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Abstract

:

Nonalcoholic fatty liver disease (NAFLD) is a chronic liver disorder characterized by an enhanced accumulation of lipids, which affects around 40% of the world’s population. The T. fuciformis fungus possesses immunomodulatory activity and other beneficial properties that may alleviate steatosis through a different mechanism. The present study was designed to evaluate the effect T. fuciformis crude polysaccharides (TFCP) on inflammatory and lipid metabolism gene expression, oxidative stress, and lipid profile. Mice were divided into groups receiving (a) a normal chow diet (NCD), (b) a methionine–choline-deficient (MCD) diet, and (c) a MCD diet with TFCP. Liver histopathology was performed, and the hepatic gene expression levels were estimated using qRT-PCR. The lipid profiles, ALT, AST, and efficient oxidative enzymes were analyzed using ELISA. The TFCP administration in the MCD-fed mice suppressed hepatic lipid accumulation, lipid metabolism-associated genes (HMGCR, FABP, SREBP, ACC, and FAS), and inflammation-associated genes (IL-1β, TLR4, TNF-α, and IL-6) whilst enhancing the expression of HNF4α genes. TFCP mitigated against oxidative stress and normalized healthy lipid profiles. These results highlighted that TFCP prevents NAFLD through the inhibition of oxidative stress and inflammation, suggesting TFCP would potentially be an effective therapeutic agent against NAFLD progression.
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1. Introduction


Nonalcoholic fatty liver disease (NAFLD) is a severe hepatic disorder causing a huge overall burden of liver diseases [1]. NAFLD may be defined as the umbrella term covering a range of abnormalities, from NAFLD to nonalcoholic steatohepatitis (NASH), which may progress to fibrosis and cirrhosis [1]. NAFLD is closely associated with metabolic syndrome. The abnormalities that develop in NAFLD patients include (i) abdominal obesity, (ii) high blood pressure, (iii) high blood glucose, (iv) high serum triglycerides, and (v) a low abundance of serum high-density lipoprotein cholesterol (HDL-C), which was reported to contribute significantly to the disease [2]. The ethnicity of the patients influences NAFLD development [3]. In in vivo models, the methionine–choline-deficient (MCD) diet was reported to induce steatohepatitis; however, it does not influence body weight gain and obesity [4]. Additionally, a high occurrence of NAFLD was observed in obese and diabetic patients, while non-diabetic and lean NAFLD patients were also reported to a lesser extent [5].



To date, a huge amount of research has evidenced the crucial role of toll-like receptor 4 (TLR4) and dysbiosis in NAFLD development [5]. Indeed, gut microbiota (GM) have been found to extend their axes bi-directionally (i.e., endocrine and immunological pathways) with numerous extra-intestinal organs, such as the brain, kidneys, and bone [4]. Nevertheless, this gut–liver axis plays an essential role during the progression of chronic liver diseases, such as hepatitis B and C, NAFLD, NASH, and hepatocellular carcinoma (HCC) [6]. GM-induced dysbiosis enhances the hepatic TLR4 expression and pro-inflammatory cytokine levels in NAFLD and NASH patients by disrupting the intestine’s inner lining and prompting the lipopolysaccharide (LPS) translocation in TLR4 signaling activation [7]. Thus, LPS–TLR4 pathways in NAFLD pathogenesis could be marked as a significant cause of NASH [5].



T. fuciformis is a well-known edible mushroom and was reportedly used in ancient Chinese society as a traditional medicine [8,9]. The T. fuciformis fungus possesses antitumor, anti-inflammatory, and immunomodulatory properties [10]. T. fuciformis administration has been reported to significantly improve the serum IL-2, IL-12, INF-γ, and IgG levels in cyclophosphamide-induced immunosuppressed mice and show immunomodulatory abilities [8]. Additionally, the T. fuciformis fungus may alleviate colonic tissue damage in colitic mice by shortening the length of the colon and lowering the concentration of D-lactate [10].



The hepatocyte nuclear factor 4α (HNF4α, NR2A1) is a member of the superfamily of nuclear hormone receptors that are expressed in the liver, kidney, pancreatic islets, and gut and is engaged in regulating the gene expression involved in fatty acid, cholesterol, glucose, and urea synthesis [11]. HNF4α plays a significant role in lowering inflammation, and the reduced expression of HNF4α was observed in alcoholic and nonalcoholic steatohepatitis patients [12]. In contrast, the overexpression of HNF4α has been shown to promote a substantial anti-inflammatory effect in mesenchymal stem cells (MSC) through a nuclear factor kappa B (NF-κB)-dependent pathway [13].



Considering the above background, this study was designed to investigate the effects of TFCP on intrinsic immunogenic and metabolic activities in methionine–choline-deficient (MCD) mice with diet-induced NAFLD. Here, we studied the impact of TFCP on the serum parameters, including lipid profile, antioxidants, liver enzymes (ALT and AST), and the gene expression of inflammatory cytokines (IL-1β, HNF4α, TLR4, TNF-α, and IL-6) and lipid metabolism-associated genes (HMGCR, FABP, SREBP, ACC, and FAS) in the MCD-diet-induced NAFLD mice. Our results indicated that TFCP could help to alleviate NAFLD by suppressing inflammation.




2. Materials and Methods


2.1. TFCP Preparation and Characterization


T. fuciformis crude polysaccharides (TFCP), provided by Dr Xiaofei Xu, were obtained from the fruit body of T. fuciformis by boiling water extraction. Dry T. fuciformis fruiting bodies were collected from Gutian, Fujian province, China. The T. fuciformis fruiting bodies were crushed and sifted through a 40 mesh prior to use. TFCP was extracted using the hot water extraction method (1:60 w/v) at 95 °C for 6 h. Then, the solution was filtered and concentrated to quarter of its original weight under vacuum conditions at 70 °C. Deproteination was performed by adjusting the pH of the solution to 4.0 using citric acid and it was then kept at 4 °C for 2 days by isoelectric precipitation. Collecting supernatant and three equivalent volumes of 95% ethanol were added to the precipitate polysaccharides at 4 °C overnight. The TFCP fraction was obtained by centrifugation and lyophilization. The TFCP powder was white in color. The peak molecular weight of the TFCP was about 1100 kDa, as measured using high-performance gel permeation chromatography (HPGPC). The saccharide content of the TFCP was 82%, as detected by phenol sulfuric acid analysis with mannose as a standard. Protein content was measured by the Bradford method. The protein content was 2.4% in the TFCP fraction. Fourier transform infrared (FT-IR) spectroscopy of the TFCP samples was measured to be in the range of 4000–400 cm−1 by the KBr disk method using an FT-IR spectrometer (Nicolet IS50-Nicolet Continuum, Thermo Fisher Scientific). OMNIC software was used for the spectroscopy analysis. As shown in following figure, the characteristic peaks of FT-IR spectra of the TFCP fraction at approximately 3412, 2935, 1721, 1606, 1424, 1135, 1071, 915, and 803 cm−1 are presented. The absorbance at 3412 and 2935 cm−1 are due to the stretching of O–H and -CH2 groups, respectively. The peaks at 1721 and 1606 cm−1 demonstrate the presence of the uronic acid group. High absorbance in the region of 1200–1000 cm−1 is typical for the polysaccharides molecule through the stretching of C–O, C–C, and C–OH. The peak at 915 cm−1 is due to the presence of D-glucopyranosyl and the peak at 803 cm−1 suggests the presence of α-glycosidic bonds in the molecular structure of the TFCP.
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2.2. Animal Experiments


For the in vivo experiments, specific pathogen-free (SPF) male Kunming mice (18–22 g) were housed in a controlled environment (23 °C, 12 h daylight cycle, lights off at 18:00 h, and relative humidity was 40–50%). Notably, the Institutional Animal Care and Use Committee of Shantou University Medical College provided the desired approvals and supervision for the animal experiments according to the National Research Council Guide for Care and Use of Laboratory Animals.



Following the standard protocols, all mice were kept for seven days with free access to water and a standard chow diet to acclimatize before treatments. The mice were then divided randomly into three different groups based on diet and/or treatment: the NCD control group (n = 5); the methionine–choline-deficient (MCD) diet group (n = 5); and the intervention group (MCD + TFCP) (n = 5). Mice from the control group were fed the standard diet with free access to water. The MCD diet contained 40% sucrose and 10% fat as ingredients but lacked methionine and choline, which are necessary for hepatic mitochondrial β-oxidation [14]. The MCD and MCD + TFCP groups were fed the methionine–choline-deficient (MCD) diet. The intervention group underwent daily intragastric administration of TFCP (200 mg per kg body weight per day). In contrast, the MCD group received the same amount of normal saline once per day for six weeks [10].



After six weeks of the study, the mice were fasted for 12 h and then we collected blood and tissue samples. All animals were euthanized using pentobarbital sodium.




2.3. Collection of Liver Tissue and Their Histopathological Analysis


Mice (treated and untreated) were considered for dissection to collect hepatic tissues for histopathological analysis. Liver samples were excised immediately after sacrifice using a scalpel and placed into appropriate tubes for the histopathologic examinations. For histological analysis, the liver tissues were fixed in 4% paraformaldehyde for 4 h. Paraformaldehyde-fixed paraffin sections of the liver were stained with hematoxylin–eosin (HE) for pathological analysis. The images were captured by an optical microscope (Leica DMI3000B, USA).




2.4. Serum and Blood Measurements


Alanine aminotransferase (ALT), aspartate aminotransferase (AST), and high-density lipoprotein (HDL-C) in the serum were quantitated using an automated analyzer (Sysmex CHEMIX-180, Japan). The concentrations of serum triglycerides (TG) and total cholesterol (TC) were separately quantitated using triglyceride and cholesterol assay kits (Applygen Technologies Inc., Beijing, China) according to the manufacturer’s instructions. Additionally, the oxidative stress was elucidated by measuring the malondialdehyde (MDA) and superoxide dismutase (SOD) enzymes in the serum samples following ELISA-based standard protocols.




2.5. Real-Time Quantitative Polymerase Chain Reaction


Total RNA was extracted from the liver using TRIzol (D9108B, Takara, Dalian, China) and reverse-transcribed into cDNA using PrimeScript RT master mix (RR036A, Takara, Dalian, China). Real-time quantitative polymerase chain reaction (qRT-PCR) was performed with Applied Biosystems 7500 real-time PCR system using the SYBR Premix Ex Taq (Tli RNase H Plus) (RR420A, Takara, Dalian, China). The primers of the target genes were synthesized by Sangon Biotech (Shanghai, China). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (B661304, Sangon Biotech) was used as the internal control.




2.6. Statistical Analysis


Data were expressed as the mean ± SEM. Statistical analyses were performed using the student t-test in IBM SPSS Statistics 20. p < 0.05 was considered statistically significant. Drawn figures were created using GraphPad Prism 8.





3. Results


3.1. Inhibition of Hepatic Steatosis and Reduction in Liver Weight through TFCP Administration


A comparative study on the lipid deposition in the MCD-induced NAFLD livers of the experimental mice was carried out to assess the anti-NAFLD activity of TFCP through histopathology and liver weight. Briefly, the HE stained micrograph obtained from the livers of MCD-fed mice (Figure 1B) demonstrated a higher lipid droplet density than NCD mice (Figure 1A). In contrast, a decline in lipid droplet density in MCD-fed livers was noticed when treated with TFCP (Figure 1C). The primary histopathology observations were validated by weighing the livers obtained from the treated and untreated groups. The data presented in Figure 1D were found to agree with the histopathology demonstrated in Figure 1A–C. Strictly speaking, compared to MCD-fed mice (3.43 ± 0.268 g), a smaller decline in the liver weight was noted in MCD + TFCP-fed mice (2.26 ± 0.06 g) (Figure 1D). Overall, the liver weight data reflected NCD, MCD, and MCD + TFCP lipid accumulation trends. Thus, it can be advocated that TFCP effectively attenuates NAFLD progression.




3.2. Effects of TFCP on Triglyceride (TG), Total Cholesterol (TC), and High-Density Lipoprotein Cholesterol (HDL-C) Levels in the Serum


Briefly, the levels of different lipids, including triglycerides (TG), total cholesterol (TC), and high-density lipoprotein cholesterol (HDL-C), were analyzed from the sera of the MCD- and MCD + TFCP-treated groups. The enhanced TG and TC levels indicated the diet’s effectiveness in developing the NAFLD model [15]. The level of TG was increased in MCD-fed mice (1.47 ± 0.21 mmol/L); however, the TG level was reduced in those fed with MCD + TFCP (1.11 ± 0.22 mmol/L) (Figure 2A). Similarly, the cholesterol-lowering ability of TFCP was reported in the TC profile of the TFCP-treated group. The serum TC level in the MCD-fed group was 2.70 ± 0.32 mmol/L (Figure 2B). However, as expected, under identical experimental conditions, the serum TC level was reduced to 2.30 ± 0.23 mmol/L in the MCD + TFCP group (Figure 2B). Additionally,. an elevation in HDL-C level was noted in MCD+TFCP-treated mice (1.53 ± 0.14 mmol/L) compared to the MCD-fed mice (1.43 ± 0.17 mmol/L) (Figure 2C). The TFCP treatment reduced the concentration of TC and TG while increasing the HDL-C level under NAFLD conditions.




3.3. TFCP Administration Reduced the Expression of the Genes Involved in Cholesterol Metabolism and Transport


To study the underlying mechanism involved in lipid metabolism and transport, we determined the expression levels of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR rate-limiting enzyme for cholesterol synthesis) and fatty acid-binding protein (FABP is responsible for the transportation and metabolism of fatty acids across cells) genes in the livers of the mice [16,17]. The cholesterol synthesis and its transport across cells are essential in NAFLD and NASH [16,17]. Hence, we also studied the effect of TFCP administration on the regulation of the genes that are responsible for the synthesis and transport of lipid molecules across liver cells. Concisely, the expression of the FABP gene was found to be downregulated 1.74 ± 0.14-fold in the MCD + TFCP-treated group compared to 5.69 ± 0.52-fold in MCD-fed mice (Figure 3). On the other hand, relative to the NCD control, the expression of the HMCGR gene was significantly higher in the MCD-fed group and was quantitated as 4.05 ± 0.01-fold higher (Figure 3). However, compared to the MCD group, we observed the lowered expression of the HMCGR gene in the MCD + TFCP group (3.63 ± 0.29-fold) (Figure 3). Overall, the TFCP treatment suppressed the cholesterol synthesis and transport, thus mitigating against NAFLD.




3.4. TFCP Administration Reduces the Expression of Lipid-Metabolism-Associated Genes


To understand the mechanism involved in the reduced lipid levels in TFCP-treated mice, we determined the expression levels of the genes that are involved in lipogenesis in the mice’s livers. Here, we studied the well-known lipid metabolism-associated genes during NAFLD progression [18]. Hepatic lipid synthesis is mainly modulated by sterol regulatory element-binding protein (SREBP), a master regulator of lipid biosynthesis. SREBP regulates the expression of other triglycerides and fatty acid synthesis, mainly Fas cell surface death receptor (FAS) and acetyl-CoA carboxylase (ACC, a biotin-dependent enzyme) [19,20,21]. Overall, the upregulation of the lipid metabolism-associated genes viz. SREBP, ACC, and FAS was noticed in the MCD group (Figure 4). In contrast, a decrease in SREBP, FAS, and ACC expression was observed in MCD + TFCP group (Figure 4). The SREBP expression was found to be 2.63 ± 0.19-fold higher in the MCD-fed group but was reduced 1.79 ± 0.29-fold in the MCD + TFCP-treated group (Figure 4). Similarly, the downregulated expression of the ACC gene was observed in the MCD + TFCP group (2.28 ± 0.02-fold) compared to the MCD (2.64 ± 0.06-fold) group (Figure 4). Additionally, the suppressed expression of the FAS gene was noted in MCD + TFCP group (1.73 ± 0.16-fold) compared to the MCD group (2.21 ± 0.03-fold) (Figure 4). Finally, the TFCP treatment downregulated lipogenesis in the MCD-fed mice.




3.5. TFCP Downregulates the Expression of Inflammation-Associated Genes in the Liver


Toll-like receptor 4 (TLR4) is a pattern recognition receptor for lipopolysaccharides (LPS) and induces the activation of innate immunity. The TLR4 and pro-inflammatory signaling pathways play a key role in the progression of NAFLD [18]. It was presumed that TFCP inhibits pro-inflammatory cytokines synthesis through the downregulation of TLR4. As expected, TLR4 expression was significantly downregulated by TFCP treatment in the mice fed with MCD. Consistent with the TLR4 expression, the hepatic mRNA expression of pro-inflammatory cytokines, such as IL-1β, TLR4, TNF-α, and IL-6, was also increased in the mice fed with the MCD diet; however, it was reduced by the TFCP treatment (Figure 5). The bar graph presented in Figure 5 demonstrates the alteration of inflammatory genes, namely IL-1β, TLR4, TNF-α, IL-6, and HNF4α. The enhanced expression of IL-1β (a pro-inflammatory cytokine) was observed in the MCD group (1.13 ± 0.09-fold) (Figure 5), whereas in the MCD + TFCP group, the expression of the IL-1β gene was found as 0.56 ± 0.04-fold lower (Figure 5). In MCD-fed mice, the upregulated expression of TLR4 (1.70 ± 0.09-fold), TNF-α (2.00 ± 0.02-fold), and IL-6 (1.49 ± 0.19-fold) genes was noticed (Figure 5). With the treatment of TFCP, the downregulation of the TLR4, TNF-α, and IL-6 genes was noticed in MCD + TFCP group (0.82 ± 0.06-fold, 0.38 ± 0.06, 0.46 ± 0.23, respectively) (Figure 5). HNF4α expression controls the inflammation and associated genes during NAFLD progression [22]. The downregulated expression of HNF4α was noticed in the MCD group (0.56 ± 0.05-fold) (Figure 5). The enhanced expression of HNF4α was found in the MCD + TFCP group (1.27 ± 0.04-fold), reflecting the anti-inflammatory ability of TFCP (Figure 5). TFCP downregulated the expression of pro-inflammatory cytokines while enhancing the expression of HNF4 and blocking inflammation.




3.6. Effect of TFCP on the ALT, AST, MDA, and SOD Levels in the Mice Serum


Here, the hepatoprotective ability of TFCP was studied and an increased level of oxidative stress was also reported. The data in Figure S1 highlight the levels of ALT, AST, SOD, and MDA in the serum. In brief, the ALT level in the serum of the NCD-fed mice was 65.88 ± 2.22 U/L and it was 715.18 ± 278.41 U/L in the MCD-fed group; however, the ALT level declined to 74.69 ± 25.16 U/L in the MCD + TFCP group (Figure S1). Similarly, the AST level followed the same trend as ALT and was found to reduce to 143.92 ± 14.79 U/L in the MCD + TFCP group compared to the MCD group (475.39 ± 222.87 U/L) (Figure S1). A reduced MDA level was also observed in the MCD + TFCP group (11.43 ± 0.36 nmol/L) (Figure S1) compared to the MCD- (13.21 ± 0.35 nmol/L) and NCD-fed (10.0 ± 1.07 nmol/L) groups. Additionally, an enhanced SOD level was found in the MCD + TFCP-treated mice (318.64 ± 5.49 U/mL), while levels of 321.38 ± 27.46 U/mL and 341.98 ± 17.85 U/mL were noticed in the MCD and NCD groups, respectively (Figure S1).





4. Discussion


Our findings present TFCP as a potential anti-NAFLD compound. The experimental design of this study encompassed an array of state-of-the-art techniques, including (i) the induction of NAFLD in mice by feeding them an MCD diet [23], (ii) the validation of NAFLD development by HE stained visuals based the histopathological analysis of liver tissues, (iii) the bioactivity of critical parameters related to NAFLD, such as: serum ALT, AST, MDA, SOD, and lipid profile; the expressions of lipid-associated genes, such as HMGCR, FABP, SREBP, ACC, and FAS; and the expressions of inflammation-associated genes, including IL-1β, HNF4α, TLR4, TNF-α, and IL-6.



Strictly speaking, one of the most established characteristics of NAFLD hepatic cells is their massive destruction due to lipid infiltration within the hepatic lobule [23]. The micrographs presented in Figure 1 demonstrate the histopathological and morphological states of the HE stained liver sections of the NCD-, MCD- and MCD + TFCP-treated mice.



The enhanced accumulation of hepatic triglyceride in NAFLD may be caused by the increased synthesis of fatty acids and suppressed fatty acid oxidation [24]. The present study demonstrated that TFCP regulated hepatic fatty acid synthesis through the reduced expression of fatty acid synthesis regulators, including SREBP, FAS, and ACC, and also suppressed NAFLD. SREBP is a transcription factor for TG synthesis via the activation of genes that are responsible for fatty acid synthesis and the storage of TG through FAS [25]. In addition, the data presented in this study suggest that the treatment of TFCP exerted SREBP-induced control over cellular lipid metabolism and homeostasis in MCD-fed animals [26]. Similarly, the crucial role of ACC is to convert acetyl-CoA into malonyl CoA and is a rate-controlling step in de novo lipogenesis (DNL) [27]. A high level synthesis of malonyl-CoA is needed to regulate the hepatic mitochondrial fat oxidation [28]. Owing to this, the downregulation of ACC enzymes from TFCP treatments suggests a modulation role of TFCP on DNL process in NAFLD mice. In addition to this, the disturbance in HDL-C levels (Figure 2C) could be assigned to the development of morphological vascular changes and cardiometabolic risk factors, including NAFLD [29]. Interestingly, the enhanced TG and TC levels (Figure 2A,B) could be valuable markers for atherogenic lipid abnormalities, as well as insulin resistance, metabolic syndrome (MetS), and high cardiovascular risk [30,31].



In NAFLD studies, it is well established that hepatic TLR4 is activated by translocated gut-derived LPS [32]. TLR4 leads to the activation of downstream signaling pathways, mainly NF-κB, which further upregulates the expression of pro-inflammatory cytokines, including IL-1β and IL-6 [33]. The deletion of hepatic TLR4 prevents inflammation [34]. Zhu et al. [35] suggested that the translocation of LPS and the subsequent activation of the TLR4 pathway significantly impacts the pathological mechanism of MCD diet-induced NAFLD and NASH mice. In the present study, TFCP was reported to possess the ability to suppress inflammation, and the reduced activation of TLR4 in the MCD + TFCP group was noted. Interestingly, our results agree with previous studies, witnessing the increasing trends in IL-1β, TLR-4, TNF-α, and IL-6 genes in mice subjected to the MCD diet. In contrast, a decreasing trend was noticed in the MCD + TFCP group. Similarly, it has been observed that the green extract of Penthorum chinese is a potential immune stimulator and can affect the release of inflammatory factors in serum (NADPH, IL-1β, TNF-α, and IL-6) and the expression of proteins (CYP2E1, IL-1β, TNF-α, and IL-6) in the livers of rats [36].



Evidence has supported the role of HNF4α in controlling lipid metabolism and inflammation in patients using knockout animal models of alcoholic or nonalcoholic steatohepatitis [37]. The ablation of hepatic HNF4α gene expression causes steatosis with a disturbed lipid profile and an upregulated expression of inflammatory genes [38]. HNF4α activation using oligonucleotide therapy represents an approach for treating NAFLD [39]. Here, the administration of TFCP to the MCD-induced NAFLD mice enhanced the expression of HNF4α, thus suggesting the anti-NAFLD role of TFCP via modulating the expression of HNF4α and cytokines. Similarly, a fisetin (a plant flavonoid) treatment suppresses HFD-induced steatosis by upregulating the HNF4α expression and reducing oxidative stress, which further protects the individual from NAFLD progression [24].



In summary, the current study presented evidence that TFCP may attenuate lipid accumulation, inflammation, and oxidative stress in diet-induced NAFLD mice, which suggests the potential benefits of TFCP for the treatment of NAFLD.
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Author Contributions


Conceptualization, T.J.K. and X.Z.; methodology, T.J.K., X.X. (Xiaofei Xu), X.X. (Xiaoling Xie) and Q.X.; formal analysis, T.J.K., X.D. and X.Z.; data curation, T.J.K., X.D., X.X. (Xiaofei Xu) and X.Z.; writing—original draft preparation, T.J.K. and X.D.; writing—review and editing, X.Z.; supervision, X.Z.; project administration, P.S. and X.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by National Natural Science Foundation of China (No. 81870432), the Natural Science Foundation of Guangdong Province, China (No. 2020A1515010054) and the Li Ka Shing Shantou University Foundation (No. L1111 2008).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and was approved by the Ethics Committee of Shantou University Medical College.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data included in this study are available upon request by contact with the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sanyal, A.J.; Brunt, E.M.; Kleiner, D.E.; Kowdley, K.V.; Chalasani, N.; Lavine, J.E.; Ratziu, V.; McCullough, A. Endpoints and clinical trial design for nonalcoholic steatohepatitis. Hepatol. (Baltim. Md.) 2011, 54, 344–353. [Google Scholar] [CrossRef]

	



Rosmond, R.; Björntorp, P. The interactions between hypothalamic-pituitary-adrenal axis activity, testosterone, insulin-like growth factor I and abdominal obesity with metabolism and blood pressure in men. Int. J. Obes. Relat. Metab. Disord. J. Int. Assoc. Study Obes. 1998, 22, 1184–1196. [Google Scholar] [CrossRef] [PubMed]

	



Browning, J.D.; Szczepaniak, L.S.; Dobbins, R.; Nuremberg, P.; Horton, J.D.; Cohen, J.C.; Grundy, S.M.; Hobbs, H.H. Prevalence of hepatic steatosis in an urban population in the United States: Impact of ethnicity. Hepatol. (Baltim. Md.) 2004, 40, 1387–1395. [Google Scholar] [CrossRef]

	



Milosevic, I.; Vujovic, A.; Barac, A.; Djelic, M.; Korac, M.; Radovanovic Spurnic, A.; Gmizic, I.; Stevanovic, O.; Djordjevic, V.; Lekic, N.; et al. Gut-Liver Axis, Gut Microbiota, and Its Modulation in the Management of Liver Diseases: A Review of the Literature. Int. J. Mol. Sci. 2019, 20, 395. [Google Scholar] [CrossRef] [PubMed]

	



Ceccarelli, S.; Panera, N.; Mina, M.; Gnani, D.; De Stefanis, C.; Crudele, A.; Rychlicki, C.; Petrini, S.; Bruscalupi, G.; Agostinelli, L.; et al. LPS-induced TNF-α factor mediates pro-inflammatory and pro-fibrogenic pattern in non-alcoholic fatty liver disease. Oncotarget 2015, 6, 41434–41452. [Google Scholar] [CrossRef] [PubMed]

	



Compare, D.; Coccoli, P.; Rocco, A.; Nardone, O.M.; De Maria, S.; Cartenì, M.; Nardone, G. Gut--liver axis: The impact of gut microbiota on non alcoholic fatty liver disease. Nutr. Metab. Cardiovasc. Dis. NMCD 2012, 22, 471–476. [Google Scholar] [CrossRef] [PubMed]

	



Ma, T.Y.; Iwamoto, G.K.; Hoa, N.T.; Akotia, V.; Pedram, A.; Boivin, M.A.; Said, H.M. TNF-alpha-induced increase in intestinal epithelial tight junction permeability requires NF-kappa B activation. Am. J. Physiol. Gastrointest. Liver Physiol. 2004, 286, G367–G376. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Chen, X.; Yi, R.; Li, G.; Sun, P.; Qian, Y.; Zhao, X. Immunomodulatory Effect of Tremella Polysaccharides against Cyclophosphamide-Induced Immunosuppression in Mice. Molecules 2018, 23, 239. [Google Scholar] [CrossRef]

	



Han, C.K.; Chiang, H.C.; Lin, C.Y.; Tang, C.H.; Lee, H.; Huang, D.D.; Zeng, Y.R.; Chuang, T.N.; Huang, Y.L. Comparison of Immunomodulatory and Anticancer Activities in Different Strains of Tremella fuciformis Berk. Am. J. Chin. Med. 2015, 43, 1637–1655. [Google Scholar] [CrossRef]

	



Xu, Y.; Xie, L.; Zhang, Z.; Zhang, W.; Tang, J.; He, X.; Zhou, J.; Peng, W. Tremella fuciformis Polysaccharides Inhibited Colonic Inflammation in Dextran Sulfate Sodium-Treated Mice via Foxp3+ T Cells, Gut Microbiota, and Bacterial Metabolites. Front. Immunol. 2021, 12, 648162. [Google Scholar] [CrossRef]

	



Akiyama, T.E.; Ward, J.M.; Gonzalez, F.J. Regulation of the liver fatty acid-binding protein gene by hepatocyte nuclear factor 1alpha (HNF1alpha). Alterations in fatty acid homeostasis in HNF1alpha-deficient mice. J. Biol. Chem. 2000, 275, 27117–27122. [Google Scholar] [CrossRef]

	



Harnish, D.C.; Malik, S.; Kilbourne, E.; Costa, R.; Karathanasis, S.K. Control of apolipoprotein AI gene expression through synergistic interactions between hepatocyte nuclear factors 3 and 4. J. Biol. Chem. 1996, 271, 13621–13628. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Z.; Lu, W.; Liang, L.; Tang, M.; Wang, Y.; Li, Z.; Zeng, H.; Wang, A.; Lin, M.; Huang, L.; et al. Mesenchymal stem cells overexpressing hepatocyte nuclear factor-4 alpha alleviate liver injury by modulating anti-inflammatory functions in mice. Stem Cell Res. Ther. 2019, 10, 149. [Google Scholar] [CrossRef] [PubMed]

	



Muriel, P.; Ramos-Tovar, E.; Montes-Páez, G.; Buendía-Montaño, L.D. Chapter 40—Experimental Models of Liver Damage Mediated by Oxidative Stress. In Liver Pathophysiology; Muriel, P., Ed.; Academic Press: Boston, UK, 2017; pp. 529–546. [Google Scholar]

	



Li, R.; Li, J.; Huang, Y.; Li, H.; Yan, S.; Lin, J.; Chen, Y.; Wu, L.; Liu, B.; Wang, G.; et al. Polydatin attenuates diet-induced nonalcoholic steatohepatitis and fibrosis in mice. Int. J. Biol. Sci. 2018, 14, 1411–1425. [Google Scholar] [CrossRef]

	



Liu, M.X.; Gao, M.; Li, C.Z.; Yu, C.Z.; Yan, H.; Peng, C.; Li, Y.; Li, C.G.; Ma, Z.L.; Zhao, Y.; et al. Dicer1/miR-29/HMGCR axis contributes to hepatic free cholesterol accumulation in mouse non-alcoholic steatohepatitis. Acta Pharmacol. Sin. 2017, 38, 660–671. [Google Scholar] [CrossRef]

	



Gyamfi, M.A.; Damjanov, I.; French, S.; Wan, Y.J. The pathogenesis of ethanol versus methionine and choline deficient diet-induced liver injury. Biochem. Pharmacol. 2008, 75, 981–995. [Google Scholar] [CrossRef]

	



Chyau, C.-C.; Wang, H.-F.; Zhang, W.-J.; Chen, C.-C.; Huang, S.-H.; Chang, C.-C.; Peng, R.Y. Antrodan Alleviates High-Fat and High-Fructose Diet-Induced Fatty Liver Disease in C57BL/6 Mice Model via AMPK/Sirt1/SREBP-1c/PPARγ Pathway. Int. J. Mol. Sci. 2020, 21, 360. [Google Scholar] [CrossRef]

	



Eberlé, D.; Hegarty, B.; Bossard, P.; Ferré, P.; Foufelle, F. SREBP transcription factors: Master regulators of lipid homeostasis. Biochimie 2004, 86, 839–848. [Google Scholar] [CrossRef]

	



Guo, Y.; Yu, J.; Wang, C.; Li, K.; Liu, B.; Du, Y.; Xiao, F.; Chen, S.; Guo, F. miR-212-5p suppresses lipid accumulation by targeting FAS and SCD1. J. Mol. Endocrinol. 2017, 59, 205–217. [Google Scholar] [CrossRef]

	



Bates, J.; Vijayakumar, A.; Ghoshal, S.; Marchand, B.; Yi, S.; Kornyeyev, D.; Zagorska, A.; Hollenback, D.; Walker, K.; Liu, K.; et al. Acetyl-CoA carboxylase inhibition disrupts metabolic reprogramming during hepatic stellate cell activation. J. Hepatol. 2020, 73, 896–905. [Google Scholar] [CrossRef]

	



Gaballah, H.H.; El-Horany, H.E.; Helal, D.S. Mitigative effects of the bioactive flavonol fisetin on high-fat/high-sucrose induced nonalcoholic fatty liver disease in rats. J. Cell. Biochem. 2019, 120, 12762–12774. [Google Scholar] [CrossRef] [PubMed]

	



Ohashi, T.; Nakade, Y.; Ibusuki, M.; Kitano, R.; Yamauchi, T.; Kimoto, S.; Inoue, T.; Kobayashi, Y.; Sumida, Y.; Ito, K.; et al. Conophylline inhibits high fat diet-induced non-alcoholic fatty liver disease in mice. PLoS ONE 2019, 14, e0210068. [Google Scholar]

	



Barbier-Torres, L.; Fortner, K.A.; Iruzubieta, P.; Delgado, T.C.; Giddings, E.; Chen, Y.; Champagne, D.; Fernández-Ramos, D.; Mestre, D.; Gomez-Santos, B.; et al. Silencing hepatic MCJ attenuates non-alcoholic fatty liver disease (NAFLD) by increasing mitochondrial fatty acid oxidation. Nat. Commun. 2020, 11, 3360. [Google Scholar] [CrossRef]

	



Zhang, X.; Han, J.; Man, K.; Li, X.; Du, J.; Chu, E.S.; Go, M.Y.; Sung, J.J.; Yu, J. CXC chemokine receptor 3 promotes steatohepatitis in mice through mediating inflammatory cytokines, macrophages and autophagy. J. Hepatol. 2016, 64, 160–170. [Google Scholar] [CrossRef]

	



Assmann, N.; O’Brien, K.L.; Donnelly, R.P.; Dyck, L.; Zaiatz-Bittencourt, V.; Loftus, R.M.; Heinrich, P.; Oefner, P.J.; Lynch, L.; Gardiner, C.M.; et al. Srebp-controlled glucose metabolism is essential for NK cell functional responses. Nat. Immunol. 2017, 18, 1197–1206. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.Y.; Jeon, E.; Lee, S.; Lee, J.; Lee, T.; Won, J.I. An analysis of the concentration change of intermediate metabolites by gene manipulation in fatty acid biosynthesis. Enzym. Microb. Technol. 2012, 51, 95–99. [Google Scholar] [CrossRef] [PubMed]

	



Alkhouri, N.; Lawitz, E.; Noureddin, M.; DeFronzo, R.; Shulman, G.I. GS-0976 (Firsocostat): An investigational liver-directed acetyl-CoA carboxylase (ACC) inhibitor for the treatment of non-alcoholic steatohepatitis (NASH). Expert Opin. Investig. Drugs 2020, 29, 135–141. [Google Scholar] [CrossRef] [PubMed]

	



Pacifico, L.; Bonci, E.; Andreoli, G.; Romaggioli, S.; Di Miscio, R.; Lombardo, C.V.; Chiesa, C. Association of serum triglyceride-to-HDL cholesterol ratio with carotid artery intima-media thickness, insulin resistance and nonalcoholic fatty liver disease in children and adolescents. Nutr. Metab. Cardiovasc. Dis. NMCD 2014, 24, 737–743. [Google Scholar] [CrossRef]

	



Kannel, W.B.; Vasan, R.S.; Keyes, M.J.; Sullivan, L.M.; Robins, S.J. Usefulness of the triglyceride-high-density lipoprotein versus the cholesterol-high-density lipoprotein ratio for predicting insulin resistance and cardiometabolic risk (from the Framingham Offspring Cohort). Am. J. Cardiol. 2008, 101, 497–501. [Google Scholar] [CrossRef]

	



Lin, L.; Hao, Z.; Zhang, S.; Shi, L.; Lu, B.; Xu, H.; Ji, L. Study on the protection of water extracts of Polygoni Multiflori Radix and Polygoni Multiflori Radix Praeparata against NAFLD and its mechanism. J. Ethnopharmacol. 2020, 252, 112577. [Google Scholar] [CrossRef]

	



Petrasek, J.; Csak, T.; Szabo, G. Toll-like receptors in liver disease. Adv. Clin. Chem. 2013, 59, 155–201. [Google Scholar] [PubMed]

	



Luo, M.-C.; Zhou, S.-Y.; Feng, D.-Y.; Xiao, J.; Li, W.-Y.; Xu, C.-D.; Wang, H.-Y.; Zhou, T. Runt-related Transcription Factor 1 (RUNX1) Binds to p50 in Macrophages and Enhances TLR4-triggered Inflammation and Septic Shock. J. Biol. Chem. 2016, 291, 22011–22020. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Miura, K.; Zhang, B.; Matsushita, H.; Yang, Y.M.; Liang, S.; Song, J.; Roh, Y.S.; Seki, E. TRIF Differentially Regulates Hepatic Steatosis and Inflammation/Fibrosis in Mice. Cell. Mol. Gastroenterol. Hepatol. 2017, 3, 469–483. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, L.; Baker, R.D.; Baker, S.S. Gut microbiome and nonalcoholic fatty liver diseases. Pediatric Res. 2015, 77, 245–251. [Google Scholar] [CrossRef]

	



Lu, Q.; Jiang, M.H.; Jiang, J.G.; Zhang, R.F.; Zhang, M.W. Isolation and identification of compounds from Penthorum chinense Pursh with antioxidant and antihepatocarcinoma properties. J. Agric. Chem. 2012, 60, 11097–11103. [Google Scholar] [CrossRef]

	



Guo, C.J.; Xiao, X.; Sheng, L.; Chen, L.; Zhong, W.; Li, H.; Hua, J.; Ma, X. RNA Sequencing and Bioinformatics Analysis Implicate the Regulatory Role of a Long Noncoding RNA-mRNA Network in Hepatic Stellate Cell Activation. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2017, 42, 2030–2042. [Google Scholar] [CrossRef]

	



Thymiakou, E.; Othman, A.; Hornemann, T.; Kardassis, D. Defects in High Density Lipoprotein metabolism and hepatic steatosis in mice with liver-specific ablation of Hepatocyte Nuclear Factor 4A. Metab. Clin. Exp. 2020, 110, 154307. [Google Scholar] [CrossRef]

	



Huang, K.-W.; Reebye, V.; Czysz, K.; Ciriello, S.; Dorman, S.; Reccia, I.; Lai, H.-S.; Peng, L.; Kostomitsopoulos, N.; Nicholls, J.; et al. Liver Activation of Hepatocellular Nuclear Factor-4α by Small Activating RNA Rescues Dyslipidemia and Improves Metabolic Profile. Mol. Ther. Nucleic Acids 2020, 19, 361–370. [Google Scholar] [CrossRef]








[image: Cimb 44 00081 g001 550] 





Figure 1. The TFCP-induced attenuation in hepatic lipid deposition and liver weight decline in MCD-fed NAFLD mice. Mice were fed with MCD or the control diet for six weeks, while the intragastric administration of TFCP to MCD-fed mice was performed daily. (A–C) The histological analysis of the HE stained liver sections from the mice, demonstrating differential lipid deposition in the livers of the mice in the different groups. (D) The graph demonstrates the decline in the liver weight of the NCD-, MCD- and MCD + TFCP-treated groups of mice. The means ± SEM of the results in the graph were obtained using NCD (n = 5), MCD diet-fed group (n = 5), and MCD + TFCP (n = 5). Data were shown as the mean ± SEM (* p < 0.05). 
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Figure 2. TFCP normalized the altered lipid profile of the studied group. Mice were fed with MCD or the control diet for six weeks, while the intragastric administration of TFCP to the MCD-fed mice was performed daily. Lipid profiles including (A) TG, (B) TC, and (C) HDL-C levels were evaluated in the mice’s serum. The means ± SEM of the results in the graph were obtained using NCD (n = 5), MCD diet-fed group (n = 5), and MCD + TFCP (n = 5). Data were shown as the mean ± SEM. 
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Figure 3. The TFCP-induced suppression in the cholesterol synthesis and transport in MCD-fed mice. Mice were fed with MCD or the control diet for six weeks, while the intragastric administration of TFCP to MCD-fed mice was performed daily. The mRNA levels of FABP and HMCGR genes were measured by qPCR. The means ± SEM of the results in the graph were obtained using NCD (n = 5), MCD diet-fed group (n = 5), and MCD + TFCP (n = 5). Data were shown as the mean ± SEM (** p < 0.01, * p < 0.05). 
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Figure 4. TFCP suppressed the lipid synthesis in the livers of MCD-fed mice. Mice were fed with MCD or the control diet for six weeks, while the intragastric administration of TFCP to MCD-fed mice was performed daily. The mRNA levels of SREBP, ACC, and FAS genes were measured by qPCR. The means ± SEM of the results in the graph were obtained using NCD (n = 5), MCD diet-fed (n = 5), and MCD + TFCP-treated (n = 5) group. Data were shown as the mean ± SEM (** p < 0.01, * p < 0.05). 






Figure 4. TFCP suppressed the lipid synthesis in the livers of MCD-fed mice. Mice were fed with MCD or the control diet for six weeks, while the intragastric administration of TFCP to MCD-fed mice was performed daily. The mRNA levels of SREBP, ACC, and FAS genes were measured by qPCR. The means ± SEM of the results in the graph were obtained using NCD (n = 5), MCD diet-fed (n = 5), and MCD + TFCP-treated (n = 5) group. Data were shown as the mean ± SEM (** p < 0.01, * p < 0.05).



[image: Cimb 44 00081 g004]







[image: Cimb 44 00081 g005 550] 





Figure 5. The TFCP-induced downregulation inflammation in MCD-fed mice. Mice were fed with MCD or the control diet for six weeks, while the intragastric administration of TFCP to MCD-fed mice was performed daily. The mRNA levels of IL-1β, HNF4α, TLR4, TNF-α, and IL-6 were measured by qPCR. The means ± SEM of the results in the graph were obtained using NCD (n = 5), MCD diet-fed group (n = 5), and MCD + TFCP (n = 5). Data were shown as the mean ± SEM (*** p < 0.001; ** p < 0.01, * p < 0.05). 
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