detect the effect of miR-19b-3p on HSC activity, we designed miR-19b-3p mimics (5′-UGU GCA AAU CCA UGC AAA ACU GA-3′; KeyGEN, CAT:KGmiRNA) on the miR-19b-3p sequence and negative controls (NC-d). HSCs were activated in 10 ng/ml TGF-β1 medium without FBS for 24 h, digested by trypsin, centrifuged and counted. The cells were randomly divided into a model group, mimic group and negative control group, and inactivated HSC-T6 cells were set as the normal group. Therefore, all cells were divided into 4 groups: normal, model, HSC + mimics (mimic), and HSC + mimics NC (NC-d). Transient transfection was performed at a concentration of 10 μg/ml, and the cells were mixed evenly with miRNAs. The mixtures were added to a 4 mm shock tube, and the volume was not more than 900 μL. Shock tubes were placed into the BTX tester, the preset conditions were selected, and the detected instrument had no short circuit. After transfection, the cell mixture was transferred to a 6-well plate and cultured for 24 h. Cells were observed and captured with inverted fluorescence microscope (Axio observer A1, Zeiss, Germany). We collected HSCs and medium for subsequent experiments. All mimic and inhibitor were tagged with Cy3 fluorescence markers based.
Transfection of miR-19b-3p Mimics, Inhibitors, and Negative Controls Into Bone Marrow Mesenchymal Stem Cells
To detect the effect of miR-19b-3p on SD-BMSCs, when BMSCs were digested, centrifuged and counted, we selected SD-BMSCs in good condition and randomly divided them into the model group, mimic group, inhibitor group, FA combined mimic group (FA + mimic group), FA combined inhibitor group (FA + inhibitor group), and negative control group (NC-d and NC-s). A total of 10 μg/ml miRNAs (miR-19b-3p mimic 5′-UGU GCA AAU CCA UGC AAA ACU GA-3′, KeyGEN; miR-19b-3p inhibitor 5′-UCA GUU UUG CAU GGA UUU GCA CA-3′, KeyGEN; miR-mimic NC-d, KeyGEN; miR-inhibitor NC-s KeyGEN) was used for transient transfection. The miRNAs all carried Cy3 markers. The cells and miRNAs were evenly mixed and placed into a 4 mm shock tube with a volume less than 900 μL. The shock tube was placed in the machine. After transfection, the cell mixture was transferred to inserts of 0.4 µm Transwell 6-well culture plates and cocultured with activated HSC-T6 cells for 24 h. After 24 h, we added fresh medium to each group. The medium of the mimic group and inhibitor group was exchanged with fresh DMEM containing 10% FBS. The mimic + FA and inhibitor + FA groups had fresh medium containing 1 mg/ml FA and 10% FBS. We also used normal BMSCs cocultured with resting HSCs or activated HSCs as a normal control or model and added normal fresh medium. Cells were divided into 8 groups: normal, model, BMSC + mimics (mimic), BMSC + inhibitors (inhibitor), BMSC + mimics + FA (mimic + FA), BMSC + inhibitors + FA (inhibitor + FA), BMSC + mimics NC (NC-d), and BMSC + inhibitor NC (NC-s). The coculture lasted for another 24 h. After coculture, we collected HSCs and medium for subsequent experiments.
Enzyme-Linked Immunosorbent Assay
We extracted the culture medium and centrifuged the medium (×10000g, 20 min) to remove the cell debris. Then, we detected the contents of COL1-A1 (Mlbio, Shanghai, China, CAT: ml058800) and α-SMA (Mlbio, CAT:ml038078) in the culture medium with enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s protocol. The 20× washing solution was diluted to 1×, and an appropriate volume was prepared. Standard wells, sample wells and blank wells were used, and each group was assayed 3 times. We added 50 μL of the standard substance at different concentrations to each standard well, 50 μL of culture supernatant to the sample wells and 50 μL of sample dilution to the blank well. Next, we added 100 μL of horseradish peroxidase (HRP)-labelled detection antibody to each well, sealed the reaction well with a plate membrane, incubated it at 37°C for 60 min, discarded the liquid, washed it with 350 μL of washing solution 5 times, added 50 μL of substrates A and B to each well, incubated it at 37°C for 15 min in the dark, and added 50 μL of stop solution to each well. After 15 min, the OD value of each well was measured at a wavelength of 450 nm, and the sample well concentration was calculated. All data are presented as the mean ± SEM of values from at least three repeated experiments.
Cloning of Vector Constructs and Luciferase Reporter Assay
For cloning of vector constructs, Rat miR-19b-3p were predicted by database: http://mirwalk.umm.uni-heidelberg.de. The 3′ untranslated region (UTR) of rat TGF-βR2 from genomic DNA, containing binding sites for rat miR-19b-3p, was amplified by PCR. The primer sequences used for vector construction were as follows: forward, 5′-TTC​TAG​TTG​TTT​AAA​CGA​GCT​CGC​TAG​CCT​CGA​GCT​TTT​TCT​GGG​CAG​GCT​GGG​CCA​AGA​CTC​CG-3′, reverse, 5′-GCA​GCC​GGA​TCA​GCT​TGC​ATG​CCT​GCA​GGT​CGA​CAA​GTG​CTA​ACG​TTA​TGC​CGA​GCC​CCT​TCC​GC-3'. The PCR product was purified using an AccuPrep PCR purification kit (Tiangen, CAT: DP204), cut by the restriction enzymes XhoI and SalI, and then cloned into the pmirGLO vector (Promega, WI, United States). The vector constructs with the 3′UTR of TGF-βR2 were transformed into Escherichia coli, and then, plasmid DNA was extracted from transformed, ampicillin-resistant E. coli using an AccuPrep Plasmid Mini Extraction Kit (Tiangen, Beijing, China, CAT: DP103). The sequences of the miR-19b-3p-binding sites of the 3′UTR of TGF-βR2 were confirmed by sequencing analysis (KeyGEN). Mutant vectors lacking the miR-19b-3p-binding site were manufactured by KeyGEN (KeyGEN, CAT: KGplasmid). For the luciferase reporter assay, HSC-T6 cells were seeded in 24-well culture plates in culture medium without P/S 1 day before transfection. The HSCs were divided into 3 groups: pmirGLO vector group, TGF-βR2-WT group, and TGF-βR2-MUT group. Either 10 µg miR-19b-3p mimic (KeyGEN) or scrambled miRNA (NC-d; KeyGEN) was added to each group. The cell mixture was placed into a 4 mm shock tube with a volume less than 900 μL. The shock tube was placed in the machine. After transfection, the cell mixture was cultured in 6-well plates for 48 h. After transfection, the cells were collected and tested with the Dual-Luciferase reporter assay system (Beyotime, Shanghai, China, CAT:RG028). Then, 100 μL of lysate was added to each well. After the cells were fully lysed, centrifugation was performed at ×10000 g–×15000 g for 5 min, and the supernatant was taken for analysis. Firefly luciferase detection reagent and sea kidney luciferase detection buffer were dissolved, an appropriate amount of sea kidney luciferase detection buffer was taken according to the amount of 100 μL for each sample, and sea kidney luciferase detection substrate (100×) at 1:100 was added to prepare sea kidney luciferase detection working solution. According to the operating instructions of the instrument, we used a multifunctional microplate detector with a chemiluminescence detection function and set the determination interval to 2 s and the detection time to 10 s. For each sample, 50 μL was taken, 100 μL of firefly luciferase detection reagent was added, and the RLU was determined after blowing and mixing with a gun. The reporter lysate was used as a blank control. After completing the above steps for the determination of firefly luciferase activity, 100 μL of luciferase detection solution was added, the sample was blown and mixed, and the RLU was determined. With sea cucumber luciferase as an internal reference, the RLU value for firefly luciferase was divided by the RLU value for sea cucumber luciferase, and the activation degree of the target reporter gene in each sample was compared according to the obtained ratio. All firefly luciferase activity data were normalized to Renilla luciferase activity and are presented as the mean ± SEM of values from at least three repeated experiments.
Quantitative Real-Time PCR Analysis
We took 20 mg frozen animal tissues/cell samples, added 400 μL of TRIzol, homogenized them twice for 5 s each time, fully ground them, and homogenized them at room temperature for 5–10 min. Next, we added 80 μL of chloroform, mixed the sample for 15 s, incubated the sample at room temperature for 10–15 min, and then centrifuged it at 4°C and ×12000 g for 15 min at high speed. After centrifugation, the solution was divided into 3 layers, and RNA was in the supernatant. The supernatant was carefully transferred to a new 1.5-ml centrifuge tube without RNA enzyme, isopropyl alcohol was added to an equal volume and mixed evenly, and the sample was incubated at room temperature for 10 min. The mixture was centrifuged again at ×25000 g and 4°C for 15 min. The supernatant was carefully removed, precipitated with 1.5 ml of 75% ethanol to remove the organic solvent, and incubated until the precipitate floated. The samples were centrifuged at ×25000 g at 4°C for 10 min. Ethanol was discarded, and the precipitate was dried at room temperature for 3 min. The precipitate was dissolved in 20 μL of RNA-free water. After mixing, the RNA concentration and quality were detected, and reverse transcription was conducted. After the isolated RNA was reverse transcribed into cDNA by using a reverse transcription kit (Tiangen Biotech, Beijing, China, CAT: KR201), we used quantitative PCR (qRT-PCR) with a SYBR Green Taq kit (KAPA Biotechnology, CAT: KK4601) on a 7500HT Fast real-time PCR system to assay target gene expression. The primers were designed using Primer 5 (Table 1). The PCR conditions were as follows: 1) 95°C for 30 s and 2) 40 cycles of 95°C for 20 s, 60°C for 20 s, and 72°C for 20 s. The experiment was repeated three times.
TABLE 1 | Primer sequences.
[image: Table 1]Cytoskeleton Staining
HSCs were treated with TGFβ1 and then cocultured with BMSCs. After the coculture period, the cells were washed twice with PBS, fixed with 4% paraformaldehyde for 20 min, and permeabilized with 0.1% Triton X-100 in PBS for 2–3 min at room temperature. After the cells were washed with PBS twice, they were stained with phalloidin (1:200) (Keygen, CAT: KGMP001) for 30 min. After phalloidin staining, the cell nuclei were stained with DAPI (1:100) (Solarbio, CAT: C0060) for 10 min. The cells were observed and captured using a confocal laser scanning microscope (Zeiss SP8, Germany). We observed the cytoskeleton in the FITC channel (wavelength = 498 nm) and miR-19b-3p markers in the Cy3 channel (wavelength = 550 nm).
Western Blot Analysis
Cells and liver tissues were lysed in RIPA buffer (Lablead, Beijing, China, CAT: P0013B) and fully ground for 20 min, and total protein was extracted. The protein concentration was measured using a BCA protein assay kit (Beyotime, Nanjing, China, CAT: P0012). Protein detection by Western blot analysis was performed routinely. Equal amounts of total protein were separated by 8% or 10% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (0.45/0.22 µm, Milipore, United States, CAT: IPVH00010). The membranes were incubated with primary antibodies against α-SMA (1:1000; Sigma, CAT: A2547), Col1α1 (1:1000; Abcam, United States, CAT: ab260043), GAPDH (1:1000; Cell Signaling Technology, Boston, United States), ROCK (1:1000; CST, CAT: 4035S), RhoA (1:1000; CST, CAT: 2117T), LIMK1 (1:1000, CST, CAT: 3842S), SRF (1:1000, CST, CAT: 5147S), and TGF-βR2 (1:1000, CST, CAT: 79424T) overnight at 4°C. Then, an HRP-conjugated goat anti-rabbit IgG (1:10000; Jackson ImmunoResearch, United States, CAT: 312-005-003) secondary antibody was incubated at 37°C for 1 h. The immunobands were visualized using a chemiluminescent HRP substrate (NCM, Beijing, China, CAT: P10200). Finally, the immunoreactive protein bands were detected and imaged by the Image Lab system (Bio-Rad ChemiDoc XRS, United States; Fusion FX, Vilber, France). Protein expression was standardized to that of GAPDH and quantified using Gel-Pro Analyzer software (Media Cybernetics, Rockville, MD, United States).
Statistical Analysis
The results are expressed as the mean ± SEM. Statistical differences were determined by one-way ANOVA and two-way ANOVA (SPSS 20.0, Chicago, IL, United States). p values < 0.05 were considered statistically significant.
RESULTS
Ferulic Acid Promotes the Ability of Bone Marrow Mesenchymal Stem Cells to Decrease Serum Aspartate Aminotransferase and Alanine Aminotransferase Levels in Liver Fibrosis Models
As shown in Figure 1A, the liver was dark red, the liver surface was rough, and adhesions appeared between the liver lobes in the CCl4-treated group compared to the normal group. In contrast, following BMSC and FA treatment, the liver changed substantially. The colour of the liver returned to light red, the liver surface was smooth, and adhesions were reduced in the BMSC + FA group compared to the model group. Rat weight also showed differences among the groups. Compared to that of the normal control rats, the weight of the model rats was significantly decreased (p < 0.001). The weight was significantly increased with FA and BMSC treatment (p < 0.001, vs. the model group), and there were no significant differences among the three treatment groups (Figure 1B). The serum ALT and AST levels in the model rats were significantly increased (p < 0.05, vs. control group), indicating successful establishment of the rat liver fibrosis model. FA, BMSC or FA&BMSC administration significantly decreased the serum AST and ALT levels (p < 0.05, vs. the model group) and there were no significant differences among the three treatment groups (Figures 1C,D).
[image: Figure 1]FIGURE 1 | Administration of BMSCs combined with FA ameliorates CCl4-induced liver injury in rats. (A) The liver appearance of each group (normal, model, positive, BMSC, FA, and FC groups). (B) Comparison of body weight among the groups (Two-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001 versus the normal group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the model group). (C,D) Serum levels of AST and ALT in each group (n = 6). Data are presented as the mean ± SEM (Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05, ##p < 0.01 versus the model group). (E) Images of HE-stained liver sections from representative animals in the normal, model, positive, BMSC, FA, and FC groups (original magnification, ×10; scale bars, 100 µm, n = 6). (F) Masson stained liver sections from representative animals in the normal, model, positive, BMSC, FA, and BMSC&FA groups (original magnification, ×10; scale bars, 100 μm). The yellow squares indicate collagen. (G) The percentage of collagen area of Masson staining in each group (n = 6). Data are presented as the mean ± SEM (Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the model group).
Histopathological Assessment of Liver Damage
To further confirm the antifibrotic effects of BMSCs, FA and their combination in an in vivo rat liver fibrosis model, we performed HE and Masson staining. As shown in Figures 1E,F, inflammatory cell infiltration, fragmented hepatic nuclei, and collagenous fibre formation were observed in the model group. Damage caused by CCl4 was significantly attenuated by BMSCs, FA, and the combination. In addition, the combination treatment achieved better reductions in collagenous fibres than the FA and BMSC single treatments.
Ferulic Acid Promotes the Ability of Bone Marrow Mesenchymal Stem Cells to Improve Liver Fibrosis via the RhoA/ROCK Pathway
We found that FA could promote the ability of BMSCs to reduce liver fibrosis via the RhoA/ROCK pathway. Compared with that of the normal group, the protein expression of the model group showed significant increases in the profibrotic markers α-SMA and COL1-A1, while in the FA and BMSC-treated groups, their expression levels were decreased. In addition, FA combined with BMSCs showed better effects than the other two treatments on reducing COL1-A1 expression (p < 0.05). The expression patterns of RhoA and ROCK showed the same trends (Figures 2A,B).
[image: Figure 2]FIGURE 2 | (A,B) Western blot and cumulative densitometric analyses of ROCK1 (160 kDa), COL1-A1 (139 kDa), α-SMA (42 kDa), GAPDH (37 kDa), and RhoA (21 kDa) in livers from each group (normal, model, positive, FA, BMSCs, FC). Data are presented as the mean ± SEM (n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05, versus the model group; Δp<0.05, versus the FC group); (C) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, and RhoA in rat livers. Data are presented as the mean ± SEM (n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group).
QRT-PCR assays confirmed the protein data, showing reductions in α-SMA, COL1-A1, RhoA and ROCK expression in the FA, BMSC and FA&BMSC (FC) groups. These results clearly indicated that BMSCs combined with FA could be a novel treatment for liver fibrosis (Figure 2C).
Ferulic Acid Promotes the Ability of Bone Marrow Mesenchymal Stem Cells to Inhibit Cytoskeletal Rearrangement in Hepatic Stellate Cells
The activation of HSCs is an important factor in the formation of liver fibrosis. When stellate cells are activated, the cytoskeleton rearranges and promotes the migration of stellate cells. The RhoA/ROCK pathway is not only associated with the formation of fibrosis but also closely associated with cytoskeletal rearrangement. Therefore, we focused on whether FA promotes BMSC-mediated inhibition of cytoskeletal rearrangement in HSCs. Cocultured HSCs were evaluated by fluorescence and confocal microscopy and showed successful uptake. Compared to those in the normal group, activated HSCs exhibited F-actin remodelling to form a large number of thick stress fibres across the whole cell. In the FA-treated group, F-actin was observed in lamellipodia or filopodia in each cell, and a few fine stress fibres were found in these cells (Figure 3).
[image: Figure 3]FIGURE 3 | Representative images of the cytoskeleton (green) in the HSCs treated with BMSCs or BMSC&FA (1 mg/ml). DAPI was used to stain cell nuclei (original magnification, ×40; scale bars: 25 μm).
Ferulic Acid Promotes Bone Marrow Mesenchymal Stem Cell-Mediated Inhibition of the Activation of Hepatic Stellate Cells via the RhoA/ROCK/SRF and RhoA/ROCK/LIMK1 Pathways
To investigate the promotive effect of FA on BMSC-mediated inhibition of HSC activation, we cultured activated HSC-T6 cells with an equal proportion of BMSCs as the model group, and activated HSC-T6 cells cocultured with BMSCs and treated with different doses of FA (1 mg/ml, 0.5 mg/ml, or 0.25 mg/ml FA) were used as the treatment groups. Inactivated HSCs cocultured with BMSCs in normal medium were used for the normal control group (NC group). We first detected the migration of HSCs. The activated HSC has great migration ability, the more active cells are, the more cells migrate in same period of time. The number of migration cell respects migration ability. HSC migration was significantly increased in the model group (p < 0.05, vs. the control group), but after FA treatment, HSC migration was significantly decreased (p < 0.05, vs. the model group), and 1 mg/ml FA showed a strong inhibitory effect (Figures 4A,B).
[image: Figure 4]FIGURE 4 | FA promotes BMSC-mediated inhibition of the activation of HSCs. (A) Migration of HSCs (original magnification, ×10; scale bars, 100 μm). (B) The number of migrating HSCs. (n = 3 independent experiments, Two-way ANOVA; ***p < 0.001 versus the normal group; ###p < 0.001, versus the model group); (C,D) Western blot bands and cumulative densitometric analyses of each group (normal, model, positive, FA-1 mg, FA-0.5 mg, FA-0.25 mg). (n = 3 independent experiments, Two-way ANOVA; *p < 0.05, ***p < 0.001, versus the normal group; #p < 0.05, ###p < 0.001, versus the model group); (E) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, RhoA, SRF, and LIMK1 in HSCs. (n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group); (F,G) The protein content of α-SMA and COL1-A1 in extracellular medium. n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group; Δp<0.05 versus the 1 mg FA group.
Western blot analysis confirmed that FA could promote BMSC-mediated inhibition of HSC activation, as indicated by assessment of HSC activation markers, including α-SMA and collagen type 1 a 1 chain (COL1-A1). The protein levels of α-SMA and COL1-A1 in the model group were significantly increased (p < 0.05, vs. the NC group). However, the expression of α-SMA and COL1-A1 was significantly decreased after FA treatment, and 1 mg/ml FA showed better and stable effects (p < 0.05, vs. the model group). We also detected α-SMA and COL1-A1 in extracellular medium by ELISA kits and found that their levels were decreased (Figures 4C,D). After confirming the effect of FA on HSC inactivation, we further assessed the direct pathway between BMSCs and HSCs. The cytoskeleton changed when HSCs were activated. We investigated the RhoA/ROCK/SRF and RhoA/ROCK/LIMK1 pathways. The protein levels of RhoA, ROCK, SRF, and LIMK1 were significantly increased in the model group compared to the NC group (p < 0.05), and after 1 mg/ml FA treatment, the expression of RhoA, ROCK, SRF, and LIMK1 was significantly decreased. Three dose groups showed no differences among them. The content of COL1-A1 and α-SMA in the ECM also decreased with 1 mg/ml FA treatment (Figures 4F,G). The mRNA levels showed the same trends (Figure 4E).
Bone Marrow Mesenchymal Stem Cells Regulate the Activation of Hepatic Stellate Cells by Inhibiting Cytoskeletal Rearrangement
To further prove that the cytoskeleton pathway is directly involved in BMSC inhibition of HSC activation, we added a cytoskeleton inhibitor (cytochalasin D) or cytoskeleton agonist (angiotensin II) when BMSCs were cocultured with activated HSCs. Compared to the model group, the agonist group showed significantly increased protein expression of COL1-A1, α-SMA, RhoA, ROCK, SRF, and LIMK1 (p < 0.05), while the expression levels of these proteins were significantly decreased in the inhibitor group (p < 0.05) (Figures 5A,B). The content of COL1-A1 and α-SMA in the ECM also decreased with cytochalasin D treatment (Figures 5D,E). The RNA levels of COL1-A1, α-SMA, RhoA, ROCK, SRF, and LIMK1 were reduced in the cytochalasin D groups (Figure 5C). These results indicate that FA promotes the ability of BMSCs to influence HSC activation. The cytoskeleton-related RhoA/ROCK pathway directly interacts with BMSCs and HSCs.
[image: Figure 5]FIGURE 5 | BMSCs regulate the activation of HSCs by inhibiting cytoskeletal rearrangement. (A,B) Western blot bands and cumulative densitometric analyses of each group (normal, model, angiotensin II, cytochalasin D). Data are presented as the mean ± SEM (n = 3 independent experiments, one-way ANOVA; *p < 0.05, versus the normal group; #p < 0.05, versus the model group); (C) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, RhoA, SRF, and LIMK1 in HSCs. (n = 3 independent experiments, one-way ANOVA; *p < 0.05 versus normal; #p < 0.05 versus model); (D,E) The protein content of α-SMA and COL1-A1 in extracellular medium. n = 3 independent experiments, one-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group.
MiR-19b-3p Derived From Bone Marrow Mesenchymal Stem Cells Inactivates Hepatic Stellate Cells by Suppressing the Expression of its Target TGF-β Receptor II
MiRNAs are found in BMSCs, and miRNAs transferred into target cells can impact cell behaviours by regulating the expression of target genes. MiRNAs derived from BMSCs influenced HSC activation, we investigated which miRNAs contained in BMSCs regulated HSC activation. Three candidate miRNAs, miR-29b-3p, miR-19b-3p, and miR-183-5p, were selected because they were potentially linked to fibrosis in previous reports, including a microarray analysis (GEO: GSE168712) and small RNA sequencing analysis, as these three miRNAs are abundantly expressed in BMSCs. The levels of miR-29b-3p, miR-19b-3p, and miR-183-5p were higher in BMSCs than in HSCs or normal rat liver tissues, and among them, miR-19b-3p was significantly enriched in BMSCs, suggesting that miR-19b-3p might be involved in modulating HSC activation. Bioinformatic analysis using TargetScan and miRWalk predicted TGF-βR2, a receptor for TGF-β1, as a putative target of miR-19b-3p, and a luciferase reporter assay revealed that miR-19b-3p directly bound to the 3′UTR of the TGF-βR2 mRNA transcript (Figures 6A,B).
[image: Figure 6]FIGURE 6 | MiR-19b-3p derived from BMSCs inactivates HSCs by suppressing the expression of its target TGF-βR2. (A) The potential binding site (red fonts) of miR-19b-3p was predicted in the 3′UTR of TGF-βR2 mRNA in rats. The dashed line represents complementary base pairs between miR-19b-3p and TGF-βR2 mRNA. (B) A dual-luciferase assay was performed to verify the binding interaction between miR-19b-3p and TGF-βR2 mRNA. Cells cotransfected with pmirGLO basic vector containing either wild-type (WT) or mutant (mut) target sites plus either the miR-19b-3p mimic or scrambled (Scr-) miR (control); (C) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, and RhoA in HSCs. n = 3 independent experiments, one-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group; (D,E) Western blot bands and cumulative densitometric analyses of each group (normal, model, mimic, NC-d). Data are presented as the mean ± SEM (n = 3 independent experiments, one-way ANOVA; *p < 0.05, versus the normal group; #p < 0.05, versus the model group). (F,G) The protein content of α-SMA and COL1-A1 in extracellular medium. n = 3 independent experiments, one-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group. (H) Representative images of the cytoskeleton (green) in the HSCs treated with miR19b-3p mimics or NC-d. DAPI was used to stain cell nuclei (original magnification, ×40; scale bars: 25 μm).
To determine whether miR-19b-3p affects HSC activation, we transfected HSCs with a miR-19b-3p mimic and a meaningless fragment (negative control). Additionally, we chose inactivated HSCs and activated HSCs as the normal and model controls, respectively. Although miR-19b-3p was rarely expressed in activated HSCs, its expression was strongly elevated in the miR-19b-3p-transfected HSCs (Figure 6C). In addition, the profibrotic markers α-SMA, COL1-A1, RhoA, and ROCK1 had downregulated expression in the HSCs transfected with the miR-19b-3p mimics compared with those in the model and negative control groups (p < 0.05) (Figures 6D,E). The content of α-SMA and COL1-A1 in the ECM did not show a decreasing trend in the mimic group (Figures 6F,G). Western blot assays confirmed the RNA data, showing reductions in TGF-βR2 and profibrotic marker expression in the HSCs transfected with miR-19b-3p. These results suggest that miR-19b-3p inhibits HSC activation by directly targeting TGF-βR2.
We also transfected the miR-19b-3p mimic, or negative control with the fluorescent Cy3 gene into activated HSCs. With confocal scanning microscopy, we observed red fluorescence in the miR-19b-3p mimic and negative control groups. Compared to the model group, the group transfected with the miR-19b-3p mimics showed F-actin mainly distributed in peripheral cells, and a few fine stress fibres were found in these cells. The cytoskeleton of cells in the negative control groups was similar to that of the cells in the model group (Figure 6H).
Ferulic Acid Induces Bone Marrow Mesenchymal Stem Cells to Release More miR-19b-3p to Hepatic Stellate Cells and Inhibit the Activation of Hepatic Stellate Cells
To determine whether BMSCs transfer miR-19b-3p to HSCs, we transfected the miR-19b-3p mimic or miR-19b-3p inhibitor with the fluorescent Cy3 gene into BMSCs and cocultured the transfected cells with activated HSCs. With confocal scanning microscopy, we observed red fluorescence in the miR-19b-3p mimic group, and F-actin was mainly distributed in peripheral cells. A few fine stress fibres were found in these cells compared to those in the model group. In addition, in the miR-19b-3p inhibitor group, the cell shape was similar to that in the model group, and F-actin in activated HSCs was remodelled to form a large number of thick stress fibres across the whole cell. With FA treatment, we found more red fluorescence in the miR-19b-3p mimic groups (Figure 7A).
[image: Figure 7]FIGURE 7 | FA induces BMSCs to release more miR-19b-3p to HSCs and inhibit the activation of HSCs. (A) Representative images of the cytoskeleton (green) in the HSCs treated with miR19b-3p mimics, inhibitor, or NC-d and NC-s. DAPI was used to stain cell nuclei (original magnification, ×40; scale bars: 25 μm). (B,C) Western blot bands and cumulative densitometric analyses of each group (normal, model, inhibitor, mimic, inhibitor&FA, mimic&FA, NC-d, NC-s). Data are presented as the mean ± SEM (n = 3 independent experiments, Two-way ANOVA; *p < 0.05, versus the normal group; #p < 0.05, versus the model group; Δp < 0.05, versus the inhibitor/mimic group). (D,E) The protein content of α-SMA and COL1-A1 in extracellular medium. n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group; (F) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, RhoA, SRF, and LIMK1 in HSCs. n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group; Δp < 0.05 versus the miR19b mimic group.
To assess protein levels, we divided the BMSC/HSC coculture system into 8 groups: the normal, model, mimic, inhibitor, mimic + FA, inhibitor + FA, and negative control groups. We detected α-SMA, COL1-A1, RhoA, ROCK1 SRF, and found that their expression was significantly downregulated in the mimic + FA, and inhibitor + FA groups compared to the model group, while mimic + FA, and inhibitor + FA groups also showed significance respectively compared to mimics/inhibitor group on COL1-A1 expression. The mimic group showed the decreased trends (Figures 7B,C). The content of α-SMA and COL1-A1 in the ECM also showed a decreasing trend in the mimic, inhibitor&FA, mimic&FA group (Figures 7D,E). The mRNA levels showed the same trends (Figure 7F).
These results suggest that miR-19b-3p plays a critical role in regulating the effect of BMSCs against liver fibrosis. In conclusion, these results suggest that FA combined with BMSC treatment can induce greater release of miR-19b-3p, which inhibits the activation of HSCs by suppressing the RhoA/ROCK1/SRF and RhoA/ROCK1/LIMK1 pathways, contributing to alleviation of liver fibrosis.
DISCUSSION
In this study, we showed that FA combined with BMSCs was more effective in treating liver fibrosis than single treatment. We used BMSCs, FA or combination therapy to treat rats with hepatic fibrosis. By evaluating the AST, ALT, HE, and Masson staining results, we observed that liver fibrosis was decreased to different degrees and that the combination therapy showed better effects than FA or BMSC monotherapy. In addition, we detected the protein expression of COL1-A1, α-SMA, ROCK1 and RhoA, and the results for the combination therapy showed better effects. Therefore, these results suggest that FA can promote the ability of BMSCs to improve liver fibrosis by targeting the RhoA/ROCK pathway.
The RhoA/ROCK signalling pathway is related to intracellular cytosis, colonization, migration, apoptosis, gene expression and other behaviours (Xu et al., 2018; Yaqoob et al., 2020). The RhoA/ROCK pathway also affects the formation of fibrosis. This axis promotes collagen and ECM production in fibroblasts and increases the transformation of fibroblasts into myofibroblasts expressing α-SMA and other activated factors (Deng et al., 2019; Sloniecka and Danielson 2019). RhoA/ROCK is a classic fibrosis pathway, which has quantities of related studies have been carried out as a preliminary basis, and ROCK1 is also associated with cytoskeleton and cytodynamics. Therefore, we choose RhoA/ROCK pathway to study.
To verify the mechanism of BMSC and FA combination therapy, we established a BMSC/HSC-T6 coculture system. Activated HSCs were cocultured with an equal amount of BMSCs. We observed the cellular structure of HSC-T6 cells and found that with FA treatment, the deformed cell structure was restored, F-actin was mainly distributed in peripheral cells, and a few fine stress fibres were found in these cells. In addition to assessing cellular structure, we detected the migration of HSCs. The number of migrating cells was significantly decreased with FA and BMSC treatment. The protein expression of RhoA, ROCK, SRF, LIMK1, COL1-A1, and α-SMA was significantly decreased. These results all proved that FA promoted the ability of BMSCs to decrease HSC migration while inhibiting activation.
The RhoA/ROCK pathway is related to both development of fibrosis and cytoskeletal rearrangement. RhoA/ROCK/SRF directly influences collagen and α-SMA production, while RhoA/ROCK/LIMK1 influences cytoskeletal rearrangement, indirectly affecting HSC migration. Activated HSCs migrate to sites of damage and release collagen. Therefore, inhibiting cytoskeletal rearrangement is also an effective strategy for reducing fibrosis (Ni et al., 2013; Wu et al., 2019).
To verify the mechanism by which BMSCs inhibit HSC activation, we established a BMSC/HSC coculture system with angiotensin II and cytochalasin D used as agonists and inhibitors, respectively. The decreased protein expression of RhoA, ROCK, SRF, LIMK1, COL1-A1, and α-SMA also indicated that BMSCs could reduce HSC activation by inhibiting cytoskeletal rearrangement.
Many studies have proven that BMSCs can produce miRNAs (Cetin et al., 2021). Feng et al. demonstrated that MSC-derived miRNAs reduced infarct size and cardiac fibrosis by inhibiting apoptosis in mice with myocardial infarction. Exosomes derived from chorionic plate-derived MSCs (CP-MSCs) containing miR-125b could ameliorate hepatic fibrosis by regulating hedgehog (Hh) signalling, which is an essential regulator in liver fibrosis (Feng et al., 2014; Hyun et al., 2015). These findings suggest that miRNAs play important roles in MSC-mediated tissue repair and regeneration. In a recent study, BMSCs were found to release miRNAs, targeting specific proteins to reduce fibrosis (Chen et al., 2018; BI Hui-yang 2019). The results for the BMSC genomic sequence showed that BMSCs contain a variety of miRNAs (Lindoso et al., 2014; Zhao et al., 2017). Among them, miR-19b-3p was shown to be related to inhibition of fibrosis (Zou et al., 2016; Chen et al., 2019; Duan et al., 2019; Wang et al., 2021). We used the TargetScan website to predict the target genes of miR-19b-3p and found TGF-βR2 was a putative target. The luciferase reporter assay revealed that miR-19b-3p directly bound to TGF-βR2 in HSCs.
To determine whether miR-19b-3p can inhibit HSC activation, we transfected miR-19b-3p mimics or inhibitors with the Cy3 gene into HSCs and BMSCs. We observed the cytoskeleton of the HSCs transfected with miR-19b-3p mimics or inhibitors. With miR-19b-3p mimic transfection, the cytoskeleton of activated HSCs was not substantially changed, while with miR-19b-3p inhibitor transfection, the cytoskeleton of activated HSCs was still rearranged. The decreased expression of RhoA, ROCK, SRF, LIMK1, COL1-A1 and α-SMA showed that miR-19b-3p could affect HSC activation.
We also observed that the BMSCs transfected with the mimics released more miR-19b-3p to HSCs and that the cytoskeleton was similar to that of inactivated HSCs; the BMSCs transfected with the inhibitors released less miR-19b-3p to HSCs, and the cytoskeleton was similar to that of activated HSCs. The protein expression of RhoA, ROCK, SRF, LIMK1, COL1-A1, and α-SMA showed that BMSCs could release miR-19b-3p to inhibit HSC activation, and BMSCs combined with FA treatment resulted in better HSC inhibition. These results indicate that combining BMSCs with FA could be a promising therapeutic strategy for the treatment of liver disease.
Bone marrow is the most widely used source of BMSCs. However, due to the instability of BMSCs, the use of these cells in clinical applications is limited (Alsulami and Abdel-Gaber 2021; Muslimah Alsulami, 2021; Yang et al., 2021). FA is a derivative of cinnamic acid and has therapeutic activity against a variety of diseases. This molecule is also an effective ingredient in some TCMs, such as Angelica sinensis. In addition, FA may protect against fibrotic deterioration in rats with hepatic fibrosis (Mu et al., 2018). Therefore, we chose FA combined with BMSCs to treat hepatic fibrosis in rats and found that their combination showed better treatment effects.
CONCLUSION
Collectively, we demonstrated that FA promoted the ability of BMSCs to suppress HSC activation and liver fibrosis. MiR-19b-3p derived from BMSCs inactivated HSCs by suppressing the RhoA/ROCK/SRF and RhoA/ROCK/LIMK1 signalling pathways. Therefore, our findings suggest that BMSCs combined with a TCM have potential as an effective antifibrotic drug for chronic liver diseases.
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Chinese name

Huang qi
Chai hu
Bai zhu
Yu jin

Ban xia
Yin chen
Ze xie

Jue mingzi
Danshen
Dang gui
Chi shao
Shan zha
Bai jiez

Latin name

Astragalus membranaceus (Fisch.) Bge
Bupleurum chinense DC.

Atractylodes macrocephala Koidz

Curcuma wenyuin Y. H. Chen et C. Ling
Pinella ternata (Thunb) Breit

Artemisia scoparia Waldst.etKit

Alsma orientale (Sam) Juzep

Cassia obtusifolia L

Salvia mittiorrhiza Bge

Angelica sinensis (Oliv.) Diels

Paconia lactifiora Pall

Crataegus pinnatifida Bge. var. Major N. E. Br
Semen sinapis

tuberoid
tuber
aboveground part
tuber

ripe seed

rosaceae
ripe seed

Traditional use

Qi Reinforcing
To relieve fever, to soothe the liver
Qi-reinforcing

Blood activating Stasis Removing
Phlegresolving

Diuretic Dampness Excreting

Diuretic Dampness Excreting

Fire Purging

Blood-activating and Stasis-removing
Blood-Tonifying

Heat Clearing Blood Cooling

help digestion and Stasis-removing
removing the phiegm

Voucher specimens

TCM - 201101 - JPQCHSDO1
TCM - 200926 - JPQCHSDO2
TCM - 200816 - JPQCHSDO3
TCM - 201022 - JPQCHSDO4
TCM - 201007 - JPQCHSDO5
TCM - 200901 - JPQCHSDO6
TCM - 201019 - JPQCHSDO7
TCM - 201022 - JPQCHSDO8
TCM - 200930 - JPQCHSDO9
TCM - 200903 - JPQCHSD10
TCM - 201024 - JPQCHSD11
TCM - 201009 - JPQCHSD12
TCM - 200526 - JPQCHSD13
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Extract, plant
part, and
species

Hydroalcoholic extract
of whole dried ripe
fits C. aurantium

Hydroalcoholic extract
ofthe peel C. reticulata

Peels or waste stream
material of C. limon

Polyphenolic fraction
of C. bergamia Risso &
Poiteau peeled-off
fruits

Aqueous extract (5%
and 10%) of dried
whole fruits C. mitis

Hydroalooholic extract
of C. ichangensis peel

Hydroalooholic extract
ofC
sunki peel

Hydroalcoholic extract
of C. grandis (L)
Osbeck whole fruts

Hydroalcoholic extract
of Citrange (Poncirus

trifoliata x C. sinensis)
peel or flesh and seed

Hydroalcoholic extract
of C. junos Tanaka
peel

Hydroalcoholic extract
of C. sinenss frit peel

Hydroalooholic extract
of C. maxima leaves

Hydroalcoholic extract
of C. junos Tanaka
peel

Hydroalcoholic extract
of C. sinensis peel

Methanolic extract,
hexanic extract,
aqueous homogenate
of C. reficulata
(Mandarin), C. sinensis
(sweet orange), C.
paradise (white
grapefruit), or C.
aurantifolia (ime) fruit
peels

Methanolic extract of
C. reticulata

Hydroalcoholic extract
of leaves of C. maxima

Hydroalcoholic extract
of C. latifolia

C. tumida peel powder

C. unshiu MARC
Iyophiized and
powdered

C. unshiu: dried
extract (CPEW) and
Iyophilized (CPEF)

C. changshan-huyou

C. reticulata Blanco

Composition

25.7% ascorbic acid
9.9% flavonoids (quercetin,
hesperidin, naringenin, and
myricetin)

31.2% protein

3.2% ash
30% carbohydrates
2.7 g of protein

1.8gof fat

1.0gof ash
20 g of fructose

16.5 g of glucose

8.6 g of sucrose

0.6 g of hesperidin

0,03 g of naringin and 9.67 g
of other sugars

Neoeriocitrin (77,700 ppm),
naringin (63,011 ppm),
neohesperidin

(72,056 ppm), meltidine
(15,606 ppm), and
brutieridine (33,202 pprm)
Phenolic compounds

Naringin, hesperiin,
poncirin, neoeriocitrin
narirutin, neohesperidin,
naringenin, nobiletin,
and tangeretin

Tangeretin (55.13 mg/g)

Nobiletin (38.83 mg/g)

Hesperidin (17.11 mg/g)

Rutin (17.02 mg/g)
Sinensetin (4.23 mg/g)
Naringin at 19%

Bark extract

Neoeriocitrin (14.5 mg/g),
naringin (8.12 mg/g),
nechesperidin (21.1 mg/g),
and poncirin (14.1 mg/g)
Seed extract

Poncirin (4.85 mg/g)
Neohesperidin (1.87 mg/g)
Naringin (0.87 mg/g)
Hesperidin (36.3 mg/100 g)

Naringin (11.6 mg/100 g)

Rutin (2.7 mg/100 g)

Quercetin (1.7 mg/100 )
and tangeretin (0.7 mg/
100 9)

Flavonoids, alkaloids,
carbohydrates, glycosides,
saponins, and tannins

Nobiletin (%) in hexanic
extracts
Mandarin (10.14%)

Sweet orange (3.6%)

White grapefrit (0.9%)
Lime (0.0045%)

Pectin (%) in peel powder
Sweet orange (21.33%)
Lime (19.7%)

While grapefruit (11.66%)
Mandarin (9.14%)

Narirutin (452 = 0.31 mg/g),
hesperidin (9.14 + 0.32 mg/
), nobiletin (2.54 +

0.07 mg/g)

Tangeretin (1.67

0.05 mg/g)

Gallc acid, catechin, caffeic
acid, epicatechin, rutin and
isoquercetin, and the major
compounds

were caffeic acid (3.71 mg/g)
and catechin (3.65 mg/g

Galorie (275 keal), moisture
(2.9 g), protein (7.4 g), fat
(2.7 9) ash (49 g),
carbohydrate (82.1 g), sugar
(28.4 g), fiber (53.7 g),
galacturonic acid (12.2 g),
and sodium (4.3 mg)

76.1 g carbohydrate, 7.6 g
crude protein, 0.7 g crude
fat, 2.7 g ash, 129
moisture, 40.9 g

total fiber, 6.6 g total pectin,
14.4 g hesperidin, and 3.0 g
narirutin

Hesperidin, narirutin, and
synephrine

Naringin, narirutin, and
neohesperidin

Nobiletin (98.34 mg/g),
heptamethoxyflavone
(44.26 mg/g), tangeretin
(26.20 mg/g), and
isosinensetin (26.14 mg/g)

Model

Hamster fed on a high-
cholesterol diet

Rats fed on a high-
cholesterol diet

Hamster fed on a high-
cholesterol diet

High-cholesterol diet-
induced hyperlipemia

Rats fed on a high-
cholesterol diet

High-fat diet-induced

Obese

High-fat diet-induced

Obese

High-fat diet-induced

Obese

High-fat diet-induced
obese

High-fat diet-induced
obese

High-fat diet-induced
hypercholesterolemia

Cafeteria diet and
Olanzapine-induced
obesity

Mice fed on a high-
cholesterol diet

Rats fed on high-glucose
o cholesterol-rich diet

Hypercholesterolemia
induced by diet rich in
cholesterol and bile salts

High-fat diet-induced

obese

High-fat diet and fructose

Hypercholesterolemia
induced by diet rich in
cholesterol

High-fat diet

High-fat diet

High-fat diet

High-fat diet

High-fat diet

Evaluated
parameters

LDL, VLDL
HDL, TC, TG, foam cell

injury
in the aorta artery
lipid peroxidation

Plasmatic and hepatic
TC, TG, HDL, LDL

AP, fecal neutral sterols,
HMGR, and ACAT
activities in liver tissue

BW, FI, and liver weight

TC of plasma and liver
Plasmatic TG, LDL,
HDL, VLDL

bile acids, and fecal
sterols.

BW, TC, LDL, HDL

TG and glucose
Neutral sterols and fecal
bile acids

BW, TC, HDL, LDL, TG,
AP, sdLDL®

Scavenging activity of
DPPH radicals, reducing
power, lipid
peroxidation (in vitro)

BWG, FI

TC, TG, LDL, HDL, and
glucose

Fecal and hepatic TC
and TG; size of EWAT;
mRNA expression of
PPARy, LXR, and them
target genes in liver
tissue

BWG, FI

TC, TG, GPT, GOT, and
LDH, EPAT weight, liver
fat; p-AMPK, p-ACC,
and adiponectin MRNA
expression in EAT.

In mature 3T3-L1
adipooytes: LKB1,
AMPK, ACC, PKA, and
HSL phosphorylation,
CPT-1a gene
expression, and glycerol
release

BWG, FI

TG, TC, HDL, glucose,
insuiin, ghreiin, GLP-1
PYY, leptin, and amylin
in plasma

BWG, Fl, ipGTT, blood
glucose, serum TG, TC,
LDL and HDL, hepatic
TG and TC

Fecal TC and TG,
histological analysis

of liver tissue

mRNA levels of PPARy,
LXR, and their target
genes in lver tissue
BWG, FI

TC, TG, glucose, insuin,
leptin, resistin, GOT,
GPT, histological
analysis of liver tissue
AMPK phosphorylation
in musdie tissue

AMPK and PPARy
activation in C2C12 and
HEK293 cells,
respectively

TC; glucose in rats

induced by alloxan
monohydrate
BWG, FI

TC, TG, HOL, LDL,
VLDL, GOT, GPT,
glucose

Liver weight and TG
BWG, FI

TG, TC, HDL, GOT,
GPT, ALP, histological
analysis

of liver tissue
Expression of PPARa,
FAS, and HMGR in liver
tissue

Lipid accumulation and
expression of p-AMPK,
p-ACC, PPARa, CPT-1,
and HMGR in HepG2
cells

BWG, FI

TG, TC, LDL, HDL,
glucose, insulin

TC

TG and glucose

AST, ALT, triglyceride,
total cholesterol,
glucose, insuiin,
HOMA-IR

Blood count, AST, ALT,
trigiyceride, total
cholesterol, LDL, HDL,
glucose, urea,
creatinine,

triglyceride, and total
cholesterol

AST, ALT, triglyceride,
total cholesterol, HDL-
C, creatinine, albumin,
calcium, and LDH

Total cholesterol,
trigiycerides, free fatty
acids, glucose, insuiln,
and leptin

AST, ALT, triglyceride,
total cholesterol, and
LDL-C

AST, ALT, triglyceride,
total cholesterol, LDL-C,
and HDL-C
Triglyceride, total
cholesterol, LDL-C, and
HDL-C

Treatment protocol

Feed containing 3% of
the extract or 4% of
the extract associated
with ascorbic acid
(67 mmol/kg diet)
daily, for 4 or

10 weeks

16.7 ¢/100 g of diet
for 6 weeks

Diets containing 3% of
celuiose or lemon
peels or the waste
stream of the lemon
pectin extraction

for 8 weeks

10 or 20 mgkg
daily (0.0)

for 30 days

5mg/kg of extract at
5% and 10%

daily (p.0)

for 10 weeks

Diet supplemented
with 1% of extract, for
8 weeks

150 mg/kg/day of
extract (p.0.)
for 70 days

300, 600, or
1,200 mg/kg (p.0)
daily

for 12 weeks

Diet supplemented
with 1% wiw of peel
extract

or 1% w/w of flesh
and seed

extract, daily
for 8 weeks

Diet supplemented
with 1% and 5% of
extract

for 9 weeks

125, 250, and

500 mg/kg (p.0.), daily
for 2 weeks

After 4-week diet

200 and 400 mg/kg
(p.0). daily for
4 weeks

Diet supplemented
with 1% and 5% of the
extract

for 10 weeks

Diet supplemented
with 10% Citrus peel
powder (functiona)
and 5% peel extract
(nutraceutical, for

8 weeks

0.1 miof the
corresponding extract
(p.0) for 8 weeks

1% of the
corresponding extract
for 11 weeks

50 mg/kg

1% of the
corresponding extract
for 4 weeks

C. tumida peel
powder 5% (w/w)

2.5%

5.0%, or 10.0%

CPEW: 50 mg/kg:
100 mgkg

CPEF: 50 mg/kg;

100 mgkg

PTFC: 25 mg/kg;

50 mg/kg; 100 mgkg

0.2 and 0.5% JZE

Animal
(n/group)

Male
Golden
Syrian

Hamsters
n=10

Male

Sprague
Dawley rats
(=10

Male hybrid

F1B Golden
Syrian

Hamster
n=14)
Male

Wistar
Rats.
(n=10)
Male

Sprague
Dawley rats
n=6)

Female

C57BL/6
mice (n = 7)

Male

C57BL/6
mice
(n=10)

Female

Zucker

Rats.
n=10)
Female

Cs7BL6
mice (n =

Male

C57BL6 J
mice (n =

Male

Wistar rats
n=5
Female

Wistar rats
n=6)

Male

C57BL/6 J
mice (n = §

Male
Sprague

Dawley rats
n=6

Male

Wistar rats
(n=6)

Male

C57BL6 J
mice (n =
Male

Wistar rats
n=
Male

Wistar rats
n=10)
Male

C57BL6 J
mice (n =

Sprague
Dawley (SD)
rats (1= 7)

Male

SD rats
=8
Golden
hamsters
n=12)
C57BU6 J
mice (n = 8

utamicn o., intragastric gavage; TC, total cholesterol: TG, triglycerides; LDL, low-density lipoprotein; HDL, high-density lipoprotein; VDL, very low-density lipoprotein; LDH, lactate

dehyarogenase; GOT, -oxaloacefic transaminase; GPT, glutamic-pyruvic transaminase; EWAT, epididymal white adipose tissue; PPARY, peroxisome prolferator-activated recepor y;
FAS, fatty acid synthase; ACO, acyl-CoA oxidase; LXRa, iver X receptor a; LXRp, liver X receptor f; AMPK, AMP-activated protein kinase; ACC, acetyl-CoA carboxylase; PKA, CAMP-
dependent protein kinase; HSL, hormone-sensitve lipase. GLP-1, glucagon-like peptide-1; PYY, pancreatic peptide YY; BWG, body weight gain; Fl, food intake; ipGTT, intraperitoneal
glucose tolerance test; ALP, alkaline phosphatase; FAS, fatty acid synthase receptor; CPT-1, camitine paimitoylransferase-1; HMGR, 3-hydroxy-3-methylglutary-coenzyme A reductase;
EPAT, epididymal and perirenal adipose tissue; EAT, epicidymal adpose tissue.
“The duration of the experiment is not explicity informed in the article. Al, atherogenic index.

°((TC-HDL)/HDL].

“(LDL/HDL); solLDL, small dense LDL, particie size.

YTG/HDL).
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Experimental group (mmol/L)

Baseline: TC: 5.84; HDL: 3.31;
TG: 25.1

10 weeks: TC: 6.88; HDL: 1.68;
TG: 27.1

Baseline
6 weeks: TC: 2.44; HDL: 0.61;
TG: 1.22

Baseline:

8 weeks (lemon peel): TC: 3.51
8 weeks (waste stream): TC: 3.44
Baseline:

30 days (10 mg): TC: 5.95; LDL: 4.49;

HDL: 0.58; TG: 2.75

30 days (20 mg): TC: 5.00; LDL: 3.90;

HDL: 0.65; TG: 2.74
Baseline (5%)

TC: 1.73; LDL: 0.45; HDL: 1.34;
TG: 0.76
Baseline (10%)

TC: 1.68; LDL: 0.49; HDL: 1.27;
TG: 0.74

4 weeks (5%)

TC: 1.28; LDL: 0.27; HDL: 1.39;
TG: 063

4 weeks (10%)

TC: 1.06; LDL: 0.23; HDL: 1.54;
TG: 053

Baseline:

8 weeks

TC: 2.27; LDL: 0.35; HDL: 2.32;

Baseline:
70 days
TC: 3.81; TG: 0.94

Baseline (300 mg/kg)
TC:3.72; HDL: 1.42; TG: 8.34

Baseline (600 mg/kg)
TC: 3.18; HDL: 1.70; TG: 6.27
Baseline (1,200 mg/kg)

TC: 3.59; HDL: 1.53; TG: 8.1
12 weeks (300 mg/kg)

TC: 4.28; HDL: 0.44; TG: 16.68
12 weeks (600 mg/kg)

TC: 3.62; HDL: 0.80; TG: 12.57
12 weeks (1,200 mg/kg)

TC: 4.36; HDL: 0.80; TG: 17.42
Baseline

8 weeks (peel)

TC: 2.30; LDL: 0.36; HDL: 2.00;
TG: 0.70

8 weeks (seed)

TC: 2.43; LDL: 0.41; HDL: 1.87;
TG: 0.74

Baseline

9 weeks (19)

TC: 2.00; TG: 0.85

9 weeks (5%)

TC: 1.91; TG: 0.76

Baseiine (125 mg/kg): TC: 431
Baseline (250 mg/kg): TC: 5.08
Baseline 500 (mg/k 487
2 weeks (125 mg/kg): TC: 1.88
2 weeks (250 mg/kg): TC: 2.13
2 weeks (500 mg/kg): TC: 2.02
Baseline

4 weeks (200 mg/kg)

TC: 79.76; LDL: 54.31; HDL: 40.68;

TG: 1043
4 weeks (400 mg/kg)

TC: 75.77; LDL: 51.75; HDL: 43.22;

TG: 98.05

Baseline:

10 weeks (1%)

TC: 2.89; LDL: 1.81; HDL: 0.87
10 weeks (5%)

TC: 2.96; LDL: 1.80; HDL: 0.80

Baseiine (powder)

TC: 3.34; HDL: 1.19; LDL: 1.67;
TR 1.07

Baseline (extract)

TC: 3.32; HDL: 1.21; LDL: 1.62;
TRE: 1.05

8 weeks (powder)

TC:3.14; HDL: 1.21; LDL: 1.52;
TRI: 1.01

8 weeks (extract)

TC: 3.03; HDL: 1.24; LDL: 1.44;
TR 0.97

Baseline:

Tangerine (alcoholic extract)

TC: 2.00; TG: 078

Orange (alooholic extract)

TC: 8.25; TG: 0.94

Hybrid (alcoholic extract)

TC: 3.95; TG: 085

Lime (alcoholic extract)

TC: 5.47; TG: 051

Baseline:

11 weeks (1%)

TC: 3.85; TG: 044

Baselne

45 days (50 mg/kg)

TC: 2.12; TG: 2.84; HDL: 0.34;
LDL: 0.61

Baseline

4 weeks (1%)

TC: 38, TG: 09

Baseline:

4 weeks (5%)

TC: 331; TG: 0.28; HDL: 2.06
Baseline:

4 weeks (2.5%)

TC: 201; TG: 1.67

4 weeks (5%)

TC: 222, TG: 1.63

4 weeks (10%)

TC: 172 TG: 2.74

Baseline

8 weeks (CPEW 50 mg/kg): TC: 4.00;

TG: 2.89; LDL: 2.58

8 weeks (CPEW 100 mg/kg): TC: 3.54;

TG: 2.52; LDL: 2.27

8 weeks (CPEF 50 mg/kg): TC: 4.08;

TG: 2.79; LDL: 2.56

8 weeks (CPEF 100 mg/kg): TC: 3.64;

TG: 2.59; LDL: 2.37
Baseline

4 weeks (25 mg/kg): TC: 32.00; TG:

10.20; HDL: 2.30; LDL: 11.41

4 weeks (50 mg/kg): TC: 22.30; TG:

5.30; HDL: 2.83; LDL: 9.83
4 weeks (100 mg/kg):
5.30; HDL: 2.65; LDL: 8.67
Baseline

4 weeks (0.2%): TC: 5.69; TG: 0.28;

HDL: 4.10; LDL: 1.01

4 weeks (0.5%): TC: 5.04; TG: 0.28;

HDL: 3.84; LDL: 0.81

C: 21.70; TG:

Control group (mmol/L)

Baseline: TC: 10.3; HDL: 2.84;
TG: 416
10 weeks: TC: 16.1; HDL: 1.48;
TG: 856.9

Baseline:
6 weeks: TC: 3.8; HDL: 0.57;
TG: 1.12

Baseline:

8 weeks (celluiose): TC: 4.21

Baseline:
30 days: TC: 8.19; LDL: 6.04;
HDL: 0.53; TG: 2.74

Baseline: TC: 1.75; LDL: 0.45;
HDL: 0.85; TG: 0.54
4 weeks

TC:2.13; LDL: 0.93; HDL: 0.89;
TG: 0.79

Baseline:
8 weeks
TC: 2.65; LDL: 0.46; HDL: 1.95;
TG: 0.70

Baseline:
70 days: TC: 4.63; TG: 1.56

Baseline
TC: 3.56; HDL: 1.67; TG: 7.31

12 weeks
TC: 4.13; HDL: 0.52; TG: 15.76

Baseline
8 weeks
TC:2.64;LDL: 0.41; HDL: 1.97;
TG: 0.70

Baseline:
9 weeks
TC: 2.37; TG: 0.88

Baseline: TC: 3.7
2 weeks: TC: 3.27

Baseline:

4 weeks

TC: 88.75; LDL: 74.71; HDL:
36.11; TG: 130.0

Baseline:
10 weeks
TC: 4.03; LDL: 3.03; HDL: 0.80

Baseline
TC:3.30; HDL: 1.17; LDL: 1.63;
TRI: 1.04
8 weeks
TC:3.81; HDL: 1.17; LDL: 1.85;
TRE: 1.16

Baseline:
Diet
TC: 3.92; TG: 2.66

Baseline:
11 weeks (diet)

TC: 4.68; TG: 0.85

Baseline:

45 days (diet): TC: 3.34; TG:
3.38; HDL: 0.47; LDL: 1.23

Baseline:

4 weeks (diet)

TC: 59, TG: 1.8

Baseline:

4 weeks (diet)

TC: 4.39; TG: 0.41; HDL: 2.42
Baseline:

4 weeks (diiet)

TC: 2.27 TG: 2.00

Baseline:
8 weeks (diet): TC: 4.00; TG:
2.89; LDL: 2.58

Baseline:
4 weeks (diiet)

TC: 41.59; TG: 11.15; HDL:
4.95; LDL: 11.80
Baseline:

4 weeks (diiet)

TC: 5.62; TG: 0.41; HDL: 4.20;
LDL: 1.20

‘Summary of results

1TCand TG
1 lipid peroxidation

| atherosclerosis signals (| area and density of foam cels),
without changing BW

1 plasma TG

| hepatic TC and TG, without changing HDL, TG, and LDL
plasmatic

1Al and cholesterol excretion

1 HMGR and ACAT activities

1 plasma and fiver TC, | VLDL + LDL being more effective in
IVLDL, without changing HDL, T excretion of fecal neutral
sterols and bile acids

without changing BW, Fl, and liver weight

1TC, LDL, and TG, without changing BW, HDL and glucose
1 fecal neutral sterols and bile acids

17C, LDL, TG
1 HDL
1Al and sdLDL

Antioxidant activity, without changing BW

1BWG

1TC and LDL plasmatic

1 hepatic TC, TG, glucose, and adipocyte size, without
changing

Plasmatic FI, HDL, and TG and

fecal TC and TG

1 expression of PPARy (IFAS, ACO, and UCP2 and T CDB6) |
LXR a and B (1 APOE, CYP7AT, LPL, and TABCA1)

1 BWG without changing in FI

1 TC, TG, LDH, GOT, and GPT

1 weight and cell size of EPAT

1 liver fat

1 p-AMPK, p-ACC, p-LKB1, and adiponectin

1 glycerol release

1 p-PKA and p-HSL

Tendency to | TC, glucose, and TG and T HDL

1 GLP-1 and reversing the | of ghrelin, without changing
BWG, FI

PYY, leptin, insulin, and amylin

1BWG
Improves glucose tolerance and insulin resistance
1 serum glucose, TC, and LDL

| hepatic TC and TG, without changing FI, serum HDL, and
fecal TC and TG
| PPARy (| ap2, FAS); | LXRB (| LPL and ApoE and T ABCG1)

1 lipid accumulation in liver tissue

1 BWG, glucose, TG, TG, insulin, leptin, and resistin

1 glucose uptake

| liver tissue fat

1 PPARy and AMPK, without changing Fl, GOT, and GPT

1 TC and glucose

1 BWG and FI
1 TC, TG, LDL, and VLDL
1 HOL

1 GOT and GPT
1 liver weight and TG

1 glucose
1BWG

1 TC, LDL, GOT, GPT, ALP, without changing FI, HDL
| liver fat content and weight

1 p-AMPK, p-ACC, PPARa, and CPT-1 expression

1 FAS and HMGR expression

1 lipid accumulation

Tendency to

1 BWG and FI

176G, TC, and LDL
1 HOL

1 glucose and T insuin

Tendency to | TC
1 TG and glucose

Tendency to | TC
1 TG and insuiin resistance

Tendency to
1TG, TC, and LDL

Tendency to
1 TGand TC

Tendency to
1TGand TC

Tendency to
1 TG and TC

1 free fatty acids, glucose, insuiin, and leptin

1 FAS, GEPDH in cytosol, and PAP in microsome

Tendency to
1TGand TC

Tendency to
176, TC, and LDL-C

Tendency to
L TG, TC, and LDL-C

TC, total cholesterol; TG, trighycerides; LDL, low-density lipoprotein; HDL, high-density lipoprotein; VLDL, very low-cdensity ipoprotein; BW, body weight; HMGR, 3-hydroxy-3-
methylglutaryl-coenzyme A reductase; ACAT, acyl-CoA cholesterol acyltransferase; Al, atherogenic index; Fl, food intake; BWG, body weight gain; PPARy, peroxisome proliferator-
activated receptor y; FAS, fatty acid synthase; ACO, acyl-CoA oxidase; UCP2, uncoupling protein 2; CD36, cluster of differentiation 36; LXR, liver X receptor; ApoE, apolipoprotein £;
CYP7AT1, cholesterol 7a-hydroxylase; LPL, reducing ipoprotein ipase; ABCA1, ATP-binding cassette transporter A; LDH, lactate dehydrogenase; GPT, glutamic-pyruvic ransaminase;
GOT, glutamic-oxaloacetic transaminase; AMPK, AMP-activated protein kinase; ACC, acetyl-CoA carboxylase; PKA; AMP-dependent protein kinase; HSL, hormone-sensitive lipase;
PYY, pancreatic peptide YY; GLP-1, glucagon-like peptide-1; ABCG1, ATP-binding cassette transporter G1; ALP, akaline phosphatase; CPT-1, carnitine paimitoyl transferase-1; GGPDH,
glucose-6-phosphate dehydrogenase; PAP, phosphatidic acid phosphohydrolase in the microsome.
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References/
country

Gorinstein et al.,

2007 (Gorinstein
et al., 2007)
Israel

Mollace et al.,
2011 (Mollace
et al, 2011)
itly

Toth et al., 2016
(Toth et al.,
2015)

ltaly

Cai et al., 2017
(Cai et al., 2017)
China

Extract, plant
part and
species

Fresh fruit peels of
red grapefrut or
blond grapefrut
processed

Polyphenolic
fraction of C.
bergamia pesled-
off frits

Bergavit®
(Bergamot juice
derived extract, C.
bergamia)

C. bergamia extract
(CitriCholess”)

Composition

Anthocyanins
Red: 515 mg/100 g

Blond: 49.3 mg/100 g

Flavonoids (naringin)
Red: 21.61 mg/100 g
Blond: 19.53 mg/100 g
Total fibers

Red: 1.399/100 g

Blond: 1.37 g/100 g
Neoeriocitrin (77,700 ppm)

Naringin (63,011 ppm)

Neohesperidin
(72,056 ppm) and
melitidine (15,606 ppm)
Brutieridine (33,202 ppm)
150 mg of flavonoids

16% of neoeriocitrin
47% neohesperidin

37% naringin

25% bioflavonoids, sterols
and orange oil (820 mg/
day), vitamin C (50 mg/
day), vitamin B6 (20 mg/
daily), B12 (2,000 pg/day),
and folic acid (800 ug/day)

Sample

57 patients
(89-72 years)

237 patients

80 indviduals
(42 men and
38 women)

98 older
people

Pathology

Hypertriglyceridemia and
coronary
disease

Hyperliperria associated or
not with hyperglycaemia

Moderate
hypercholesterolemia

Dyslipidemia and arterial
hypertension and problems
of glucose intolerance

Parameters
evaluated

HR, BP, BW
CT, LDL, HDL,

TG, serum
antioxidant activity
by ABTS and
TEAC

TC, LDL, HDL,

TG, reactive
vasodilation

TC, LDL, HDL, TG,
VLDL, IDL, IMT,
LDL size

TG, TC, LDL, HOL,
glucose, BW, WG,
HC, WHR,

and BMI

Treatment protocol

Daily supplementation with
red or blond grapefruts
associated with anti-
atherosclerosis diet for

30 days (n = 19/group)

500 or 1,000 mg/day
encapsulated with 50 mg
ascorbic acid, for 30 days
(n = 104-32/group)

150 mg/day for 6 months
(n =80)

500 mg/day for 12 weeks
(n = 48-50/group)

Legend: TC, total cholesterol; TG, trigiycerides; LDL, low-density poprotein; HOL, high-density lipoprotein; TEAC, Trolox-equivalent antioxicant capacity; HR, heart rate; BP, blood
pressure; BW, body weight; IMT, carotid intima-medi thickness; BVY, body weight (kg); WC, waist circumference (cm); HC, hip circumference (cm); WHR, waist-to-hip ratio; BMI, body

mase indax
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Reference Experimental group Control group (mg/dL) Summary of results

(mg/dL)
Gorinstein et al. (Gorinstein et al.,  Baseline: Baseline: Red: | TC, LDL, and TG
2007) Red TC: 306.26 Blond: | LDL only
TC: 258.70 LDL: 24323 Both: T serum antioxidant activity, without change in HR,
BP, BW,
LDL: 193.73 HDL: 46.20 HDL
HDL: 52.50 TG: 205.49
TG: 14968
Blond
TC: 283,06
LDL: 217.32
HDL: 50.27
TG: 193.97
Molace et al. (Mollace et al., 2011) ~ Baseiine (500 mg) Treated with capsules containing 1TC, TG, and LDL
TC: 286.00 500 mg of maltodextrin and 50 mg of 1 HDL
ascorbic acid
LDL: 184.96 Baseline 1 glucose
HDL: 34.55 TC: 275.67 1 reactive vasodilation
TG: 266.87 LDL: 186:31
Baseline (1,000 mg) HDL: 3459
TC: 279.40 TG: 275.62
LDL: 189.70 TC: 279.40
HDL: 32.78 LDL: 185,64
TG: 270.11 HDL: 35.05
After 30 days (500 mg) TG: 275.71
TC: 211.42
LDL: 132.79
HDL: 40.53
TG: 180.18
After 30 days (1,000 mg)
TC: 201.99
LDL: 125.34
HDL: 46.00
TG: 1567.48
Toth et al. (Toth et al, 2015) Baseline Baseline: 1 TC, LDL, TG, and IMT
TC: 224.28 TC: 255.22 1 HOL, IDL, and LDL size
LDL: 143.07 LDL: 177.88 without changing VLDL.
HDL: 54.13 HDL: 50.27
TG: 132.86 TG: 159.43
Cai et al. (Cai et al, 2017) Baseline Baseine 1oL
TC:211.13 TC: 217.32; LDL: 138.43; HDL: 51.81; TG: | BW, WC,
170.94
LDL: 131.09 TC: 210.36 WHR, and BMI
HDL: 49.88 LDL: 132,63 without changing TG, TC, HDL, glucose, HC
TG: 192.20 HDL: 52.20; TG: 172.71
500 mg
TC: 19876
LDL: 121.08
HDL: 50.27
TG: 162.09

Legend: TC, total cholesterol; TG, trigiycerides; LDL, low-density poprotein; HOL, high-density lipoprotein; TEAC, Trolox-equivalent antioxicant capacity; HR, heart rate; BP, blood
pressure; BW, body weight; IMT, carotid intima-media thickness; BVY, body weight (kg); WC, waist circumference (cm); HC, hip circumference (cm); WHR, waist-to-hip ratio; BMI, body
-
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Compound

PGG

Famotidine

EP4

Score

-25.34

=135

Interactions

Thr 168 (H bonding)
Ser 319 (H bonding)
Ser 95 (H bonding)
ARG 316 (H bonding)
Thr 76 (H bonding)

Cys 170 (H bonding)
Arg 316 (H bonding)
Ser 95 (H bonding)
Val 72 (H bonding)

EP3

Score

-28.42

-14.05

Interactions

Met 137 (H bonding)

Asp 99 (H bonding)

Met 58 (H bonding)

Phe 140 (H bonding)

Met 137 (H bonding)

Arg 333 (H bonding)

Phe 209 (H-pi and H bonding)

Met 137 (H bonding)
Tyr 114 (H bonding)
Phe 140 (H-pi)
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