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Editorial on the Research Topic 
Advances in non-alcoholic fatty liver disease therapeutics: Pathogenic mechanisms and targets

Non-alcoholic fatty liver disease (NAFLD) is a leading cause of advanced liver diseases worldwide and an increasing clinical and economic burden. As its complex pathophysiology and heterogeneity of disease phenotypes result in a lack of therapeutic approaches for NAFLD, efforts must continue to develop effective treatments for patients with advanced non-alcoholic steatohepatitis (NASH) and prevention methods for individuals at high risk of NAFLD and progressive liver disease.
As editors of this Research Topic, it was a joy to review a wide range of interesting manuscripts in relation to the novel targets and therapies for NAFLD. In total about 100 basic scientists and clinicians from different countries contributed 14 originals or review articles about current perspectives in novel targets and approaches for NAFLD resolution and prevention. In the current editorial we summarize the main contributions and take-home messages within each of the accepted articles.
Ma et al. analyzed the impact of empagliflozin, a novel type of sodium-glucose co-transporter two inhibitor, in a murine model of NAFLD. Transcriptomic analysis revealed that empagliflozin significantly decreased lipid synthesis and improved lipid metabolism, thereby enhancing triglyceride transfer, lipolysis and microsomal mitochondrial β-oxidation. Control trials with patients are needed with this already approved drug.
Osipova et al. reviewed the literature of the use of essential phospholipids (EPLs) rich in phosphatidylcholine (PCH) as a treatment option for fatty liver disease, demonstrating a robust clinical utility. This review nicely explored the potential molecular and metabolic pathways involved in the positive effects of PCH on steatosis regression.
The regulatory mechanisms of mutations in the lamin gene in lipid alterations in human disease is reviewed by Peng et al. Nuclear lamins, known as type 5 intermediate fibers, are composed of lamin A, lamin C, lamin B1, and lamin B2, which are encoded by LMNA and LMNB genes, respectively. Importantly, mutations in nuclear lamins not only participate in lipid disorders but also in different human diseases, such as lipodystrophy, metabolic-associated fatty liver disease, and dilated cardiomyopathy. Targeting nuclear lamins may be a potent therapeutic avenue for lipid metabolic disorders and human diseases in the future.
The study by Zeng et al. identified key genes linking NAFLD fibrosis and hepatocelullar carcinoma (HCC) through analysis and experimental verification using two GEO datasets. The results suggested that common differentially expressed genes (DEGs) were strongly associated with the glucocorticoid receptor pathway, regulation of transmembrane transporter activity, peroxisome, and proteoglycan biosynthetic process. Interestingly, the expression of nucleolar and spindle associated protein 1 (NUSAP1) was highly expressed in both human hepatic cell lines and NAFLD models at mRNA and protein level. These data revealed that modulation of NUSAP1 may be a therapeutic target for preventing NAFLD progression to liver cancer.
Fang et al. evaluated calcineurin 2 (RCAN2) expression in the liver of mice with hepatic steatosis and in the serum of NAFLD patients. They found that elevated serum RCAN2 levels were associated with an increased risk of NAFLD, suggesting that serum RCAN2, and especially the ratio between serum RCAN2 and liver enzymes, might be a candidate diagnostic marker for NAFLD.
Jian et al. showed that rifaximin greatly ameliorated hepatic steatosis, lobular inflammation, and fibrogenesis in mice with methionine and choline deficient diet-induced NASH via alteration of the gut microbiome. Rifaximin treatment may therefore be a promising approach for NASH therapy in humans.
Zhao et al. demonstrated that overexpression of fibroblast growth factor-9 (FGF9) in the liver of diet-induced obese mice inhibits the expression of genes involved in lipogenesis and increases the expression of genes involved in fatty acid oxidation, thereby reducing cellular lipid accumulation. Thus, targeting FGF9 might be exploited to treat NAFLD and metabolic syndrome.
The review by Zhang and Feng summarized the actual knowledge on the potential use of Astragalus polysaccharides (APS) for basic research, pharmacological development, and therapeutic applications in the management of NAFLD.
The pharmacological function and the underlying mechanisms of celastrol in the prevention and treatment of liver diseases including NAFLD, liver injury, and liver cancer was comprehensively reviewed by Li et al. Both preclinical and clinical studies are required to accelerate the clinical transformation of celastrol in a feasible treatment option.
Growing evidence suggests that thyroid hormone/thyroid hormone receptor (TH/TR) axis participates in hepatic metabolism, specifically in NAFLD, liver fibrosis, and in the progression of acute liver failure and alcoholic liver disease. Therefore, Tang et al. present pros and cons for the TH/TR axis as a prospecting target to cure hepatic diseases.
Huazhi Rougan Granule (HRG) is commonly used in the clinical treatment of NAFLD because it can reduce hepatic lipid deposition and regulate intestinal flora, thus exerting a protective mechanism. In a murine model, Liu et al. showed that the mechanism of HRG in the treatment of NAFLD through intestinal flora is mainly reflected in the biological process of gene function and related to infectious diseases, immune systems, and signal transduction pathways.
Lin et al. investigated the role of farnesoid X receptor (FXR) in the high-dose obeticholic acid (OCA)-induced hepatoxicity in a NAFLD mouse model. In their study, the authors showed that high-dose OCA induces cholesterol accumulation in livers via the upregulation of genes involved in cholesterol acquisition and the downregulation of genes regulating cholesterol degradation in liver, leading to the production of IL-1β and an FXR-mediated inflammatory response.
Chen et al. explored the causal relationship between NAFLD and inflammatory bowel disease (IBD) using a multivariable Mendelian randomization analysis. This study ruled out the causal relationship between these two pathologies, suggesting therapeutics targeting NAFLD might not work for IBD and vice versa.
Finally, the study by Li et al. analyzed the protective effect of oral administration of baicalein, a natural flavonoid with multiple biological activities, on NAFLD in high-fat diet murine models. Multi-omics analysis revealed that baicalein might affect lipid metabolism in liver via regulating the ecological structure of gut microbiota in NAFLD mice.
Altogether, this Research Topic deepens in novel mechanisms, drugs and targets for the treatment of NAFLD/NASH.
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Transcriptomic Analysis Reveals the Protective Effects of Empagliflozin on Lipid Metabolism in Nonalcoholic Fatty Liver Disease
Yuting Ma1,2,3†, Chengxia Kan1,2,3†, Hongyan Qiu1,2,3†, Yongping Liu1,2,3, Ningning Hou1,2, Fang Han4, Junfeng Shi1,2,3* and Xiaodong Sun1,2,3*
1Department of Endocrinology and Metabolism, Affiliated Hospital of Weifang Medical University, Weifang, China
2Branch of Shandong Provincial Clinical Research Center for Diabetes and Metabolic Diseases, Weifang, China
3Clinical Research Center, Affiliated Hospital of Weifang Medical University, Weifang, China
4Department of Pathology, Affiliated Hospital of Weifang Medical University, Weifang, China
Edited by:
Francisco Javier Cubero, Complutense University of Madrid, Spain
Reviewed by:
Stefania Di Mauro, University of Catania, Italy
Carlos Sanz Garcia, Complutense University of Madrid, Spain
* Correspondence: Junfeng Shi, jfshi@wfmc.edu.cn; Xiaodong Sun, xiaodong.sun@wfmc.edu.cn
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Gastrointestinal and Hepatic Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 12 October 2021
Accepted: 06 December 2021
Published: 21 December 2021
Citation: Ma Y, Kan C, Qiu H, Liu Y, Hou N, Han F, Shi J and Sun X (2021) Transcriptomic Analysis Reveals the Protective Effects of Empagliflozin on Lipid Metabolism in Nonalcoholic Fatty Liver Disease. Front. Pharmacol. 12:793586. doi: 10.3389/fphar.2021.793586

Empagliflozin is a novel type of sodium-glucose cotransporter two inhibitor with diverse beneficial effects in the treatment of nonalcoholic fatty liver disease (NAFLD). Although empagliflozin impacts NAFLD by regulating lipid metabolism, the underlying mechanism has not been fully elucidated. In this study, we investigated transcriptional regulation pathways affected by empagliflozin in a mouse model of NAFLD. In this study, NAFLD was established in male C57BL/6J mice by administration of a high-fat diet; it was then treated with empagliflozin and whole transcriptome analysis was conducted. Gene expression levels detected by transcriptome analysis were then verified by quantitative real-time polymerase chain reaction, protein levels detected by Western Blot. Differential expression genes screened from RNA-Seq data were enriched in lipid metabolism and synthesis. The Gene Set Enrichment Analysis (GSEA) results showed decreased lipid synthesis and improved lipid metabolism. Empagliflozin improved NAFLD through enhanced triglyceride transfer, triglyceride lipolysis and microsomal mitochondrial β-oxidation. This study provides new insights concerning the mechanisms by which sodium-glucose cotransporter two inhibitors impact NAFLD, particularly in terms of liver lipid metabolism. The lipid metabolism-related genes identified in this experiment provide robust evidence for further analyses of the mechanism by which empagliflozin impacts NAFLD.
Keywords: empaglifiozin, NAFLD, obesity, lipid, transcriptome
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is a common chronic liver disease, characterized by a broad spectrum of clinical manifestations (e.g., hepatic steatosis, fibrosis, cirrhosis, and hepatocellular carcinoma) (Rinella, 2015; Manne et al., 2018). Importantly, NAFLD affects one-quarter of adults worldwide (Zhou et al., 2019). Metabolic diseases (e.g., obesity and type 2 diabetes) have been associated with greater NAFLD risk in previous studies (Perumpail et al., 2017). Considering the increasing morbidity of obesity and diabetes, the prevalences of NAFLD and advanced liver disease are expected to increase (Cotter and Rinella, 2020). Lipid metabolism disorders have essential roles in NAFLD occurrence and progression (Mato et al., 2019; Di et al., 2021). For example, hepatic steatosis (a typical symptom of NAFLD) results from lipid acquisition that exceeds lipid disposal (Ipsen et al., 2018). Considering that the liver has a central role in lipid synthesis and metabolism, it is important to study drug prevention and treatment of NAFLD from the perspective of liver lipid metabolism. Recently, SGLT2i has become a focus because of beneficial effect on reduced serum transaminase activities (Seko et al., 2018). Furthermore, several pilot studies showed SGLT2i had a significant reduction in liver transaminases, body weight, and the fatty liver index in NAFLD patients (Komiya et al., 2016; Seko et al., 2017). Therefore, the efficacy of SGLT2 inhibitor on NASH/NAFLD can be expected.
Sodium-glucose cotransporter 2 (SGLT2) inhibitors are effective hypoglycemic drugs that function by inhibiting glucose reabsorption in proximal renal tubules. SGLT2 inhibitors improve glycemic status in patients with type 2 diabetes; they also contribute to weight loss and body fat reduction (Szekeres et al., 2021). Multiple studies have reported that SGLT2 inhibitor treatments reduce serum cholesterol and triglyceride (TG) levels (Hayashi et al., 2017; Calapkulu et al., 2019); they also increase lipolysis, liver fatty acid oxidation, and ketogenesis (Osataphan et al., 2019). Empagliflozin (EMP), a novel anti-hyperglycemic agent (Supplementary Figure S1), is a type of SGLT2 inhibitor (Frampton, 2018). Although EMP was designed as a hypoglycemic drug, it also has an important effect on lipid metabolism and has been shown to reduce liver fat in NAFLD (Kuchay et al., 2018). Studies by Xu et al. revealed that EMP contributes to weight loss through increased fat utilization and browning. Furthermore, reductions of obesity-related inflammation by EMP have been associated with M2 macrophage polarization (Xu et al., 2017; Xu et al., 2019). Additionally, recent studies indicated SGLT2i decreased body weight and lipid profiles, including total cholesterol (TC) and TG (Al-Sharea et al., 2018; Matsubayashi et al., 2020; Liu et al., 2021). However, there is a few researches illustrating how EMP regulated the progress of TG accumulation and associated triglyceride molecules.
Triglyceride molecule is the main form of storage and transport of fatty acids in cells and plasma. Fatty acid activation is catalyzed by long-chain acyl-CoA synthetase (ACSL) family of enzymes and microsomal G3P acyltransferase (GPAT) enzymes catalyzed G3P pathway, which is the main way to synthesize TG (Cohen and Fisher, 2013). The triglyceride transfer protein (MTP) combined with TG to form VLDL particles (Cohen and Fisher, 2013). Furthermore, adipose triglyceride lipase (ATGL, also known as PNPLA2), a rate-limiting step of TG lipolysis in adipocytes was activated by the comparative gene identification-58 (CGI-58) (Lass et al., 2006). Liver specific resection of CGI-58 can lead to NAFLD phenotype in mice, including hepatic steatosis and hepatic fibrosis (Guo et al., 2013). The patatin-like phospholipase domain-containing 3 (PNPLA3) has a genetic association with NALFD, and mice showed accumulation of inactive PNPLA3 in lipid droplets and increased steatosis in high-fat diet feeding (Smagris et al., 2015). Hepatic TG can be oxidized by multiple pathways. Mitochondrial β-oxidation is the main route in hepatocytes (Musso et al., 2009). The expression of genes including mitochondrial β-oxidation is regulated largely by PPARα activity. PGC1α and BAF60a form a complex to regulate activity of PPARα transcriptional in the liver (Li et al., 2008).
Moreover, with the rapid development of RNAseq technology, transcriptome analysis of NAFLD is increasing. Previous investigations suggested lipid metabolism plays a major role in NAFLD (Xu et al., 2021). However, the molecular mechanisms underlying EMP-mediated NAFLD protection of hepatic lipid metabolism have not been fully elucidated. Here, we investigated signaling pathways impacted by EMP in a mouse model of NAFLD and explored the mechanisms and triglyceride molecules underlying the effects of EMP on liver lipid metabolism and synthesis.
MATERIALS AND METHODS
Animal Model and Drug Administration
All animal experiments in this study were approved by the Animal Ethics Committee of Weifang Medical University and adhered to national guidelines for experiments involving laboratory animals. Six-week-old male C57BL/6J mice (weight, 21 ± 0.8 g) were purchased from Pengyue Co., Ltd. (Jinan, China). All mice were housed under a 12-h day/night cycle at constant temperature (approximately 22°C) and suitable humidity (45–70%). As previous study (Han et al., 2020), the CT group (n = 8) was fed a regular diet (320 kcal per 100 g) (Pengyue Co., Ltd. Jinan, China), and the HFD (n = 8) and EMP groups (n = 8) were fed a high-fat diet (54.05% fat, 15.10% protein, and 30.85% carbohydrate; 529.8 kcal per 100 g) (Fanbo Biotechnology Co., Ltd., Shanghai, China) for 20 weeks. After the 12 weeks of feeding, the EMP group underwent further intragastric administration of EMP (10 mg/kg/day) for 8 weeks, whereas CT and HFD groups received same volume of saline for 8 weeks. After successive drug administration for 8 weeks, the mice were given 2% barbiturate sodium (40 mg/kg, ip) after 12 h of fasting. Body composition of the mice were measured by Body Composition Analysis (Bruker Minispec LF50, German). Blood samples were collected. Livers were also rapidly isolated and cut into several small pieces; two pieces of liver were fixed with formalin, then subjected to hematoxylin-eosin (HE) staining and Oil Red O staining. Plasma triglycerides and liver triglycerides were measured using triglyceride assay kit from Jiancheng (Nanjing, China). The remaining liver tissues were stored at −80°C for RNA extraction.
Total RNA Extraction, cDNA Library Construction, and RNA Sequencing
Total RNA was extracted and purified from liver tissue using TRIzol, in accordance with the manufacturer’s instructions (Invitrogen, United States). Bioanalyzer 2,100 (Agilent, United States) and NanoDrop ND-1000 (NanoDrop, United States) equipment were used to assess total RNA quantity and quality. Poly (A) RNA was purified twice using Dynabeads Oligo (dT) (Thermo Fisher, United States). The resulting RNA was fragmented using a Magnesium RNA Fragmentation Module (NEB, United States) at 94°C for 5–7 min. RNA was used as a template for cDNA synthesis by SuperScript™ II Reverse transcriptase (Invitrogen). Single- or dual-index adapters were ligated to the fragments; AMPureXP beads were used for size selection. The mean insert size in the final cDNA library was 300 ± 50 bp. RNA-Seq was performed by Illumina NovaSeq™ 6,000 (LC Bio Technology Co., Ltd. China); 150-bp paired-end sequences were generated.
Quantification of RNA and Analysis of Differential Expression
FastQC was used to assess sequence quality. After removal of low-quality reads, the remaining 150-bp paired-end sequences were reassembled and mapped to the Mus musculus genome by HISAT2 (Kim et al., 2015). The transcripts were merged from sequences by StringTie (Pertea et al., 2015). To assure quality of RNA, we finally chosen five samples per group for further study. Genes with low expression levels were discarded when their minimum expression thresholds were below one count per million (CPM) in all 15 samples. The expression data were normalized by trimmed mean of M-values (TMM) using the edgR package in Bioconductor (Robinson et al., 2010); counts of sequences were transformed to log2(CPM) values for subsequent estimation of gene expression levels. Differentially expressed genes (DEGs) were identified using the limma package in R (Ritchie et al., 2015) with the following settings: fold change >2 or < −2, and p < 0.01.
Analysis of Enrichment, PPI and GSEA
Gene Ontology (GO) (Young et al., 2010) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2008) analyses of DEGs were conducted using the clusterProfiler package in R (Yu et al., 2012). DEGs were integrated with mouse protein-protein interaction (PPI) networks using STRING. PPI networks were analyzed by Cytoscape 3.8.0 (Shannon et al., 2003). Gene Set Enrichment Analysis (GSEA) was used for additional pathway analyses; forward regression was then performed (Subramanian et al., 2005).
Real-Time Quantitative PCR
DEGs related to lipid metabolism and synthesis were subjected to validation by qPCR. Total RNA was extracted as described above for RNA-Seq analysis. cDNA was obtained using the PrimerScript™ RT reagent Kit with gDNA Eraser (TaKaRa, Japan). qPCR was performed using TB Green® Premix Ex Taq™ (TaKaRa). Primers of target genes were synthesized by Sangon Biotech (China); Table 1 shows the sequences of primers used in this study. All relative expression levels of RNA were calculated based on Ct values, then normalized to the levels of β-actin (Liu et al., 2011) as follows: 2 [ΔCt = Ct (target genes) − Ct (β-actin)].
TABLE 1 | The sequence of the primers for qRT-PCR.
[image: Table 1]Western Blot
Total protein from liver tissues were lysed in ice-cold Lysis buffer (Whole Cell Lysis Assay, KeyGEN, China), and the total protein concentration was quantified by a BCA Protein Assay Kit (Solarbio, China). Equal amounts of protein were electrophoresed on 10% SDS-PAGE gels and transferred to PVDF membranes. After blocking with 5% BSA, the membranes were incubated with primary antibodies (FDPS, HMGCS1 1:1,000, Proteintech) overnight at 4°C. After washing, membranes were soaked in the secondary antibodies (Anti-rabbit IgG HRP-linked, 1:5,000, Anti-mouse IgG HRP-linked, 1:5,000) for 1 h β-actin was used as an internal control. Immunoblots were then visualized by enhanced chemiluminescence (ECL) using ImageQuant LAS 5000 (GE Healthcare) and analyzed using ImageJ.
Oil Red O Staining and H&E Staining
Mice were anesthetized by intraperitoneal injection of 2% sodium pentobarbital and 4% buffered neutral formalin solution was used to fix their liver tissues for 24 h. Tissue sections were subjected to H&E staining and Oil Red O staining, in accordance with standard protocols. The images were obtained using a microscope (CKX53, Olympus).
Statistics
Statistical analysis of this study was conducted by GraphPad Prism 7.0. Normality test was performed by Shapiro-Wilk normality test. Normally distributed data were presented as the means ± SEM. One-way ANOVA followed by Dunnett’s post-hoc test was performed when data involved in all three groups. Abnormally distributed data are displayed as the median and interquartile intervals, and the distributions between groups were compared with the non-parametric Kruskal-Wallis test. p values <0.05 were considered significant.
RESULTS
Effects of EMP on Mouse Body Weight and Liver Pathology
All mice were acclimated for 1 week, then randomly separated into CT, HFD, and EMP groups. However, the CT + EMP group is not included in our study. Because our previous study had reported EMP does not have an effect on body weight, fat mass, plasma lipids (Sun et al., 2020). Also, a previous study consistent with our study indicated EMP does not alter liver metabolism and biochemical parameters (Petito-da-Silva et al., 2019). Therefore, we did not establish the CT + EMP group. After 20 weeks of high-fat diet treatment, the weight and fat mass were significantly higher in the HFD and EMP groups than in the CT group. After 8 weeks of intragastric administration of EMP, the weight and fat mass were decreased in the EMP group, compared with the HFD group (Figure 1A, B, Table 2). To access the liver metabolism caused by HFD, we measured alanine aminotransferase (ALT), aspartate aminotransferase (AST) and plasma TG levels. The results showed EMP alleviated increased liver injury with reducing AST, ALT and plasma TG levels (Table 2). Liver changes were observed by H&E and Oil Red O staining (Figures 1C,D). Liver tissue structure was normal in the CT group, with distinguishable edges and clear outlines. HFD mice showed prominent diffuse hepatic steatosis with nuclear condensation, cytoplasmic looseness, and increased lipid contents; all of these abnormalities were ameliorated by EMP treatment (Figure 1).
[image: Figure 1]FIGURE 1 | Effect of EMP on mice. The impact of EMP on body weight (A) and fat mass (B). Liver histological examination with H&E (200×) (C) and Oil Red O staining (D). Data are presented as means ± SEM, *p < 0.05, Scale bar: 30 μm.
TABLE 2 | Biometric and blood parameters of rats in the studied groups.
[image: Table 2]Identification of Differentially Expressed Genes Across Disease and Drug
Here, we performed RNA-Seq using liver tissue from NAFLD model mice that had received EMP to explore the mechanisms underlying the effects of EMP on lipid metabolism and synthesis. We first investigated the liver tissue transcriptome profile in mice with regular and high-fat diets to determine gene expression changes during NAFLD. In total, 404 DEGs were observed in the HFD group, compared with the CT group; these consisted of 251 upregulated genes and 153 downregulated genes (Figures 2A,C). To understand how EMP treatment affects NAFLD, we compared transcriptome profiles between the HFD and EMP groups. Compared with the HFD group, 123 DEGs were observed in the EMP group; these consisted of 50 upregulated genes and 73 downregulated genes (Figures 2A,D). We investigated repeatability among samples using principal components analysis (PCA). The PCA results were displayed in a two-dimensional image format (Figure 2B), showing the degrees of separation among samples and groups. Notably, spatial separation trends were observed between HFD and CT groups, as well as between EMP and HFD groups. The findings indicated significant differences in gene expression patterns among the three groups; sample correlation was high within each group. The union and shared DEGs (492 and 35 genes) were displayed in the Venn diagram (Figure 3A). The gene expression profiles of union and shared DEGs exhibited apparent gene expression variations among the CT, HFD, and EMP groups (Figures 3B,C).
[image: Figure 2]FIGURE 2 | Comparison of transcriptome profiling. (A) The gene number of up-regulation and down-regulation in HFD/CT and EMP/HFD. (B) PCA analysis of three groups. (C) The volcano plots for the distribution of differently expressed genes between HFD and CT group. Blue represents a down-regulation in expression, red represents upregulation and gray represents no significance when compared with control. (D) The volcano plots for the distribution of differently expressed genes between EMP and HFD group.
[image: Figure 3]FIGURE 3 | The heatmap representing alteration of hepatic union (A) and shared (B) genes expression of HFD/CT and EMP/HFD. (C) The Venn diagram shows an overlap among the HFD/CT and EMP/HFD genes.
GO and KEGG Pathway Analysis
The expression levels of 404 genes were significantly changed in the HFD group compared with the CT group. GO enrichment analysis showed that the DEGs affected by HFD were mainly involved in the “sterol biosynthetic process,” “sterol metabolic process,” “steroid metabolic process,” “cholesterol biosynthetic process,” “cholesterol metabolic process,” “secondary alcohol biosynthetic process,” and “steroid biosynthetic process” categories (Figure 4A). Moreover, KEGG pathway analysis showed that these DEGs were mainly enriched in “steroid biosynthesis” and “terpenoid backbone biosynthesis” pathways (Figure 4B). These results suggested that the HFD treatment primarily affected lipid synthesis and metabolism. Our results are consistent with previous studies which also revealed lipid biosynthetic and lipid metabolic process were enriched in the biological process (Chen et al., 2021; Xu et al., 2021). These results indicate a large proportion of dysregulated protein-coding genes in the transcriptome of a NAFLD liver, associated with glycolipid metabolism. However, there is no study exploring the effect of EMP on HFD-induced NAFLD.
[image: Figure 4]FIGURE 4 | Main GO terms and pathways enriched by DEGs between HFD and CT group, (A) GO terms; (B) KEGG pathways. Enrichment of GO and pathways based on DEGs between EMP and HFD group, (C) GO terms; (D) KEGG pathways. Gene Number represents the number of the differential expressed genes enriched in each term.
Thus, we established HFD-EMP group to further analysis the potential biological processes. We identified 123 DEGs that were significantly changed in the EMP group, compared with the HFD group. GO enrichment analysis showed that the DEGs were mainly involved in “response to redox state,” “isoprenoid biosynthetic process,” “isoprenoid metabolic process,” “terpenoid biosynthetic process,” “steroid metabolic process,” and “sterol biosynthetic process” categories (Figure 4C). The KEGG pathway analysis indicated that these DEGs were mainly enriched in “terpenoid backbone biosynthesis” and “JAK-STAT signaling” pathways (Figure 4D). These results indicated that EMP mainly affects lipid oxidation and metabolism.
PPI Network and GSEA Analysis
Gene expression data and PPI networks were used in combination to identify the regulated parts of the network in the drug treatment. This process created a PPI network involving DEGs of the EMP and HFD groups, such that the edges connecting co-expressed genes were preserved. To identify the “communities” and “hubs” of the subnetworks, we analyzed the differentially expressed parts of the transcriptome. This analysis revealed multiple communities that contained either up- or downregulated genes associated with EMP treatment (Figure 5).
[image: Figure 5]FIGURE 5 | Network of protein-protein interaction (PPI) of DEGs between EMP and HFD group (orange node: upregulated genes, blue node: downregulated genes).
Next, we used GSEA to identify the differentially expressed pathways associated with EMP treatment. Although PPI network analysis identified co-regulated gene communities, GSEA showed additional pathways that were differentially associated with histological severity. In total, 12 pathways were affected by EMP treatment (FDR <0.05, Figure 6A). The full set of pathways identified in this experiment is provided in Table 3. Four pathways were associated with lipid metabolism and synthesis: “ovarian steroidogenesis” (upregulated), “arachidonic acid metabolism” (upregulated), “terpenoid backbone biosynthesis” (downregulated), and “linoleic acid metabolism” (upregulated) (Figures 6B–E).
[image: Figure 6]FIGURE 6 | Metabolic pathways affected by EMP. (A) The top Reactome gene sets that are up- and down-regulated with respect to EMP treatment based on normalized enrichment scores (NES) for EMP/HFD genes. (B–E) Pathways related to lipid metabolism and synthesis which are selected from (A). (orange: upregulated pathways, blue: downregulated pathways, FDR ≤0.01).
TABLE 3 | The full set of pathways identified.
[image: Table 3]EMP Reduced Lipid Metabolism Through Increasing TG Lipolysis and Mitochondrial β-oxidation
Consistent with previous studies, HFD mice showed significantly high TG content both in serum and liver (Figure 7A/B, Table 2), however, there was a decrease tend between HFD mice and EMP mice but no significant difference (p > 0.05). To further explore the underlying triglyceride molecules among groups, we detect the genes expressions of triglyceride metabolism and transport. As showed in Figure Figure7C, EMP had no effect on these genes (ACSL3, ACSL5, GPAT1) involved in the synthesis of TG. Compared with control group, HFD mice had lower expression of MTP, CGI-58, HSL, PNPLA3, meaning decreased triglyceride transfer and TG lipolysis (Figures 7D,E). However, these effects were reversed by EMP treatment. Moreover, EMP also enhanced these decreased-mitochondrial β-oxidation factors (including PPARα, PGC1α), which were overtly suppressed by HFD (Figure7F). To further explore whether RNA-seq data was consistent with protein level, we choose the most relevant genes in lipid metabolism to detect protein level through Western Blot analysis. As expected, the protein level of FDPS and HMGCS1was downregulated in mice after treatment of EMP (Figures 7G,H).
[image: Figure 7]FIGURE 7 | Empagliflozin reduced triglyceride level both in serum (A) and liver (B) through enhanced triglyceride transfer (D), lipolysis (E) and microsomal mitochondrial β-oxidation (F). Empagliflozin had no effect on the synthesis genes of triglyceride (C). Western-blot analysis showed the protein levels of FDPS and HMGCS1 (G and H), which were the most relevant genes in lipid metabolism. Equal loading of protein was verified by probing β-actin. Data represent means ± SEM. *p < 0.05, **p < 0.01, n = (4–6).
qPCR Assessment of DEGs
To confirm the gene expression levels observed in RNA-Seq analysis, we chose nine genes that were mainly associated with lipid metabolism and synthesis (Smpd3, Fdps, Hmgcs1, Rdh1, Sox9, HR, Sqle, Fam131c, Cyp2g1). qPCR results were generally consistent with the RNA-Seq findings (Figure 8A). As showed in Figure 8B, the mRNA expression of Fam131c, Sox9, Smpd3 was upregulated in HFD groups compared with control group, these effects were reversed after treatment of EMP. Moreover, we found the expression of Fdps, Hmgcs1, HR, Sqle were downregulated in HFD-induced mice, however, these results were not reversed in EMP group.
[image: Figure 8]FIGURE 8 | Quantitative real-time PCR validation of RNA-seq analysis of DEGs. Graphs represent log2(CPM) values of gene expression levels (A-C) in RNA-seq data and mRNA levels normalized to β-actin, *p < 0.05 vs. CT, #p < 0.05 vs. HFD, n = 5, (D-F) from quantitative real-time PCR data. Data are presented as means ± SEM, *p < 0.05 vs. CT, #p < 0.05 vs. HFD, n = (4–6).
DISCUSSION
This study investigated the effects of EMP on NAFLD. We found that EMP attenuated liver fat content and improved lipid metabolism by regulating genes related to lipid generation, transfer, lipolysis and oxidation. Our results provide a snapshot of the transcriptionally regulated pathways affected by EMP treatment for NAFLD; they may be important candidate pathways for alleviating disease. Additionally, the results provide insights concerning how these pathways interact to inhibit disease.
EMP is a novel type of antihyperglycemic drug that inhibits glucose reabsorption in proximal renal tubules. In addition to its effects on glycemic status in patients with type 2 diabetes, it contributes to weight loss and body fat reduction (Sun et al., 2020; Szekeres et al., 2021). Recently, clinical trials have reported SGLT-2i had beneficial effects on NAFLD, as evidenced by the remarkably reduced ALT, AST, triglycerides, hepatic insulin sensitivity indices (Ranjbar et al., 2019; Kahl et al., 2020). Of note, in EMPA-REG OUTCOME trial and E-LIFT trial also showed that treatment with empagliflozin significantly reduced liver enzymes and liver fat (Sattar et al., 2018; Kim and Lee, 2020). It also increases energy consumption, thermogenesis, and expression of uncoupling protein one in brown fat (Xu et al., 2017). Importantly, EMP attenuates NAFLD by activating autophagy and reducing ER stress and apoptosis (Nasiri-Ansari et al., 2021). Thus, these effects have emerged as important underlying mechanisms in NAFLD development and progression. In the present study, we found that 8-weeks treatment with EMP reduced body weight and fat mass, while alleviating HFD-induced liver injury. These results confirm the protective effects of EMP in a model of NAFLD.
The liver is essential for lipid synthesis and regulation of lipid metabolism. Healthy liver function involves balanced adjustment of lipid metabolism through multiple biological processes. In NAFLD, the compensatory enhancement of fatty acid oxidation is insufficient to normalize the lipid level; it may promote cell and tissue damage, as well as disease progression, by enhancing oxidative stress (Ipsen et al., 2018). In our study, we found that EMP reduced triglyceride level both in serum and liver through enhanced triglyceride transfer, TG lipolysis and microsomal mitochondrial β-oxidation. Previous studies identified DEGs that were associated with NAFLD onset and progression. Moreover, some studies examined gene expression using transcriptome data from liver biopsies of affected patients (Wruck et al., 2015). The findings revealed that many functional pathways and genes exhibited significant associations with NAFLD; many of these pathways and genes were related to lipid metabolism. Here, we used RNA-Seq to investigate the major pathways and genes involved in the effects of EMP on lipid synthesis and metabolism. Subsequent bioinformatics assays identified 123 DEGs with significant changes in expression levels after EMP treatment.
A previous study confirmed that overexpression of sex-determining region Y-box 9 (SOX9) enhanced lipogenesis and expression of PPARγ in sebocytes (Shi et al., 2017). In addition, HR lysine demethylase and nuclear receptor corepressor (HR) may be a adipogenic transcription factor by regulating the expression of PPARγ to generate white adipogenesis (Kumpf et al., 2012). PPARγ is the primary inducer of adipogenesis (Li et al., 2018) and regulates adipocyte differentiation. In our study, SOX9 mRNA levels were significantly reduced in the EMP group. We speculate EMP treatment inhibited SOX9 expression, which led to reduced lipogenesis in the liver. These changes reduced PPARγ expression, thereby inhibiting adipocyte differentiation. Sphingomyelins (SMs) have been reported as potential biomarkers for diagnosis of hepatic steatosis (Li et al., 2014). Additionally, a transcriptome analysis involved in mouse models of NAFLD and liver tissues from patients had reported the expression of SOX9 and SMPD3 (Teufel et al., 2016). In this study, sphingomyelin phosphodiesterase 3 (SMPD3) was inhibited in the EMP group, which may have led to increased SM expression. This finding conflicts with the results of a previous study (Zhang et al., 2019), in which SMPD3 had a lower expression level in tyloxapol-treated mice, then increased after treatment. This inconsistency is presumably because the animal models were established using different methods. The final biosynthetic product of the 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1) pathway is cholesterol. HMGCS1 is upregulated by galectin-7 (Gal-7); subsequent HMGCS1 activity increases the accumulation of cellular cholesterol (Fujimoto et al., 2021). Squalene monooxygenase (SQLE) is a critical regulatory point in the cholesterol synthesis pathway (Howe et al., 2017). Farnesyl diphosphate synthase (FDPS) and cytochrome P450 family 2g1 (CYP2G1) are both associated with lipid and cholesterol biosynthesis (Wang et al., 2017). In the present study, the expression levels of HMGCS1, SQLE, and FDPS were highest in the CT group and lowest in the EMP group. These gene expression differences provide important insights into the mechanisms by which EMP affects the liver. Family with sequence similarity 131c (FAM131C) is a group of human N-myristoylated proteins; protein N-myristoylation is required for proper targeting of SAMM50 to mitochondria (Takamitsu et al., 2015). Some studies have shown that overexpression of SAMM50 enhances fatty acid oxidation and reduces intracellular lipid accumulation (Li et al., 2021). In contrast, we found that the Fam131c expression level increased in the HFD group but decreased in the EMP group. Retinol dehydrogenase 1 (RDH1) is one of several enzymes that catalyze the conversion of retinol into all-trans-retinoic acid (atRA). RDH1 can suppress adiposity by promoting brown adipose generation (Krois et al., 2019). In this study, RDH1 expression levels differed between RNA-Seq and qPCR, presumably because of differences in the technical protocols.
Overall, we found that EMP treatment could reverse the activities of NAFLD-associated pathways. These transformations mainly involved reduction of lipid metabolism and synthesis pathways in the liver. Our results indicate that EMP treatment alleviates fat accumulation and slightly affects inflammation in NAFLD. GO and KEGG enrichment were performed to analyze these DEGs, with the aim of clarifying the mechanism by which EMP affects lipid synthesis and metabolism in the liver. Our findings showed that EMP mainly affects the response to redox state, triglyceride transfer, TG lipolysis and microsomal mitochondrial β-oxidation, and JAK-STAT signaling pathways. Importantly, EMP reduced lipid accumulation and alleviated pathological changes involved in NAFLD. These changes may be related to the regulation of lipid oxidation-associated gene expression by EMP. However, we only established the relation between mechanisms of EMP and NAFLD, but which cell type (hepatocytes, macrophages or hepatic stellate cells) in liver for lipid metabolism and synthesis is not determined in this work. Therefore, we will focus this limitation in the next research.
In summary, our results provide snapshot of the transcriptionally regulated pathways affected by EMP treatment for NAFLD; these may be important candidate pathways for treatment to slow the progression of NAFLD. Additionally, our findings provide insights concerning how these pathways interact to inhibit disease. Our research provides new insights concerning the mechanisms by which SGLT inhibitors impact NAFLD, particularly in terms of liver metabolism. The genes identified in this experiment provide robust evidence for further analyses of the mechanism by which EMP impacts NAFLD.
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Nuclear lamins, known as type 5 intermediate fibers, are composed of lamin A, lamin C, lamin B1, and lamin B2, which are encoded by LMNA and LMNB genes, respectively. Importantly, mutations in nuclear lamins not only participate in lipid disorders but also in the human diseases, such as lipodystrophy, metabolic-associated fatty liver disease, and dilated cardiomyopathy. Among those diseases, the mechanism of lamin has been widely discussed. Thereby, this review mainly focuses on the regulatory mechanism of the mutations in the lamin gene in lipid alterations and the human diseases. Considering the protean actions, targeting nuclear lamins may be a potent therapeutic avenue for lipid metabolic disorders and human diseases in the future.
Keywords: nuclear lamins, lipid metabolism, human diseases, mutation of lamin, lipodystrophy
INTRODUCTION
The nuclear lamina (NL) is fibrin network structure located in the lower layer of nuclear membrane, which is primarily composed of lamin A, C, B1, and B2 in mammalian cells. Lamins A and C are classified as type A encoded by LMNA while B1 and B2 as type B encoded by LMNB1 and LMNB2, separately (Figure 1). As a major component of the nuclear lamina, lamin is responsible for maintaining the nuclear shape, transducting signals, organizing chromatin, repairing DNA, and pyroptosis (de Leeuw et al., 2018; Stiekema et al., 2020). In structure, lamin, which serves as a V-type intermediate filaggrin (IFS), forms the main cytoskeleton of the nucleus. Like all IFS, a V-type IFS has three components, mainly including an amino acid domain at the head, a helix domain at the center, and a carboxy-terminal domain at the tail. Additionally, the unique characteristics of these subcomponents mainly include a nuclear localization signal (NLS), IG folding domain, and CaaX motif (C = cysteine, A = aliphatic residue, X = any residue) (Gruenbaum and Medalia, 2015; Dittmer and Misteli, 2011) (Figure 2). Surpringly, the CaaX motif is a vital post-translational modification site for lipid metabolism (Kuchay et al., 2019). Therefore, considering the above structure of lamin, lamin may be an indispensable part in maintaining lipid homeostasis.
[image: Figure 1]FIGURE 1 | The subtypes and roles of lamin. Lamin A/C, lamin B1, and lamin B2 are the fibrin network structures located at the lower layer of the inner nuclear membrane. Lamin is responsible for maintaining the nuclear shape, participating in signal transduction, organizing chromatin, repairing DNA, and inducing apoptosis. The mutation of LMN genes affect lipid dystrophy in various human diseases. INM: inner nuclear membrane; ONM: outer nuclear membrane.
[image: Figure 2]FIGURE 2 | The structure of lamin. Nuclear lamins contain three domains: a head domain, a coiled-coil rod domain, and an Ig-like fold domain.
Indeed, the structure of lamin is of great importance to lipid metabolism. The dysfunction of lamin leads to numerous pathologies, mainly affecting the structure of the nuclear membrane, lipid synthesis genes, transcription factors, degenerative pathology, fat distribution, malnutrition, and aging (Östlund et al., 2020; Kim et al., 2018; Afonso et al., 2016; Ruiz de Eguino et al., 2012; Padiath and Fu, 2010). So, the abnormity of lamin elicits a series of metabolic disorders, the most common of which is lipodystrophy (Maraldi et al., 2011). The correlation between lamin and lipid metabolism has been well elucidated. For instance, the overexpression (OE) of lamin B1 downregulates the expression of lipid synthesis genes and the content of myelin-enriched lipids, ultimately increasing the risk of autosomal dominant leukodystrophy (ADLD) (Östlund et al., 2020). Also, NF-κB is activated by lamin A/C, subsequently boosting proinflammatory genes, such as Il6, Tnf, Ccl2, and Nos2, and finally promoting the development of obesity-induced insulin resistance in adipose tissue macrophages (ATMs) (Kim et al., 2018). As lamin always interferes with lipid metabolism, it is plausible that lamin-mediated lipid disorders may be intimately correlated with human diseases. Indeed, accumulating evidence has demonstrated that the mutations in the lamin gene play an important role on human diseases. Lamin genes are susceptible to mutate, hundreds of which are correlated to the human diseases. Furthermore, it is noteworthy that 17% of those diseases are lipodystrophy. Lipodystrophy syndrome is a rare heterogeneous disease characterized by systemic or partial fat atrophy with metabolic complications, which include insulin resistance, diabetes mellitus (DM), female hyperandrogenia, fatty liver, and dyslipidemia. Then, numerous studies have shown that lamin mutations are of great importance in human lipodystrophy syndrome (Table 1). More specifically speaking, lamin A/C mutation, prelamin A maturation, and lamin B mutation or deregulation have been proven to be the reasons or significant related factors of human lipodystrophy syndrome (Guénantin et al., 2014; Laver et al., 2018). Since lamin is associated with various lipid-related physiological alterations, more emphasis should be placed on the mechanism of the nuclear lamins in human diseases. Herein, this review summarizes the molecular mechanisms of lamin mutation-associated diseases concerning lipid metabolism.
TABLE 1 | Nuclear lamina-related diseases about genetic lipodystrophy syndromes.
[image: Table 1]THE REGULATORY MECHANISMS IN HUMAN DISEASES BY MUTATION OF LAMIN GENES
In the human disease spectrum, hundreds of mutations in the LMNA gene have been identified and are associated with more than a dozen human diseases, especially including lipodystrophy (Gonzalo et al., 2017). Lipodystrophy is a series of heterogeneous diseases characterized by the loss of selective adipose tissue or loss of functional adipose cells, thus leading to dyslipidemia and heterotopic steatosis (Hafidi et al., 2019). Specifically speaking, autosomal dominant mutations in LMNA genes are strongly correlated with familial partial lipodystrophy type 2 (FPLD type 2) (Hegele et al., 2000; Jéru et al., 2017). Additionally, the autosomal recessive mutation of LMNA gene is related to mandibuloacral dysplasia (MAD), which causes changes in lipid metabolism (Bagias et al., 2020). Besides, the mutation of LMN gene also elicits a dozen of diseases, including FPLD, Hutchinson–Gilford progeria syndrome (HGPS), metabolic associated fatty liver disease (MAFLD), MAD, dilated cardiomyopathy (DCM), autosomal dominant leukodystrophy (ADLD), acquired partial lipodystrophy (APL), Barraquer–Simons (BSS) syndrome, atypical Werner syndrome (WS), limb girdle muscular dystrophy type 1b (LGMD1B), and the autosomal dominant form of Emery–Dreifuss muscular dystrophy (AD-EDMD). In recent years, the regulatory mechanism of lamin mutation has been gradually elucidated. However, the understanding of the regulatory mechanism of mutated lamin in human diseases is not entirely clear, which is still being explored. The study on the regulatory mechanism of lamin mutation is helpful to reveal the importance of lamin in human diseases.
LAMINA/C MUTATION-RELATED DISEASES
The Mutation of LMNA Increases Prelamin A Accumulation
FPLD2, a large genetic and phenotypic variation first reported in the 1970s, is characterized by the progressive loss of subcutaneous adipose tissue in the limbs and trunk, accumulation of fat in the face and neck, and severe metabolic disorders, including insulin resistance, glucose intolerance, diabetes, dyslipidemia, and steatohepatitis (Dunnigan et al., 1974; Köbberling et al., 1975; Krawiec et al., 2016). Interestingly, LMNA R482W and R482Q are common pathogenic variants in FPLD type 2 (Özen et al., 2020). FPLD and HGPS both belong to premature aging diseases and exhibit a significant loss of subcutaneous adipose tissue. More intriguingly, the pathogenesis of HGPS is caused by the LMNA mutation, preventing the conversion of prelamin A to mature lamin A, thereby leading to the accumulation of prelamin A. Later, a large number of studies reported the pathogenesis of lipodystrophy in FPLD roots in the accumulation of prelamin A by mutated LMNA, which is similar to the pathogenesis of HGPS (Capanni et al., 2005; Bidault et al., 2013; Afonso et al., 2016).
Conversely, Tu et al. (2016) doubted that most of the mutated sites of LMNA mutation in FPLD are not located in the key sequence for lamin A processing. In addition to this, some of these commercial antibodies bind nonspecifically to other proteins. To reconfirm the mechanisms involved, the monoclonal antibodies against prelamin A made by Tu were used for four subjects with LMNA mutations in lipodystrophy. Surprisingly, no evidence of prelamin A accumulation was found. As a result, Tu et al. suggested that the missense mutations of LMNA in FPLD cannot lead to an accumulation of prelamin A.
Meanwhile, a growing number of studies have shown that the function of lamin not only at the cellular level but also in disease states is controlled by the PTMs of proteins, including phosphorylation (Machowska et al., 2015), SUMOylation (Moriuchi et al., 2016), glycosylation (Snider and Omary, 2014), farnesylation (Farnsworth et al., 1989), methylation (Rao et al., 2019), o-glcNAcylation (Alfaro et al., 2012; Wang et al., 2012; Simon et al., 2018), succinylation (Weinert et al., 2013), and ubiquitination (Wagner et al., 2011; Povlsen et al., 2012). Farnesylation is special among many PTMs in the regulation of prelamin A. Specifically speaking, pre-LMNA (the precursor of mature LMNA) and B-type LMN are a fannification on the cysteine residues of carboxy-terminal-Caax motifs (Weber et al., 1989). Moreover, the three terminal amino acids on type A and type B LMN were subjected to zinc metalloproteinases (ZMPSTE24; prelamin A) or RAS-converting enzyme 1 (Rce1; LMNB1 and B2) and cleaved by methylated α -carboxyl groups (Winter-Vann and Casey, 2005). Interestingly, LMNC is not able to be fannized due to lack of the -Caax motif (Goldberg et al., 2008; Adam et al., 2013; Jung et al., 2013). Therefore, ZMPSTE24 is essential for prelamin A to become a mature lamin A. Afonso et al. (2016) discovered that the expression of ZMPSTE24 decreases in FPLD cells, but it is not clear why LMNA/C missense mutation affected the expression of ZMPSTE24. Therefore, for lipid dystrophy caused by LMNA mutation in FPLD, does LMNA mutation cause prelamin A accumulation? If there is an accumulation of prelamin A, is it caused by LMNA mutation that reduces the expression of ZMPSTE24?
In short, there is much evidence that the accumulation of prelamin A by mutated LMNA causes FPLD and HGPS. Since prelamin A has a paradoxical role in the occurrence and development of FPLD and HGPS, the relevant regulatory mechanism of LMNA mutation remains to be further explored.
The Mutated Lamin Elicits Dynamic Recombination of Nuclear Layer Networks
The rupture of lamina is an early event and a prerequisite of lipogenesis and lipocyte differentiation. To understand the underlying regulatory networks, Verstraeten et al. (2011) have found broken lamina, the loss of lamin, and emerin proteins at the 10th day of fat cell differentiation. Eight days after that, the proportion of cells expressing lamins increase while lamin A/C protein levels remain low in the whole. Thus, the re-expression of lamin subtypes increases the plasticity of nuclear membrane to indentations under lipid stress, ultimately causing a reorganization of the cellular infrastructure. Moreover, progerin, a farnylated protein resulting from LMNA mutation, can harden the nucleus and reduce the reorganization, finally wiping the differentiation of lipocytes. Lipid accumulation happens, while low progerin expresses (Najdi et al., 2021). In short, targeting progerin may be an effective method to improve lipid disorders.
The Mutation of LMNA Enhances Lipophagy
Lipophagy is mainly manifested as the interaction of the autophagosome membrane with LC3. Then, the lipid droplets (LDs) are selectively delivered to the lysis chamber for degradation by the autophagic protein (Singh and Cuervo, 2012; Wang, 2016; Kloska et al., 2020; Shin, 2020). In a recent study, Chad A. Cowan et al. (Friesen and Cowan, 2018) discovered that in lipolysis, the proportion of LC3-II and LC3-I, the level of ATG7 protein significantly stimulates LMNA R482W mutant cells, thereby indicating that autophagosome formation increases in FPLD2 adipocytes. As described above, reduced fat production, increased lipolysis, and increased autophagy may be intimately related to the lipid abnormalities of FPLD2. As a result, LMNA mutation promotes lipophagy, while the deeper connection between the lamin gene and lipophagy needs more exploration.
The Lamin A/C Activates Liver Growth Hormone Receptor Signals
MAFLD, a clinicopathological syndrome, is characterized by an excessive deposition of fat in liver cells caused by non-alcohol and other clear liver damage factors and is closely related to metabolic stress liver injury (Mantovani and Dalbeni, 2020). Recently, Vargas et al. (Mahdi et al., 2020) indicated that a case of MAFLD patient was derived from the D300N LMNA mutation of FPLD, which surprisingly suggested that the mutation of the lamin gene may progress to steatosis, therefore eliciting MAFLD. Accordingly, the subsequent genetic testing and the risk of MAFLD should be taken seriously in FPLD-diagnosed patients. Beyond that, the change of lamin protein may also contribute to the occurrence and development of MAFLD. Recent research reported that the specific lamin A/C deficiency of hepatocellular in mice induces spontaneous liver injury and increases the susceptibility to steatohepatitis fed with high-fat diets in mice (Kwan et al., 2017). Considering the fact mentioned above, it is plausible that lamin protein is intimately correlated with MAFLD.
Indeed, the regulatory mechanism of lamin in MAFLD has been gradually elucidated. Nevertheless, the understanding of the regulatory mechanism remains unclear. It has been found that the deficiency of lamin A/C upregulates stat1 mRNA and protein levels and blocks the phosphorylation of Janus kinase 2 (JAK2), transcription activator (Stat 5) and extracellular regulated protein kinases (ERKs) mediated by the liver growth hormone (GH) receptor signal, thus downregulating the expression of stat5-dependent male-specific genes, ultimately promoting excessive fatty acids, inflammation, and fibrosis in hepatocytes and exacerbating the progression of MAFLD (Kwan et al., 2017) (Figure 3).
[image: Figure 3]FIGURE 3 | The regulatory mechanism of lamin in alleviation of MAFLD. The deficiency of lamin A/C upregulates stat1 mRNA and protein levels and blocks JAK2, Stat 5, and ERK mediated by the liver GH receptor signal, thus downregulating the expression of stat5-dependent male-specific genes, ultimately promoting excessive fatty acids, inflammation, and fibrosis in hepatocytes and exacerbating the progression of MAFLD.
In general, the mutation of the LMNA gene induces MAFLD. Similarly, the GH signal pathway and stat1 mediated by lamin A/C play protective roles in delaying MAFLD progression. Nevertheless, the regulatory mechanism of lamin in MAFLD remains to be further studied.
Prelamin A Segregates SREBP1 at Nuclear Margin
MAD, an extremely rare autosomal recessive disorder, is mainly manifested as bone abnormalities, premature aging, and lipodystrophy (Bagias et al., 2020). Growing evidence suggests that the lamin mutation may be a vital part in the lipid changes of MAD. Firstly, a study hinted that a single amino acid substitution in laminin A/C causes MAD (Novelli et al., 2002). In addition, the two defects in MAD are the mutation of LMNA or ZMPSTE24 genes and are named as type A or B MAD, respectively. Intriguingly, it has been found that the different types of MAD also cause various fat changes. Specifically speaking, type A MAD (MADA) loses fat in the extremities, while fat deposits in the neck and trunk are normal or excessive; type B MAD (MADB) forms subcutaneous fat loss that resulted from a typical mutation in the ZMPSTE24 gene (Cenni et al., 2018). The above evidence shows that the mutated lamin is intimately correlated with lipid disorders in MAD. Moreover, some studies have demonstrated that the regulatory mechanism of prelamin A plays an important role in MAD.
Indeed, some studies have demonstrated that prelamin A plays an important role in regulating lipid homeostasis. Lattanzi et al. (Capanni et al., 2005) reported that prelamin A accumulated in Dunnigan familial partial lipodystrophy, mandibuloacral dysplasia, and atypical Werner syndrome, which are three laminopathies characterized by lipodystrophic phenotypes. Furthermore, prelamin A precursors specifically accumulate in dystrophic cells and lipodystrophic cells and colocalize with cholesterol regulatory element binding protein 1 (SREBP1) (SREBP1: The key regulators of lipid metabolism, involved in adipocyte differentiation, are expressed at high levels in adipose tissue, and stimulates the expression of a variety of adipogenic genes, including FAS,acetyl-CoA carboxylase, stearoyl-coenzyme A desaturase1, and lipoprotein lipase (Li et al., 2016). Lattanzi et al. also suggested that not mature lamin A/C but rather prelamin A interacts with SREBP1. The mechanism is that prelamin A isolates SREBP1 at the nuclear border, thereby declining the activation of peroxisome proliferator activated receptor gamma (PPAR gamma) via inhibiting active SREBP1, thus impairing pre-adipocyte differentiation (Capanni et al., 2005).
In conclusion, the lamin mutation leads to lipid changes in MAD. Also, prelamin A interacts with SREBP1, thus affecting the actions of pre-adipocytes. However, the understanding of the lipid-regulated mechanism of lamin is not entirely clear, which is still being explored.
Prelamin A and Sp1 Effects on Adipogenesis
To investigate the effect of lamin on transcriptional factors, research shows that lipodystrophy can not only result from lamin mutation but also from the use of human immunodeficiency virus protease inhibitors (PIs). Under PI treatment in human mesenchymal stem cells (hMSC), impaired adipogenesis is due to an interaction between accumulated prelamin A and Sp1 transcription factors, finally altering extracellular matrix gene expression (Ruiz de Eguino et al., 2012). In general, the interaction between prelamin A and Sp1 excacerbates LMNA-linked lipostrophy. Nevertheless, the regulatory mechanism between lamin and transcriptional factors in human diseases remains to be further studied.
The Activation of Tumor Protein 53
DCM is characterized by a progressive conduction system disease, arrhythmia, and systolic impairment (Captur et al., 2018). It has been studied that cyclin-dependent kinase inhibitor 2A (CDKN2A), a downstream target of the E2F pathway, is responsible for activation. LMNA D300N, associated with DCM, results from E2F/DNA damage/TP53 activation. This axis can be a potential intervention target for DCM in laminopathies (Augusto et al., 2020). Furthermore, the impaired crosstalk between endothelial cells (ECs) and cardiomyocytes (CMs) can contribute to the pathogenesis of LMNA-related DCM (Sayed et al., 2020). The other sites of cardiac involvement in DCM contain missense lamin A/C mutation (Arg60Gly) (Porcu et al., 2021).
LAMINB1 MUTATION-RELATED DISEASES
Lamin B1 Downregulates Lipid Synthesis Genes
ADLD is a slow-progressing but fatal neurological disorder in 40–50-year-old adults, usually accompanied by symptoms of autonomic nervous dysfunction, followed by ataxia and cognitive impairment and even the loss of myelin sheath in the central nervous system (CNS) (Chrast et al., 2011; Giorgio et al., 2015). Interestingly, ADLD is the only disease associated with the lamin B1 gene (Padiath, 2019). Otherwise, the pathogenesis of ADLD is overexpressed lamin B1 protein levels due to LMNB1 gene replication or upstream deletion (Takamori et al., 2018). In addition, lamin B1 OE targets oligodendrocytes, thus decreasing the production of myelin sheaths in the CNS. Furthermore, Rolyan et al. also discovered that lamin B1 OE mouses exhibit severe demyelination, axon damage, and neuron loss due to the decreased gene expression of lipid synthesis pathways that play an important role in myelin regulation, ultimately depleting myelin-rich lipids (Rolyan et al., 2015). Indeed, the myelin genes required for oligodendrocyte maturation are sensitively influenced by the nuclear membrane (Lin et al., 2011). However, another study indicated that increased lamin B1 alters the chromatin associated with the region of the nuclear layer, therefore affecting the structure of the nuclear membrane and myelin-related genes (Padiath and Fu, 2010).
In conclusion, the expression of lamin B1 exacerbates ADLD. Despite considerable studies that are accessible, more experiments are necessitated about the lipid-related effects of lamin.
LAMINB2 MUTATION-RELATED DISEASES
Overactivation of the Complement System
Mutations in the LMNB2 have been associated with APL, also known as BSS syndrome, which usually begins in childhood or adolescence. Fat loss in BSS is typically characterized by gradual symmetrical subcutaneous fat loss, starting in the face and progressing down the upper part of the body. The subcutaneous fat in the lower abdomen and legs is significantly reduced, while fat storage in the gluteal area and lower limbs tends to be retained or increased (Hegele et al., 2006; Oliveira et al., 2016). CORVILLO et al. analyzed clinical, immunological, and histological events in an 11-year-old girl with BSS during a 5-year follow-up, and their results suggest that the overactivation of the complement system in adipose tissue may be responsible for fat loss in BSS patients (Corvillo et al., 2020).
THE REGULATORY MECHANISMS ARE STILL UNCLEAR
WS or atypical WS is a rare autosomal recessive disorder caused by inherited mutations in the WRN gene and LMNA gene, respectively (Rossi et al., 2010; Wang et al., 2018). In atypical WS associated with the R133L mutation of the LMNA gene, the severity of metabolic complications is positively related to the degree of lipodystrophy (Doh et al., 2009). In addition, Garg et al. investigated the body fat distribution pattern and metabolic abnormalities in two patients with atypical WS carrying R133L heterozygous LMNA mutations. Both patients with LMNA mutations had a unique distribution of body fat, with patient 1 having a fat loss limited to the distal portion of the limbs and an increase in fat deposition in the trunk region, whereas patient 2 had a significant decrease in body fat. In summary, patients with atypical Werner syndrome caused by R133L heterozygous LMNA mutations may present with different types of lipodystrophies, which may present with partial or total body fat loss. Partial lipodystrophy can be further divided into two distinct patterns: one involves the entire limb, mainly including familial partial lipodystrophy, the Dunnigan type, and mandibular dysplasia, while the other happens to involve only the distal limb region (Muchir et al., 2000). However, the regulatory mechanism needs to be further discovered.
Emery–Dreifuss muscular dystrophy (EDMD) is a severe muscular disorder characterized by the early contracture of the elbows, slowly progressive muscle weakness, and cardiomyopathy with conduction block (Onishi et al., 2002). Lamin A/C defects occur both in X-EDMD and AD-EDMD (Niebroj-Dobosz et al., 2003). Lamin A is not only required for lamin B receptor (LBR) retention but also for the localization of transcriptional RNA pol II in muscle cells (Reichart et al., 2004).
Limb girdle muscular dystrophy (LGMD), a type of muscular dystrophy (MD), is manifested as the progressive weakness of muscles (Rajoria et al., 2021). Though the regulatory mechanism is still unclear, a survey has reported that the lipid changes of LGMD are similar to FPLD in skeletal muscle metabolism, mainly exhibiting incomplete fatty acid oxidation and upregulated ketogenesis, which may result from a common underlying cause of muscular metabolic disorders (Boschmann et al., 2010). Actually, LGMD1B is same as FPLD and EDMD (Morris, 2001). Besides, LGMD1B and AD-EDMD are allelic disorders (Muchir et al., 2000).
CONCLUSION
As a component of nucleus, lamin plays an important role in maintaining nuclear shape, mechanical signaling, stabilizing chromatin, regulating gene expression, and promoting cell cycle progression. Here, we amply review the possible mechanisms of innate or acquired lipid abnormalities caused by lamin in the human diseases, mainly including increased prelamin A accumulation, a dynamic recombination of nuclear layer networks, enhanced lipophagy, activated liver growth hormone receptor signals, segregated SREBP1 at the nuclear margin, adipogenesis, lipid synthesis genes, overactivated complement system, and activated TP53. Those are the targets for lipid defects caused by lamin alterations. Nevertheless, the regulatory mechanism of lamin in lipid metabolism and human diseases remains to be further studied. As a result, targeting lamin should be considered for treating human diseases, which may be a promising disease-reversing strategy for patients.
PROSPECTION
Lipolysis and autophagy are two central catabolic pathways of lipid decomposition (Zechner et al., 2017). Lipolysis depends on the direct activation of lipase related to LDs, such as adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoglyceryl lipase (MGL). In addition, LDs interact with ATGL activators and inhibitors and then provide energy and basic materials for the synthesis of cell membranes and hormones in the body (Onal et al., 2017). Another lysosomal autophagy pathway that plays an important role in lipid degradation is called lipid autophagy, or lipophagy for short. Lipophagy requires cargo identification accomplished by the interaction between the autophagosome membrane with LC3. Subsequently, LDs are selectively delivered to the lysis chamber for degradation by the autophagic protein (Singh and Cuervo, 2012; Wang, 2016; Kloska et al., 2020; Shin, 2020). Thus, the dysregulation of lipophagy can lead to an abnormal deposition of lipids, therefore seriously affecting cell function and dynamic balance, ultimately resulting in cell death and a variety of diseases, including non-alcoholic fatty liver disease, coronary heart disease, and even cancer (Johnson and Stolzing, 2019).
Nuclear autophagy, a new type of selective autophagy, is responsible for selectively removing damaged or unnecessary nuclear substances in cells (Fu et al., 2018). Nuclear autophagy happens in a variety of conditions, including starvation, rapamycin-induced TORC1 inactivation, nuclear vacuolar junction (NVJ) expansion, and nuclear fibrillary lamina defects (Bo Otto and Thumm, 2020). In 2009, it was first reported that LMNA/C is involved in the development of mammalian nuclear autophagy. Additionally, some nuclear components exist in perinuclear autophagosomes and lysosomes (Park et al., 2009). Dou et al. also found a large amount of endogenous LC3 and a small amount of lipidated LC3-II in the nucleus. Lamin B1 interacts with LC3 to induce nuclear autophagy, which may be enhanced by lipidated LC3 (Dou et al., 2015) (Figure 4). Additionally, the NEM1-spo7/Pah1 axis is very important in the lipid synthesis axis. Meanwhile, this axis is also an important factor to induce nuclear autophagy and correct the localization of micronucleus autophagy factor NVJ1 and nuclear autophagy receptor Atg39 (Rahman et al., 2018; Mirheydari et al., 2020).
[image: Figure 4]FIGURE 4 | The interaction between LC3 and lamin B1 may induce nuclear autophagy. LC3 transports autophagy membrane and substrate via binding to lamin B1 in the nucleus.
Combined with the above literature, it is not difficult to find that nuclear autophagy is significantly correlated with lipid metabolism. For instance, lamin participates in the occurrence and development of nuclear autophagy by interacting with LC3, and the latter one is an essential factor in the process of lipophagy. As a result, the nuclear autophagy and lipophagy involved in lamin may be not independent of each other, although the specific correlation mechanism and the relationship between lamin-dependent nuclear autophagy and lipid metabolism deserve to be further studied.
Apart from autophagy, apoptosis is another form of cell death. Apoptosis is characterized by caspase activation, DNA cleavage, and membrane surface modifications that enable apoptotic and phagocytic cells to be recognized, as well as morphological changes such as chromatin concentration and nuclear fragmentation (Jung et al., 2020a). Importantly, lamin also seems to act in the relationship between apoptosis and lipid metabolism. In nonadipose tissues such as liver, heart, kidney, muscle, and islet, the harmful effects caused by excessive accumulation of fat on these organs or systems are called lipotoxicity, which can induce programmed cell death, and lipid apoptosis is the main cellular consequence of lipotoxicity (Schaffer, 2016; Zhang et al., 2019). In all, the involvement of lamins in nuclear autophagy and apoptosis is also a promising point for lipodystrophy and deserves to be further explored in the future.
Chromatin concentration is a nuclear modification characteristic of the active apoptotic phase that follows DNA cleavage and the hydrolysis of certain nuclear proteins by proteases in the caspase family. The cysteine aspartate protease family (caspase) is the main factor affecting protein hydrolysis in the process of apoptosis. The apoptotic caspase can be divided into two types: the initiation of caspase, including caspase-8, -9, and -10, and the execution of caspase, including caspase-3, -6, and -7. Caspase-3 and caspase-6 are responsible for the cleavage of nuclear proteins PARP and lamin, respectively. Among many apoptosis-related proteins, the hydrolysis of PARP by caspase-3 is considered as an early indicator of apoptosis. The early cleavage and rapid processing of lamin B by caspase-6 are regarded as a marker of apoptosis (Villa et al., 1997; Buendia et al., 1999; Eron et al., 2017; Jung et al., 2020b). Meanwhile, lamin A can also be cleaved as a substrate of caspase-6. Studies have shown that caspase-3 cleaves caspase-6 first in normal cell apoptosis, and caspase-6 cleaves lamin A/C before apoptosis (Capo-Chichi et al., 2018). Only when lamin A/C is cleaved by caspase-6 can chromosomal DNA fully coagulate during apoptosis (Yan et al., 2021) (Figure 5). Lamin plays a key role in apoptosis, while the specific mechanism of the involvement of lamin in lipid apoptosis remains to be further studied. For instance, if adipocytes show apoptosis in lipodystrophy, then silencing caspase may prevent its interference with lamin expression, subsequently ameliorating lipid defects.
[image: Figure 5]FIGURE 5 | The early cleavage of lamin B by caspase-6 is regarded as a marker of apoptosis. Lamin A can also be a substrate of caspase-6. In apoptosis, caspase-6 is cleaved by caspase-3, thus cleaving lamin A/C, ultimately activating the apoptosis.
In MAD, we review the interaction between prelamin A and SREBP1, suggesting that prelamin A sequestrates SREBP1 at the nuclear border and restricts the translocation of some transcription factors into the nucleus, thereby reducing the pool of normally activated active SREBP1 and leading to the dysdifferentiation of adipocytes (Capanni et al., 2005). Meanwhile, it has been reported that SREBP1c (one of the subtypes of SREBP1) modified by SUMO1 (small ubiquitin-like modifier, also named SUMOylation, is a crucial post-translational modification that exhibits a strong effect on DNA repair, transcriptional regulation, protein stability, and cell cycle progression) can repress the transcriptional activity of SREBP1c and inhibits lipid production (Pichler et al., 2017; Zeng et al., 2020). Similarly, several lamin A domains can also be modified by SUMOylation. Two typical mutations cause lipid dystrophy (LMNA P.g465d and P.K486N), while only the atypical FPLD2-related p. r482W mutation shows a decrease in lamin A sumoylation. This may provide an alternative mechanism for these atypical lipodystrophies (Simon et al., 2013).
The distribution of adipose tissue is not entirely alike in various types of lipodystrophy. Moreover, the special distribution is an ongoing research. Additionally, the major foregone mutated genes in lipid disorders encode proteins forming lipid droplets (Meehan et al., 2016). However, not only the connections between genetic mutation and fat loss but also the cure strategies still need to be discovered. Metreleptin, a recombinant analog of human leptin, is the only drug approved for the treatment of metabolic complications associated with lipodystrophy. This compound is used for the replacement of lipodystrophy accompanied by leptin deficiency without HIV infection (Chevalier et al., 2021). Nonetheless, except for Japan, no country authorizes metreleptin as a drug for lipid issues. Worse, it is not entirely clear whether metreleptin is a benefit or not to lipodystrophy syndrome with normal leptin levels (Oral et al., 2019). Worse still, various complications in the treatment of lipodystrophy have shown to us all. Notably, the most common of which includes weight loss, abdominal pain, hypoglycemia, fatigue, headache, a loss of appetite, injection site reactions (bruising and hives), anti-leptin antibodies, T-cell lymphoma, and infection (Tchang et al., 2015). Even so, metreleptin treatment powerfully alleviates metabolic abnormalities such as hyperglycemia, hypertriglyceridemia, increased hepatic fat content, and elevated liver enzymes alanine transaminase and aspartate transaminase and corrects the hyperphagia of leptin deficiency in patients with generalized lipodystrophy (Akinci and Akinci, 2015).
Considering that there is no efficient and safe drug for curing lipodystrophy, targeting relevant mechanisms regulated by lamina may be a promising strategy. The perturbations in mutated lamin are closely associated with the lipid issues, and an understanding of the contribution and influence of lamins in human diseases poses an exciting area for scientific discovery.
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GLOSSARY
ADLD autosomal dominant leukodystrophy
AD-EDMD autosomal dominant form of Emery–Dreifuss muscular dystrophy
APL acquired partial lipodystrophy
ATGL adipose triglyceride lipase
BSS Barraquer–Simons syndrome
CDKN2A cyclin-dependent kinase inhibitor 2A
CNS central nervous system
CMs cardiomyocytes
DM diabetes mellitus
DCM dilated cardiomyopathy
ECs endothelial cells
EDMD Emery–Dreifuss muscular dystrophy
ERK extracellular regulated protein kinase
GH growth hormone
HSL hormone-sensitive lipase
hMSC human mesenchymal stem cell
HGPS Hutchinson–Gilford progeria syndrome
IFS intermediate filaggrin
INM inner nuclear membrane
JAK2 Janus kinase 2
LGMD limb girdle muscular dystrophy
LGMD1B limb girdle muscular dystrophy type 1b
LD lipid droplet
LBR lamin B receptor
MADA type A mandibuloacral dysplasia
MADB type B mandibuloacral dysplasia
MAD mandibular sacral dysplasia
MAFLD metabolic associated fatty liver disease
MD muscular dystrophy
MGL monoglyceryl lipase
NLS nuclear localization signal
NVJ nuclear vacuolar junction
ONM outer nuclear membrane
OE overexpression
PPAR gamma peroxisome proliferator activated receptor gamma
PI protease inhibitor
PTMs post-translational modification
SUMOylation small ubiquitin-like modifier
Stat5 transcription activator
SREBP1 cholesterol regulatory element binding protein 1
WS Werner syndrome
ZMPSTE24 zinc metalloproteinase
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Nonalcoholic fatty liver disease (NAFLD) has been renamed metabolic dysfunction-associated fatty liver disease (MAFLD), a condition for which there is now no authorized treatment. The search for new medications to treat MAFLD made from natural substances is gaining traction. The function of anti-oxidant, anti-inflammation, hypoglycaemic, antiviral, hypolipidemic, and immunomodulatory actions of Astragalus polysaccharides (APS), a chemical molecule isolated from Astragalus membranaceus, has become the focus of therapeutic attention. We have a large number of papers on the pharmacological effects of APS on NAFLD that have never been systematically reviewed before. According to our findings, APS may help to slow the progression of non-alcoholic fatty liver disease (NAFL) to non-alcoholic steatohepatitis (NASH). Lipid metabolism, insulin resistance (IR), oxidative stress (OS), endoplasmic reticulum stress (ERS), inflammation, fibrosis, autophagy, and apoptosis are some of the pathogenic pathways involved. SIRT1/PPARα/FGF21, PI3K/AKT/IRS-1, AMPK/ACC, mTOR/4EBP-1/S6K1, GRP78/IRE-1/JNK, AMPK/PGC-1/NRF1, TLR4/MyD88/NF-κB, and TGF-β/Smad pathways were the most common molecular protective mechanisms. All of the information presented in this review suggests that APS is a natural medication with a lot of promise for NAFLD, but more study, bioavailability studies, medicine type and dosage, and clinical proof are needed. This review could be useful for basic research, pharmacological development, and therapeutic applications of APS in the management of MAFLD.
Keywords: astragalus polysaccharides, metabolic dysfunction-associated fatty liver disease, nonalcoholic fatty liver disease, lipid metabolism, insulin resistance, inflammation, oxidative stress, endoplasmic reticulum stress
1 INTRODUCTION
In addition to being caused by alcohol and other definitive factors, metabolic dysfunction-associated fatty liver disease, formerly known as nonalcoholic fatty liver disease (NAFLD) (Eslam et al., 2020a; Eslam et al., 2020b), is a clinical-pathological syndrome characterized by steatosis of hepatic parenchymal cells and inflammation in the liver lobes linked to insulin resistance and hereditary predisposition. It is further divided into non-alcoholic fatty liver disease (NAFL) and non-alcoholic steatohepatitis (NASH) based on liver histological changes (Ratziu et al., 2010; Younossi et al., 2018; Eslam et al., 2020b). The related pathogenic process is complex and cascaded-connected, as the “two-hit” theory suggests (Friedman et al., 2018). Fat buildup in the liver is the first essential step in the development of NAFLD. The second hit from NAFL to NASH is triggered by inflammatory reactions, oxidative stress (OS), endoplasmic reticulum (ER) stress, mitochondrial damage, fibrogenesis, and disturbance of the gut flora, among other factors (Pierantonelli and Svegliati-Baroni, 2019) (As shown in Figure 1). NAFLD is the most common chronic liver disease, threatening nearly a quarter of the world’s population (Lonardo et al., 2016), and it will progress to cirrhosis and liver cancer in advanced stages, yet there is still no approved medication to treat it. Therefore, research is urgent and high-profile.
[image: Figure 1]FIGURE 1 | The basic pathological mechanisms of NAFLD. NAFLD is characterized as either non-alcoholic fatty liver disease (NAFL) or non-alcoholic steatohepatitis (NASH) predicated on histological characteristics. Lipid accumulation (LA) is the first hit, and with that lipotoxicity triggered, mainly results from three sources: increased visceral adipose tissue lipolysis, hepatic de novo lipid (DNL) production activation, and excessive fat and calorie intake from diets. Insulin resistance, visceral adiposity, and atherogenic are all linked to aberrant LA. Deficient insulin sensitivity in adipose tissue and skeletal muscle, resulting in decreased fat synthesis and glucose uptake, an increase in the quantity of free fatty acids (FFAs) in the blood. FFAs enter the liver as a result of metabolic overload, which is the primary site of fat production. Oxidative stress, endoplasmic reticulum stress, mitochondrial damage, inflammatory reactions, fibrosis, and other factors all contribute to the second hit. Excessive deposition of extracellular matrix (ECM), activation of hepatic stellate cells (HSCs) and kupffer cells contribute to fibrosis in long-term chronic inflammatory reactions. Steatosis causes autophagy and apoptosis in hepatocytes. AST: aspartate transaminase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; TC: total cholesterol; TG: triacylglycerol; CHOL: cholesterol; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol.
Chinese herbal medicine, which is a tremendous treasure trove of human medical development, has indeed demonstrated tangible advantages in the treatment of liver illness. Using contemporary technologies to excavate this treasure trove of potent medicinal components, more and more small-molecule compounds have been discovered from Chinese herbs, such as Flos inulae (Yang et al., 2021), Forsythiaside A (Gong et al., 2021), and Baicalin (Hu et al., 2021). Astragalus membranaceus (AM), also known in China as Huangqi, has been used to replenish qi and blood for over two millennia and is suitable for deficiency disorders (Auyeung et al., 2016). Astragalus polysaccharides (2-(Chloromethyl)-4-(4-Nitrophenyl)-1,3-Thiazole, APS) (As shown in Figure 2), a key active ingredient isolated from AM that contains over 200 constituents (Guo et al., 2019), has received a lot of attention over the past 2 decades. A slew of recent pharmacology studies has shown its benefits on blood lipids and glucose management, and it has anti-inflammation, anti-oxidative stress, anti-fibrosis, liver protection, anti-tumor, and immunoregulatory capabilities (Qi et al., 2017; Chen et al., 2020), all of which are linked to the pathogenic mechanism of NAFLD. These NAFLD pathogenic processes are interconnected, promote each other, and share underlying mediators and pathways.
[image: Figure 2]FIGURE 2 | The chemical construction of APS.
Multi-components, multi-targets, and multi-pathways all seem to be advantages for Chinese medicine. Obtained from experimental evidence on APS and the complex pathophysiology of NAFLD, we assume the potential efficacy of APS for NAFLD. A complete assessment of pharmacological data, particularly on molecular protective mechanisms, is required to stimulate further study and to understand the potential of this medicine; consequently, we wrote this work to encourage further exploration and understanding of its potential.
In this work we intend to provide a complete review of APS’s pharmacological effects and advancements in molecular mechanism works of literature in NAFLD. The flaws in existing development research are also explored, as well as prospective study directions.
2 PHARMACOLOGICAL EFFECTS AND MOLECULAR MECHANISMS OF ASTRAGALUS POLYSACCHARIDES AGAINST NONALCOHOLIC FATTY LIVER DISEASE
A plethora of research indicates that APS appear to be effective on NAFLD. (As shown in Supplementary Table S1). Serum aspartate transaminase, alanine aminotransferase, and alkaline phosphatase, which indicate liver injury, were all reversed in the study (Hamid et al., 2017a; Hamid et al., 2017b; Sun et al., 2019). Through various mechanisms, APS may exert liver-protecting functions, including improving insulin resistance (IR) and lipid metabolism; inhibiting OS, ER, and mitochondrial injury; providing anti-inflammatory and anti-fibrosis functions; and regulating autophagy and apoptosis, and the main targets modulated by APS are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Pharmacological effects and molecular mechanisms of APS against NAFLD. FFAs: free fatty acids; AST: aspartate transaminase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; TG: triglyceride; TC: total cholesterol; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; BAs: bile acids; FGF21: fibroblast growth factor 21; PPARα: peroxisome proliferator-activated receptor alpha; SIRT1: stimulating the sirtuin 1; CPT1: carnitine palmitoyltransferase 1; LDL-R: low-density lipoprotein receptor; PCSK9: proprotein convertase subtilisin/kexin type; LOX-1: oxidized-LDL receptor-1; CHOL: cholesterol; CYP: cholesterol hydroxylase; HMG-CoA: 3-hydroxy-3-methyl glutaryl coenzyme A reductase; InsR: insulin receptor; Ang-(1–7): angiotensin-(1–7); ACE2: angiotensin-converting enzyme 2; IRS: insulin receptor substrates; ACC: acetyl-CoA carboxylase; AMPK: AMP-activated protein kinase; AKT: protein kinase B; PI3K: the phosphatidylinositol-3 kinase; GSK3β: the glycogen synthase kinase 3beta; PEPCK: the phosphoenolpyruvate carboxyl kinase; G6Pase: the gluconeogenic enzymes glucose 6-phosphatase; S6K1: S6 kinase 1; 4EBP: 4E-binding protein; GRP78: glucose-regulated protein 78; ATF6: transcription factor 6; PERK: protein kinase-like endoplasmic reticulum kinase; IRE1α: inositol-requiring enzyme 1; JNK: the c-Jun N-terminal kinase; CHOP: C/EBP-homologous protein; NRF1: the nuclear factor erythroid 2-like 1; HO-1: heme Oxygenase-1; GCLC: glutamate-cysteine ligase; ROS: reactive oxygen species; PGC1α: the peroxisome proliferator-activated receptor γ coactivator 1; NRF2:; nuclear erythroid-derived 2-related factor 2; UCP-2: uncoupling protein 2; TFAM: the mitochondrial transcription factor A; GSH: glutathione; SOD: superoxide dismutase; CAT: peroxidase catalase; MDA: malondialdehyde; LPS: lipopolysaccharide; TLR4: toll-like receptor 4; MyD88: the adaptor protein myeloid differentiation primary response 88; NF-κB: the nuclear factor-kappa B; IkBα: inhibitory kappa B alpha; TNF-α: tumor necrosis factor-alpha; IL-1β: interleaukin-1β; IL-6: interleaukin-6; IL-18: interleaukin-18; COX-2: cyclooxygenase-2; MCP-1: monocyte chemoattractant protein-1; IL-10: interleaukin-10; LC3II: protein Ⅱ light chain 3; ATG: recombinant autophagy-related protein; KCs:; HSCs: hepatic stellate cells; HSECs: hepatic sinusoidal endothelial cells; TGF-β1: transforming growth factor-β1; ECM: extracellular matrix; TOB2: transducer of ErbB2.2; USP15: the ubiquitin-specific proteases 15; 2-HB: 2-hemoglobin; 3-IPA: 3-indolepropionic acid.
2.1 Lipid Metabolism
The first crucial step in the development of NAFLD is lipids-aberrant accumulation in the liver. Triglycerides (TGs), phospholipids, glycolipids, cholesterol (CHOL), and cholesterol ester are lipids that are part of the cell structure and play a role in cellular homeostasis, cell–cell interaction, and inflammation and immune modulation (Marra and Svegliati-Baroni, 2018). Fatty liver accumulation is caused by a lipid deposition and removal imbalance to toxic lipids species including TGs, free fatty acids (FFAs), lysophosphatidylcholine, ceramides, and free cholesterol (Fch), which results in lipotoxicity and glucotoxicity (Marchesini et al., 2016; Marra and Svegliati-Baroni, 2018; Régnier et al., 2019).
APS could inhibit the synthesis and accumulation of TGs by regulating the transport and breakdown of FFAs (Mao and Ouyang, 2007; Song et al., 2014). FFAs determine the synthesis of TGs, and APS could increase the FA translocator/receptor FAT/CD36 to promote this synthesis (Song et al., 2014). Meanwhile, carnitine palmitoyltransferase 1 (CPT1) and fatty acid oxidation rate-limiting enzyme gene CPT1B increased (Cui et al., 2015b), which helped increase FFA decomposition as a rate-limiting enzyme of long-chain FFAs entering the human mitochondrial inner membrane to speed up the fatty acid oxidation process.
APS may also play a role in the synthesis, catalysis, and metabolism of CHOL. Total cholesterol, Fch, and low-density lipoprotein (LDL) cholesterol levels fell after APS intervention (Cui et al., 2015a; Yan Y. et al., 2020; Wang and Sun, 2021), while high-density lipoprotein (HDL) cholesterol levels increased to move CHOL out (Chen et al., 2018; Cai et al., 2020). The LDL receptor pathway is responsible for the breakdown of LDL, which is a cholesterol-rich lipoprotein. APS could reduce proprotein convertase subtilisin/kexin type 9 (PCSK9) levels via the PPAR-β/γ pathway to increase the expression of low-density lipoprotein receptors (LDL-R) to reduce lipid deposition (Zou, 2016; Sabatine, 2019), and oxidized-LDL receptor-1 (LOX-1) increased to improve lipid disorder (Cui et al., 2015b). It is reported PCSK9 also has a mutually beneficial interaction with LOX-1 and induces the secretion of pro-inflammation cytokines by regulating toll-like receptor 4 (TLR4) expression and NF-κB activation (Ding et al., 2020). It is thought that viscous polysaccharides can lower cholesterol and bile acids (BAs) absorption, which is restricted by APS (Cheng et al., 2011; Cui et al., 2015b; Sun et al., 2019). By inhibiting 3-hydroxy-3-methyl glutaryl-coenzyme A reductase, a rate-limiting enzyme in hepatocyte cholesterol synthesis catalyzing the creation of mevalonic acid, APS may lower CHOL synthesis (Cheng, 2010). To enhance BAs secretion, APS could stimulate the expression of cytochrome P450 (CYP) enzymes such as cholesterol 7-hydroxylase (CYP7A1), cholesterol 7-hydroxylase (CYP7B1), CYP2C12, and LOC687842 (Cheng, 2010; Cheng et al., 2011; Cui et al., 2015b). The alternate pathway to BAs begins with the 27-hydroxylation of cholesterol as the initial step in the liver or extrahepatic tissues, followed by CYP7B1-dependent oxidation in the 7-position (Leoni and Caccia, 2011; Kakiyama et al., 2020). CYP7A1 could transfer cholesterol to HDL particles, which are then returned to the liver for conversion into BAs. CYP2C12 and LOC687842 belong to the family of cytochrome P450 as short hairpin RNA, which participate in the metabolism of the linoleic acid pathway (Elfaki et al., 2018).
By stimulating the sirtuin 1 (SIRT1)/peroxisome proliferator-activated receptor alpha (PPARα)/Fibroblast growth factor 21 (FGF21) pathway, APS could alleviate lipid metabolism disorder, notably, by increasing hepatic glycolipid metabolism, reducing inflammation, and lipid droplet deposition (Gu et al., 2015). PPARα is mainly involved in the catabolism of hepatic lipids and bile acids metabolism, fatty acid uptake, and activation, which affects intracellular fatty acid-binding and mitochondrial fatty acid oxidation (Burri et al., 2010). FGF21 and SIRT1 interact with PPARα to regulate hepatic glycolipid metabolism, OS, and inflammation and may serve as a biological target in NAFLD to improve IR (Ding et al., 2017).
Furthermore, Li et al. discovered the three following distinct metabolites in the APS treatment group and high-fat diet model mice: 3-indole propionic acid, 2-hemoglobin, and alanine, which may ameliorate lipid droplets, but there is no further evidence to support its exact mechanism (Li et al., 2019).
2.2 Insulin Resistance
Insulin sensitivity in muscle and adipose tissue declines in the IR state, glucose delivery to these tissues decreases, and FFAs are liberated into the systemic circulation. To compensate for high blood glucose (BG) levels, pancreatic beta cells release more insulin, resulting in hyperinsulinemia. Despite being primarily insulin-sensitive and being exposed to high concentrations of BG, TGs, FFAs, and insulin, the liver enters a hyper-anabolic state when it continues to generate and store lipids, all of which is improved by APS (Gu et al., 2015; He et al., 2016). APS may help injured islets regain their morphological function and maintain a balance of normal insulin output and compensatory insulin secretion (Gu et al., 2015; Hong et al., 2020; Liu et al., 2020).
APS may increase ISI by stimulating the phosphorylation of insulin receptor substrates (IRS) and aiding the transit of glucose transporters (GLUTs) from the nucleus to the cell membrane, promoting glucose transfer and boosting insulin utilization (Zou et al., 2009; Sun, 2012; Ye et al., 2014; Sun et al., 2019). Insulin insufficiency is characterized by a lack of receptors and a reduction in GLUTs. APS may phosphorylate IRS-1 by the phosphatidylinositol-3 kinase (PI3K)/protein kinase B (PKB, also known as Akt) signal pathway to promote the activation of the AMPK/acetyl-CoA carboxylase (ACC) pathway and its downstream targets, glycogen synthase kinase 3beta (GSK3β), phosphoenolpyruvate carboxyl kinase (PEPCK), and gluconeogenic enzymes glucose 6-phosphatase (G6Pase) phosphorylation, to improve glucose metabolism (Sun et al., 2019). The metabolic function of insulin is mainly achieved through the PI3K signal pathway, which binds to the insulin receptor to phosphorylate IRS, leading to Akt phosphorylation; it exerts the biological effects of insulin to promote glucose uptake and glucose homeostasis in the liver. PEPCK and G6Pase regulate gluconeogenesis (Liu Q. et al., 2017), GSK3β could inhibit glycogen synthesis, and the synthesis also reduced results from ser641GS phosphorylation activated by APS (Zou et al., 2007). AMPK is the main energy sensor that regulates the dynamic balance of ATP/AMP levels up-regulated and phosphorylated by APS (Zou et al., 2009; Zou, 2010; Sun et al., 2019). Lipoglycometabolism, insulin sensitivity, and plasma glucose regulation are all dependent on it (Smith et al., 2016). APS might boost IRS-1 and Akt phosphorylation, triggering the PI3k signal transduction pathway to improve ISI by activating the angiotensin-converting enzyme 2-Ang-(1–7)-Mas axis and inhibiting the mTOR/4E-binding protein 1 (4EBP-1)/S6 kinase 1 (S6K1) signaling pathway (Simanshu et al., 2017; Santos et al., 2018; Ma et al., 2019; Sun et al., 2019); excessive intake of energy or insulin resistance causes overexpression of mTOR, which activates 4EBP-1 and S6K1 phosphorylation. APS promote glucose synthesis by activating GLUT4 and GLUT2 translocation to improve ISI. GLUT4 and GLUT2 are sorted and retained intracellularly, and they dynamically redistribute to the plasma membrane by insulin-regulated vesicular traffic (Thorens, 2015; Jaldin-Fincati et al., 2017). APS could also promote adiponectin secretion to activate the downstream PI3K/Akt/IRS-1 pathway by increasing its receptor AdipoR1 levels (Sun et al., 2019). Changes in morbid adipose tissue in endocrine characteristics could decrease adiponectin secretion, which is an insulin enhancer (Hamid et al., 2017a).
Metabolomics revealed that APS could strengthen ISI by upregulating the mi-RNA transducer of ErbB2.2, TMEM100, and the ubiquitin-specific proteases (USP15) (Liu et al., 2020). There is no direct evidence on IR about the mi-RNAs, but they all affect inflammation, which may influence ISI indirectly (Pan et al., 2019; Jiang et al., 2020; Das et al., 2021). Studies have shown that both the let-7 family and miR-103 can modulate ISI in the liver, and both are the target genes of TMEM100 and USP15, which may explain why APS improve IR (Chakraborty et al., 2014; Liu et al., 2020). However, more experimental validation is required.
2.3 Oxidative Stress, Endoplasmic Reticulum, and Mitochondrial Injury
In NASH patients, studies revealed a positive relationship between OS levels and IR severity, fat degeneration, inflammatory response, and fibrosis (Tariq et al., 2014). ROS are produced primarily by mitochondrial failure, ER stress, particulates, and peroxidase oxidation (Scherz-Shouval and Elazar, 2007; Forrester et al., 2018; Das et al., 2021), all of which are reduced by APS to alleviate liver injury (Wang, 2016). The increased input of fatty acids and oxidation in mitochondria, on the other hand, is a primary source of ROS in NAFLD (Forrester et al., 2018).
2.3.1 Oxidative Stress
OS is a balance between free oxygen radical generation and antioxidant protection (Forrester et al., 2018). Studies have shown APS could regulate the levels of the final products of membrane lipid peroxidation malondialdehyde (MDA), antioxidant metal enzyme superoxide dismutase (SOD), and redox agent glutathione (GSH), which are OS damage indicators and clear the content of hydroxyl free radicals and superoxide anions (Tong et al., 2006; Wang et al., 2015; Wang X. et al., 2016; Yang, 2017; Yuan et al., 2018), both of which are common free oxygen radicals with lipotoxicity (Mota et al., 2016).
APS could activate the nuclear erythroid-derived 2-related factor 2 (NRF2) pathway and its downstream protein glutamate-cysteine ligase and heme oxygenase-1 (HO-1) to anticipate anti-oxidative stress, reversing the marker enzyme of peroxidase catalase, MDA, SOD, and GSH-Px after suffering OS damage (Yan Y. et al., 2020; Qu et al., 2020). NRF2 is a determinant regulating the transcription of antioxidant enzyme lines, which could regulate the expression of more than 100 genes (Wang et al., 2019). Yuan et al. showed that APS regulate the NRF2 pathway, which might be dependent on inhibiting miR-128-3 that can regulate the level of antioxidant enzymes and play a therapeutic role in hyperlipidemia by in vivo and in vitro experiments (Yuan et al., 2018).
2.3.2 Endoplasmic Reticulum Stress
ER is the main cellular compartment involved in secretory and transmembrane protein productive folding, lipid biogenesis, and calcium homeostasis (Lebeaupin et al., 2018). With the occurrence of abnormal glycolipid metabolism, cells activate unfolded proteins in response to misfolded and unfolded protein aggregation and calcium balance in the ER, and misfolded proteins induce ROS generation while OS disturbs the ER redox state, thereby breaking the correct disulfide bond formation and proper protein foldin (Wang J. et al., 2016).
APS improve ER and the resulting autophagy by inhibiting the ATF6 passage and glucose-regulated protein 78 (GRP78)-related pathways [including IRE-1α, the c-Jun N-terminal kinase (JNK), and PERK], reducing the apoptosis factors expression of C/EBP-homologous protein and caspase-12 (Wang et al., 2009; Hu et al., 2010; Wei et al., 2018). Under ER stress, partner GRP78 binds to unfolded protein, releasing the following three transmembrane receptors: inositol-requiring enzyme 1 (IRE-1α), protein kinase-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6alpha, allowing their signaling pathways to be activated. The dephosphorylation of PERK and IRE1 could be initiated by APS and suppress p50-ATF6 and activate p90-ATF6 to improve ER and recover glucose homeostasis (Wang et al., 2007; Wang et al., 2009).
2.3.3 Mitochondrial Injury
Increased fatty acid oxidation and lipotoxicity in NASH are principal drivers of mitochondrial deterioration (Schuppan et al., 2018). The liver adapts to the influx of excess fatty acids caused by liver lipid deposition, increasing mitochondrial β oxidation and the number of mitochondria. It is not only a direct reaction to fatty acids but also an activation of lipid cytokines caused by IR and increasing PPAR-α activation levels, which is inhibited by APS as shown earlier. NAFLD patients show a rise in pro-inflammation cytokine TNF-α levels. Remarkably, APS may reduce TNF-α levels while inhibiting the expression of PPAR-α (Chen et al., 2017).
By stimulating the expression of uncoupling protein 2, APS could improve liver energy metabolism disorders and limit the production of ROS, up-regulating ATP enzyme activity (Gu et al., 2015; Kan, 2018). UCPs are proteins that exist on the inner membrane of mitochondria, limiting the production of ROS by mitochondria, and protecting cells from oxidative damage caused by mitochondrial respiration (Toda and Diano, 2014). High levels of UCPs may lead to high levels of protein leakage and uncoupling of substrate oxidation from ADP phosphorylation, thereby limiting ATP synthesis and energy loss (Demine et al., 2019).
Besides, APS may promote mitochondrial biogenesis through the AMPK-mediated peroxisome proliferator-activated receptor γ coactivator 1 (PGC-1α)/nuclear factor erythroid 2-like 1 (NRF1) signaling pathway, up-regulating the mitochondrial transcription factor A level to improve mitochondrial oxidative phosphorylation levels and boost mitochondrial function and mitochondrial DNA replication (Cheng et al., 2018; Kan, 2018; Kang et al., 2018).
2.4 Inflammation, Fibrosis, Autophagy, and Apoptosis
Long-term repetitive inflammation irritation is an accomplice to the progression of NAFLD, further leading to sustained hepatic fibrogenesis and, ultimately, cirrhosis (Koyama and Brenner, 2017). Apoptotic hepatocytes activate quiescent hepatic stellate cells (HSCs) and Kupffer cells (KCs) that in turn promote inflammation and fibrosis (Brenner et al., 2013). Inflammation, fibrosis, autophagy, and apoptosis as inter-related pathogenesis deteriorate each other in the progression of NAFLD.
2.4.1 Inflammation
Inflammatory damage as a result of the imbalance between pro-inflammatory cytokines and anti-inflammation is triggered by various endogenous or exogenous factors in adipose tissue or the gut, such as lipotoxicity, cells apoptosis, innate immune responses, OS, mitochondrial dysfunction, and ER (Schuster et al., 2018). APS could down-regulate inflammation-related pathway proteins and cytokines in vitro and in vivo, such as a series of pro-inflammatory cytokines including tumor necrosis factor-alpha (TNF-α), interleukin-1beta, interleukin-6, interleukin-18, cyclooxygenase-2, and monocyte chemoattractant protein-1 (MCP-1/CCL2), which up-regulate anti-inflammation cytokine interleukin-10 (Cui et al., 2016; Sun et al., 2019; Cai et al., 2020).
By enhancing the intestinal mucosa, mucosal permeability, and intestinal flora, APS protect against endotoxin generated by intestinal bacteria that enter via the portal circulation to activate toll-like receptor-4 signaling in Kupffer cells (Mollazadeh et al., 2019; Wang and Sun, 2021). The entry of lipopolysaccharide into the liver via the damaged intestinal mucosal barrier stimulates the release of pro-inflammatory cytokines, and the downstream signaling pathways activation of the adaptor protein myeloid differentiation primary response 88 (MyD88) and nuclear factor-B (NF-κB) have been demonstrated to be inhibited in the APS treatment group to alleviate liver steatosis (Zhang et al., 2012); the associated proteins NF-κB, NF-κB p65, and inhibitory kappa B alpha were lowered, as were the regulatory proteins governing innate and adaptive immune responses (Wang et al., 2013; Hamid et al., 2017b; Freitas and Fraga, 2018).
2.4.2 Fibrosis
Hepatic fibrosis develops as a consequence of a chronic, recurrent wound healing process (Schuppan et al., 2018). Cascade responses (such as OS, necrosis, and apoptosis) induced by liver cell damage are intimately linked to inflammation and can serve as a risk indicator for the development of hepatic fibrosis (Koyama and Brenner, 2017; Schuppan et al., 2018). APS inhibit fibrosis formation by inhibiting oxidative stress, apoptosis, and inflammation; enhancing immunity; and preserving the shape and function of sinusoidal and hepatic cells, as well as reducing extracellular matrix (ECM) deposition (Niu et al., 2012; Xu et al., 2012; Zhang, 2012; Li, 2013; Huang et al., 2015).
Hepatic fibrosis is characterized by the deposition of the ECM, a rise in myofibroblasts, and hyperplasia of fibrous tissue. Additionally, pseudolobules occur, which are reversed by APS (Zhang et al., 2009; Qin, 2012; Huang et al., 2015; Zhang et al., 2015). Collagen, proteoglycan, laminin, fibronectin, and matrix cell proteins are all deposited as ECMs. APS may decrease collagen deposition by inhibiting the activation of Kupffer cells and the hyperplasia of HSCs (Qin, 2012; Huang et al., 2015). The activation indicators of HSCs transforming growth factor-beta1 (TNF-β1), and alpha-smooth muscle actin were reduced in the presence of APS (Huang et al., 2015; Zhang et al., 2015; Hamid et al., 2017a; Hamid et al., 2017b). Likewise, APS may decrease MMP9 expression and boost MMP2 to maintain a balance between matrix metalloproteinases (MMPs) and their inhibitors, hence promoting ECM deposition. MMP2 and MMP9 are gelatinases that could also cleave type IV collagen and degrade type V, VII, and X collagen, fibronectin, and elastin (Pittayapruek et al., 2016). ECM deposition in the Disse space results in the establishment of endodermis and the loss of fenestration in hepatic sinusoidal endothelial cells (HSECs). APS may increase defenestration of HSECs, sinusoidal capillaries, and liver cells by increasing Young’s modulus, the fenestration area, and several SECs (Li, 2013; Yan F. et al., 2020), as well as the hepatic circulation flow rate and perfusion (Tian and Xu, 2008).
APS may act as a regulator of the TGF-β/small mother against the decapentaplegic (Smad) pathway, thereby preserving the basement membrane-like intercellular material seen in normal liver tissue and preventing the development of scar tissue (Huang et al., 2015; Hu et al., 2018). TGF-1, Smad3, Smad4, and Smad7 expressions were all suppressed while Smad7 increased CCL4-induced fibrosis in rats (Huang et al., 2015).
It has been reported that astragalus has the function of immunity enhancement (Liu CH. et al., 2017; Qi et al., 2017; Liu and Lv, 2020). Additionally, APS may ameliorate liver damage by boosting immunity, which results in a rise in serum total protein, albumin, and albumin/globulin levels, while decreasing globulin levels (Zou et al., 2002; Niu et al., 2012; Xu et al., 2012).
2.4.3 Autophagy and Apoptosis
Autophagy and apoptosis research in the context of improving NAFLD includes lipid removal and anti-inflammatory and anti-oxidative stress benefits. Hamid et al. observed that APS stimulate KCs by decreasing the amounts of recombinant autophagy-related proteins (ATGs), family members (ATG7, ATG12, and ATG6), and protein II light chain 3 (LC3II), resulting in a decrease in CD68-positive KCs (Hamid et al., 2017b). According to previous studies, ATG7 and LC3II recruited by PI3K further clear hepatocellular lipid droplets, and ATG7 may also control PERK, linking autophagy with ER (Martinez-Lopez and Singh, 2015; Zheng et al., 2019). As shown by the decreased expression of Bcl-2/BAX apoptotic genes, APS may also promote apoptosis in activated HSCs in hepatic fibrosis (Hamid et al., 2017a). The Bcl-2 family of proteins controls and regulates the intrinsic or mitochondrial apoptotic pathway (Peña-Blanco and García-Sáez, 2018). The Bcl-2 protein family regulates and controls the intrinsic or mitochondrial apoptotic process (Mukhopadhyay et al., 2014).
3 CONCLUSION AND FUTURE PERSPECTIVES
As phytotherapy, APS are appropriate for long-term therapeutic options in patients with chronic illness owing to relatively small toxic side effects, which has been the most difficult issue in the study of NAFLD treatments, resulting in a large number of medicines being abandoned in subsequent clinical trials. Increasing data indicate that APS are useful for NAFLD. It may enhance lipid metabolism by reducing the buildup of lipids such as TGs, FFAs, and CHOL (in particular, the production and secretion of CHOL and Bas). FAT/CD36, CPT1B, PCSK9, LDL-R, LOX-1, CYP enzymes, and the SIRT1/PPARα/FGF21 pathway are the major molecular processes and pathways involved. They have the potential to reverse IR by increasing ISI, restoring islet cell shape and function, controlling insulin secretion, and stimulating glucose absorption, all of which are necessary for proper lipogenesis and glycogen production. APS regulate the PI3K/Akt pathway, phosphorylating IRS-1 and activating the AMPK/ACC pathway to ameliorate inadequate ISI, and down-regulates the mTOR/4EBP-1/S6K1 pathway and the addition of adiponectin. Additionally, the therapeutic impact of APS on NAFLD may be related to its capacity to ameliorate OS, ERS, and mitochondrial damage through regulation of the NRF2/HO-1, GRP78/IRE-1/JNK, and AMPK/PGC-1/NRF1 pathways, as seen in Figure 3. APS inhibit inflammation and fibrosis and regulates autophagy and apoptosis in HSCs and Kupffer cells via the TLR4/MyD88/NF-κB pathway and gut microbiota; ECMs are diminished and proliferation of HSCs and Kupffer cells is inhibited via the TGF-β/Smad pathway; HSEC defenestration and immunity are improved; and autophagy and apoptosis occurs in HSCs. Among them are several small-molecule compounds that have been screened using metabolomics, but their findings have not been confirmed in subsequent research, and many of the current animal and cell experiments have remained in the laboratory. Preliminary verification of pathological improvement needs more systematic and in-depth study; further verification of its mechanism of action requires more systematic and in-depth research. At the moment, no clinical data exist to support the therapeutic efficacy of APS in NAFLD. As a consequence of the progress of so many experiment outcomes, further clinical studies will be required in the future to validate the data.
However, because of the intricacy of its structure and composition, it is difficult to correctly regulate the quality of its compounds, and we must make further efforts toward this end (Zeng et al., 2019). APS have been extensively investigated as an immunostimulant and anti-aging, anti-diabetic, anti-tumor, and antiviral agent (Zheng et al., 2020). Owing to the origin of the raw materials, the medicinal components, the growth years of the medicinal materials, and the extraction technique, the purity, composition (e.g., polysaccharide content), and chemical structure of APS will vary (Li et al., 2015). Huang et al. identified polysaccharides as one of the most essential components of Astragalus (Huang et al., 1982). The major components of APS are heteropolysaccharide, neutral polysaccharide, dextran, and acidic polysaccharide, with heteropolysaccharide being the most abundant (Zheng et al., 2020).
As a macromolecular molecule, APS are insoluble in water, have a low oral absorption rate and a low bioavailability, and are quickly affected by stomach acid and other variables, resulting in a highly limited therapeutic effectiveness. In recent years, in conjunction with emerging technologies, a plethora of new preparations aimed at increasing the drug’s absorption rate and efficacy have been developed, such as the establishment of APS liposomes and the preparation of APS microcapsules to extend the drug’s storage time and enhance its slow-release effect and boost immunological function (Fan et al., 2011). Additionally, APS pellets may be manufactured for use as a colon-targeted formulation, allowing the medicine to bypass the intestinal mucosal barrier and reach the liver (Qin et al., 2016; Lai et al., 2017). Chitosan is used to synthesize APS nanoparticles, which boost the herb’s therapeutic efficacy in the treatment of blood disorders (Lai et al., 2017). Additionally, colonized and fermented APS are often employed in anti-liver fibrosis studies (Zhou et al., 2017). In clinical settings, APS injection is used the most. It has been extensively used to increase immune function and aid in the treatment of asthma and hypertension in patients after cancer chemotherapy (Wang et al., 2021). As previously stated, it aims to address the issue of APS’s limited oral availability. That said, as we can see, various preparations alter the functional targeting of APS. Is there a better way to handle APS for the treatment of NAFLD? The gut-liver axis is critical in NAFLD, and APS have also been shown to promote intestinal flora. Not only may APS be used as a pharmaceutical, but it can also be utilized as a dietary supplement for metabolic illness nutritional treatment.
Modern experimental technology has made tremendous strides in recent years. High-throughput techniques such as metabolomics, transcriptomics, epigenetics, and gut microbiota analysis may aid in the exploration of drug action mechanisms. APS demand a more thorough examination of the exploration of NAFLD therapeutic mechanisms by those technologies.
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Liver steatosis is a key pathology in non-alcoholic or metabolic associated fatty liver disease. Though largely ignored for decades it is currently becoming the focus of research in hepatology. It is important to consider its origin and current opportunities in terms of pharmacotherapy. Essential phospholipids (EPLs) rich in phosphatidylcholine (PCH) is a widely used treatment option for fatty liver disease, and there is a solid amount of consistent clinical evidence for the regression of steatosis after treatment with EPLs. As knowledge of PCH (a key component of EPLs) pharmacodynamics and mode of action driving this widely observed clinical effect is currently insufficient, we aimed to explore the potential molecular and metabolic pathways involved in the positive effects of PCH on steatosis regression.
Keywords: liver steatosis, essential phospholipids, mode of action, pharmacodynamics, phosphatydilcholine, nonalcoholic fatty liver, review
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is the leading cause of chronic liver disease (CLD), which puts it among the top global health priorities. NAFLD prevalence is increasing dramatically every year. NAFLD was responsible for 46.8% of all chronic liver disease cases in 1994 and 75.1% in 2008 (Younossi et al., 2011). Nowadays it is the second most frequent indication for liver transplantation in the United States (Holmer et al., 2017). NAFLD is expected to be the most common cause of liver transplantation by 2030 (Byrne and Targher, 2015; Tana et al., 2019).
Numerous studies aimed to find the best treatment for NAFLD/NASH (non-alcoholic steatohepatitis). Dozens of clinical trials and studies have been performed recently to assess the efficacy and safety of different candidate molecules. Unfortunately, most of these molecules have fallen short of expectations (cenicriviroc in the CENTAUR study (Friedman et al., 2018), obeticholic acid in the REGENERATE study (Ratziu et al., 2019; Younossi et al., 2019), or elafibranor in the RESOLVE-IT study (NCT02704403)). Vitamin E in high dosage (800 IU) showed some effect in NASH patients, but there was a relapse in inflammation markers after the end of treatment, and authors raised concerns about vitamin E safety profile if taken constantly in such a dosage (Sanyal et al., 2010; Lavine et al., 2011). Most of these new molecules were used to treat NASH and/or advanced fibrosis, but not the steatosis stage of the disease, for which lifestyle modification has been considered so far as the only treatment option. At the same time, less than 2% of obese patients have reached normal weight in a large real-world data setting (Fildes et al., 2015). So, lifestyle modification, being considered as a key NAFLD treatment (Francque and Vonghia, 2019), is largely useless for 98% of patients (Fildes et al., 2015). Moreover, the concept of steatosis as a physiologically adaptive mechanism is outdated. Nowadays it is challenged, and steatosis is becoming the focus of clinical and scientific interest as a condition increasing cardiovascular risks and mortality and, therefore, requiring pharmacotherapy (Zhou et al., 2012; Adams and Ratziu, 2015; Nassir et al., 2015; Francque and Vonghia, 2019). In this respect, it is also worth mentioning that NAFLD is reconsidered as liver steatosis associated with metabolic disorders and thus may be renamed as MAFLD, i.e., metabolic (disorders) associated fatty liver disease. MAFLD concept cancels NAFLD/NASH dichotomy, with liver steatosis as a key diagnostic criterion along with various metabolic disorders.
Putting this together we suggest that steatosis should be considered not only as a key diagnostic criterion but a target for pharmacotherapy to be combined with lifestyle modification. Simple steatosis is known to be fully reversible and, thus, should be treated before steatohepatitis develops (Choudhary et al., 2015).
Among the existing pharmacotherapeutic options, essential phospholipids (EPLs) containing 72–96% (3-sn-phosphatidyl)choline are of interest as recent randomized controlled trials and meta-analyses showed regression of steatosis associated with EPLs treatment (Gundermann et al., 2016; Popovic and Dajani, 2020). A large observational study showed a similar effect in a real-world setting (Maev et al., 2020b). At the same time, despite abundant evidence of the clinical effect of EPLs, their mode of action is still poorly understood. Our review is aimed to analyze the key potential molecular pathways involved in the clinical effect of PCH, the main component of EPLs.
Essential Phospholipids Source and Chemical Profile
Generally, EPLs are natural phospholipids that can be plant-derived (e.g., from soybeans, rape (canola) seed, wheat germ, sunflower, or flaxseed) or animal-derived (e.g., from egg yolk, milk, or krill). Phospholipids are called essential since they constitute structural and functional components of all cell membranes and, therefore, endogenous substances. The phospholipid content of membranes and the distribution of fatty acid residues vary within a cell and between cell types (Pepeu et al., 1990). The distribution of different types of phospholipids in cells and organs is not yet fully understood, but the interaction of various phospholipids and other membrane components seems to have an important role in signal transduction cascades (Van Hoogevest and Wendel, 2014).
The phospholipid and fatty acid profiles of the EPLs depend on the raw material sources, but for EPLs generally used in liver diseases, most sources use the following well-recognized definition of EPLs. EPLs are a highly purified extract of the semen of soybeans with standardized contents of 72–96% (3-sn-phosphatidyl)choline (PCH) (Gundermann et al., 2011). In most studies in humans EPLs with 76% of PCH were administered (Popovic and Dajani, 2020). The chemical profile of soybean lecithin with 73–79% of PCH is provided in Table 1. The process of obtaining EPLs from soybean is well-described elsewhere (Van Hoogevest and Wendel, 2014). The quantitatively and qualitatively dominating molecule is 1,2-Dilinoleoylphosphatidylcholine (DLPC), representing up to 52% of the administered phosphatidylcholine molecules. This high level of DLPC is the primary difference between EPLs and typical unprocessed (natural) phospholipids (e.g., triple lecithin, raw lecithin, and egg lecithin), as well as dietary and endogenous phosphatidylcholines (Gundermann et al., 2011).
TABLE 1 | Phospholipid composition of the soybean lecithin extract and chromatography fraction with PC content of 73–79% (Van Hoogevest and Wendel, 2014).
[image: Table 1]Since PCH is a dominating component of EPLs, our review is focused on the analysis of the role of PCH in liver steatosis regression. First of all, we took into consideration liver steatosis pathophysiology and fatty liver modeling approaches to provide an overview of involved metabolic and molecular pathways. Second, we considered it in terms of potential PCH influence on the key processes involved in liver steatosis pathophysiology.
LIVER STEATOSIS PATHOPHYSIOLOGY
Non-alcoholic fatty liver disease (NAFLD), or MAFLD, as it has been renamed in 2020, is a clinical diagnosis involving the presence of at least 5% hepatocytes with lipid droplets observed by microscopy of biopsy material or fatty infiltration revealed by imaging tests and excluding all secondary causes of excessive accumulation of triglycerides (TG) in the liver (Carr et al., 2016).
So, the key pathology is liver steatosis. It is of great interest what the true cause is for de novo lipogenesis in hepatocytes. Several models explaining the origins of steatosis exist (Kim et al., 2000; Kotani et al., 2004; Petersen et al., 2007). Of these models, the following are considered most reliable and useful in terms of further research:
1) Metabolic pathway of liver steatosis.
Insulin resistance of peripheral tissues → transient hyperglycemia → glucose uptake by the liver →liponeogenesis → accumulation of TG in the liver (Kim et al., 2000; Kotani et al., 2004; Petersen et al., 2007; Liu et al., 2010). In this case, prediabetes is considered the leading cause of NAFLD.
2) Alimentary pathway of liver steatosis.
Kcal overload → lipid transformation and TG accumulation in the liver → insulin resistance of liver cells (Samuel et al., 2004)→systemic insulin resistance (Cai et al., 2005). In this case, NAFLD may be the primary metabolic disorder representing hepatic manifestations of metabolic syndrome leading to prediabetes.
3) Mixed pathway of liver steatosis.
In real-life clinical practice, we believe that both kcal overload and insulin resistance may develop and exist in parallel. In this case, both prediabetes and NAFLD clinical manifestations would be present at the same time. Depending on the dominant pathway in a sample, NAFLD leading to prediabetes or prediabetes leading to NAFLD is observed in different studies which reflects the reciprocal interconnection (Xia et al., 2019).
The pathways of liver steatosis mentioned above may shed light on the correlation between liver steatosis and prediabetes (Chen et al., 2017). Such a vicious circle between fatty liver and prediabetes may be presented as follows (Figure 1).
[image: Figure 1]FIGURE 1 | Vicious circle illustrating liver steatosis and prediabetes interconnection. Both exogenous alimentary factor (hypercaloric diet) and endogenous metabolic factor (genetic polymorphisms) may lead to systemic insulin resistance and liver steatosis.
Insulin resistance and liponeogenesis in hepatocyte molecular interconnection are described in detail elsewhere (Chen et al., 2017). For the following review of PCH mode of action, it is worth mentioning that hyperinsulinemia and hyperglycemia in NAFLD induce SREBP-1c (sterol regulatory element-binding protein-1c) and ChREBP (carbohydrate response element-binding protein), respectively, leading to lipogenic pathway activation causing conversion of excess glucose to fatty acids. Improved fatty acids synthesis results in increased levels of malonyl-CoA, which inhibits CPT-1 (carnitine palmitoyltransferase 1), the transporter of fatty acids to mitochondria. These events lead to a shift between free fatty acids beta-oxidation and de novo lipogenesis (Di Mauro et al., 2016).
Regardless of the exact pathway of TG accumulation in the liver, it may be characterized by impairment of the following processes:
1) Fatty acids and TG utilization in hepatocytes (lipolysis)
2) Fatty acids and TG de novo synthesis in hepatocytes (liponeogenesis)
3) Fatty acids and TG secretion or evacuation
4) Fatty acids and TG dietary intake
Therefore, we aimed to explore whether these processes were modified by PCH and may explain its clinical effect observed consistently in randomized controlled trials and observational clinical studies and proven in recent meta-analyses where EPLs were administered (Arvind et al., 2006; Sas et al., 2013; Dajani et al., 2015; Gundermann et al., 2016; Popovic and Dajani, 2020).
FATTY LIVER MODELING STUDIES
In 2005, Buang et al. conducted a perfect in vivo study in Sprague-Dawley rats fed a basic diet with TG (control group), TG and orotic acid (fatty liver model group), or orotic acid and phosphatidylcholine (PCH group) for 10 days (Buang et al., 2005). Liver weight was the same across groups at baseline, however, its increase differed at the end of the study in the fatty liver model group vs. the control group. Liver TG increased in the fatty liver model group, but not in the PCH group. Thus, the effect of PCH on steatosis in the liver was reproduced. Moreover, blood cholesterol and TG levels were minimal in the PCH + fatty liver group. Thus, lower levels of liver TG in the PCH group may be explained with fatty acids digestion, synthesis, or oxidation, rather than with excretion from hepatocytes. More importantly, Buang analyzed enzyme activity, which gave us another reason to continue the relevant literature search. The PCH group did show a change in the expression of enzymes involved in fatty acids synthesis and beta-oxidation (fatty acids catabolism). Particularly, in the PCH group, fatty acid synthase (FAS) and glucose-6-phosphate dehydrogenase (G6PDH) activity and malate dehydrogenase (ME) expression were decreased (involved in fatty acids synthesis), while carnitine palmitoyltransferase (CPT) expression increased (involved in beta-oxidation).
It is known that in the case of choline deficiency triglycerides cannot be removed effectively from the hepatocytes since choline is the precursor of PCH, and PCH is essential for very-low-density lipoproteins (VLDL) synthesis and excretion (Stephenson et al., 2018; Soret et al., 2020; Nababan et al., 2021). That is why fatty liver may be modeled with a choline-deficient diet (Kulinski et al., 2004; Testerink et al., 2009). In a study by Testerink, mutant Chinese hamster ovary cell line MT58 was used containing a thermosensitive mutation in phosphocholine cytidylyltransferase (CTP), the regulatory enzyme in the CDP-choline synthesis pathway. MT58 cells had a 50% decrease in PCH level within 24 h when cultured at the nonpermissive temperature, accompanied by an increase in the number of cytosolic lipid droplets (Testerink et al., 2009). In a study by Kulinski, mice were fed a choline-deficient diet (compared with a choline-supplemented diet) for 21 days, and liver triacylglycerol was increased, while plasma apolipoproteins (apo) 100B and B48 were decreased (Kulinski et al., 2004). There is also evidence that EPLs may influence the intestinal digestion of lipid molecules. For instance, Rampone et al. showed >50% suppression of cholesterol intestinal uptake when incubating it with different dosages of liver lecithin in everted rat gut sacs (Rampone, 1972). Everted rat gut sac model is a standard in vitro procedure to study drug absorption (Alam et al., 2012). We investigated these two directions of EPL mode of action as well to develop a unified pharmacodynamic picture.
LIPOLYSIS STIMULATION
PPAR as a Target Molecule for EPLs
Peroxisome proliferator-activated receptors (PPARs) are known to play a huge role in the regulation of energy homeostasis and metabolic functions, including lipid metabolism (Tyagi et al., 2011). These ligand-activated nuclear transcription factors belonging to the large nuclear receptor superfamily are expressed as three isoforms (PPARα, PPARβ/δ, and PPARγ). PPARα is expressed ubiquitously among body tissues with the highest concentration observed in the liver (Liss and Finck, 2017). Its fundamental function is to regulate fatty acids and triglycerides metabolism, beta-oxidation, and ketogenesis (Desvergne and Wahli, 1999). Because of that, PPARα is of high scientific interest in terms of lipid metabolism correction opportunities (Han et al., 2017a; Han et al., 2017b).
Considering PPAR and fatty liver, Montagner et al., 2016 showed that hepatocyte PPARα deletion in mice impaired fatty acid catabolism leading to hepatic lipid accumulation even in a fasting state in two steatosis models (Montagner et al., 2016). On the other hand, choline deficiency led to reduced PPARα expression and consequently to reduced expression of PPARα-dependent enzymes: ADRP, DGAT2, CPT1a, and FABP4 (Csak et al., 2015). These enzymes are known to be responsible for fatty acid metabolism, VLDL storage, synthesis, and secretion. PPARα also regulates beta-oxidation of fatty acids influencing CPT transcription (Mello et al., 2016). In turn, the PCH diet in the fatty liver model led to an increase in CPT activity in rats (Buang et al., 2005). With that in mind, and knowing that PCH may be a potential endogenous ligand for PPARα (Lamaziere and Wolf, 2010), it is considered a target molecule being affected directly by PCH (Figure 2).
[image: Figure 2]FIGURE 2 | PCH as an endogenous ligand of PPARα. Exogenous PCH means PCH administered with essential phospholipids. (1) PCH stimulates endogenous synthesis of 16:0/18:1-GPC binding with PPARα receptors. (2) After PPARα activation it binds to another transcription factor, RXR (retinoid-x receptor). (3) The formation of heterodimeric complexes leads to their transport into the nucleus. (4) Heterodimeric complexes bind to the specific sequence, peroxisome proliferator response element (PPRE), localized in the promoters of different genes responsible for ACO, CPT, and FABP1 synthesis. (5) *Acyl-CoA oxidase participates in the oxidation of fatty acids. *Carnitine palmitoyltransferase is responsible for the transfer of FA from the outer to the inner membrane for oxidation of the fatty acid inside the mitochondria. *FABP1 provides an appropriate VLDLs assembly.
The following studies provided additional data supporting this pathway hypothesis. It was shown that an endogenously synthesized phospholipid can bound to PPARα isolated from a mouse liver and activate it. Such binding increased under conditions that induce FAS activity and was displaced by systemic injection of a PPARα agonist. Mass spectrometry identified the species as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0/18:1-GPC). Interactions of 16:0/18:1-GPC with the PPARα ligand-binding domain and co-activator peptide motifs were comparable to those of PPARα agonists. Portal vein infusion of 16:0/18:1-GPC induced PPARα-dependent gene expression and decreased hepatic steatosis (Chakravarthy et al., 2009). So, replenishing choline deficiency in the fatty liver with EPLs may stimulate endogenous ligand synthesis to activate PPARα and, therefore, beta-oxidation of fatty acids in the liver leading to steatosis regression.
Another interesting observation was made when PCH treatment of myotubes was analyzed. It increased FA uptake and fatty acid-binding protein 3 (FABP3) expression. Remarkably, the effect of PCH on promoting FA utilization in muscles was abolished in PPARα-null mice and PPARα-depleted myotubes (Wang et al., 2020).
Thus, improved blood lipid profile in NAFLD patients treated with EPLs may be explained with the effect of PCH not only on the liver PPARα but also on the muscles PPARα. We believe that this pharmacodynamic potential requires separate research.
LIPONEOGENESIS INHIBITION
Considering PPAR-δ/γ types, we failed to find consistent data showing that PCH may be an effective agonist of these PPAR subtypes. This is consistent with the data from Chakravarthy et al. (2009). At the same time, it should be mentioned that PCH is not the only molecule potentially influencing PPARα. The PPAR family is currently one of the key target molecules in terms of NAFLD treatment. For instance, molecules such as lanifibranor and elafibranor are pan-PPAR and PPARα/δ agonists, respectively. However, a phase III study of elafibranor (RESOLVE-IT, NCT02704403) was terminated due to lack of efficacy, while lanifibranor showed promising results in phase IIb (Francque et al., 2021). There is currently an ongoing phase II lanifibranor study evaluating its effect on liver steatosis (NCT03459079). The results are expected in 2022.
Considering the complexity of PPAR regulation, another promising pathway should be mentioned here, influencing PPAR not directly but via sirtuins: a group of proteins of the silent information regulator two family. Sirtuins are class III histone deacetylases, which is implicated in many cellular and physiological functions, including hepatic glucose and fatty acid metabolism, mitochondrial function, hepatic gluconeogenesis, insulin secretion, and maturation of fat cells. Seven mammalian sirtuins (SIRT1–SIRT7) have been identified and shown to share the same conserved NAD binding site and catalytic core domain, but with different N and C termini (Nogueiras et al., 2012). SIRT1, 6, and 7 are localized mainly in the nucleus while SIRT3, 4, and 5 are localized in the mitochondrial matrix, and SIRT2 is predominantly cytoplasmic. Decreased expression of SIRT1, SIRT3, SIRT5, and SIRT6 and increased expression of SIRT4 in NAFLD patients compared to the control group was demonstrated. This was associated with increased expression of lipogenic genes including sterol regulatory element-binding protein-1, fatty acid synthase, and acetyl-CoA carboxylase (Wu et al., 2014).
Considering PPAR, it is worth mentioning that SIRT4 modulates the activity of various target substrates involved in fatty acid metabolism and, in particular, suppresses PPAR-α (and beta-oxidation), while SIRT1 and SIRT3 induce fat utilization (Han et al., 2019). SIRT4 also may decrease the amino acid-stimulated insulin secretion by inhibiting the glutamate dehydrogenase activity in pancreatic β-cells (Tarantino et al., 2014). Interestingly, data are suggesting that physical exercises may change the intracellular NAD+/NADH ratio and, therefore, alter the activity of some NAD + -dependent sirtuins. Considering pharmacotherapeutic agents, current data do not allow us to point at effective agonists/antagonists with the effect supported by clinical findings (Nassir and Ibdah, 2016). This is a new direction of research requiring a better understanding of sirtuin functions, targets, and regulation (Elkhwanky and Hakkola, 2018). We would like to draw the attention of the readers to some publications in this field, while not intending to cover it comprehensively since it is not the main goal of this review (Xu et al., 2010; Ding et al., 2017).
SREBP-dependent Lipid Accumulation Through the GPAT Activation
Triacylglycerol (TAG) is synthesized in most human cell types through the glycerol phosphate pathway. The first step in this process is the acylation of glycerol-3-phosphate by glycerol-3-phosphate acyltransferase (GPAT). Subsequent steps include fatty acid translocation to lysophosphatidic acid (LPA) by AGPAT (1-acylglycerol-3-phosphate-O-acyltransferase also known as LPA acyltransferase) to form a phosphatide and then diacylglycerol (DAG). The final conversion of DAG into TAG is catalyzed by diacylglycerol acyltransferase (DGAT) (Samuel et al., 2004; Petersen et al., 2007; Liu et al., 2010).
Lipogenesis enzymes regulation is carried out by specific transcription factors. For example, the GPAT enzyme, which plays a primary role in the initiation of TAG synthesis, is regulated at both transcriptional and post-transcriptional levels. Researchers found a 20-fold increase of GPAT1 mRNA in mice liver when resuming a high-carbohydrate diet after fasting (insulin-related stimulation), which was associated with liver lipogenesis activation (Coleman and Lee, 2004). At the same time, SREBP-1c (sterol regulatory element-binding protein 1c) is considered a key transcriptional activation factor of GPAT1. Shown below is how PCH and its membrane concentration may influence SREBP activation and, therefore, GPAT expression and lipogenesis.
SREBPs as a Target for PCH
SREBPs (sterol regulatory element-binding proteins) are transcription factors modulating lipid metabolism (Brown and Goldstein, 1997). SREBP-1a and -1c isoforms preferentially regulate genes responsible for the biosynthesis of fatty acids, phospholipids, and TAG, whereas SREBP-2 controls cholesterol metabolism (van der Veen et al., 2017). SREBPs are regulated by digested nutrients: SREBP-2 active form depends on cholesterol levels in the endoplasmic reticulum (Horton et al., 2002), whereas SREBP-1 processing is regulated by the insulin level (Browning and Horton, 2004). Activation of the SREBP-1c isoform leads to the synthesis of enzymes involved in lipogenesis. SREBP-1c overexpression causes FA synthesis, a fourfold increase in fatty acid synthase (FAS) expression, and a 10-fold increase in mtGPAT expression (Shimano et al., 1997; Horton et al., 2002). Thus, SREBPs activate TAG synthesis through the regulation of the GPAT enzyme.
Of note, phospholipids also play an important role in the SREBP-1 regulation of lipogenesis (Dobrosotskaya et al., 2002; Seegmiller et al., 2002; Lim et al., 2011; Walker et al., 2011). Walker et al. found in 2011 that phosphatidylcholine synthesis blocked in C. elegans, mouse liver, and human cells led to increased SREBP-1-dependent enzymes transcription and lipid droplet accumulation. In nematode C. elegans, reduction of PCH synthesis (via CDP-choline or PEMT pathway inhibition) caused SBP-1 (C. elegans ortholog of SREBP) processing and folding enhancement. Increased SREBP-1 processing and enhanced lipogenic genes expression were observed in a mouse model with cytidylyltransferase-α (CTα) deficiency and reduced PCH. Thus, we can conclude that SREBP-1 activity depends on PCH level (Walker et al., 2011). Since PCH deficiency models are widely used to induce liver steatosis, this is one of the possible molecular pathways of its development (Vance et al., 2007; Zeisel, 2008).
The main component of cell membranes is PCH. SREBP-1 activation occurs within the endoplasmic reticulum (ER) and Golgi membranes. It was hypothesized that changes in these membranes could lead to increased SREBP-1 activity (Walker et al., 2011). The PCH/PE ratio is responsible for membrane fluidity and curvature and plays a fundamental role in the regulation of cell metabolism, so depletion of PCH can alter protein transport and lipid accumulation and can be even associated with NAFLD in humans (Testerink et al., 2009; Walker et al., 2011). Thus, changes in PCH levels may alter membrane function leading to SREBP-1 activation (Walker et al., 2011). PCH level can affect the localization of serine protease 1 and 2 (S1P, S2P) localized in the Golgi membrane and necessary to convert the SREBP-1 precursor into an active nuclear transcription factor (Figure 3).
[image: Figure 3]FIGURE 3 | PCH-dependent SREBP regulation. PCH enrichment in membranes decreases the membrane curvature which leads to ARF-GTFase cycle activation and COPI transport repair without excess relocation of S1P and S2P proteinase from Golgi to the ER. This means inhibition of SREBP-1 and, therefore, SREBP-1-dependent lipogenic enzymes.
S1P and S2P in Golgi membranes are necessary for SREBP-1 maturing, and its transformation takes place in the ER, so S1P and S2P should be transferred from the Golgi membrane to the ER to activate SREBP-1. S1P and S2P translocation is regulated by COPI-coated transport vesicles, initiated with ADP-ribosylation factor (ARF1). Interestingly, ARF1 is a small GTPase of the Ras superfamily (Kahn and Gilman, 1984) and it may be suppressed by ARF-GTPase repressor (ARF-GAP) in case of the membrane curvature increase caused by a low level of PCH in the membrane (Dobrosotskaya et al., 2002; Seegmiller et al., 2002). In several models, it was shown that blocked ARF1 led to active SREB-1 nuclear accumulation. So, active SREBP-1 nuclear accumulation takes place in the case of low PCH level through the following mechanism: low PCH level increases the membrane curvature which may affect ARF signaling, deregulate COPI transport, and shift the distribution of S1P or S2P toward the ER, where they cleave and activate SREBP-1 (Walker et al., 2011). Another important thing is that the PCH-mediated SREBP activation mechanism is not affected by SREBP-2 activation (Walker et al., 2011). This means that PCH does not interfere with cholesterol metabolism and does not block its metabolic pathways.
Considering all the above, we can conclude that replenishing PCH deficiency can normalize the PCH/PE ratio and SREBP-1 activity and, therefore, suppress the synthesis of fatty acids and prevent the accumulation of fat in the liver.
FATTY ACIDS AND TG SECRETION/EVACUATION
PCH appears to ensure the translocation of apoB (apolipoprotein B) from the cytosol to the lumen of the endoplasmic reticulum. This part of the modification is crucial in the early stages of VLDL assembly. Appropriate choline level protects newly synthesized apoB from intracellular degradation during the migration of apoB from the ER to the Golgi apparatus. PCH as an appropriate PPARα ligand increases the expression and biosynthesis of liver fatty acid-binding protein (LFABP). High expression of FABP1 isoform increases the expression of apoB-100, thus ensuring correct assembly of VLDL in the ER lumen (Olofsson and Borén, 2012; Tiwari and Siddiqi, 2012). This PCH mode of action was not considered the leading one since EPLs lead to steatosis regression in the liver and blood lipid profile improvement with TG, total cholesterol, VLDL, and LDL decrease and HDL increase both in animal models and clinical studies (Gonciarz et al., 1988; Li et al., 2000; Yin, 2000; Wu, 2009; Sas et al., 2013; Maev et al., 2020a, Maev et al., 2020b; Popovic and Dajani, 2020). At the same time, taking into account the PPAR section of our paper, this effect matches PPARα activation in muscles and fatty acids uptake. These may work together and contribute to the fatty acids/TG-enriched lipoproteins elimination from the blood and subsequent utilization in tissues (PPARs as metabolic regulators in the liver: Lessons from liver-specific PPAR-null mice). The potential mechanism is presented in Figure 4.
[image: Figure 4]FIGURE 4 | Role of PCH in VLDLs secretion. (1) The assembly of VLDLs starts when apoB100 is translocated to the lumen of the endoplasmic reticulum (ER) and interacts with microsomal triglyceride transfer protein (MTP); *apoB100 that does not interact with MTP goes through proteasomal degradation. (2) MTP-dependent lipidation associated with pre-VLDL formation (pre-VLDL that is not converted to a mature lipoprotein will go through post-translational degradation). (3) Transport of nascent VLDLs to Golgi carried out using a specialized transport vesicle: the VLDL transport vesicle (VTV). (4) Then nascent VLDLs undergo a number of essential modifications on the Golgi lumen (further VLDL lipidation). PCH plays a key role in apoB translocation to the ER, protects newly synthesized apoB, and increases apoB expression through LFABP.
DIGESTION OF DIETARY FATTY ACIDS, TG, AND CHOLESTEROL
Rampone et al. showed >50% suppression of cholesterol intestinal digestion when incubating it with lecithin in everted rat gut sacs (Rampone, 1972). Several other studies also add to our understanding of the potential PCH effect on fatty molecules digestion. For instance, it was shown that egg sphingomyelin dose-dependently reduced lymphatic cholesterol concentration in rats (Noh and Koo, 2003; Noh and Koo, 2004). When given orally, it significantly reduced plasma triglyceride and cholesterol levels in mice fed a Western-type diet (Duivenvoorden et al., 2006). Surprisingly, in a study by Noh et al. this effect was more prominent with saturated fatty acids in the PCH tail. Several studies in humans showed a similar effect of phospholipids on cholesterol digestion suppression (Beil and Grundy, 1980; Greten et al., 1980; Kesaniemi and Grundy, 1986). Existing data on the inhibitory effect of phospholipids on cholesterol absorption are well summarized elsewhere (Cohn et al., 2010). However, to reproduce this mechanism of action in clinical practice, a huge dose of PCH (at least 10 g daily) seems to be required. Possible mechanisms for the inhibition of cholesterol absorption by phospholipids have already been presented by Cohn et al. (2008):
1) Excess PCH interferes with efficient micellar PL hydrolysis: a prerequisite for mucosal uptake of cholesterol.
2) PCH surplus alters the physicochemical properties of mixed micelles (i.e., their size, composition, and/or biological characteristics) resulting in reduced absorption of cholesterol.
3) PCH affects the membrane characteristics of enterocytes or has a direct effect on cellular cholesterol transporters that regulate intestinal cholesterol uptake.
CONCLUSION
Four possible mechanisms of PCH-induced steatosis regression showed both in vivo (Buang et al., 2005; Lee et al., 2014) and in clinical studies (Gundermann et al., 2016; Maev et al., 2020b; Popovic and Dajani, 2020) are discussed and the following are considered as relevant:
1) Stimulation of fatty acids beta-oxidation in hepatocytes (through PPARα and PPAR-dependent enzymes: acyl-CoA oxidase and carnitine palmitoyltransferase)
2) Liponeogenesis inhibition in hepatocytes (through SRBEP-1 and SRBEP-dependent enzymes, mainly glycerol-3-phosphate acyltransferase)
3) Fatty acids evacuation followed by their uptake and utilization in muscles (through the role of PCH both in VLDL formation and evacuation and the PPARα activation in the muscles)
Of course, this concept requires further in vitro and in vivo testing to obtain a true picture of the PCH mode of action in clinical practice. We believe that these data contribute to a better understanding of the clinical effect of EPLs and may help design further studies in this field. It is even more important considering the new MAFLD concept and steatosis as a universal phenotypical sign of metabolic disorder in the liver that should be diagnosed and treated.
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Background: The promoting effect of the regulator of calcineurin 2 (RCAN2) in hepatic steatosis has been observed in animal studies. However, the association of RCAN2 with non-alcoholic fatty liver disease (NAFLD) in humans remains unclear. This study aimed to evaluate the expression of RCAN2 in the liver of mice with hepatic steatosis and in the serum of NAFLD patients and to explore the relationship between serum RCAN2 levels and NAFLD.
Methods: The mRNA and protein expression of RCAN2 were detected by quantitative real-time PCR (qRT-PCR) and Western blot. NAFLD was diagnosed by abdominal ultrasonography. Circulating RCAN2 levels were measured by ELISA kits. The relationship between serum RCAN2 levels and NAFLD was assessed.
Results: qRT-PCR and Western blot analysis showed that compared with the corresponding controls, the mRNA and protein expression of RCAN2 were significantly increased in the liver tissues of db/db and mice on a high-fat diet. Serum RCAN2 levels were markedly elevated in NAFLD patients compared with non-NAFLD subjects. Binary logistic regression analysis showed that serum RCAN2 levels were significantly associated with NAFLD. Receiver operation characteristic (ROC) curve analysis showed that serum RCAN2 might act as a predictive biomarker for NAFLD [area under the curve (AUC) = 0.663, 95% CI = 0.623–0.702], and the serum RCAN2/(AST/ALT) ratio displayed improved predictive accuracy (AUC = 0.816, 95% CI = 0.785–0.846).
Conclusion: Elevated serum RCAN2 levels were associated with an increased risk of NAFLD. Serum RCAN2, especially the serum RCAN2/(AST/ALT) ratio, might be a candidate diagnostic marker for NAFLD.
Keywords: non-alcoholic fatty liver disease, regulator of calcineurin 2, cross-sectional, biomarker, Chinese
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is defined as the presence of steatosis in more than 5% of the hepatocytes without other clear causes of liver fat accumulation, such as viruses, alcohol, drugs, or genetic factors (Chalasani et al., 2012). NAFLD comprises simple hepatic steatosis (fatty liver) alone and nonalcoholic steatohepatitis (NASH), a more serious process with inflammation, hepatocyte damage, or fibrosis that can eventually progress to liver cirrhosis and hepatocellular carcinoma (HCC) (Chalasani et al., 2018; Parthasarathy et al., 2020). In recent decades, NAFLD has become a major public health concern. The number of NAFLD patients is dramatically increasing worldwide, and the global prevalence of NAFLD has been estimated to be about 25% (Younossi et al., 2016; Negro, 2020). NAFLD has emerged as one of the predominant causes of chronic liver diseases worldwide. Its pathogenesis is complicated, including increased de novo synthesis of liver fatty acids, hepatocellular injury, liver insulin resistance, intestinal dysbiosis, and fibrogenesis (Friedman et al., 2018). However, these mechanisms have not been well elucidated, and there are currently no effective drugs for the treatment of NAFLD or approved biomarkers to assess disease progression. Although some studies have evaluated potential biomarkers, they have been rarely verified and seldom used in clinical practice. Therefore, there is still a great need to identify and validate other effective biomarkers to predict NAFLD.
The regulator of calcineurin 2 (RCAN2) [also termed thyroid hormone-responsive protein ZAKI-4, down syndrome candidate region 1-like 1 (DSCR1L1), or myocyte-enriched calcineurin-interacting protein 2 (MCIP2)] (Davies et al., 2007) was initially identified as a thyroid hormone (triiodothyronine, T3)-responsive gene in human skin fibroblasts (Miyazaki et al., 1996) and then reported to inhibit calcineurin-dependent transcriptional responses by binding to the catalytic subunit A of calcineurin (Fuentes et al., 2000; Kingsbury and Cunningham, 2000). ZAKI-4 has three transcripts, α (also called RCAN2-3), β1, and β2, in which β1 and β2 encode an identical protein product β (also called RCAN2-1) (Cao et al., 2002). Mouse RCAN2 isoforms are highly homologous with human transcripts. The RCAN2 mouse gene, located on chromosome 17, corresponds exactly to the gene containing the corresponding human homolog on chromosome 6 (Strippoli et al., 2000). The tissue distribution of RCAN2 isoforms in mice is highly consistent with that in humans. RCAN2-3 is expressed only in the brain, while RCAN2-1 is ubiquitously expressed in the brain, heart, muscle, kidney, and liver (Cao et al., 2002; Mizuno et al., 2004). RCAN2 is involved in many pathophysiological processes. In striated muscles, RCAN2 modulates hypertrophic growth and selective programs of gene expression (Rothermel et al., 2000). RCAN2 plays a vital role in the brain development and function by regulating the function of calcineurin (Siddiq et al., 2001). RCAN2 is expressed in endothelial cells and restricts angiogenesis by inhibiting calcineurin activity (Gollogly et al., 2007). RCAN2 is also involved in the development, proliferation, or pro-tumorigenic network of cancers (Niitsu et al., 2016; Hattori et al., 2019; Mammarella et al., 2021). Interestingly, the knockout of RCAN2 in the whole body can significantly reduce the liver weight of high-fat diet-induced obese mice and did not exhibit liver steatosis (Sun et al., 2011; Zhao et al., 2016). This suggests that RCAN2 plays an important role in NAFLD in mice; however, there is still no evidence that RCAN2 is involved in the development of human NAFLD or that it may be a diagnostic marker for NAFLD.
In the present study, we aimed to conduct the first study to evaluate serum RCAN2 levels in NAFLD patients and non-NAFLD subjects, and the association of serum RCAN2 with NAFLD risk.
MATERIALS AND METHODS
Animal Models and Diet
Six-week-old male C57BL/6 mice, db/db mice, and heterozygous control db/m mice were purchased from SPF Biotechnology Co., Ltd. (Beijing, China). All mice were housed in the IVC system with a 12-h light/dark cycles and ad libitum access to food and water. After a 7-d acclimation, 7-week-old male C57BL/6 mice were fed a high-fat diet (HFD) for 16 weeks (containing 60.0% fat, 20.6% carbohydrate, and 19.4% protein; TP23300) to induce fatty liver or low-fat diet (LFD; TP23302) as controls. HFD and LFD were purchased from Trophic Animal Feed High-Tech Co., Ltd., Nantong, China. The db/db mice served as another fatty liver model and were fed a normal diet for 6 weeks. All animals were sacrificed under anesthesia and the liver tissues were excised and frozen at −80°C for analyzing the mRNA and protein levels. All animal protocols were approved by the Experimental Animal Ethics Committee of Southwest Medical University (Permission no. 2020827).
Liver Histological Analysis, Quantitative Real-Time PCR, and Western Blot Analyses
The liver was fixed overnight with 10% phosphate-buffered formalin acetate at 4°C and embedded in paraffin. The paraffin sections were mounted on glass slides for hematoxylin and eosin (H&E) staining. The total RNA was extracted from the liver tissues using TRIzol reagent (15596026, Thermo Fisher), and then the total RNA was reverse transcribed to cDNA using the first strand cDNA synthesis kit (FSQ-201, Toyobo). qRT-PCR of cDNA was performed using SYBR Green PCR Master Mix (208056, Qiagen) in a StepOnePlus Real-Time PCR System (qTOWER3 G, Germany). The relative mRNA expression levels of the target genes were normalized to GAPDH expression. The primer sequences are shown in Supplementary Table S1. Western blots were used for protein expression, as described previously (Gao et al., 2019). Primary antibodies were anti-RCAN2 (1:3,000, Thermo Fisher Scientific, PA5-112914) and anti-tubulin (1:5,000, Beyotime, China, AF5012). Western blots were visualized by a chemiluminescence system (ChemStudio_815, Germany) and quantified by using the ImageJ software (National Institutes of Health, Bethesda, MD).
Study Participants
All participants were recruited from the physical examination center of The Affiliated Hospital of Southwest Medical University. Fatty liver can be diagnosed by abdominal ultrasonography with two of the following three abnormalities: 1) diffusely increased liver tissue near the field ultrasonic echo; 2) kidney echo weaker than liver; and 3) vascular blurring and the gradual attenuation of the far-field ultrasonic echo (Fan et al., 2011). Fatty liver can be divided into mild (ultrasonic echo attenuation does not exceed one-third of the liver), moderate (ultrasonic echo attenuation exceeds one-third and less than two-thirds of the liver), and severe (ultrasonic echo attenuation exceeds two-thirds of the liver). The subjects were excluded if they had any of the following: liver dysfunction caused by other reasons (e.g., alcohol, drugs, toxins, virus, or genetic factors) other than NAFLD, cancer, kidney dysfunction, cardiovascular or cerebrovascular disease, history of thyroid disease, HIV infection, pregnancy or breastfeeding, systemic corticosteroid treatment, anti-inflammatory therapy, and hypoglycemic, lipid-lowering, or antihypertensive treatment. All human investigations followed the ethical guidelines of the 1964 Declaration of Helsinki and were approved by the Human Research Ethics Committee of the Affiliated Hospital of Southwest Medical University (Permission no. KY2021086). Informed consent was obtained from all participants in this study.
Anthropometric and Biochemical Measurements and Serum Sample Collection
After overnight fasting, all anthropometric parameters such as height, body weight (BW), waist circumference (WC), hip circumference (HC), systolic blood pressure (SBP), and diastolic blood pressure (DBP) were measured by professionally trained nurses. The body mass index (BMI) was calculated as BW divided by height squared. The waist-to-hip ratio (WHR) was calculated by WC and HC. Blood indexes such as fasting blood glucose (FBG), alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transpeptidase (GGT), alkaline phosphatase (ALP), urea nitrogen (UREA), uric acid (UA), creatinine (CREA), total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), homocysteine (HCY), and free triiodothyronine (FT3) were tested in the department of laboratory medicine and nuclear medicine of the Affiliated Hospital of Southwest Medical University. The fatty liver index (FLI) was calculated using the following formulaa: FLI = 1/[1 + exp(−x)] × 100, x = 0.953 × ln (triglycerides) (mg/dl) + 0.139 × BMI (kg/m2) + 0.718 × ln (γ-glutamyl-transferase) (U/L) + 0.053 × WC (cm)–15.745 (Tan et al., 2021). After overnight fasting, the blood samples from all the participants were collected in the separation gel promoting tubes on the morning of the day of ultrasound examination. The serum was collected after centrifugation at 3,000 rpm at 4°C for 15 min. To avoid repeated freeze-thaw cycles, each sample was divided into several tubes and stored at −80°C until analysis.
Measurements of Serum RCAN2
Serum RCAN2 levels were measured with a commercial enzyme-linked immunosorbent assay (ELISA) kit (Human ELISA kit, AE22621HU; Mouse ELISA Kit, AE22620MO, Abebio, China) according to the manufacturer’s protocol. The pilot experiments showed that RCAN2 can be detected in our 10-fold diluted human serum samples and in 100 μL mouse serum samples. Therefore, all human serum samples were diluted 10-fold before detection, while mouse serum samples were tested with 100 μL. The intra- and inter-assay variations were <8% and <12%, respectively.
Statistical Analysis
SPSS 22.0 and GraphPad Prism 8.0 were used for all statistical analysis and graphics. Data were expressed as number (%) for categorical variables or as mean ± standard deviation (SD) for continuous variables. For continuous variables, Student’s t-test or the Mann-Whitney U-test was used for the differences between the two groups, and one-way analysis of variance (ANOVA) or the Kruskal-Wallis test was used for the differences among more than two groups. Comparisons of categorical variables were made using the Chi-square test. The correlation between serum RCAN2 and other clinical parameters was determined by partial correlation coefficients. Variables independently associated with serum RCAN2 were analyzed by multiple linear regressions. Binary logistic regression analyses were used to analyze the association between the serum RCAN2 levels and NAFLD risk. The diagnostic value of serum RCAN2 or serum RCAN2/(AST/ALT) ratio for the NAFLD was evaluated by the area under the receiver operating characteristic (ROC) curve (AUC). A p-value < 0.05 was considered statistically significant.
RESULTS
Hepatic RCAN2 Expression Was Up-Regulated in Db/db and HFD-induced Hepatic Steatosis Mice
As shown in the Supplementary Figures S1, S2, we successfully constructed a mouse model of hepatic steatosis. In order to explore the potential role of RCAN2 in the development of fatty liver, we first analyzed its expression in the liver tissues of mice. Our data showed that compared with db/m mice, the mRNA and protein expression levels were significantly increased in the liver tissues of db/db mice (Figures 1A,B). Elevated RCAN2 mRNA and protein expression was also observed in the liver tissues of HFD-induced fatty liver mice (Figures 1C,D). We detected the RCAN2 in the serum of NAFLD mice and found a trend of increase but without a statistical difference (Supplementary Figure S3). This may be due to the insufficient number of mice.
[image: Figure 1]FIGURE 1 | RCAN2 expression was upregulated in livers of db/db mice and HFD-induced mice. The mRNA (A) and protein (B) expression of RCAN2 in db/db mice vs db/m mice; The mRNA (C) and protein (D) expression of RCAN2 in HFD mice vs ND mice. ND, normal diet; HFD, high-fat diet. The data was presented as mean ± SD. *p < 0.05 vs ND or db/m.
General Clinical Characteristics and Serum RCAN2 Concentration in the Study Population
In order to investigate the expression of serum RCAN2 in NAFLD patients, 346 non-NAFLD subjects and 369 NAFLD patients were enrolled in this study. The general characteristics of the study subjects are displayed in Table 1. The average age of all the subjects was 40.52 ± 10.58 years, including 464 males (64.90%) and 251 females (35.10%). Compared with the non-NAFLD group, the NAFLD group had a higher male/female ratio, BW, BMI, WC, HC, WHR, SBP, DBP, FBG, WBC, NEU, HGB, PLT, ALT, AST, TP, ALB, GGT, ALP, UA, CREA, TC, TG, LDL, HCY, and FLI (all p < 0.05) but lower AST/ALT, DBIL, eGFR, and HDL-C (all p < 0.05). No significant differences were found in age, GLO, A/G, TBIL, IBIL, and UREA (all p > 0.05).
TABLE 1 | Clinical parameters of all participants in the study.
[image: Table 1]In all study participants, the distribution of serum RCAN2 levels was from 2.44–47.73 ng/mL. As shown in Table 1 and Figure 2A, the serum RCAN2 levels were significantly higher in the NAFLD group than those in the non-NAFLD group (11.47 ± 5.42 ng/ml vs. 8.79 ± 2.85 ng/ml, p = 0.000).
[image: Figure 2]FIGURE 2 | (A) Serum RCAN2 concentration in NAFLD patients and non-NAFLD subjects. (B) Prevalence of NAFLD by tertiles of serum RCAN2 levels in all participants. NAFLD, non-alcoholic fatty liver disease; RCAN2, a regulator of calcineurin 2. ****p < 0.0001 compared with non-NAFLD.
Clinical Characteristics and Prevalence of NAFLD by Tertiles of Serum RCAN2 in all Study Subjects
In order to explore the changes of clinical parameters and prevalence of NAFLD under different RCAN2 concentration gradients in all study subjects, serum RCAN2 levels were divided into tertiles. As shown in Table 2 and Figure 2B, GGT, TC, TG, and the prevalence of NAFLD were gradually increased among the lowest tertile 1, median tertile 2, and the highest tertile 3 groups (all p < 0.05). The subjects in the highest tertile 3 had a higher male/female ratio, BW, BMI, WC, WHR, SBP, DBP, FBG, HGB, ALT, AST, TP, ALB, UA, LDL-C, and FLI than the lowest tertile 1 group, and a higher BW, BMI, SBP, and ALB than the median tertile 2 group (all p < 0.05).
TABLE 2 | Clinical and biochemical characteristics by tertiles of serum RCAN2 level in all subjects.
[image: Table 2]Correlations and Regression of Serum RCAN2 Levels With Clinical Parameters in the Study Participants
In order to investigate the associations between serum RCAN2 levels and other clinical parameters, partial correlation analysis was performed. As displayed in Table 3, after adjustment for age and sex, serum RCAN2 levels were positively associated with BW (r = 0.157), BMI (r = 0.175), WC (r = 0.139), WHR (r = 0.167), SBP (r = 0.143), DBP (r = 0.120), FBG (r = 0.106), WBC (r = 0.096), ALT (r = 0.103), AST (r = 0.098), TP (r = 0.134), GLO (r = 0.123), GGT (r = 0.088), ALP (r = 0.080), UA (r = 0.224), TC (r = 0.263), TG (r = 0.475), LDL-C (r = 0.079), and FLI (r = 0.304) but negatively associated with AST/ALT (r = −0.097), A/G (r = −0.084), DBIL (r = −0.141), and HDL-C (r = −0.158) in all subjects (all p < 0.05). In the non-NAFLD group, serum RCAN2 was found to be positively associated with TP (r = 0.137), ALB (r = 0.129), TC (r = 0.191), TG (r = 0.182), and LDL-C (r = 0.119), and negatively associated with HC (r = −0.113) (all p < 0.05). In the NAFLD group, serum RCAN2 levels were positively associated with SBP (r = 0.105), GLO (r = 0.119), ALP (r = 0.127), UA (r = 0.208), TC (r = 0.266), TG (r = 0.458), and FLI (r = 0.198) but negatively associated with A/G (r = −0.110) and HDL-C (r = −0.108) (all p < 0.05).
TABLE 3 | Partial correlation between serum RCAN2 levels and other parameters.
[image: Table 3]Liner regression analysis was performed to explore variables independently associated with serum RCAN2 levels. As shown in Figure 3, all factors enter and stepwise regression analyses showed that group, GGT, and TG were independent factors associated with serum RCAN2 levels.
[image: Figure 3]FIGURE 3 | Multiple linear regression analysis of variables independently associated with serum RCAN2 levels in all participants. The regression coefficients (β) and 95% confidence interval (CI) were displayed. Serum RCAN2 levels were naturally logarithmic transformed before analysis. The group of statistic: 1 = non-NAFLD, 2 = NAFLD.
Association of Serum RCAN2 Levels and Risk of NAFLD
In order to further evaluate the association between serum RCAN2 levels and NAFLD risk, all subjects in the study were divided into three groups according to serum RCAN2 tertiles (lowest: < 8.03 ng/ml; median: 8.03–10.82 ng/ml; highest: ≥10.82 ng/ml). As displayed in Table 4, binary logistic regression analysis showed that subjects in the highest tertile of serum RCAN2 levels had a 2.114-fold higher risk of NAFLD than those in the lowest tertile levels (OR = 3.114, 95% CI = 2.141–4.531, p = 0.000). After adjusting for age, sex, BMI, SBP, DBP, FBG, WBC, NEU, ALT, AST, GGT, ALP, UA, and eGFR in the Model 2–4, the tendency still existed (OR = 2.912, 95% CI = 1.992–4.526, p = 0.000), (OR = 2.893, 95% CI = 1.715–4.881, p = 0.000), or (OR = 2.406, 95% CI = 1.324–4.373, p = 0.004). When further controlling for lipid profiles (TC, TG, LDL-C, and LDL-C) in Model 5, subjects in the highest tertile of serum RCAN2 levels also had a significantly increased risk of NAFLD (OR = 2.081, 95% CI = 1.084–3.995, p = 0.028). When considered as continuous variables, every 1-unit increase in serum RCAN2 levels was associated with 20.1, 19.3, 19.9, 18.9, and 17.5% increase, respectively, in risk of NAFLD prevalence in Model 1–5.
TABLE 4 | Binary logistic regression of NAFLD risks according to tertiles or per 1-unit increases of serum RCAN2 concentrations.
[image: Table 4]Diagnostic Value of Serum RCAN2 Levels and RCAN2/(AST/ALT) Ratio for NAFLD Risk
Finally, ROC curve analysis was performed to investigate the predictive value of serum RCAN2 levels for NAFLD. The results revealed that best cutoff value for serum RCAN2 to predict NAFLD was 9.11 ng/ml (AUC = 0.663, 95% CI = 0.623–0.702, p = 0.000, sensitivity = 63.7%, specificity = 61.3%) (Figure 4A). In order to improve the diagnostic value, the factors (AST/ALT, A/G, DBIL, HDL-C) negatively correlated with serum RCAN2 levels in all study subjects were obtained by partial correlation analysis. Then, the ratios of serum RCAN2 levels to AST/ALT, A/G, DBIL, and HDL-C were calculated. ROC curve analysis was performed again to explore the predictive value of these ratios for NAFLD. As displayed in Figure 4B, the serum RCAN2/(AST/ALT) ratio showed improved predictive accuracy (AUC = 0.816, 95% CI = 0.785–0.846, p = 0.000, sensitivity = 70.2%, specificity = 78.9%).
[image: Figure 4]FIGURE 4 | Receiver operating characteristic (ROC) curve analysis of serum RCAN2 levels (A) and serum RCAN2/(AST/ALT) ratio (B) in NAFLD patients and non-NAFLD subjects. NAFLD, non-alcoholic fatty liver disease; RCAN2, regulator of calcium 2; AUC, area under the curve.
DISCUSSION
This study was the first to investigate the association between serum RCAN2 levels and NAFLD in humans. The main innovation of the current study is that we first demonstrated that RCAN2 was highly expressed in the liver of mice with fatty liver by qRT-PCR and Western blot, and subsequently confirmed that serum RACN2 levels were also significantly elevated in NAFLD patients. Meanwhile, the results of the present study showed that serum RCAN2 levels were positively correlated with the prevalence of NAFLD. Systemic knockout of RCAN2 (RCAN2−/−) has been reported to prevent hepatic steatosis in mice fed a high-fat diet (Sun et al., 2011; Zhao et al., 2016). Recently, RCAN2 was found to be a target gene of peroxisome proliferator-activated receptor gamma (PPARγ) (Yuan et al., 2021), which regulates hepatic lipid deposition in mice with diet-induced obesity (Chen et al., 2022). Taken together, RCAN2 may be a pathogenic driver of NAFLD. It has been reported that the global knockout of RCAN2 can significantly reduce the liver weight in obese mice induced by a high-fat diet by reducing the food intake. This is probably the main reason that RCAN2−/−mice did not develop typical features of fatty liver on a high-fat diet (Sun et al., 2011; Zhao et al., 2016). Both RCAN2-3 and RCAN2-1 were knocked out in these studies, and it was mainly the downregulation of RCAN2-3 rather than RCAN2-1 that caused the reduction of food intake. RCAN2-3 was expressed only in the brain, while RCAN2-1 was widely expressed in the heart, muscle, kidney, and liver (Cao et al., 2002; Mizuno et al., 2004). Systemic knockout of RCAN2-3 and RCAN2-1 in the whole organism may obscure the role of RCAN2-1 in specific tissues. In the current study, we found that RCAN2-1 was significantly upregulated in the liver tissues of the genetic and HFD-induced steatosis mouse model. Whether liver specific-knockout of RCAN2-1 is involved in the development of NAFLD deserves further study.
RCAN2 was first recognized as a thyroid hormone responsive gene (Miyazaki et al., 1996). In subsequent studies, only RCAN2-3 was regulated by T3 in a human skin fibroblast cell line (Cao et al., 2002). Hypothyroidism significantly decreased the mRNA expression of RCAN2-3 in the brain and had no effect on RCAN2-1, while hyperthyroidism had no influence on RCAN2-1 and RCAN2-3. In the heart, hyperthyroidism upregulated the expression of RCAN2-1, whereas hypothyroidism has no effect on RCAN2-1. However, in the liver, exogenous T3 had no effect on the expression of RCAN2-1 (Mizuno et al., 2004). In animal or cell experiments, T3 was found to reduce hepatocyte lipid storage by promoting fibroblast growth factor 21 (Adams et al., 2010). In the present study, T3 was within the normal range in all the subjects tested for T3 (data not shown). Moreover, partial correlation analysis (age and sex-adjusted) (r = 0.042, p = 0.603) and multiple linear regression analysis= 0.768, 95% CI = −2.261–3.796, p = 0.617) also showed that serum RCAN2 levels were not correlated with T3. Therefore, these results suggested that elevated serum RCAN2 levels in NAFLD patients may not be associated with T3.
In all study subjects, partial correlation analysis showed that serum RCAN2 levels were positively correlated with BW, BMI, WC, WHR, SBP, DBP, FBG, WC, ALT, AST, TP, GLO, GGT, ALP, UA, TC, TG, and LDL-C, and negatively associated with AST/ALT ratio, A/G ratio, DBIL, and HDL-C. In non-NAFLD participants, the partial correlation analysis showed that serum RCAN2 levels were positively associated with TP, ALB, TC, TG, and LDL-C and negatively associated with HC. In NAFLD patients, after age and sex adjustment, serum RCAN2 was still positively correlated with SBP, GLO, ALP, UA, TC, and TG. Based on these results, we found that RCAN2 was significantly positively correlated with TC and TG in all participants, non-NAFLD subjects, and NAFLD patients, and had a closer correlation with TG, especially in all participants (r = 0.475, p = 0.000) and NAFLD patients (r = 0.458, p = 0.000). Additionally, the close relationship between serum RCAN2 and TG was further confirmed by multiple linear regression analysis. It is well known that NAFLD is based on an abnormal increase in the hepatic lipid content (mainly TG), followed by pathological processes such as hepatocellular injury, inflammation, or fibrosis (Donnelly et al., 2005; Friedman et al., 2018). From these findings, we hypothesized that RCAN2 promotes the occurrence of NAFLD by affecting the storage of TG in the liver, but more studies are needed to verify this relationship and clarify the specific mechanism. Given that NASH is a more serious process with inflammation, hepatocyte damage, or fibrosis, it has also been reported that upregulation of RCAN2 promotes inflammation and apoptosis (Luo et al., 2022). Therefore, future studies are necessary to explore the relationship between RCAN2 and fibrosis and inflammatory factors such as C-reactive protein.
Additionally, binary logistic regression analysis showed that subjects in the highest tertile of serum RCAN2 levels had a 2.114-fold higher risk of NAFLD than those in the lowest RCAN2 tertile. The increased risk of NAFLD was also observed at the highest RCAN2 levels after adjusting for age and sex in Model 2, and after further controlling BMI, WC, BP, FBG in Model 3, as well as adjusting for WBC, NEU, ALT, AST, GGT, ALP, UA, and eGFR in Model 4, and even adjusting for TC, TG, HDL-C, and LDL-C in Model 5. Similarly, per 1-unit increase in serum RCAN2 levels was also positively associated with the risk of NAFLD prevalence in Models 1–5. These results increase the possibility that elevated serum RCAN2 levels may serve as a novel biomarker for NAFLD. Further analyses using ROC curves found that serum RCAN2 may be a candidate biomarker for the diagnosis of NAFLD (AUC 0.663, sensitivity 63.7%, and specificity 61.3%). However, the diagnostic role of RCAN2 for NAFLD still needs to be verified in large-scale prospective studies in the future, especially in other ethnic groups and in NAFLD patients diagnosed by liver biopsy. In this study, we also found that serum RCAN2/(AST/ALT) ratio had a better diagnostic accuracy than serum RCAN2 levels, with an AUC of 0.816 and 70.2% sensitivity and 78.9% specificity.
In the present study, there are still some limitations. First, prospective studies are needed to illustrate the causal relationship between the serum RCAN2 levels and NAFLD. In addition, drug-intervention studies may also be used to explore the therapeutic effect of activation or inhibition of RACN2 on fatty liver in humans or animals. However, there are few studies on RCAN2 at present, we have to start with animal or cell research and explore the role and mechanism of RCAN2 in hepatocyte steatosis model through RNAi, overexpression plasmid, adeno-associated virus, and liver specific knockout. Second, hepatic steatosis was diagnosed by abdominal ultrasound rather than liver biopsy, which can lead to missed or misdiagnosis and cannot determine the severity of NAFLD. Third, animal studies have shown that RCAN2 can increase the food intake. In this clinical study, diet-related information, such as the type and frequency of eating, was not collected. Therefore, the relationship between RCAN2 and food intake was not established. Fourth, the association between serum RCAN2 levels and the progression of the disease cannot be demonstrated due to the lack of data on the diagnosis of NASH/fibrosis. Finally, all subjects were recruited from a physical examination center, which may lead to a selection bias.
In conclusion, the present study found that the serum RCAN2 levels were increased in NAFLD patients and were positively associated with the risk of NAFLD. Serum RCAN2, especially the serum RCAN2/(AST/ALT) ratio might be a novel diagnostic biomarker for NAFLD. In the future, prospective longitudinal studies and basic research, especially tissue-specific knockout studies of RCAN2, are needed to confirm the role of RCAN2 in the development of NAFLD.
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GLOSSARY
A/G Albumin-globulin-ratio
ALB Albumin
ALP Alkaline phosphatase
ALT Alanine aminotransferase
AST Aspartate aminotransferase
AUC Area under the curve
BMI Body mass index
Crea Creatinine
DBP Diastolic blood pressure
FBG Fasting blood glucose
FLI Fatty liver index
GGT Gamma-glutamyl transpeptidase
GLO Globulin
HC Hip circumference
HCY Homocysteine
HDL-C High-density lipoprotein cholesterol
LDL-C Low-density lipoprotein cholesterol
NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
NEU Neutrophil
qRT-PCR Quantitative real-time PCR
SBP Systolic blood pressure
TC Total cholesterol
TG Triglyceride
TP Total protein
UA Uric acid
WBC White blood cells
WC Waist circumference
WHR Waist to hip ratio
RCAN2 Regulator of calcineurin 2
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Background: Non-alcoholic fatty liver disease (NAFLD) has gradually emerged as the most prevalent cause of chronic liver diseases. However, specific changes during the progression of NAFLD from non-fibrosis to advanced fibrosis and then hepatocellular carcinoma (HCC) are unresolved. Here, we firstly identify the key gene linking NAFLD fibrosis and HCC through analysis and experimental verification.
Methods: Two GEO datasets (GSE89632, GSE49541) were performed for identifying differentially expressed genes (DEGs) associated with NAFLD progression from non-fibrosis to early fibrosis and eventually to advanced fibrosis. Subsequently, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment analysis, protein-protein interaction (PPI) network were integrated to explore the potential function of the DEGs and hub genes. The expression of NUSAP1 was confirmed in vivo and in vitro NAFLD models at mRNA and protein level. Then, cell proliferation and migration under high fat conditions were verified by cell counting kit-8 (CCK-8) and wound-healing assays. The lipid content was measured with Oil Red O staining. Finally, the analysis of clinical survival curves was performed to reveal the prognostic value of the crucial genes among HCC patients via the online web-tool GEPIA2 and KM plotter.
Results: 5510 DEGs associated with non-fibrosis NAFLD, 3913 DEGs about NAFLD fibrosis, and 739 DEGs related to NAFLD progression from mild fibrosis to advanced fibrosis were identified. Then, a total of 112 common DEGs were found. The result of enrichment analyses suggested that common DEGs were strongly associated with the glucocorticoid receptor pathway, regulation of transmembrane transporter activity, peroxisome, and proteoglycan biosynthetic process. Six genes, including KIAA0101, NUSAP1, UHRF1, RAD51AP1, KIF22, and ZWINT, were identified as crucial candidate genes via the PPI network. The expression of NUSAP1 was validated highly expressed in vitro and vivo NAFLD models at mRNA and protein level. NUSAP1 silence could inhibit the ability of cell proliferation, migration and lipid accumulation in vitro. Finally, we also found that NUSAP1 was significantly up-regulated at transcriptional and protein levels, and associated with poor survival and advanced tumor stage among HCC patients.
Conclusion: NUSAP1 may be a potential therapeutic target for preventing NAFLD progression to liver cancer.
Keywords: non-alcoholic fatty liver disease, liver fibrosis, hepatocellular carcinoma, bioinformatics analysis, drug targets
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is one of the most widespread chronic liver diseases globally, affecting 25% of the general population and 85%–98% of morbidly obese patients worldwide (Friedman et al., 2018; Berardo et al., 2020). The disease progression of NAFLD is a dynamic process. In the early stage of NAFLD, hepatocytes begin to experience lipid deposition. As lipid deposition increases, lipotoxicity damages of hepatocytes aggravate, which in turn induces oxidative stress, leads to damage to cell mitochondria, triggers inflammatory factors release, and exacerbates hepatocyte damage (Schuster et al., 2018). With the aggravation of lipid deposition in hepatocytes and the occurrence of inflammation, about 20% of NAFLD patients can progress to non-alcoholic steatohepatitis (NASH) (Eslam et al., 2018; Younossi et al., 2018). Some patients with NASH progressively developed liver cirrhosis, hepatocellular carcinoma (HCC), and eventually liver disease-related death (Anstee et al., 2019). Therefore, the increasing prevalence of NAFLD worldwide is entirely worthy of clinical attention.
Until now, no specific pharmacological therapies are attainable for the treatment of NAFLD (Rinella and Sanyal, 2016). The physical therapy treatments for patients suffering from NAFLD and NASH was recommended to change lifestyle and balance nutrition, in addition to control weight loss and physical exercise. Contrary to expectations, the majority of patients fail to lose weight (Vilar-Gomez et al., 2015; Marchesini et al., 2016). Therefore, it is worth elucidating the intrinsic molecular pathogenesis of NAFLD, and more exhaustive and detailed research is needed to explore the molecular mechanism and obtain new specific therapeutic targets.
We conducted a more comprehensive bioinformatics analysis between normal liver tissues and non-fibrosis/fibrosis NAFLD tissues, advanced fibrosis and mild fibrosis NAFLD tissues in the present study. Based on comprehensive bioinformatics analyses, hub genes identification, biological processes and pathways were also determined. Finally, we also demonstrated that these genes were highly expressed in NAFLD-associated HCC patients and strongly associated with poor prognosis and more advanced tumor stages. Our realization will provide meaningful clues for the treatment of NAFLD and NAFLD-associated HCC.
METHODS
Acquisition of Datasets
Three NAFLD-related datasets GSE89632 (Arendt et al., 2015), GSE49541 (Moylan et al., 2014) and GSE164441 (Yang et al., 2021) were downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) including the gene expression profile data and related annotation file. The search keywords used were “Nonalcoholic fatty liver disease” AND “Homo sapiens.” The inclusion criteria for the dataset are as follows: (1) Each dataset included contained at least 10 samples; (2) Each sample contained pathological information; (3) The raw data or gene expression profiling from these datasets are accessible at the GEO.
The details of these datasets were shown in Table 1. The platform for GSE89632 was Illumina HumanHT-12 WG-DASL V4.0 R2 expression beadchip, for GSE49541 was Affymetrix Human Genome U133 Plus 2.0 Array (HG-U133_Plus_2), and for GSE164441 was GPL20301, Illumina HiSeq 4000 (Homo sapiens). It is important to note that samples with no specific pathologic information were not analyzed.
TABLE 1 | Characteristics of the included microarray datasets.
[image: Table 1]DEGs Identification
The “limma” software package in R software was used to screen out DEGs based on the cut-off criteria (Ritchie et al., 2015). The conditions of |log2 FC| ≥ 0.5, adjust p-value < 0.05 (corrected by B and H method) was used for NAFLD without fibrosis vs. healthy liver sample and NAFLD with fibrosis vs. healthy liver sample group to obtain DEGs associated with NAFLD fibrosis. GSE49541 included 40 mild NAFLD liver tissue samples and 32 advanced NAFLD liver tissue samples. The cut-off criterion of adjust p-value < 0.05 (corrected by B and H method) was used to obtain DEGs associated with NAFLD fibrosis progression. The heatmap for the DEGs was created using the “ggplot2” package (https://ggplot2.tidyverse.org), and the Venn plot for co-expressed DEGs was integrated using the “ggvenn” (https://github.com/yanlinlin82/ggvenn) packages, and utilized for the following analysis.
Functional and Pathway Enrichment Analysis
To investigate the functional biological roles of the co-expressed DEGs, Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were automatically completed and visualized by the Metascape (Zhou et al., 2019). p-value < 0.05 was set as the significance threshold.
Protein-Protein Interaction Network Construction
The common significant DEGs were mapped to the STRING database (http://www. string-db. org/), then set confidence >0.4 to conduct the PPI network analysis (Szklarczyk et al., 2019), which were visualized by Cytoscape software (v3.8.1) (Shannon et al., 2003). Module analysis was performed to identify significant modules and explore the hub genes using the Molecular Complex Detection (MCODE V2.0.0) (Bader and Hogue, 2003), which is a plug-in of Cytoscape (MCODE score ≥3.5).
Expression Levels and Prognostic Value of Hub Genes in HCC
First, we downloaded the gene expression matrix from GSE164441, composed of 10 cases with (NAFLD)-associated HCC tumor and paired adjacent non-tumor liver tissues. The “ggolot2” package visualized the expression of key genes in NAFLD-induced tumor tissues and adjacent non-tumor liver tissues. Clinical survival analyses were retrieved online using the online tools, Gene Expression Profiling Interactive Analysis (GEPIA2) (http://gepia.cancer-pku.cn/) and Kaplan-Meier Plotter (http://kmplot.com/analysis/). p-value = 0.05 and |log2FC| = 1 and were defined as the threshold for statistical significance (Tang et al., 2017). Finally, the HPA database (https://www.proteinatlas.org/) provides tissue and cellular distribution information of various human proteins using immunoassay technology (Uhlén et al., 2005; Berglund et al., 2008; Pontén et al., 2008; Uhlén et al., 2015; Thul et al., 2017; Uhlen et al., 2017).
Cell Culture and Treatment
The human hepatocyte cell lines HL-7702 and hepatoma cell line MHCC-97H (iCell Bioscience Inc., Shanghai, China) were cultured in a humidified incubator at 37 °C with 5% CO2 using RPMI-1640 with 10% FBS and 1% P/S solution (Procell). To establish the in vitro NAFLD cell model, HL-7702 and MHCC-97H cells were cultured in the presence or absence of 1 mmol/L free fatty acids (FFA, containing oleic acid and palmitic acid at a 2:1 volume ratio) for 24 h and then used for the indicated assays (Long et al., 2019).
Construction of NAFLD Model Mice
Ten male C57/BL6 mice (7–8 weeks old) were randomly divided into two groups, one was administrated with a 60% high-fat diet (HFD) (New Brunswick, NJ08901, United States) (n = 5) and the other with a control diet (CD, 10% fat) for 12 weeks (n = 5) (Jiang et al., 2019). The animals were housed in a temperature-controlled environment, with a 12-h light/dark cycle and received food and water ad libitum, at the center of experimental animals of Benxi Laboratory, Shengjing Hospital of China Medical University. The animal experiments received ethical clearance from the Ethics Committee of Shengjing Hospital of China Medical University (2021PS570K).
Sample Collection
After 12 weeks’ treatment, the mice were sacrificed under deeply anesthesia. The livers were then perfused with PBS via the portal vein to remove the blood and divided into two pieces. One was preserved in 10% neutral-buffered formalin, while the other was immediately frozen in liquid N2 and stored at −80°C.
RT-PCR
Trizol reagent (Invitrogen, CA, United States) was utilized to extract total RNA according to the manufacturer’s protocol. Total RNA was then reverse-transcribed into the complementary DNAs (cDNAs) with the PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa, Dalian, China) and amplified by GoTaq qPCR Master Mix (Promega, Madison, WI, United States) using the ABI ViiA 7 Real-time PCR system (Applied Biosystems, United States). The relative mRNA levels were normalized to those of the housekeeping gene GAPDH. All samples were determined by the 2–∆∆CT method. The primer pairs used in this study are listed in Supplementary Table S1.
Cell Transfection
The NUSAP1 siRNA and negative controls were purchased from HANBIO (HANBIO, Shanghai, China). The transfection of Hl-7702 and MHCC-97H cells was conducted in accordance with manufacturer’s guidance.
Cell Counting Kit-8 Assay
Cells transfected with si-NUSAP1 were plated in 96-well plates and cultured for 24 h. Then, the transfected cells were add with 10 μL CCK-8 reagent. After 2 h incubation, the well’s absorbance at 450 nm was measured by microplate reader. Each group set was repeated for five times and each measurement was performed three times repeatedly.
Oil Red O Staining
Fresh or frozen tissues were fixed with 4% paraformaldehyde for 1 h at room temperature, and cell samples were washed with PBS and then fixed with 4% paraformaldehyde for 20min. Oil red O stain (Servicebio, G1015-100ML, Yikeshengwu, China) were operated in accordance with the manufacturer’s instructions.
Western Blotting
Detailed steps of Western blotting are described (Zhou et al., 2010). Primary antibodies was NUSAP1 polyclonal antibody (ProteinTech, 12024-1-AP, United States) and GAPDH (ProteinTech Group, Rosemont, IL, United States) epitopes monoclonal antibodies. Then, the secondary antibody for Western blotting was the horseradish-peroxidase-labeled secondary antibody (ProteinTech Group, Rosemont, IL, United States).
Statistical Analysis
All the contents of bioinformatics analysis were analyzed with R version 4.0.5 (https://www.r-project.org/). Student’s t-test was used to analyze the relative expression levels of hub genes. The p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01; ***p < 0.001; ns, not significant.
RESULTS
Identification of DEGs Throughout NAFLD Progression
The bioinformatics analysis workflow is summarized in Figure 1. DEGs related to fibrosis, and advanced fibrosis were identified by integrated bioinformatics analysis. We first determined the DEGs among different groups of GSE89632, which consisted of 18 cases with fibrosis, 21 cases with non-fibrosis and 11 healthy controls (HC). Total number of 5510 DEGs were determined for the non-fibrosis vs. HC group and a total of 3913 DEGs were identified from the fibrosis vs. HC group. Then, we analyzed the datasets GSE49541 (32 cases with advanced fibrosis and 40 cases with mild fibrosis) and identified 739 DEGs associated with advanced fibrosis. The list of differential genes in each group were visualized by the heatmaps whose hierarchical clustering was based on Euclidean distance (Figure 2).
[image: Figure 1]FIGURE 1 | Workflow of the present study. (A) common DEGs between non-fibrosis vs HC, fibrosis vs HC and advanced vs mild fibrosis were identified by integrated bioinformatics analysis. (B) Enrichment analysis was carried by the Metascape online database. The hub genes were attained by PPI with STRING and MCODE with cytoscape. (C) The expression of key genes was verified by in vitro and in vivo experiments. The function of NUSAP1 was confirmed by silencing assay. (D,E) The expression of NUSAP1 in hepatocellular carcinoma and its relationship with prognosis were explored. DEGs, differentially expressed genes; HC, Healthy Control; FFA, free fatty acids; IHC, immunohistochemistry; HPA, The Human Protein Atlas.
[image: Figure 2]FIGURE 2 | Heatmap of differentially expressed genes identified in (A) non-fibrosis vs. HC group in GSE89632, (B) fibrosis vs. HC group in GSE89632, (C) advanced vs. mild fibrosis in GSE49541. Legend on the top right indicates the relative expression levels of the genes.
GO and KEGG Pathway Analysis of Common DEGs
The common DEGs were showed using the “ggvenn” R package, which were significantly associated with progression of NAFLD from non-fibrosis to advanced fibrosis (Figure 3A). More specific information about the DEGs was shown in the additional file (Supplementary Table S2). To gain insight into biological significance of these genes, we carried out enrichment analysis by using the Metascape online database. The results showed that pathways such as glucocorticoid receptor pathway, regulation of transmembrane transporter activity, peroxisome, proteoglycan biosynthetic process, regulation of wound healing, regulation of chemotaxis, etc., were the significantly enriched GO or pathways (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Venn diagram of common differentially expressed genes from different groups among the two datasets. (B) The 112 common DEGs were carried out enrichment analysis by using Metascape. The brown column represents the–log10 (p-value) of the term. The result showed that the glucocorticoid receptor pathway, regulation of transmembrane transporter activity, peroxisome, proteoglycan biosynthetic process, regulation of wound healing, regulation of chemotaxis, etc. were the significantly enriched GO or pathways.
PPI Network Analysis and Core Genes Selection
To uncover the potential relationship between 112 common DEGs, a PPI network that included 112 nodes and 65 edges were constructed using the STRING tool (Figure 4A). Then, the most significant modules were recognized by the MCODE plug-in of cytoscape. The top six hub genes in the MCODE cluster1 were selected (Table 2), including Kinesin Family Member 22 (KIF22), ZW10 interacting kinetochore protein (ZWINT), nucleolar and spindle associated protein 1 (NUSAP1), proliferating cell nuclear antigen-binding factor (KIAA0101), ubiquitin-like with PHD and ring finger domains 1 (UHRF1), RAD51-associated protein 1 (RAD51AP1) (Figure 4B). ZWINT, NUSAP1 and RAD51AP1 expression showed an increasing trend in the progression of NAFLD (Figure 4C), but KIF22, KIAA0101 and UHRF1 exhibits a different expression profile in different stages of the NAFLD (Supplementary Figure S1).
[image: Figure 4]FIGURE 4 | Protein-protein interaction (PPI) network. (A) PPI network of differentially expressed genes (DEGs), (B) subnetwork of top-six hub genes from the PPI network, (C) The expression pattern of ZWINT, NUSAP1 and RAD51AP1 in the different stage of NAFLD.
TABLE 2 | Hub genes with a high degree of connectivity.
[image: Table 2]Validation of Hub Genes Expression in Vitro and Vivo
To further confirm the role of the hub genes in the progression of NAFLD, experimental validation was conducted in vitro and vivo. The expression of ZWINT, NUSAP1, RAD51AP1 were highly expressed in HL-7702 cells treated with FFA for 24 h as mentioned above by RT-PCR screening (Figures 5A,B). Due to a high homology between mouse and human genes, we also used mouse models of NAFLD established by HFD feeding for 12 weeks to further examine the hub gene expression levels. H&E and Oil red O staining of liver tissues exhibited compressed liver sinusoids, more dispersed lipid vacuoles and increased hepatocyte volumes in NAFLD mice than those in control mice (Figure 5C). The expression of Zwint, and Nusap1 were significantly upregulated in NAFLD mice compared to the control group by RT-PCR, which was consistent with the results of our previous analysis. In contrast to our previous results, Kiaa0101 was significantly increased in NAFLD mouse. The expression levels of Rad51ap1 and Uhrf1 tended to increase in NAFLD mice but the difference was not statistically significant (p = 0.09 and p = 0.054) (Figure 5D). Therefore, NUSAP1 and ZWINT may be the key genes in the progression of NAFLD.
[image: Figure 5]FIGURE 5 | Experiments in vitro and in vivo. (A) Represent Oil Red O staining of HL-7702 cells treated with or without FFA for 24 h. (B) Expression levels of hub genes in HL-7702 cells treated with FFA for 24 h was assessed by RT-PCR (n = 3). (C) Represent HE (left, middle) and Oil Red O staining (right) of showing hepatic steatosis in liver tissues. 100ⅹfor the HE images (left), 200ⅹfor the HE images (midddle) and Oil red O images (right). (D) Expression levels of hub genes in NAFLD mice was assessed by RT-PCR (n = 3–5).
NUSAP1 was Highly Expressed in NAFLD-Associated HCC was Associated With Cell Migration Cell Proliferation, Migration and Fat Accumulation Under High Fat Condition
To further inquire the expression of NUSAP1 and ZWINT in the (NAFLD)-associated HCC patients, we downloaded the data set GSE164441 including 10 paired NAFLD-associated HCC tumor and adjacent normal tissues. It was found that the expression of NUSAP1 and ZWINT was significant higher (p < 0.05) in tumours specimens compared with para-cancer tissues (Figure 6A). We then confirmed this result in in vitro cell line studies. NUSAP1 was highly expressed in MHCC-97H cell lines treated with 1 mmol/L of FFA for 24 h (Figures 6B,C). Then, we also investigated the protein expression of NUSAP1. Similarly, protein levels of NUSAP1 in liver normal cell HL-7702, liver cancer cell MHCC-97H and NAFLD mice liver significantly elevated (Figure 6D). What’s more, IHC results about the NUSAP1 expression, obtained from the HPA database, showed that NUSAP1 had a higher intensity in HCC tissues than that in normal liver tissues (Figure 6E). In order to further verify the functional characteristics of NUSAP1, we conducted the NUSAP1 silencing assay. We firstly confirmed the efficiency of si-NUSAP1 (Figure 7A). Then CCK-8 analysis and Wound healing assays indicated that knockdown of the NUSAP1 gene could result in a significant reduction in migration of MHCC-97H cell under high fat condition (Figures 7B,C). In addition, the lipid content of the cells reduced significantly after NUSAP1 silence (Figure 7D), suggesting that NUSAP1 may be associated with lipid accumulation in this study.
[image: Figure 6]FIGURE 6 | (A) Relative mRNA expression of NUSAP1 and ZWINT in NAFLD-related cancer tissues and paired paracancer tissue (***p < 0.001). (B) Represent Oil Red O staining of MHCC-97H cells treated with or without FFA for 24 h. (C) Expression levels of NUSAP1 and ZWINT in MHCC-97H cell lines treated with FFA for 24 h was assessed by RT-PCR (n = 3). The data were presented as mean ± SEM, n = 3 each group. *p < 0.05, ***p < 0.001. (D) The protein levels of NUSAP1 in HL-7702, MHCC-97H cell lines and NAFLD mice liver. In vitro n = 3 for each group, in vivo, n = 3–5 for each group. (E) The IHC-based protein expression of NUSAP1 in HCC tissues and normal liver tissues. All the IHC staining images were obtained from the HPA database (https://www.proteinatlas.org/ENSG00000137804-NUSAP1/pathology/liver+cancer#img).
[image: Figure 7]FIGURE 7 | Validation of the function of NUSAP1 via the silencing assay. (A) Confirmation of NUSAP1 silence efficiency in HL-7702 and MHCC-97H cell lines by RT-PCR. (B) CCK-8 analysis of cell growth in MHCC97H (n = 3). (C) Wound-healing assays for MHCC-97H. (D) Oil Red O staining of the NUSAP1 silence in HL-7702 and MHCC-97H cell treated with FFA for 24 h, 100Xfor the images. The data were presented as mean ± SEM, n = 3 each group. *p < 0.05, ***p < 0.001.
NUSAP1 Correlated With Poorer Prognosis in Liver Cancer
To further understand the role of NUSAP1 expression in HCC patients, the prognostic value of NUSAP1 was analyzed on the GEPIA and Kaplan-Meier Plotter website. The expression of NUSAP1 was significantly higher in liver cancer tissues than that in normal tissues (Figure 8A) and associated with tumor staging I-III but not stage IV (Figure 8B). In addition, the Kaplan-Meier curve and log-rank test analyses revealed that the increased NUSAP1 mRNA levels corresponded to the shortened OS (overall survival), RFS (relapse free survival), PFS (progression free survival) and DFS (distance free survival) in HCC (p < 0.05) (Figures 8C–G).
[image: Figure 8]FIGURE 8 | NUSAP1 was highly expressed in HCC and correlated with poorer prognosis. (A) The expression of NUSAP1 in liver cancer (GEPIA), (B) Correlation between the expression of NUSAP1 and tumor stage in liver cancer patients (GEPIA). Correlation between the expression of NUSAP1 and OS (C,D), RFS (E), PFS (F) and DFS (G) in liver cancer patients [(C) from GEPIA: http://gepia.cancer-pku.cn/; (D–G) from KM plotter: http://kmplot.com/analysis/).
DISCUSSION
NAFLD is one of the most frequent metabolic diseases worldwide at present. It encompasses a wide spectrum of disorders including simple steatosis or nonalcoholic fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH), which may progress to liver fibrosis, hepatic cirrhosis or even hepatocellular carcinoma (Pierantonelli and Svegliati-Baroni, 2019). A variable extent of fibrosis occurs in approximately 20–30% of patients with chronically NAFLD and the mortality rate attributable to NAFLD-related cirrhosis is around 12–25% (Massoud and Charlton, 2018). Another characteristic feature of NAFLD progression is HCC (Bessone et al., 2019). NAFLD-related cirrhosis accounts for 10–34% of the known causative factor of HCC, while patients with noncirrhotic NASH comprising 13–49% of all HCCs. At present, diabetes mellitus and obesity are considered as the major risk factors for the pathogenesis of NAFLD (Huang et al., 2021). The metabolic disorder of diabetes could promote the release of free fatty acids, which triggers the generation of pro-inflammatory cytokines and ROS (reactive oxygen species), and obesity could further stimulate the development of chronic liver inflammation. Hepatic accumulation of free fatty acids impairs mitochondrial functions and mediates death of CD4+ T lymphocytes selectively mediated by ROS, and reducing immune surveillance (Ma et al., 2016). In addition, it has been demonstrated that IgA+ cells accumulated in nonalcoholic steatohepatitis (NASH) and accelerated hepatocarcinogenesis via suppressing CD8+ T cells (Shalapour et al., 2017). Thus, the progression of NAFLD could contribute to the prevalence of cirrhosis and HCC worldwide. However, the molecular mechanisms on how NAFLD progresses from non-fibrosis to advanced fibrosis, which ultimately lead to HCC, are yet to be excavated.
In this current study, we extracted gene expression matrix of non-fibrosis NAFLD and fibrosis NAFLD tissue comparing to normal liver tissue or advanced fibrosis NAFLD tissue comparing to mild fibrosis from the two GEO datasets and screened out 112 co-expressed DEGs that could affect NAFLD progression. To further gain insight into the potential functions of these target genes, standard biological processes and pathways analysis of the common DEGs indicated that NAFLD progression from non-fibrosis to advanced fibrosis was inseparable from the glucocorticoid receptor pathway, regulation of transmembrane transporter activity, peroxisome and proteoglycan biosynthetic process. Studies has shown that the glucocorticoid receptor pathway was crucial for the progression of NAFLD. Glucocorticoid receptor β could induce hepatic steatosis via inflammation activation (Marino et al., 2016), and selective regulation on glucocorticoid receptor could reverse and prevent nonalcoholic fatty liver disease in mice models (Koorneef et al., 2018). Regulation of transmembrane transporter activity was proved to retard NAFLD progression by ameliorating hepatic glucose metabolic disorder (Guo et al., 2020). Peroxisome was also involved in multiple perturbed biological processes in NAFLD, including glucose and lipid metabolism, inflammation, and overall energy homeostasis (Francque et al., 2021). Peroxisome proliferator-activated receptors (PPARs) are a series of nuclear regulatory factors which regulate the activation of inflammatory cells and the fibrogenic process. It has been demonstrated that PPARs agonism shown favorable effect on liver morphology in phase IIb clinical trials (Ratziu et al., 2016; Francque et al., 2021). What is more, proteoglycan biosynthetic process was activated during the progression of NAFLD. For instance, TSK, a member of proteoglycan family that could link NAFLD to the development of atherogenic dyslipidemia and atherosclerosis (Mouchiroud et al., 2019). Therefore, we thought that these genes were strongly associated with NAFLD progression and worth further study.
Subsequently, 6 hub genes were identified following construction of the PPI network, which were considered as potential markers during the process of NAFLD progression. Through both in vivo and in vitro experiments, we demonstrated that ZWINT and NUSAP1 were up-regulated under high fat conditions and consistent with sequencing results. To identify genes linking NAFLD progression and HCC, we further explored the expression pattern and prognostic value of these two genes in NAFLD related HCC through public databases. NUSAP1 was not only up-regulated in NAFLD liver cancer but also associated with shorter OS (p < 0.05), RFS (p < 0.05), PFS (p < 0.05) and DFS (p < 0.05). In summary, NUSAP1 was identified as a target which could mediate NAFLD progression from no-fibrosis to advanced fibrosis which contributed to the NAFLD-HCC eventually.
NUSAP1 was a 55-kD nucleolar-spindle-associated protein expressed in proliferating cells preferentially (Raemaekers et al., 2003), which was involved in many biological processes such as mitosis, cytokinesis, kinetochore microtubule dynamics and chromosomal segregation (Li et al., 2016a; Li et al., 2016b). In addition, NUSAP1 also played essential roles in tumor progression. Michael et al. has demonstrated that NUSAP1 could serve as SCFcyclin F substrate that took part in the process of ubiquitin-dependent proteolysis during S and G2 phases of the cell cycle (Emanuele et al., 2011) and the presence of NUSAP1 was associated with more resistance formation upon chemotherapy agents (Emanuele et al., 2011). In liver cancer, knockdown of NUSAP1 could inhibit HCC cell proliferation, migration, and invasion in vitro and reduce its growth in vivo (Roy et al., 2018). In our study, we also demonstrated that NUSAP1 was high up-regulated in NAFLD patients and liver cancer cells under high fat conditions. NUSAP1 was also associated with cell proliferation and migration under high fat conditions and may promote lipid accumulation. That may be why NUSAP1 was elevated in NAFLD patients with liver fibrosis, where the capacity of regeneration of the liver by compensatory proliferation is dramatically reduced. More importantly, pro-inflammatory cytokines and ROS played an important role in the progress of NAFLD to HCC. Lipid accumulation results in chronic low-grade inflammation, triggering production of the cytokines IL-6 and TNF (Park et al., 2010), which induced cell proliferation and antiapoptotic pathways, and was found to be important for NASH-related HCC development (Kutlu et al., 2018). Therefore, cell proliferation might be an important NAFLD progression signatures, and NUSAP1 could serve as a prospective therapeutic target for NAFLD.
To conclude, 112 prospective candidate genes associated with NAFLD progression were screened out, which are involved in many pathways related to pathogenesis. All of these DEG should be further validated by experimental validation. Moreover, NUSAP1, ZWINT, KIAA0101, UHRF1, RAD51AP1, as prospective markers for NAFLD progression, they have not been linked previously, either in diagnosis or in research. Finally, we demonstrated that NUSAP1 had great potential as a drug target for preventing based on in vitro and in vivo experiments.
However, some limitations in this study also should be recognized. First of all, given the complexity of datasets included in this study, it is difficult to assess some confounding covariates when analyzing the DEGs, such as different ages, races, regions, and classification of patients. Secondly, the hub genes were all strongly linked to the disease progression of NAFLD, but the mechanism of regulation was not precise.
CONCLUSION
Our study confirmed that the abnormally elevated expression of NUSAP1 was closely related to the progression of NAFLD patients from no-fibrosis to fibrosis, and even to HCC, indicating that their antagonism may inhibit or delay the process of NAFLD to HCC.
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Non-alcoholic steatohepatitis (NASH) is the progressive stage of non-alcoholic fatty liver disease (NAFLD). The non-absorbable antibiotic rifaximin has been used for treatment of irritable bowel syndrome, traveling diarrhea, and hepatic encephalopathy, but the efficacy of rifaximin in NASH patients remains controversial. This study investigated the effects and underlying mechanisms of rifaximin treatment in mice with methionine and choline deficient (MCD) diet-induced NASH. We found that rifaximin greatly ameliorated hepatic steatosis, lobular inflammation, and fibrogenesis in MCD-fed mice. Bacterial 16S rRNA sequencing revealed that the gut microbiome was significantly altered in MCD-fed mice. Rifaximin treatment enriched 13 amplicon sequence variants (ASVs) belonging to the groups Muribaculaceae, Parabacteroides, Coriobacteriaceae_UCG-002, uncultured Oscillospiraceae, Dubosiella, Rikenellaceae_RC9_gut_group, Mucispirillum, and uncultured Desulfovibrionaceae. However, rifaximin treatment also reduced seven ASVs in the groups Aerococcus, Oscillospiraceae, uncultured Ruminococcaceae, Bilophila, Muribaculaceae, Helicobacter, and Alistipes in MCD-fed mice. Bile acid-targeted metabolomic analysis indicated that the MCD diet resulted in accumulation of primary bile acids and deoxycholic acid (DCA) in the ileum. Rifaximin delivery reduced DCA levels in MCD-fed mice. Correlation analysis further showed that DCA levels were associated with differentially abundant ASVs modulated by rifaximin. In conclusion, rifaximin may ameliorate NASH by decreasing ileal DCA through alteration of the gut microbiome in MCD-fed mice. Rifaximin treatment may therefore be a promising approach for NASH therapy in humans.
Keywords: rifaximin, non-alcoholic steatohepatitis, gut microbiome, bile acids, deoxycholic acid, farnesoid X receptor
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases worldwide. Approximately 20–30% of the generally Western population and 25% of Chinese people are estimated to suffer from NAFLD (Younossi et al., 2019; Lin et al., 2020). The early stage of NAFLD primarily manifests as hepatic steatosis with increased serum cholesterol and triglyceride levels. Non-alcoholic steatohepatitis (NASH), the progressive subtype of NAFLD, is characterized by liver steatosis, hepatocellular injury, inflammation, and different degrees of fibrosis (Ni et al., 2017; Friedman et al., 2018). NASH is a pathogenic factor for end-stage liver diseases such as cirrhosis and hepatocellular carcinoma (HCC) (Kim et al., 2018; Zhang et al., 2021). Although the high prevalence of NAFLD and related chronic liver diseases is a great public health concern, many clinical trials for NAFLD treatments have failed, and there is still no approved effective medicine to treat NASH (Haas et al., 2016; Francque, 2021; Francque et al., 2021).
It is well recognized that gut microbiome composition is essential for the progression of NAFLD. Bacterial fermentation metabolites, including short-chain fatty acids (SCFAs), succinate, ethanol, and bile acids, have been reported to affect the occurrence and progression of NAFLD (Gil-Gomez et al., 2021). Primary bile acids, are synthesized in the liver, followed by conjugation and transported to the intestine. Such primary bile acids include chenodeoxycholic acid (CDCA) and cholic acid (CA) in humans, and CA, muricholic acids (MCAs), and ursodeoxycholic acid (UDCA) in rodents (Wahlstrom et al., 2016). Intestinal bacteria convert primary bile acids into secondary bile acids, such as deoxycholic acid (DCA), tauroursodeoxycholic acid (TUDCA) and lithocholic acid (LCA) (Wahlstrom, et al., 2016). One of the most essential functions of these bile acids is to regulate farnesoid X receptor (FXR), which influences lipid metabolism (Fiorucci et al., 2021). A semisynthetic derivative of CDCA named obeticholic acid (OCA) is an agonist of FXR (Pellicciari et al., 2002). In Phase II and III trials, OCA reduced NASH-induced fibrosis (Fiorucci et al., 2019). A previous study revealed that the inhibition of intestinal FXR signaling by glycoursodeoxycholic acid (GUDCA) reduces the expression of fibroblast growth factor 15 (FGF15) and subsequently reverses lipid metabolic dysregulation in obese mice (Sun et al., 2018). Moreover, blocking bile acid transportation in the intestine was associated with decreased lipid accumulation in the liver of high fat diet (HFD)-fed mice (Rao et al., 2016; Arab et al., 2017). Thus, gut microbiome-related bile acid metabolic disorders may play important roles in NAFLD.
Rifaximin is a non-systemic antibiotic targeting a broad range of bacteria in the gastrointestinal tunnel with minimal absorption. It has been used clinically for the treatment of irritable bowel syndrome, traveling diarrhea and hepatic encephalopathy (Bass et al., 2010; Caraceni et al., 2021). Rifaximin is also used for the treatment of NASH in rats and humans, but the efficacy of this treatment remains controversial. A study by Cheng et al., in 2012 revealed that chronic exposure to rifaximin (6 months) led to hepatic steatosis in pregnane X receptor-humanized mice, demonstrating this is a potential side effect of rifaximin (Cheng et al., 2012). A recent report by Yukihisa et al. indicated that rifaximin combined with angiotensin-II receptor blocker attenuated choline-deficient/l-amino acid-defined (CDAA) diet-induced NASH fibrosis in rat (Fujinaga et al., 2020). Clinically, Gangarapu et al. found that short-term rifaximin treatment (1,200 mg/day) for 28 days decreased the level of serum endotoxemia and increased liver function in NASH patients (Gangarapu et al., 2015). Abdel-Razik et al. also reported that rifaximin administration (1,100 mg/day) for 6 months reduced NAFLD liver fat scores and improved serum endotoxemia, insulin resistance, and proinflammatory cytokine levels (Abdel-Razik et al., 2018). However, Cobbold et al. showed that a 6-week treatment with rifaximin (800 mg/day) had no beneficial effect on NASH (Cobbold et al., 2018). Therefore, the role of rifaximin in NASH treatment requires further clarification.
In the present study, we aimed to investigate the potential benefits of rifaximin in treating methionine and choline deficient (MCD) diet-induced NASH in mice (Zhu et al., 2019). We also analyzed the effect of rifaximin on the gut microbiome and bile acids profile. Our results provide new insights into potential clinical treatment of NAFLD by using rifaximin to alter the gut microbiome and associated metabolites.
METHODS AND MATERIALS
Animals and Treatments
Male C57BL/6 wild-type littermates (6 weeks old, weighing nearly 20 g, obtained from the Shanghai Experimental Center of Chinese Academy of Sciences) were fed with an MCD diet (TP 3005M, Trophic Animal Feed High-tech Company, China) or standard methionine-and choline-sufficient (MCS) diet (TP 3005 GS, Trophic Animal Feed High-tech Company, China) ad libitum for 6 weeks. To evaluate the effects of rifaximin, a dose of 100 mg/kg/day rifaximin was administered by gavage to eight mice 2 weeks after beginning the MCD diet and continuing for 4 weeks. The control mice were gavage by saline. All mice were housed at the experimental animal center of Second Military Medical University in a specific pathogen-free environment at 24°C temperature under a 12/12 h light/dark cycle. At experimental end points, mice were euthanized and samples were harvested. Body and liver weight were recorded.
Histological Studies
Mouse liver sections fixed with 10% formalin were embedded in paraffin, then sliced into 4 μm-thick sections and stained with hematoxylin and eosin (H&E) for histopathological examination. Two investigators blinded to the treatments independently assigned a Non-alcoholic Fatty Liver Disease Activity Score (NAS) for each sample. NAS is a composite score including steatosis, lobular inflammation, and cytological ballooning (Puri and Sanyal 2012). Steatosis was scored on a scale of 0–3 based on low to medium power evaluation of parenchymal involvement according to the following criteria: 0 (<5%), 1 (5–33%), 2 (33–66%), or 3 (>66%). Inflammation was scored on a scale of 0–3 by overall assessment of all inflammatory foci according to the following criteria: 0 (No foci), 1 (<2 foci per 20x optical field), 2 (2-4 foci per 20x optical field), or 3 (>4 foci per 20x optical field). Hepatocellular ballooning was scored on a scale of 0–2 based on evaluation of enlarged vacuolated cells proportion according to the following criteria: 0 (none), 1 (mild, few), or 2 (moderate, many) (Puri and Sanyal 2012). Oil Red O staining was performed on liver sections fixed in 4% paraformaldehyde or frozen samples embedded in optimal cutting temperature compound (OCT). Samples were cut with a cryostat into 8-μm sections to evaluate the degree of hepatocyte steatosis. Fibrosis was assessed in liver sections embedded in paraffin and stained with Sirius Red. The intensity of steatosis and fibrogenesis were measured based on the percentage of tissue area stained with Oil Red O staining or Sirius Red using the image analysis software IMAGE-PRO Plus 6.0 (Media Cybernetics, United States).
Immunohistochemistry
Immunohistochemical staining was performed on the paraffin-embedded liver sections according to standard procedures. Liver sections were deparaffinized with 100% xylene, rehydrated with an ethanol gradient followed by 100% ethanol, 95% ethanol, 85% ethanol, and 75% ethanol, and immersed in 3% H2O2 to remove endogenous peroxidase. After antigen retrieval, slides were incubated with the primary antibodies α-SMA (ab5694, Abcam, Cambridge, United Kingdom) and Col1a1 (BA0325, Boster, Wuhan, China) overnight at 4°C. Samples were then incubated with horseradish peroxidase-linked immunoglobulin G secondary antibody (GK500710, Gene Tech, Shanghai, China) at room temperature for 1 h. Staining was performed using an Envision Detection Rabbit/Mouse Kit (GK500710, Gene Tech).
Quantitative Real-Time PCR Analysis
Total RNA was extracted from liver and terminal ileum tissues using TRIzol Reagent (Invitrogen, Carlsbad, CA, United States). The 20 µl first-strand cDNA synthesis consists with 2 µg of total RNA resolved in RNase free water and retrotranscribed with 4 µl PrimeScript RT Master Mix (Takara, Kyoto, Japan). For quantitative PCR, cDNA was reverse-transcribed and then amplified with SYBR Green PCR Kit (Life Technologies, Carlsbad, CA, United States). PCR conditions were as follows: 95°C 10 min, then 40 cycles at 95°C for 30 s and 60°C for 1 min mRNA levels were normalized to those of Gapdh mRNA. Primers for Acta2, Col1a1, Cyp7a1, Cyp7b1, Cyp8b1, Cyp27a1, Fxr, Fgf15, and Shp are shown in Supplementary Table S1.
Western Blot Analysis of Hepatic Proteins
Western blot was performed on liver protein extracts using RIPA buffer as previously described, including Srebp1, Pparγ, α-SMA, Col1a1, and Gapdh (Qian et al., 2015). Gapdh was used as the loading control for total protein. Primary antibodies are listed in Supplementary Table S2.
Lipopolysaccharide Measurement
Serum LPS was quantified using a commercial enzyme-linked immunosorbent assay (ELISA) kit for Mouse LPS (F11123, Xi Tang, Shanghai, China). In short, serum samples were first diluted into 1:10 and added per well for 100 μl incubating 40 min at 37°C. The board was washed with washing solution 6 times before adding biotinylated antibody. Next, after enzyme conjugated with biotinylated antibody, 100 μl coloring solution and 100 μl stop solution per well were added subsequently. Microplate reader was used to measure the absorbance at 450 nm.
Measurement of Hepatic Hydroxyproline Content
Total hepatic hydroxyproline levels were assayed to quantify liver collagen content using a commercial hydroxyproline assay kit (A030-2, Jiancheng, Nanjing, China). Briefly, 100 mg of wet liver samples was hydrolyzed for 20 min at 95°C. Next, samples were adjusted to neutrality and reacted with the corresponding detected resolution. The absorbance at 550 nm was recorded using microplate reader, and the concentration were calculated based on a standard product.
Determination of Bile Acids
One hundred mg terminal ileum samples were mixed with NaOH and acetonitrile and centrifugated. After centrifugation, supernatants were placed in a chromatographic bottle for detection of bile acid levels (Majorbio Bio-Pharm Biotechnology, Shanghai, China). Chlorpropamide was used as an internal standard for bile acid levels. Bile acid concentrations of terminal ileum samples were qualitatively and quantitatively determined by LC-ESI-MS/MS analysis method (Waters Corp., Milford, MA). Mass spectrometry system included air curtain gas 40, ion spray voltage −4500 V, temperature 550°C, ion source GAS1:50, and ion source GAS2:50. Chromatographic separation was performed on a BEH C18 liquid chromatography column (100 × 2.1 mm, 1.8 μm, Waters Corp.) The injection quantity is 5 μl and mobile phase included phase A (0.1% formic acid in water) and phase B (0.1% formic acid in acetonitrile). Bile acids standards were used to identify different bile acids metabolites detected by LC-MS. Finally, the mass spectral peak area of the sample analyte was substituted into linear equation to calculate the concentration of bile acids levels.
Stool Sample Collection, Microbial DNA Extraction and Sequencing
Fresh fecal samples were collected from the 24 mice on the day of sacrifice and immediately frozen at −80°C. DNA extraction and purification were performed with the QIAamp DNA Stool Minikit (Qiagen Ltd., Strasse, Germany) according to the manufacturer’s instructions. Briefly, weighing 150 mg wet stool were added to microcentrifuge tube containing lysis buffer and 25 µl Proteinase K, and vortexed to begin homogenization. Buffer AL (200 µl) was added to the sample and mixed. The QIAamp spin column labeled 1.5 ml microcentrifuge tube was placed for collecting DNA extraction. The quality of the extracted DNA was visualized on a 1% agarose gel. The V3-V4 hypervariable regions of the 16S rRNA genes were amplified using primers 338F (5′-ACT​CCT​ACG​GGA​GGC​AGC​AG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Paired end sequencing was performed on the Illumina MiSeq PE300 platform (Illumina, San Diego, CA, United States) using standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (shanghai, China).
Bioinformatic Analysis
The original data pre-processing and downstream bioinformatic analysis were primary conducted using Quantitative Insights into Microbial Ecology 2 (QIIME2, version 2021.04). Unless otherwise stated, default parameters for all programs and analyzes were used. Briefly, adapter sequences were trimmed with the script “qiime cutadapt trim-paired”. The DADA2 pipeline (with parameters “–p-trunc-len-f 269 –p-trunc-len-r 204”) was used for sequence filtering, dereplication, chimera identification and clustering high-quality reads into amplicon sequence variants (ASVs). The SILVA reference database (version 138) was used to annotate the ASVs (Quast et al., 2013). To correct for bias derived from sampling depth, subsampling was performed to 23,680 reads per biological sample. The alpha and beta diversity were calculated with “qiime diversity core-metrics-phylogenetic”. PICRUSt (version 2.4.1) was applied to predict functional genes and pathways.
Data Visualization
GraphPad 7.0 (GraphPad Software, San Diego, CA, United States) was used to visualize data for mice features, qRT-PCR, histological data and bile acid contents. The gut microbiome analysis was visualized using Origin Pro 2021 (OriginLab, Northampton, MA, United States).
Statistical Analysis
Statistical analyze were performed in GraphPad Prism 7.0. Comparisons made between multiple treatment groups were conducted with one-way analysis of variance (ANOVA) or Kruskal-Wallis test. Principal coordinate analysis (PCoA) was performed using the Unweighted Unifrac method. The linear discriminant analysis (LDA) effect size (LEfSe) method was implemented using LEfSe v1.0. ASV clustering was performed using the between-groups linkage method, and Pearson correlation calculation was conducted with SPSS Statistics 26 (SPSS Inc., Chicago, IL, United States). Correlation analysis of gut microbiome with bile acids in the terminal ileum was conducted using the nonparametric Spearman’s rank test with Origin Pro 2021. p < 0.05 was considered statistically significant.
RESULTS
Rifaximin Alleviates Steatohepatitis in MCD Diet-Induced NASH Mice
To evaluate the effect of Rifaximin on non-alcoholic steatohepatitis (NASH) in mice, C57BL/6 mice were fed with a methionine- and choline-deficient (MCD) diet for 6 weeks to induce NASH. Rifaximin treatment was started after 2 weeks of the MCD diet and continued for 4 weeks (Figure 1A). As expected, MCD-fed mice had a significant decrease in body weight and increase in liver/body weight ratio compared with the control methionine and choline-sufficient (MCS)-fed mice (Figure 1B, Supplementary Figure S1A). Interestingly, rifaximin markedly reduced the liver/body weight ratio but did not alter body weight in MCD-induced NASH mice (Figure 1B, Supplementary Figure S1A). Macroscopic observation showed much more severe hepatic lipid deposition in MCD-fed mice compared with MCS-fed mice, whereas rifaximin treatment reduced liver lipid deposition in MCD-fed mice (Figure 1C). The Non-alcoholic Fatty Liver Disease Activity Score (NAS) incorporates hepatocellular ballooning, interlobular inflammation and steatosis scores, and has been used to evaluate the severity of NASH (Puri and Sanyal 2012). Rifaximin treatment decreased the interlobular inflammation and steatosis scores and NAS in MCD-fed mice. The ballooning score was numerically improved but with no significant difference in rifaximin-treated mice compared with untreated MCD-fed mice (Figures 1D,E). Consistent with the steatosis scores, Oil Red O staining and hepatic triglyceride level confirmed that elevated lipid deposition in the liver of MCD-fed mice was reduced by rifaximin treatment (Figures 1F,G and Supplementary Figure S1C). Srebp1 and Pparγ, which are essential regulators of lipid synthesis (Lee et al., 2018; Romano et al., 2021), were increased in MCD-fed mice and downregulated by rifaximin treatment (Figure 1H). To evaluate the activation of Srebp1, we investigated the location of Srebp1 expression using IHC. The data showed that the levels of Srebp1 in nuclear and cytoplasm were increased in the liver of MCD-fed NASH mice and reduced by rifaximin treatment (Supplementary Figure S1D). We also detected the expression of lipogenic genes regulated by Srebp1 using real-time qPCR and found that rifaximin treatment significantly reduced the expression of acetyl-CoA carboxylase-1 (ACC) in the mouse liver (Supplementary Figure S1E). Moreover, fatty oxidation related genes like carnitine palmitoyl transferase 1A (Cpt1a) mRNA was decreased in MCD-diet mice and rifaximin treatment reversed its transcriptional expression, indicating that rifaximin may also contribute to increasing hepatic lipid oxidation (Figure 1I). The MCD diet also increased plasma levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), which were suppressed by rifaximin treatment (Supplementary Figure S1B). These data demonstrate a preventive effect of rifaximin on MCD diet-induced NASH in mice.
[image: Figure 1]FIGURE 1 | Administration of rifaximin ameliorates experimental non-alcoholic steatohepatitis (NASH) in MCD-fed mice. (A) Schematic illustration of the experimental design. (B) Liver to body weight ratio of C57BL/6 mice. (C) Representative macroscopic photographs of livers for mice fed with control diet (MCS) or MCD and with rifaximin gavage. (D) Representative images of paraffin-embedded liver sections stained with hematoxylin and eosin (H&E). Scale bars = 200 µm. (E) Histological scores of hepatic ballooning, inflammation, steatosis and total NAS based on H&E staining. (F) Representative histological staining for neutral lipid (Oil Red O) in mouse livers. Scale bars = 100 µm. (G) Hepatic triglyceride levels in mice. (H) Srebp1 and Pparγ expression in mouse liver. (I) Cpt1a mRNA levels in mouse livers. Gapdh is for normalization. Data are expressed as mean ± standard deviation. For B, E, G and I: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (p value was determined by one-way ANOVA). n = 8 mice per group.
Rifaximin Treatment Attenuates MCD Diet-Induced Hepatic Inflammation and Fibrosis in NASH Mice
Previous studies have revealed that the MCD diet induces hepatic inflammation (Li et al., 2020; Zhang et al., 2018). Serum lipopolysaccharide (LPS) serves as a trigger of hepatic inflammation (Okubo et al., 2016); we therefore measured LPS levels. The MCD diet resulted in a significant increase in serum LPS content, which was reduced by rifaximin treatment (Supplementary Figure S2A). The elevation of serum LPS levels caused increased expression of proinflammatory cytokines (Peng et al., 2021). Consistent with these results, qRT-PCR revealed increased expression of proinflammatory cytokine genes, including Tnfα and Mcp1 in the liver of the NASH mice (Supplementary Figure S2B). Expression of Tnfα was decreased significantly after rifaximin treatment, indicating that rifaximin attenuated the lobular inflammation of MCD-fed mice (Supplementary Figure S2B).
Liver fibrosis is one of the most essential determinants to assess the stage and progression of NASH (Puri and Sanyal 2012). We found that collagen deposition and expression of collagen alpha 1 (Col1a1) and alpha smooth muscle actin (α-SMA) were increased in the livers of MCD-fed mice (Figures 2A–D). Rifaximin treatment significantly decreased collagen deposition and the expression of Col1a1 and α-SMA (Figures 2A–D). Liver hydroxyproline content was also enhanced in MCD-fed mice compared with MCS-fed mice (Figure 2E). However, after rifaximin treatment, hydroxyproline content in the liver was markedly reduced. These data indicate that rifaximin alleviates hepatic inflammation and fibrosis in NASH mice.
[image: Figure 2]FIGURE 2 | Rifaximin treatment alleviates MCD diet-induced hepatic fibrosis in mice. (A) Representative images of paraffin-embedded liver sections stained with Sirius Red (left panel) and semiquantitative analysis of Sirius Red staining positive area in mouse liver tissues (right panel). Scale bars = 200 µm. (B) Representative images of α-SMA and Col1a1 immunostaining. Scale bars = 200 µm. (C) qRT-PCR analysis of Acta2 and Col1a1 mRNA levels in mouse livers. Gapdh is for normalization. (D) Representative western blot analysis of α-SMA and Col1a1 in mouse livers. (E) Hydroxyproline content in mouse livers. Data are expressed as mean ± standard deviation. For A, C, E: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (p value was determined by one-way ANOVA). n = 8 mice per group.
Rifaximin Administration Alters the gut Microbiome in NASH Mice
As a non-systemic antibiotic, rifaximin targets the intestinal microbiome with minimal absorption. To evaluate the effect of rifaximin on the intestinal microbiome, we performed 16S rRNA amplicon sequencing of microbial DNA. Unweighted UniFrac principal coordinate analysis (PCoA) based on amplicon sequence variant (ASV) distributions revealed that the overall composition of the intestinal microbiome was significantly altered by the MCD diet (p = 0.001) and by rifaximin treatment (p = 0.001) (Figure 3A). The MCD diet significantly reduced alpha diversity indexes, such as Shannon diversity and Pielou’s evenness (Figure 3B). However, this effect was significantly reversed by rifaximin treatment.
[image: Figure 3]FIGURE 3 | Effects of rifaximin on the gut microbiome in the MCD diet induced NASH mice. (A) Clear separation of samples by diets and rifaximin treatment was observed via Principal coordinate analysis (PCoA) of the Unweighted UniFrac distance based on ASVs. (B) Alpha diversity of three cohorts based on ASVs, measured in terms of the Shannon index and Pielou’s evenness. (C) The relative abundance of 41 differentially abundant ASVs identified by linear discriminant analysis effect size (LEfSe) (log(LDA) > 2 and p < 0.05) among the MCS diet, MCD diet, and rifaximin treatment groups through pairwise comparison between multiple groups. Clustering was performed using the Pearson measurement. *p < 0.05, **p < 0.01, ***p < 0.001.
A total of 41 ASVs were increased or decreased between samples, as identified by LEfSe analysis through pairwise comparison between multiple groups (log(LDA) > 2, p < 0.05) (Figure 3C). The 41 ASVs formed three main clusters when using the Pearson measurement (Figure 3C). A total of six ASVs including ASV162 (Facklamia_tabacinasalis) were enriched in the control diet group and decreased in the MCD diet-induced NASH mice. ASV8 (Alistipes), ASV16 (Helicobacter), ASV56 (uncultured_bacterium), and ASV20 (uncultured_bacterium) were significantly increased in the MCD-fed mice, but rifaximin treatment nearly depleted these ASVs. Moreover, rifaximin treatment increased abundant of 13 ASVs, including ASV69 (Clostridium_sp.) and ASV112 (Parabacteroides_distasonis) (Figure 3C). These results indicate that rifaximin further changes the MCD diet-induced alteration of the gut microbiome in NASH mice.
Rifaximin Shifts the Metagenomic Function of the Intestinal Microbiome in the MCD Diet-Induced NASH Mice
The function of gut microbiome was predicted with PICRUSt (Langille et al., 2013). Biochemical pathways that were enriched or decreased by MCD diet and rifaximin treatment were assessed by LEfSe based on pathways from the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2008). The MCD diet decreased four KEGG pathways: TCA cycle VIII (helicobacter), superpathway of Clostridium acetobutylicum acidogenic fermentation, pyruvate fermentation to butanoate, and fatty acid and beta oxidation I, whereas the superpathway of demethylmenaquinol-6 biosynthesis II was increased (Figure 4). Rifaximin administration enriched eleven KEGG pathways: superpathway of sulfur oxidation, taxadiene biosynthesis, thiazole biosynthesis II, superpathway of thiamin diphosphate biosynthesis II, 1, 4-dihydroxy-6-naphthoate biosynthesis I, L-glutamate degradation VIII, glutaryl-CoA degradation, L-lysine fermentation to acetate and butanoate, L-tyrosine degradation I, TCA cycle VIII, and fatty acid and beta oxidation I (Figure 4). Rifaximin decreased six KEGG pathways: which were related to the glycolysis V, 2-methylcitrate cycle II, catechol degradation to 2-oxopent-4-enoate II, 2-methylcitrate cycle I, TCA cycle VII (acetate-producers), and superpathway of demethylmenaquinol-6 biosynthesis II (Figure 4). Among these predicted pathways data using PICRUSt, we found rifaximin treatment altered microorganisms’ functional pathways in the MCD diet induced NASH mice, including fatty acid and beta oxidation I pathway et al. Therefore, we proposed that rifaximin treatment may be related to microorganisms’ lipid metabolism.
[image: Figure 4]FIGURE 4 | Functional pathways of the gut microbiome were altered by MCD diet and rifaximin treatment. KEGG pathways that were enriched or depleted in different treatment groups were identified by PICRUSt analysis and selected using linear discriminant analysis through pairwise comparison between multiple groups (log(LDA) > 2 and p < 0.05). Stacked bars display the relative abundance of different KEGG biological pathways.
Rifaximin Regulates the Level of DCA in the Ileum in the MCD Diet Induced NASH Mice
Disorders in the intestinal bile acids profile are associated with the development of Non-alcoholic fatty liver disease (NAFLD) (Hu et al., 2020). In this study, we investigated metabolic profiles of bile acids in the mouse ileum. The MCD diet induced notable upregulation of primary bile acids including cholic acid (CA), chenodeoxycholic acid (CDCA), muricholic acids (MCAs), ursodeoxycholic acid (UDCA), and glycine cholic acid (GCA) in mice. This suggested that the MCD diet may alter synthesis of primary bile acids in the liver (Figure 5A). Furthermore, the secondary bile acid deoxycholic acid (DCA) was also substantially higher in the MCD diet induced NASH mice (Figure 5A). Notably, rifaximin administration significantly suppressed the DCA content while the other bile acid levels remained statistically unchanged (Figure 5A). Because DCA is a natural agonist of farnesoid X receptor, we performed qRT-PCR to measure expression of genes related to Fxr-Fgf15 signaling in the intestine and its negative feedback loop in the liver (Makishima et al., 1999). Consistent with the increase in DCA levels associated with the MCD diet, Fxr, Shp1, and Fgf15 were upregulated in the intestine while Cyp7a1, Cyp7b1, Cyp8a1 and Cyp27a1 were significantly downregulated in the liver (Figures 5B,C). Moreover, rifaximin reversed the activation of Fxr-Fgf15 signaling in the ileum and promoted expression of Cyp7a1 in the liver (Figures 5B,C). These data suggest that rifaximin may attenuate MCD-induced NASH by modulating the DCA profile and downstream signaling in the intestine.
[image: Figure 5]FIGURE 5 | Impact of rifaximin on bile acid levels in the ileum and on the FXR signaling pathway. (A) Bile acid levels in the distal ileum. Levels of DCA decreased significantly after rifaximin treatment in MCD-fed mice n = 7 mice in each group. (B) Relative expression of Fxr and its target genes Fgf15 and Shp in the mouse intestine. (C) Relative expression of Cyp7a1, Cyp7b1, Cyp8b1, and Cyp27a1 mRNAs. Gapdh is for normalization. *p < 0.05, **p < 0.01, ***p < 0.001 (Kruskal-Wallis test). n = 8 mice in each group.
Many studies have revealed that the gut microbiome has an impact on the synthesis of bile acids (Sayin et al., 2013; Wahlstrom, et al., 2016). To further identify interactions between the gut microbiome and levels of bile acids in the ileum, Spearman correlation analysis was performed to determine if there was an association between differentially abundant ASVs and bile acid levels. Eight ASVs were associated with the significant increase of primary bile acids in the MCD-fed mice compared with MCS-fed mice. The primary bile acids in mice, namely CA, CDCA, MCAs, UDCA, and GCA, were negatively correlated with six ASVs and positively correlated with two ASVs (Figure 6A). In contrast, DCA showed a negative correlation with rifaximin-elevated ASVs (belonging to uncultured Desulfovibrionaceae, Mucispirillum, Rikenellaceae_RC9_gut_group, Dubosiella, Parabacteroides, Coriobacteriaceae_UCG-002, Muribaculaceae) (Figure 6B). Notably, ASV8, ASV20 and ASV56 (belonging to the groups Alistipes, Muribaculaceae, Bilophila, respectively), which were enriched by the MCD diet but decreased by rifaximin treatment, exhibited a positive correlation with DCA (Figure 6B). These data indicate that rifaximin may decrease the DCA content by altering the gut microbiome in NASH mice.
[image: Figure 6]FIGURE 6 | Associations between the gut microbiome and bile acid levels in MCD diet induced NASH mice. (A) Heatmap showing the correlation between primary bile acids and differentially abundant ASVs in MCS and MCD-fed mice. (B) Heatmap showing the correlation between secondary bile acids and differentially abundant ASVs in MCD-fed mice with and without rifaximin treatment. Asterisk refers to the significant negative or positive correlation. *p < 0.05 (Spearman’s correlation analysis). The r value is represented by gradient colors. n = 7 mice in each group.
DISCUSSION
To our knowledge, there has been no prior report investigating the preventive effect of rifaximin for NASH mice. There are three published studies that evaluate the efficacy of rifaximin in human NASH therapy, but with contradictory conclusions (Abdel-Razik, et al., 2018; Cobbold, et al., 2018; Gangarapu, et al., 2015). The discrepancies may be due to differing treatment parameters (dosage and duration). For example, in the open-label pilot study that revealed no therapeutic benefit of rifaximin for NASH patients, the rifaximin dosage was relatively low (800 mg/day) and the duration was relatively short (6 weeks) (Cobbold, et al., 2018). In this study, we found that rifaximin delivery markedly inhibited MCD diet-induced liver steatosis and deposition, and reduced NAS in mice. Thus, we speculate that rifaximin may exert beneficial effects on NASH at a more standard dosage (1,100 or 1,200 mg/day). Interestingly, Cheng et al. reported that low dose (1 mg/kg) rifaximin treated to the PXR-humanized healthy mice for 6 months significantly up-regulated triglyceride synthesis genes in liver. However, feeding diet and rifaximin dosage may all have impact on the hepatic lipid metabolism. Moreover, the relation between PXR and rifaximin in NASH requires further investigation.
Many clinical trials have shown that rifaximin can decrease serum LPS and its downstream proinflammatory cytokines (Abdel-Razik, et al., 2018; Gangarapu, et al., 2015). In the present study, we also found that rifaximin decreased hepatic inflammation, serum LPS, and Tnfα and Mcp1 expression in MCD-fed mice. Additionally, the effect of rifaximin in inhibiting NASH-fibrosis has been reported in a previous study in rats (Fujinaga, et al., 2020). Consistent with those prior results, we found that rifaximin ameliorated MCD diet-induced fibrosis in the NASH mouse liver. Consequently, we inferred that the reduction of hepatic inflammation may contribute to relief of hepatic fibrosis in NASH mice.
Rifaximin suppresses the activity of pathogens such as enterotoxigenic Escherichia coli and Shigella by altering microbial virulence (DuPont, 2011). One study showed that the clinical improvement of patients with ulcerative colitis or irritable bowel syndrome undergoing rifaximin treatment was associated with an increase in Faecalibacterium abundance (Ponziani et al., 2020). In a visceral hyperalgesia rat model, rifaximin reduced the overall small bowel bacterial burden but increased the abundance of Lactobacillus species (Xu et al., 2014; Bloom et al., 2021). These results implied that rifaximin treatment results in alteration of gut bacterial composition. In this study, rifaximin was also found to have a great capacity to regulate the gut microbial composition. Rifaximin treatment decreased the abundance of seven ASVs, such as ASV8 (Alistipes) and ASV16 (Helicobacter) while increasing several ASVs such as ASV112 (Parabacteroides_distasonis). Additionally, we determined that rifaximin enriched or depleted cohorts of new uncultured bacteria. The function and the impact of these new uncultured bacteria on humans was required to be defined. These data suggest that the effect of rifaximin on MCD diet-induced NASH may be partly attributed to modulation of the gut microbiome.
Studies have revealed that intestinal flora are closely associated with bile acid metabolism (Hutka et al., 2021). Intestinal bacteria convert primary bile acids into secondary bile acids by microbial biotransformation, including deconjugation and oxidation of hydroxyl groups (Wahlstrom, et al., 2016). Previous studies had identified Clostridium and Eubacterium belonging to the Firmicutes phylum are associated with secondary bile acids (Kitahara et al., 2001). In the present study, we investigated the ileal bile acid profiles and discovered that DCA was significantly decreased by rifaximin treatment. We also found that DCA levels were negatively correlated with several ASVs belonging to the Firmicutes phylum, including ASV26, ASV39, ASV47, which were increased after rifaximin treatment. Bile acids regulate metabolism in the host mainly through the bile acid receptor Fxr (Wahlstrom, et al., 2016). As a natural intestinal Fxr agonist, DCA activates the intestinal Fxr-Fgf15 signaling pathway to inhibit hepatic expression of Cyp7a1 and Cyp7b1, which regulate lipid metabolism (de Aguiar Vallim et al., 2013; Kang et al., 2021). Our data show that rifaximin treatment significantly downregulated Fxr and Fgf15 in the terminal ileum while upregulating Cyp7a1 and Cyp7b1 in the liver. Based on these results, we inferred that rifaximin may alter the gut microbiome and reduce DCA in the terminal ileum to attenuate MCD diet-induced NASH in mice. However, additional studies are needed to confirm this conclusion and explore the exact mechanism. Taken together, we found that rifaximin treatment relieved the MCD-induced NASH by modulating gut microbiome and decreasing DCA-Fxr signaling in the ileum. This study may serve as the basis for the development of promising treatment of NAFLD by administrating rifaximin in the future.
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The liver plays an important role in glucose and lipid homeostasis, drug metabolism, and bile synthesis. Metabolic disorder and inflammation synergistically contribute to the pathogenesis of numerous liver diseases, such as metabolic-associated fatty liver disease (MAFLD), liver injury, and liver cancer. Celastrol, a triterpene derived from Tripterygium wilfordii Hook.f., has been extensively studied in metabolic and inflammatory diseases during the last several decades. Here we comprehensively review the pharmacological activities and the underlying mechanisms of celastrol in the prevention and treatment of liver diseases including MAFLD, liver injury, and liver cancer. In addition, we also discuss the importance of novel methodologies and perspectives for the drug development of celastrol. Although celastrol has been claimed as a promising agent against several metabolic diseases, both preclinical and clinical studies are highly required to accelerate the clinical transformation of celastrol in treating different liver illness. It is foreseeable that celastrol-derived therapeutics is evolving in the field of liver ailments.
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INTRODUCTION
The liver is a metabolic organ that is responsible for glucose and lipid homeostasis, drug metabolism, and bile synthesis (Diehl-Jones and Askin, 2002; Almazroo et al., 2017; Tappy, 2021). Liver diseases contain non-alcoholic fatty liver disease (NAFLD) and its related diseases, drugs or infections induced liver injury, liver cancer, and among others. With the aging of the population and the prevalence of obesity, NAFLD, known as metabolic-associated fatty liver disease (MAFLD), is becoming a threat to human health in the world, (Eslam et al., 2020). MAFLD begins with the accumulation of hepatic lipid, metabolic syndrome (central adiposity, hyperglycemia, dyslipidemia, and hypertension) (Mundi et al., 2020). Environment factors like dietary habits and the genetic factors such as PNPLA3 (encoding patatin-like phospholipase domain-containing protein3), TM6SF2 (encoding transmembrane 6 superfamily member 2), and epigenetic factors are the risk factors of MAFLD (Younossi et al., 2018). The current global prevalence of MAFLD is approximately 25%, which may develop into non-alcoholic steatohepatitis, eventually leading to liver fibrosis, cirrhosis, and even liver cancer if not treated in a timely fashion (Ye et al., 2020). Except for the liver damage, MAFLD and non-alcoholic steatohepatitis can also aggravate or induce insulin resistance, which are closely related to the high incidence of type 2 diabetes and cardiovascular disease (Liang et al., 2022). Liver injury as a loss of liver function is mainly caused by drug, infections, and intrahepatic cholestasis (Thawley, 2017). The drug-induced liver injury (DILI) is one of the most common and serious adverse drug reactions, which can lead to acute liver failure and even death in severe cases (Licata, 2016). With 831,000 death cases and 905,000 new cases in 2020, liver cancer with high mortality and incidence remains a global menace (Sung et al., 2021). Although many patients are diagnosed and treated at an early stage of the disease, the recurrence rate is still high. For middle and late-stage hepatic carcinoma, the prognosis is even less optimistic. Therefore, new therapy or drugs with better efficacy and lower toxicity are of great importance.
Traditional Chinese Medicine (TCM) was used to treat various diseases such as metabolic diseases, liver diseases, inflammation, and cancers for many years. In light of their numerous pharmacological activities, low toxicity, and low side effects, nature compounds from TCM are widely used to protect against liver diseases, such as berberine, curcumin, ginsenoside, celastrol, to name a few (Xu et al., 2018a). In Europe and America, up to 65% of patients choose herbal medicines to treat liver diseases (Zhang et al., 2013; Madrigal-Santillán et al., 2014; Bagherniya et al., 2018). Celastrol, a pharmacologically active compound from Tripterygium wilfordii Hook.f., possesses therapeutic properties for multiple diseases, such as rheumatoid arthritis, inflammatory bowel diseases, hepatitis, as well as anti-cancer, anti-obesity, and metabolic modulating (Feng et al., 2013; Lin et al., 2015; Liu et al., 2015; Tseng et al., 2017; Saito et al., 2019; Song et al., 2019). In recent years, celastrol has attracted the attention of researchers and the pharmaceutical industry due to its benefits on human health. Here, we summarized the studies exploring the pharmacological properties of celastrol in liver protection during 15 years from 2007 to 2021, and made a general statement about its mechanisms in liver-related diseases.
STUDY DESIGN
The PubMed and Web of Science databases were used to search related articles from 2007 to 2021. Cellular, animal, or human studies were searched with the keywords (celastrol) and (liver). Papers were extracted using the following inclusion criteria: (1) these studies should be research articles to estimate the hepatoprotective effects of celastrol; (2) only articles written in English were included. All titles and abstracts of publications retrieved were reviewed to select potentially eligible studies. Full texts of literatures potentially eligible were reviewed by two independent investigators. From a total of 181 results, 76 unique studies were identified, 88 duplication, 5 reviews, and 12 other article styles were excluded. After carefully reviewing the title and/or abstract, 18 were excluded 5 publications are irrelevant. A total of 53 articles were included in this review. A flowchart of this is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of the study design.
CELASTROL AND LIVER DISEASES
Celastrol and MAFLD
MAFLD, characterized by the hepatic fat accumulation, is usually correlated with the metabolic disorder related obesity (Samuel and Shulman, 2018; Jarvis et al., 2020), hepatic inflammation (Kazankov et al., 2019), oxidative stress (Ore and Akinloye, 2019; Świderska et al., 2019), and intestinal microbiome dysbiosis (Caussy and Loomba, 2018). Lipotoxicity induced by abnormal hepatic fat deposition activated Kuepfer cell (KC) to promote inflammation in MAFLD patients (Lanthier, 2015). Oxidative stress and endoplasmic reticulum (ER) stress resulted in mitochondrial reactive oxygen species (ROS) accumulation in hepatocytes, which in turn impaired glycolipid metabolism, accelerated inflammatory response, and introduced cell death in MAFLD (Ore and Akinloye, 2019; Świderska et al., 2019; Chen et al., 2020a). The reasonable management of body weight and dietary habits should be given a high priority in MAFLD patients. Although the antidiabetic and lipid-lowering drugs may help to reduce hepatic lipid accumulation (Mundi et al., 2020), there are no specific drugs for MAFLD approved in Europe and the United States. Recent research mainly focused on the metabolic targets, immune targets, fibrosis, cell stress, and apoptosis (Friedman et al., 2018). Celastrol as a promising compound exhibits good anti-obesity and anti-inflammatory effect on treating MAFLD.
Anti-Obesity Effects
The liver is vital for lipid and glucose metabolism and homeostasis, protein, and amino acid metabolism, where bile acids produce and flux to the digestive system. Numerous evidences supported that obesity is strongly associated with MAFLD development (Fabbrini et al., 2010). The liver protective effect and molecular mechanism of celastrol on high fat diet (HFD) induced MAFLD animal models have been well-investigated (Wang et al., 2014; Ma et al., 2015; Zhang et al., 2017a; Hu et al., 2017; Luo et al., 2017; Kyriakou et al., 2018; Pfuhlmann et al., 2018; Zhang et al., 2018; Feng et al., 2019a; Zhao et al., 2019a; Feng et al., 2019b; Chellappa et al., 2019; Fang et al., 2019; Abu Bakar et al., 2020; Hu et al., 2020; Zhu C. et al., 2021; Zhu Y. et al., 2021; Hua et al., 2021; Ouyang et al., 2021; Yang et al., 2021).
As a typical feature of obesity, leptin resistance was involved in the hepatic steatosis during the development of MAFLD (Myers et al., 2010; Boutari and Mantzoros, 2020). Leptin, a hormone secreted by adipose tissue, directly interacted with the leptin receptor in the brain and mediated food intake, energy metabolism, body weight, and other physiological processes (Xu et al., 2018b; Caron et al., 2018; Pan and Myers, 2018). Brain leptin promoted hepatic lipid flux and reduced lipogenesis in the liver (Hackl et al., 2019). Celastrol as a leptin sensitizer exhibited significant weight loss and food consumption reduction in HFD-obesity animals (Wang et al., 2014; Liu et al., 2015; Ma et al., 2015; Zhang et al., 2017a; Hu et al., 2017; Luo et al., 2017; Kyriakou et al., 2018; Pfuhlmann et al., 2018; Zhang et al., 2018; Feng et al., 2019a; Zhao et al., 2019a; Feng et al., 2019b; Chellappa et al., 2019; Fang et al., 2019; Saito et al., 2019; Abu Bakar et al., 2020; Hu et al., 2020; Zhu C. et al., 2021; Zhu Y. et al., 2021; Hua et al., 2021; Ouyang et al., 2021; Yang et al., 2021) (Table 1).
TABLE 1 | The summary of preclinical studies of celastrol in HFD induced MAFLD models.
[image: Table 1]Celastrol (100 μg/kg by intraperitoneally injection [i.p], or 10 mg/kg by oral administration [OA]) increased the leptin sensitivity to suppress food intake and reduce body weight in HFD induced C57BL/6J mice and was firstly reported in 2015 by Ozcan’s group (Liu et al., 2015), while the benefits of celastrol on obesity were abrogated in lean mice, leptin receptor-deficient (db/db), or leptin-deficient (ob/ob) mice/rats (Liu et al., 2015; Pfuhlmann et al., 2018; Feng et al., 2019a; Feng et al., 2019b; Saito et al., 2019; Hu et al., 2020). Compared with leptin or celastrol alone, the combined use of leptin and celastrol could significantly inhibit appetite and weight gain of different mice, even for ob/ob mice (Liu et al., 2015). Numerous studies verified the effect of leptin sensitizer celastrol on appetite as showing in Table 1.
The underlying molecular mechanism of celastrol anti-obesity and increase the leptin sensitivity can be attributed to Sirtuin 1(Sirt1) (Zhang et al., 2017a; Abu Bakar et al., 2020), interleukin-1 receptor 1(IL1R1) (Feng et al., 2019b), protein tyrosine phosphatase (PTP) 1B (PTP1B), and T-cell PTP (TCPTP) (Kyriakou et al., 2018). SIRT1 as a deacetylase activated by energy deprivation was involved in glucose, lipid, and bile acid metabolism regulation (Purushotham et al., 2009; García-Rodríguez et al., 2014). It has been reported that celastrol exacerbated liver metabolic disorder by suppressing the phosphorylation of AMP-activated protein kinase α (AMPKα) in liver specific Sirt1 knock out mice fed with HFD (Zhang et al., 2017a). In line with that, celastrol (3 mg/kg/day for 8 weeks) significantly increased insulin sensitivity and weight loss through enhancing AMPK/SIRT1 signaling in HFD-induced rats (Abu Bakar et al., 2020). IL1R1, a cytokine receptor, was associated with cell death and inflammation. IL1R1 deficient mice showed the phenotype of mature-onset obesity and leptin resistance (García et al., 2006). Feng and his colleagues demonstrated that the protective property of celastrol on obesity reversed by IL1R1 deficiency, which indicated that IL1R1 is essential for celastrol to reduce food consumption and body weight, alleviate glucose intolerance and insulin tolerance, as well as hepatic steatosis in HFD mice (Feng et al., 2019). However, these studies were only performed in genetic deficient animals, and whether the hepatoprotective effects of celastrol depended on its direct interaction with Sirt1 or IL1R1 need further studies. The surface plasmon resonance (SPR) assay, circular dichroism (CD) spectroscopy, and other methods might be effective methods to verify the above hypothesis. PTP1B and TCPTP negatively regulate leptin signaling in the hypothalamus (Dodd et al., 2019). Eleni et al. demonstrated that celastrol-induced weight loss was attributed to the supression of PTP1B and TCPTP, and inhibition of PTP1B and TCPTP is mediated by reversible noncompetitive binding to an allosteric pocket close to the active site (Kyriakou et al., 2018). In addition, different studies demonstrated the anti-obesity effect of celastrol was independent on melanocortin 4 receptor (MC4R), and lipocalin 2 (Lcn2) (Feng et al., 2019a; Saito et al., 2019), because the deletion of these genes did not weaken the weight-loss and liver-protecting effect of celastrol in mice.
Obesity related MAFLD was triggered by energy imbalance, with features of excessive lipid deposition. Peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α), a nuclear transcriptional coactivator factor, increased energy expenditure by regulating mitochondrial function and biogenesis (Vega et al., 2000; Rodgers et al., 2005; Minsky and Roeder, 2015). Liver-specific deficient PGC-1α mice exhibit hepatic steatosis (Rodgers et al., 2005). Accumulating evidences uncovered that celastrol promotes the white adipose tissue (iWAT) browning and brown adipose tissue (BAT) activation by upregulating PGC-1α and uncoupling protein 1(UCP1, a downstream effector of PGC-1α, is responsible for electron transport of mitochondrial oxidative phosphorylation) expression (Table 2). A total of 3 mg/kg/day celastrol (OA) significantly increased the HSF1 (Heat Shock Transcription Factor 1)/PGC-1α axis activity and protected against obesity in HFD mice by increasing energy expenditure, including iWAT browning, BAT activation, and mitochondrial gene transcription, while such benefit was abrogated by HSF1 depletion (Ma et al., 2015). In agreement with this result, several reports also clarified that celastrol increased the energy expenditure by activating iWAT browning through upregulation of PGC-1α and UCP1 (Fang et al., 2019; Yang et al., 2021). However, these studies were challenged by Katrin’s group, and they showed that celastrol intervention only upregulated the UCP1, while the expression of PGC-1α in BAT of HFD mice was not altered, and UCP1 deletion in HFD mice did not abolish food consumption and body weight reduction effects of celastrol (Pfuhlmann et al., 2018). This indicated that weight loss effect of celastrol was not dependent on UCP1-mediated thermogenesis under nutrient stress. In accordance with Katrin’s study, other researchers did not observe that the upregulation of UCP1 and PGC-1α expression in iWAT and BAT of HFD induced mice and rats with celastrol administration (Saito et al., 2019; Hu et al., 2020; Hua et al., 2021). The disparity of above observations of celastrol’s hepatoprotective effects might be caused by different celastrol-delivery way (OA vs. i.p), dosage, and intervention time period (Table 2). All above results indicated that iWAT browning happened at a specific time after celastrol treatment, and celastrol improved energy expenditure through other pathways not only depending on browning of iWAT.
TABLE 2 | The regulation of celastrol on iWAT browning and BAT thermogenesis gene.
[image: Table 2]Numerous studies proved that gut microbiota dysbiosis can also be attributed to fatty liver disease development (Le Roy et al., 2013; Canfora et al., 2019; Frazier and Chang, 2020). Oral administration of 500 μg/kg/day celastrol markedly enhanced energy expenditure and enhanced liver lipid metabolism in HFD rats by improving the gut microbiota homeostasis and activating the hypothalamic leptin signaling pathway rather than affecting food intake (Hu et al., 2020). Firmicutes promoted lipid absorption not fatty acid oxidation (Murphy et al., 2013). Increased ratio of Bacteroidetes to Firmicutes played a critical role in improvement of lipid consumption in celastrol-treated HFD rats (Murphy et al., 2013). Consistent with this, oral administration of celastrol (3 mg/kg/d) inhibited intestinal lipid absorption to ameliorate metabolic disturbance by reconstructing the gut microbiota profile in HFD mice (Hua et al., 2021). Although it has been reported that celastrol improved lipid metabolism by modulating gut microbiota, its specific mechanism of gut microbiota involved in MAFLD still needs to be explored. In addition, recent study demonstrated that age-associated obesity mice injected with celastrol (100–200 μg/kg) exhibited reduction body weight and fasting glucose level owing to fat loss and circadian rhythms restored without impact on lean mass (Chellappa et al., 2019), and whether gut microbiota act as an actuator of host circadian rhythms involved in the procedure remains to be studied (Frazier and Chang, 2020; Saran et al., 2020).
In summary, celastrol reduced body weight and hepatic fat accumulation mainly by increasing leptin sensitivity, enhancing energy metabolism, and modulating gut microbiota. Above all, Sirt1, IL1R1, PTP1B, and TCPTP might be the potential targets of celastrol, but whether celastrol directly interacted with these targets should be deeply explored. Moreover, the effect of celastrol on PGC-1α and UCP1 is controversial, and further studies should be performed to verify this effect. Gut microbiota have been extensively studied in recent years, but the molecular mechanism of celastrol on anti-obesity through gut microbiota is still unclear.
Anti-Inflammatory Response Activity
Macrophage infiltration and inflammation caused by dyslipidemia is associated with progression of MAFLD (Kazankov et al., 2019; Katsiki et al., 2016; Luo et al., 2018). Different animal experiments have elucidated that the inflammation in fatty liver mice treated with celastrol are remarkably attenuated (Table 1). Macrophage infiltration and inflammatory factors (IL-1β, IL-18, MCP-1α, and TNF-α) were reduced in liver of HFD induced C57BL/6J or C57BL/6N mice by celastrol treated for 3 weeks (Hu et al., 2017; Luo et al., 2017; Zhang et al., 2018; Ouyang et al., 2021; Zhu Y. et al., 2021). In addition, adipose tissue inflammation and mitochondrial dysfunction in skeletal muscle ameliorated in HFD-induced SD rats treated with 3 mg/kg/day celastrol for 8 weeks (Abu Bakar et al., 2020). The mechanism exhibited that celastrol can activate AMPK/SIRT1 signaling pathways for mitochondrial function improvement and attenuate inflammatory responses via decreasing nuclear factor kappa-B (NF-κB) activity (Abu Bakar et al., 2020). Celastrol-mediated hepatoprotective effects in C57BL/6J mice fed with HFD abolished in liver specific Sirt1-deficient mice fed HFD (Zhang et al., 2017a). Celastrol directly interacted with adenylyl cyclase associated protein 1 (CAP1) in macrophages contributed to improvement of metabolism and attenuation of inflammatory response through NF-κB signaling pathway in HFD-induced mice (Zhu Y. et al., 2021). Apart from that, LPS induced acute liver inflammation and HFD induced chronic inflammation are both inhibited by celatrol through binding Nur77 and promoting Nur77 interact with TRAF2 inducing autophagy (Hu et al., 2017). Deletion of Nur77 or Sirt1 impaired the anti-inflammation ability of celastrol, but LCN2 or ApoE deficiency did not influence the anti-hepatosteatosis of celastrol (Hu et al., 2017; Zhang et al., 2017a; Feng et al., 2019b; Ouyang et al., 2021). In general, the protective effects of celastrol against inflammation might be attributed to suppression of NF-κB involved signaling pathway.
In summary, different animal experiments confirmed that celastrol had metabolic improvement effect on HFD induced SD rats/mice or aged-obesity mice, but has no effect on gene deficiency mice such as HSF1 deletion mice, IL1R1 null mice, Sirt1 deficient mice, etc. (Ma et al., 2015; Zhang et al., 2017a; Feng et al., 2019b). This indicated that HSF1, IL1R1, and Sirt1 might act as the target of celastrol. In addition, oral administration of celastrol hardly affects food intake but has the same benefit on metabolic compared to intraperitoneal injection. Therefore, it is better to use oral administration to explore the pharmacological mechanism of celastrol. The effects of celastrol on MAFLD are summarized in Figure 2.
[image: Figure 2]FIGURE 2 | Hepatoprotective effects of celastrol in HFD induced animal model (edited by Biorender software). Diagram of the mechanism of celastrol in regulating hepatic energy expenditure, inflammation, and lipid metabolism. Under HFD stress, celastrol attenuated inflammation by inducing Nur77 interaction with TRAF2 to promote mitochondrial autophagy. Macrophages mediated inflammation was also ameliorated by celastrol targeted CAP1 via inhibition of cAMP-PKA-NF-κB signaling pathway, and macrophage M1 polarization was suppressed by celastrol via regulating Nrf2-HO-1-NF-κB pathways. In addition, celastrol can also regulate metabolism disorder. On the one hand, it can promote energy metabolism by activating HSF1-PGC1α; on the other hand, it can target SIRT1 to promote AMPK α phosphorylation and inhibit Srebp-1c-mediated lipid synthesis against oxidative stress and inflammation TRAF2, TNFR-associated factor2; CAP1, adenylyl cyclase-associated; protein 1 cAMP, cyclic adenylate monophosphate; PKA, protein kinase A; NF-κB, nuclear factor kappa-B; Srebp-1c, sterol regulatory element binding protein 1c; AMPKα, AMP-activated protein kinase α.
Celastrol and Liver Injury
Liver injury characterized by a loss of hepatocyte function in patients resulted from mitochondrial oxidative stress, endoplasmic reticulum stress, inflammation, and autophagy in hepatocyte (Vento and Cainelli, 2020). Drugs, infections, and intrahepatic cholestasis can all lead to liver injury (Fontana et al., 2014). Celastrol, an anti-inflammatory drug, ameliorated the damage in hepatocyte or liver injury (Abdelaziz et al., 2017; El-Tanbouly et al., 2017; Jannuzzi et al., 2018; Wu et al., 2018; Zhao et al., 2019b; Guo et al., 2019; Wang et al., 2020; Zhao et al., 2020; Yan et al., 2021) (Table 3).
TABLE 3 | Pharmacological activities of celastrol in the treatment of liver injury.
[image: Table 3]As the number and variety of drug applications grow rapidly, drug-induced liver injury (DILI), especially acetaminophen (APAP) overdose, is becoming the most common cause of acute liver failure (ALF) in America and Europe (Shehu et al., 2017). A series of studies demonstrated that pretreatment with celastrol attenuated the APAP-induced oxidative stress and inflammation by raising antioxidant enzyme activities such as glutathione peroxidase (GPx), glutathione reductase (GR), catalase, and superoxide dismutase (SOD) activities both in vitro and in vivo (Abdelaziz et al., 2017; Jannuzzi et al., 2018). CCl4 as another hepatotoxic chemical could induce liver injury by inflammatory activation and antioxidant enzymes inhibition (Zhang et al., 2017b). Celastrol might also suppress inflammation in CCl4 induced liver injury rat by activating AMPK-SIRT3 signaling (Wang et al., 2020). In the latest research, Li and his colleagues found that celastrol could eliminate oxidative stress and reduce the release of proinflammatory cytokines by activating PPARα signaling pathway in CCl4 intoxicant mice (Zhao et al., 2020). However, celastrol itself as a drug also has toxicity, the balance between the liver protection and liver injury needs to be further studied, and new structure modification and formulation should be developed to reduce toxicity and enhance efficacy.
Cholestasis is a pathophysiological process caused by bile secretion and excretion disorders. It is manifested as excessive accumulation of bile components such as bile acid, cholesterol, and bilirubin in the liver and systemic circulation, causing damage to liver cells and whole body. Long-term continuous cholestasis will progress to liver fibrosis and even cirrhosis (Zollner and Trauner, 2008; Padda et al., 2011). Li and his colleagues demonstrated that celastrol ameliorated cholestatic liver injury induced by α-naphthyl isothiocyanate (ANIT) and thioacetamide (TAA) through activation of SIRT1-FXR signaling pathway, while the hepatoprotective effects of celastrol were abrogated in FXR deficiency or SIRT1 inhibition mice (Zhao et al., 2019b). In addition to that, 5 mg/kg/day celastrol remarkably alleviated intrahepatic cholestasis of pregnancy via downregulating matrix metalloproteinase (MMP-2 and MMP-9) and total bile acid in pregnant rats (Guo et al., 2019).
Sepsis is a serious clinical syndrome caused by many organisms including bacteria, viruses, and fungi, which might lead to liver injury (Strnad et al., 2017). Cecal ligation and puncture (CLP) model and lipopolysaccharide (LPS) inducement is often used to mimics sepsis (Zhang et al., 2014; Xiong et al., 2017; Li et al., 2020). Celastrol attenuated CLP induced hepatic dysfunction in rats by inhibiting toll-like receptor-4 (TLR-4)/NF-κB (El-Tanbouly et al., 2017). In addition, celastrol pretreatment was found to attenuate propionibacterium acnes/lipopolysaccharides induced liver damage via NLRP3 inflammasome suppression and inflammatory inhibition (Yan et al., 2021). On the contrary, celastrol aggravated liver injury by exacerbation of inflammatory and elevation of oxidative stress in LPS intoxicant mice (Wu et al., 2018). The contradictory results were attributed to the different dosage of LPS and celastrol, and it is hard for high dosage of celastrol to reverse the severe liver failure that resulted from high dose of LPS, and the toxicity of celastrol should be taken into consideration in treating sepsis.
In short, these data suggested that celastrol is a potential candidate for treatment of hepatic injury, mainly owing to its ability to inhibit inflammation and oxidative stress and recover bile acid homeostasis. While protecting the liver injury, the toxicity of celastrol should be also taken into consideration to avoid side effects.
Celastrol and Liver Cancer
Hepatocellular carcinoma (HCC) as one highly malignant cancer remains a global menace. Effective systemic treatment of HCC is impeded by its complicated molecular pathogenesis, high rate of metastasis, recurrence, and chemo-resistance. It is imperative to explore effective therapy strategies for liver cancer. Natural medicine with long history of clinical use exhibited great potential in anti-cancer due to its high efficiency and availability, as well as low side effects (Hu et al., 2013). Numerous studies have shown that celastrol exerts anticancer effects by inhibiting their proliferation, metastasis, and inflammatory properties depending on modulating a variety of signaling pathways (Kashyap et al., 2018).
Anti-Proliferation and Pro-Apoptotic Effects In Vitro
Celastrol arrested cell cycle and promoted apoptosis through suppression of STAT3/JAK2 signaling, PI3 K/Akt signaling, and ER-stress/UPR signaling in different hepatocellular cell lines (Table 4) (Chen et al., 2011; Rajendran et al., 2012; Li et al., 2013; Wei et al., 2014; Li et al., 2015; Ma et al., 2017; Ren et al., 2017; Du et al., 2020; Kun-Ming et al., 2020). In addition, celastrol inhibited hepatoma cell line growth and proliferation via arresting cell cycle in sub-G1 (Rajendran et al., 2012) and G2/M phase (Chen et al., 2011; Ren et al., 2017). Further studies showed that celastrol reduced the expression of c-myc and cyclin D1 which was closely related to cell cycle arrest of tumor cells in vivo on a time- and dose-dependent manner (Rajendran et al., 2012; Ma et al., 2017). Mechanistic studies revealed that celastrol could impede liver cancer through downregulation of HSP90 proteins, activation of c-Jun NH2 terminal kinase (JNK), and weakened MRC complex I activity (Chen et al., 2011). Apart from that, celastrol could also inhibit the migration, invasion, and metastasis of liver cancer by inhibiting the ROCK2-mediated phosphorylation of ezrin at Thr567 (Du et al., 2020), suppressing NF-κB and Akt activity, and downregulating miR-224, MMP-2, and MMP-9 (Li et al., 2013).
TABLE 4 | Anti-cancer effects of celastrol in vitro.
[image: Table 4]Tumor Suppression Effects In Vivo
As show in Table 5 (Chen et al., 2011; Rajendran et al., 2012; Wei et al., 2014; Chang et al., 2016; Kun-Ming et al., 2020; Saber et al., 2020; Si et al., 2021), studies have manifested that celastrol exhibits anticancer activity against a variety of liver cancer animal models such as HCC patient-derived xenografts BALB/cJ mice (Wei et al., 2014), different hepatocellular carcinoma cells derived xenografts mouse models (Rajendran et al., 2012; Ma et al., 2014; Ren et al., 2017; Si et al., 2021), and DEN induced HCC rats/mice (Chang et al., 2016; Saber et al., 2020) with dosage of 1–10 mg/kg for 3–10 weeks. Celastrol (4 mg/kg) prevented tumor proliferation and increased apoptosis via inhibition of STAT3/JAK2 signaling pathway in PLC/PRF5 cells derived xenografts HCC mice (Rajendran et al., 2012). Recently, different studies validated that inhibition of circ_SLIT3/miR-223-3p/CXCR4 signaling is involved in the anti-HCC activity of celastrol both in vitro and in vivo (Kun-Ming et al., 2020; Si et al., 2021). Meanwhile, celastrol has been demonstrated to decrease the hepatic lesions and elevation of serum alanine aminotransferase (ALT), glutamic oxalacetic transaminase (AST), alkaline phosphatase (ALP), and alpha fetoprotein (AFP) in diethylnitrosamine (DEN)-induced hepatocellular carcinoma (HCC) rats, due to activation of mitochondrial apoptosis induced by p53 (Chang et al., 2016; Saber et al., 2020). Consistent with this, combination therapy with celastrol (2 mg/kg) and metformin (200 mg/kg) not only attenuated hepatic injury with elevated liver enzymes but also decreased NLRP3 mediated NF-κB signaling to suppress anti-apoptotic processes in mice with DEN-induced HCC (Saber et al., 2020). Meanwhile, Jiang and his colleagues found that synergistic use of celastrol and PHA665752 (a c-Met inhibitor) significantly inhibited cell growth, migration in c-met deficient Huh7 cells, and Huh7 xenografts nude mice (Jiang et al., 2013). Besides that, celastrol could enhance the activity of anti-liver cancer drugs including sorafenib, lapatinib, and ABT-737 by cell growth inhibition and apoptosis induction (Zhu et al., 2012; Yan et al., 2014; Zhang et al., 2019). These results indicated that celastrol not only has good efficiency on killing cancer cells but also can improve the anti-cancer ability of first-line drugs for tumor therapy.
TABLE 5 | The anti-tumor effects of celastrol in vivo.
[image: Table 5]The Role of Hypoxia-Inducible Factor in Anti-Tumor Activity of Celastrol
Hypoxia was one of most important regulators in liver cancer progression. Hypoxia-inducible factor (HIF-1), a nuclear transcription factor, might be activated under hypoxia and specifically regulated oxygen and metabolic homeostasis (Balamurugan, 2016). HIF-1/2α protein is highly expressed in human HCC tissues, and correlates with tumor invasion and metastasis in HCC patients (Bangoura et al., 2004; Wong et al., 2014). In addition to antiproliferative and proapoptotic effects, celastrol repressed tumor growth, angiogenesis, invasion, and metastasis through reduced hypoxia-induced accumulation of HIF-1α protein (Ma et al., 2014). Ma et al. demonstrated that celastrol inhibited the hypoxia-induced accumulation of HIF-1α protein due to the downregulation of mTOR/p70S6K/EIF4E and ERK1/2 phosphorylation in Hep3B cells derived xenografts nude female mice, and the expression of angiogenesis related factors-vascular endothelial growth factor (VEGF) and erythropoietin (EPO) are both prevented (Ma et al., 2014). However, this result was challenged by Han and his co-workers, who found that celastrol promoted HIF-1α protein accumulation by inducing ROS and activating Akt/p70S6K signaling in HepG2 cells under hypoxia, and celastrol suppressed cancer cell growth by promoting mitochondrial autophagy and apoptosis in vitro (Han et al., 2014). The difference in hypoxia exposure time (16 h in Han et al.’s work vs. 6 h in Ma et al.’s study) of HepG2 cells might contribute to the discrepant results on HIF-1a expression for celastrol in the above studies.
Summarily, celastrol might be a potential therapeutic candidate for the treatment of liver cancer due to reduction of the oxidative stress, inhibition of inflammatory response, and activation of mitochondrial autophagy. Although the studies were performed both in vitro and in vivo, the clinical research still should be performed to evaluate whether celastrol could apply as effective drug or adjuvant drug to further improve clinical outcomes. The mechanisms of celastrol on anti-cancer are summarized in Figure 3.
[image: Figure 3]FIGURE 3 | The molecular mechanisms of celastrol in liver cancer (edited by Biorender software). Celastrol exert anticancer effect by restraining their cell growth, metastasis, and inflammatory response, while boosting ER stress, apoptosis, and autophagy depending on modulated different signaling pathways. Firstly, celastrol can activate cancer cell apoptosis through inhibiting JAK2 and STAT3 phosphorylation, then downregulated BCL-2 family proteins (Bcl-2 and Bcl-xl) and upregulated caspase family proteins (caspase 3 and caspase 9). Secondly, celastrol repressed tumor cell proliferation by suppressing cyclin D1 and c-myc through E2F1 and STAT3; Lastly, celastrol prohibited tumor metastasis by NF-κB signaling pathway modulated MMP-2 and MMP-9 through the CXCR4-related signaling pathway, as well as the ROCK2-mediated phosphorylation of ezrin at Thr567. ER, endoplasmic reticulum; JAK1, Janus kinase1; JAK2, Janus kinase2; STAT3, signal transducer and activator of transcription 3; Bcl-2, B-cell lymphoma-2; PI3K, phosphatidylinositol-3-kinase; AKT, protein kinase B; NF-kB, nuclear factor kappa B; MMP2, Matrix metallopeptidase 2; MMP9, Matrix metallopeptidase 9; circ_SLIT3, circRNA slit guidance ligand 3; ROCK2, Rho Associated Coiled-Coil Containing Protein kinase 2.
LIMITATIONS AND STRATEGIES FOR THE USE OF CELASTROL
Although celastrol exhibited many benefits on various liver diseases, the shortcomings of celastrol limited its clinical transformation. On the one hand, the poor water solubility of celastrol (13.25 ± 0.83 μg/ml at 37°C) results in low oral bioavailability (17.06% in rat) (Qi et al., 2014), and more researches should be conducted on improving its water solubility and oral bioavailability. On the other hand, the side effects of celastrol and narrow therapeutic window of dose also could be a big problem for its clinical use. While 0.25 mg or 0.5 mg/kg/d, celastrol (i.p.) attenuated the LPS induced inflammation (Yan et al., 2021), 1.5 mg/kg/d, celastrol (i.p.) (Wu et al., 2018) aggravated the liver injury induced by celastrol. Beyond that, it was insufficient for CYP450s to metabolize celastrol, which led to the hepatotoxicity. In addition to damaging the liver, celastrol also has side effects on kidney (Wu et al., 2018), cardiovascular system, and hematopoietic system (Zhang et al., 2012). New modification and formulation are urgently needed to overcome the shortcomings and improve its efficacy.
Hopefully, new approaches have been reported to improve the water solubility and bioavailability of celastrol. Lipid-based nanocarriers (including the self-microemulsifying drug delivery system [SMEDDS] [Chen et al., 2012], nanostructured lipid carrier [NLC], and phytosomes) (Freag et al., 2018), polymer-based nanocarriers like PEG-PCL (poly(ethylene glycol)-poly(ɛ-caprolactone) copolymers) nanoparticles (Zhao et al., 2019a), and galactosylated liposomes (Chen et al., 2020b) markedly enhanced the water solubility and oral bioavailability of celastrol. Combination with other drugs can be an effective approach to reduce the toxicity and enhance the efficacy of celastrol. Currently, celastrol combined with chemotherapeutic agents, tumor necrosis factor superfamily, active ingredients of TCM, ionizing radiation, nucleic acid, and other therapies have been applied to the treatment of various cancers in vitro (Shi et al., 2020). The combined therapy reduced the dosage of celastrol and the related adverse effect, while the efficacy of celastrol improved. In addition, structural modifications will be a promising way to reduce the toxicity and improve the water bioavailability of celastrol, and the correlation between structure and toxicity have been well studied (Hou et al., 2020). Chemical modifications of celastrol mainly focused on the A/B ring and C-20 carboxyl group. In addition to chemical modifications, Chang et al. demonstrated that the glycosylation of celastrol formed by biotransformation showed over 53-fold higher water solubility and exhibited 50-fold less toxicity than celastrol in vivo (Chang et al., 2021), which indicated that biotransformation or biosynthesis might be a useful strategy for the clinical use of celastrol.
CONCLUSION AND PERSPECTIVES
A large number of studies have shown that celastrol might be a potential drug for different liver diseases treatment. In this review, we summarized the recent studies about the protective effects and mechanisms of celastrol in several liver diseases, including MAFLD, and it caused liver injury, or liver cancer. The liver protection effect could be attributed to modulating metabolic balance, inhibiting inflammatory response, and activating autophagy by altering different cellular pathways (Tables 1–5). Although many researchers elucidated the molecular mechanisms of celastrol in liver diseases, the direct targets of celastrol are unknown. The SPR assay, affinity chromatographic methods, and other methods might be used to explore the direct interaction between celastrol and the potential targets. At the same time, with the development of omics, celastrol regulates gut microbes and liver metabolism to exert hepatoprotective effects required further investigated.
Moreover, although accumulating evidence demonstrated that celastrol grants tremendous potential in liver diseases at cellular or animal levels, the clinical studies of celastrol in liver diseases are very rare. Comprehensive studies on efficacy, safety, and toxicity in humans urgently need to be carried out. Besides, the poor water solubility, low bioavailability, and narrow therapeutic window of dose also limited the clinical application of celastrol. New modifications and formulations are needed to overcome the shortcomings and improve its efficacy. It is foreseeable that celastrol and its derivatives will be a promising drug for the treatment of liver diseases.
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Although the fatty liver has been linked to numerous impairments of energy homeostasis, the molecular mechanism responsible for fatty liver development remains largely unknown. In the present study, we show that fibroblast growth factors 9 (FGF9) expression is increased in the liver of diet-induced obese (DIO), db/db, and ob/ob mice relative to their respective controls. The long-term knockdown of hepatic FGF9 expression mediated by adeno-associated virus expressing FGF9-specific short hairpin RNA (AAV-shFGF9) aggravated the fatty liver phenotype of DIO mice. Consistently, downregulation of FGF9 expression mediated by adenovirus expressing FGF9-specific shRNA (Ad-shFGF9) in the primary hepatocyte promoted the cellular lipid accumulation, suggesting that FGF9 exerts its effects in an autocrine manner. In contrast, adenoviruses expressing FGF9 (Ad-FGF9) mediated FGF9 overexpression in the liver of DIO mice alleviated hepatic steatosis and improved the insulin sensitivity and glucose intolerance. Moreover, the liver-specific FGF9 transgenic mice phenocopied the Ad-FGF9-infected mice. Mechanistically, FGF9 inhibited the expression of genes involved in lipogenesis and increased the expression of genes involved in fatty acid oxidation, thereby reducing cellular lipid accumulation. Thus, targeting FGF9 might be exploited to treat nonalcoholic fatty liver disease (NAFLD) and metabolic syndrome.
Keywords: lipid synthesis, fatty acid oxidation, lipogenesis, fatty liver, FGF9
INTRODUCTION
The liver is a central metabolic organ that regulates hepatic lipid metabolism, including lipogenesis, fatty acid oxidation, and lipoprotein uptake and secretion (Browning and Horton, 2004). The excessive accumulation of triglycerides (TGs) in hepatocytes is the hallmark of NAFLD. The spectrum of NAFLD ranges from simple fatty liver (hepatic steatosis) to nonalcoholic steatohepatitis (NASH), which may lead to liver fibrosis and cirrhosis, resulting in increased morbidity and mortality (Brunt, 2010). NAFLD is closely associated with insulin resistance, obesity, and other metabolic diseases (Browning and Horton, 2004). Although the fatty liver has been attributed to abnormal energy metabolism, the molecular mechanisms underlying fatty liver development remain largely unknown.
De novo lipogenesis is remarkably induced in NAFLD patients, contributing to the excessive TG accumulation in the liver. Moreover, hepatic lipogenesis, which is normally inhibited in the fasting state, is relatively high under fasting conditions and fails to further increase after feeding in NAFLD patients (Diraison et al., 2003; Donnelly et al., 2005). Carbohydrate response element-binding protein (ChREBP) is a basic helix-loop-helix leucine-zipper transcription factor, which is highly expressed in the liver and has been shown to regulate hepatic lipogenesis via activating its target genes, including fatty acid synthase (FAS), acetyl-CoA carboxylase 1 (ACC1), and stearoyl CoA desaturase 1 (SCD1) (Jois and Sleeman, 2017). The liver-specific knockout of ChREBP in ob/ob mice improved hepatic steatosis and insulin resistance (Dentin et al., 2006). In contrast, overexpression of ChREBP in the liver of mice resulted in worsening of hepatic steatosis (Benhamed et al., 2012). These studies clearly suggest that ChREBP is a key mediator of hepatic steatosis.
Peroxisome proliferator-activated receptor γ (PPARγ) belongs to the nuclear receptor superfamily, which is highly expressed in adipose and required for the differentiation of preadipocytes to mature adipocytes. PPARγ is typically expressed in the liver at only 20% of the levels found in adipose tissue (Tontonoz et al., 1994). However, PPARγ expression is markedly induced in the severe fatty liver. Hepatic PPARγ deficiency remarkably alleviates the fatty liver phenotype (Matsusue et al., 2003), clearly indicating that PPARγ is capable of activating the expression of genes involved in TG accumulation in hepatocytes and promoting the development of fatty liver. However, PPARα, another member of the PPAR subfamily, stimulates fatty acid oxidation and improves lipoprotein metabolism by regulating the expression of genes involved in peroxisomal and mitochondrial β-oxidation pathways, fatty acid uptake, and triglyceride catabolism. Mice lacking PPARα accumulate a copious amount of hepatic TG and become hypoketonemic and hypoglycemic during fasting (Leone et al., 1999). Fibrates, the synthetic PPARα agonists, have been used to treat dyslipidemia (Lefebvre et al., 2006).
The family of fibroblast growth factors (FGFs) regulates a plethora of developmental processes and physiological functions (Beenken and Mohammadi, 2009). In mammals, 18 members of the FGF family are divided into two categories, namely, endocrine and paracrine. The FGF19, FGF21, and FGF23 subfamilies have been shown to function in an endocrine manner, dependent on the presence of Klotho proteins in their target tissues, to regulate glucose, bile acid, vitamin D, and phosphate homeostasis, while other members of the FGF family are considered paracrine factors and are known for their roles in tissue patterning and organogenesis during embryogenesis (Degirolamo et al., 2016). Previous studies suggest that FGF9 participates in palate formation, sex determination, and lung development (Colvin et al., 2001; Yin et al., 2011; Iwata et al., 2012). Interestingly, recently two studies showed that FGF9 regulates browning of white adipocytes and is associated with human obesity (Sun et al., 2019; Shamsi et al., 2020). However, the physiological role of FGF9 in other metabolically active tissues remains unexplored. In the present study, we show that fasting-induced FGF9 in the liver regulates hepatic lipid metabolism in a cell-autonomous manner. Targeting FGF9 signaling might be exploited to treat NAFLD and other metabolic diseases.
RESULTS
The Expression of FGF9 is Dysregulated in the Liver of Mice With Hepatic Steatosis
FGF21 is a peptide hormone, secreted predominantly from the liver, and its expression is increased in the fasting state (Badman et al., 2007; Inagaki et al., 2007). FGF21 has been shown to regulate the metabolism of lipids and glucose, and FGF21 agonism holds significant potential for treatment of NASH (Ritchie et al., 2020).
To identify a novel secreted protein regulating systemic glucose and lipid metabolism, we have previously performed microarray analysis of livers of mice with hepatic steatosis (Shen et al., 2014). Preliminary data suggest that mRNA levels of FGF9, another member of FGF family, are also increased in the liver of ob/ob mice. Our real-time PCR and Western blotting data confirmed the microarray analysis (Figures 1A,B). We obtained similar results in DIO mice (Figures 1C,D). Interestingly, similar to FGF21, fasting-induced hepatic FGF9 expression, while refeeding, reversed this effect (Figures 1E,F).
[image: Figure 1]FIGURE 1 | Expression of hepatic FGF9 is dysregulated in mice with fatty liver. (A) Quantitative PCR analysis of hepatic FGF9 in ob/ob mice (n = 6/group). (B) Representative Western blotting analysis of hepatic FGF9 in ob/ob mice. (C) Quantitative PCR analysis of hepatic FGF9 in C57BL/6J mice fed with a chow diet or high-fat diet for 3 months (DIO mice) (n = 6/group). (D) Representative Western blotting analysis of hepatic FGF9 in mice in (C). (E) Quantitative PCR analysis of hepatic FGF9 in mice under ad libitum-fed, 24 hour-fasted, or 6 hour re-fed conditions (n = 6/group). (F) Representative Western blotting analysis of hepatic FGF9 in mice in (E). All the data are presented as mean ± SEM, *p＜0.05, **p＜0.01, ****p < 0.0001, 2-tailed Student’s t-test (A–D), 1-way ANOVA (E,F).
These results indicate that FGF9 expression is regulated by different nutritional statuses, and FGF9 might have an important effect on hepatic glucose and lipid metabolism.
Knockdown of FGF9 by AAV-shFGF9 in the Liver of DIO Mice Aggravated Hepatic Steatosis
Given that FGF9 expression is induced in the liver of DIO mice, we explored the effects of long-term hepatic FGF9 deficiency on systemic metabolism. We first generated an adeno-associated virus expressing FGF9-specific short hairpin RNA (AAV-shFGF9) and infused AAV-shFGF9 into mice via the tail vein. Feeding a chow diet or high-fat diet after eight weeks, the mice were sacrificed for further studies. As a result, the knockdown of FGF9 did not affect hepatic lipid metabolism or systemic glucose metabolism in mice fed with a chow diet (Supplementary Figures S1B–E). However, an increased liver-to-body weight ratio was observed in mice injected with AAV-shFGF9 (Figure 2A). Moreover, AAV-shFGF9 treatment further aggravated glucose intolerance and insulin resistance induced by HFD (Figures 2B,C), and impaired hepatic insulin signaling (Figure 2D). Furthermore, H&E and Oil Red O staining revealed lipid accumulation in the liver (Figure 2E). The biochemical analysis also confirmed the significant increase in hepatic TG levels in AAV-shFGF9-injected mice (Figure 2F).
[image: Figure 2]FIGURE 2 | Knockdown of FGF9 in the liver of DIO mice exacerbated fatty liver phenotype. (A) Ratio of liver weight to body weight in C57BL/6J mice injected with AAV-shCon or AAV-shFGF9. AAV-infected mice were then fed with a high-fat diet (HFD) for 8 weeks (n = 6/group). (B,C) Blood glucose levels during GTTs (B) and ITTs (C) performed in mice in (A) (n = 6/group). (D) Representative Western blotting analysis of phosphorylated and total AKT in the liver of mice in (A) 20 min after intraperitoneal injection of insulin (0.75 U/kg). (E) Representative H&E (top panel) and Oil Red O staining (bottom panel) of livers from mice in (A). (F) Hepatic TG levels in mice (A) (n = 6/group). (G), Quantitative PCR analysis of genes involved in lipid metabolism in the liver of mice in (A) (n = 6/group). (H) Representative Western blotting analysis of genes involved in lipid synthesis in mice as described in (A). All the data are presented as mean ± SEM, *p＜0.05, **p＜0.01, ***p＜0.001, ****p＜0.0001, 2-way ANOVA (B,C), 2-tailed Student’s t-test (A,D–H).
We also explored the molecular mechanism for the aggravated fatty liver phenotype in AAV-shFGF9-injected mice. We found that FGF9 knockdown in the liver increased the expression of genes involved in lipid synthesis (ChREBP, Fasn, and PPARγ) and fatty acid transport (Fabp1, Fabp4, and CD36). Meanwhile, AAV-shFGF9 treatment also decreased the expression of genes involved in lipid oxidation (Cpt1a, Cyp4a10, and Cyp4a14), as shown in Figures 2G,H. The results suggest that FGF9 plays an important role in the hepatic lipid metabolism.
Knockdown of FGF9 Expression in Primary Hepatocyte Increased Cellular Triglyceride Contents
We next studied whether the effect of FGF9 deficiency on hepatic lipid metabolism is cell autonomous. We generated an adenovirus expressing FGF9-specific shRNA (Ad-shFGF9) and controlled adenovirus Ad-shCon. Primary hepatocytes treated with OA&PA, which stimulates cellular lipid synthesis, were infected with Ad-shFGF9 to observe the short-term effects of FGF9 deficiency on cellular lipid metabolism. As a result, the knockdown of FGF9 expression in primary hepatocytes increased lipid accumulation, as shown in Figures 3A,B.
[image: Figure 3]FIGURE 3 | Knockdown of FGF9 in primary hepatocyte increased cellular TG content. (A) Representative Oil Red O staining of primary hepatocyte treatment with OA & PA for 24 h, followed by infecting with Ad-shCon or Ad-shFGF9 for 12 h prior to harvest for further analysis. (B) TG levels in primary hepatocyte in (A). (C) Quantitative PCR analysis of genes involved in lipid metabolism in primary hepatocytes in (A). (D) Representative Western blotting analysis of genes involved in lipid synthesis in primary hepatocytes in (A). All the data are represented as mean ± SEM, *p < 0.05, **p＜0.01, ***p < 0.001, ****p＜0.0001, 2-tailed Student’s t-test (A–D).
Consistent with the aforementioned data obtained in DIO mice, we found that Ad-shFGF9 treatment increased the expression of several genes involved in lipogenesis such as ChREBP, Fasn, and PPARγ in primary hepatocytes. The expression of lipid-coated proteins such as cidea and plin2 was also increased. However, the expression of genes related to fatty acid oxidation such as Cpt1a, CYP4a10, and Cyp4a14 was down-regulated in primary hepatocytes infected with Ad-shFGF9. The Western blotting analysis confirmed real-time PCR results, as shown in Figures 3C,D. These results suggested that FGF9 regulating hepatic lipid metabolism is a cell-autonomous effect and FGF9 acts as an autocrine factor.
Overexpression of FGF9 Mediated by Adenovirus in Primary Hepatocyte Reduced Cellular Lipid Contents
Given that FGF9 knockdown increased cellular Lipid accumulation, we next explored whether an increased expression of FGF9 in hepatocytes can reduce cellular lipid contents. To this end, the primary hepatocytes were infected with either Ad-FGF9 or Ad-GFP and followed by treatment with palmitic acid and oleic acid (OA&PA). As expected, cellular lipid accumulation induced by OA&PA was suppressed by Ad-FGF9 treatment (Figures 4A,B).
[image: Figure 4]FIGURE 4 | Overexpression of FGF9 in primary hepatocyte reduced cellular TG contents. (A) Representative Oil Red O staining of primary hepatocyte infected with Ad-GFP or Ad-FGF9 for 12 h, followed by treatment with OA & PA for 24 h prior to harvest for further analysis. (B) TG levels in primary hepatocyte in (A). (C) Quantitative PCR analysis of genes involved in lipid metabolism in primary hepatocytes in (A). (D) Representative Western blotting analysis of genes involved in lipid synthesis in primary hepatocytes in (A). All the data are represented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p＜0.0001, 2-tailed Student’s t-test (A–D).
Correspondingly, Ad-FGF9 treatment decreased the expression of several genes involved in lipogenesis such as ChREBP, Fasn, and PPARγ, and fatty acid transport, including CD36, in primary hepatocytes, whereas it increased the expression of genes related to fatty acid oxidation such as Cpt1a, CYP4A10, and Cyp4a14 (Figure 4C). Meanwhile, the Western blotting analysis further confirmed these results (Figure 4D). The results suggested that the overexpression of FGF9 in primary hepatocyte reduced cellular lipid accumulation induced by OA&PA.
Adenovirus-Mediated FGF9 Overexpression in the Liver of Diet-Induced Obese Mice Alleviates Hepatic Steatosis
To further explore the effect of FGF9 overexpression on hepatic lipid metabolism, we injected Ad-FGF9 or Ad-GFP (as a control) into chow or high-fat diet-fed C57BL/6J mice via the tail vein. As shown in Supplementary Figure S2, FGF9 overexpression in chow diet-fed mice did not significantly influence the systemic glucose metabolism or hepatic lipid metabolism.
However, the injection of Ad-FGF9 into DIO mice decreased the ratio of liver weight to body weight (Figure 5A). In contrast to the results obtained in AAV-shFGF9-infected DIO mice, Ad-FGF9 injection improves glucose intolerance as revealed by GTT experiments (Figure 5B), and enhanced insulin sensitivity, as revealed by ITT experiments (Figure 5C), and enhanced hepatic insulin signaling (Figure 5D). Notably, histological analysis of liver sections (H&E and Oil Red O staining) indicated that the fatty liver phenotype was markedly alleviated in DIO mice injected with Ad-FGF9 (Figure 5E). The biochemical analysis confirmed the reduced hepatic triglyceride content in Ad-FGF9-treated DIO mice (Figure 5F). At the same time, the decreased ALT and AST levels in DIO mice injected with Ad-FGF9 indicate that the overexpression of FGF9 alleviated the liver injury induced by HFD (Figures 5G,H).
[image: Figure 5]FIGURE 5 | Adenovirus-mediated FGF9 overexpression in the liver of DIO mice alleviated NAFLD. (A) Ratio of liver weight to body weight in DIO mice infected with Ad-GFP or Ad-FGF9 for 15 days (n = 6/group). (B,C) Blood glucose levels during GTTs and ITTs performed in (A) (n = 6/group). (D) Representative Western blotting analysis of phosphorylated and total AKT in the liver of mice in (A) 20 min after intraperitoneal injection of insulin (0.75 U/kg). (E) Representative H&E staining (top panel) and Oil Red O staining (bottom panel) of liver sections from the mice in (A). (F) Hepatic TG levels in mice in (A) (n = 6/group). (G,H) Plasma ALT and AST levels in mice in (A) (n = 6/group). (I) Quantitative PCR analysis of genes involved in lipid metabolism in the liver of mice in (A) (n = 6/group). (J) Representative Western blotting analysis of genes involved in lipid synthesis in mice in (A). All the data are represented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 2-way ANOVA (B,C), 2-tailed Student’s t-test (A,D–J).
Consistent with the results obtained in vitro, Western blotting and real-time PCR analysis confirmed that FGF9 overexpression in the liver of DIO mice inhibited the expression of genes involved in lipogenesis and increased the expression of genes related to fatty acid oxidation (Figures 5I,J). These results clearly suggest that FGF9 regulates the hepatic lipid metabolisms in DIO mice.
Liver-Specific FGF9 Transgenic Mice Protected Against Hepatic Steatosis and Insulin Resistance Induced by HFD
To further confirm whether the overexpression of FGF9 inhibits NAFLD development induced by HFD, we generated liver-specific FGF9 transgenic mice (FGF9alb-cre) by crossing Alb-Cre mice and FGF9 Rosa26 knockin mice. Alb-Cre mice express the Cre-recombinant gene under the control of the albumin gene promoter. The FGF9 Rosa26 knockin mice were generated by the insertion of FGF9 cDNA downstream of the Rosa26 promoter and a loxP-stop-loxP cassette. The Western blotting analysis confirmed the FGF9 overexpression in the liver of FGF9alb-cre (Figure 6A). FGF9 Rosa26 knockin mice were used as control mice. Again, when mice were fed a chow diet, FGF9 transgene in the liver did not affect markedly the systemic glucose metabolism and hepatic lipid metabolism (Supplementary Figure S3). However, when mice were fed a high-fat diet, we observed that the ratio of liver weight to body weight in FGF9alb-cre mice was lower than that of control mice (Figure 6B). Moreover, FGF9 transgene enhanced the insulin sensitivity and improved glucose intolerance in diet-induced obese FGF9alb-cre mice when compared to the control mice (Figures 6C–E). Furthermore, lipid accumulation in the liver was reduced from FGF9alb-cre mice, as revealed by H&E and Oil Red O staining analysis (Figure 6F), and biochemical analysis (Figure 6G). Consistently, FGF9 transgene decreased the levels of serum ALT and AST, further confirming that the overexpression of FGF9 can alleviate the liver injury induced by HFD (Figure 6H).
[image: Figure 6]FIGURE 6 | Liver-specific FGF9 transgene protected mice against NAFLD induced by HFD. (A) Representative Western blotting analysis of FGF9 protein levels in the liver, white adipose tissue (WAT), and muscle of FGF9 Rosa26 knockin mice (control) and liver-specific FGF9 transgenic mice (FGF9alb-cre). Data were normalized to β-actin. (B) Ratio of liver weight to body weight in control and FGF9alb-cre mice fed with a HFD for 3 months (n = 6/group). (C,D) Blood glucose levels during GTTs and ITTs performed in mice in (B) (n = 6/group). (E) Representative Western blotting analysis of phosphorylated and total AKT in the liver of mice in (B) 20 min after intraperitoneal injection of insulin (0.75 U/kg). (F) Representative H&E staining and Oil Red O staining of livers from the mice in (B). (G) Hepatic TG levels in mice in B (n = 6/group). (H) Plasma ALT and AST levels in mice in (B) (n = 6/group). (I) Representative Western blotting analysis of genes involved in lipid synthesis in the liver of mice in (B). (J) Quantitative PCR analysis of genes involved in lipid metabolism in the liver of mice in B (n = 6/group). All the data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p＜0.0001, 2-way ANOVA (C,D), 2-tailed Student’s t-test (A,B,E–J).
We also examined the expression of genes involved in lipid metabolism in the liver of FGF9 transgenic mice. Western blotting and real-time PCR data further confirmed that FGF9 transgene inhibited the expression of lipogenic genes, while it enhanced the expression of genes related to fatty acid oxidation (Figures 6I,J). Collectively, these results clearly suggested that liver-specific FGF9 transgenic mice were resistant to HFD-induced NAFLD.
DISCUSSION
Given the rising incidence and high prevalence of NAFLD, the absence of approved therapies is striking. Currently, lifestyle changes, weight loss, and exercise are the main treatments available to modify the disease process. Thus, there is an urgent need of new drugs for treatment of NAFLD and NASH (Tiniakos et al., 2010; Rotman and Sanyal, 2017).
Previous studies indicated that FGF9 is involved in multiple developmental processes (Colvin et al., 2001; Yin et al., 2011; Iwata et al., 2012). Recently two studies showed that FGF9 regulates browning of white adipocytes and is associated with human obesity (Sun et al., 2019; Shamsi et al., 2020). Sun et al. (2019) reported that FGF9 expression in adipose tissue is reduced upon cold exposure and FGF9 treatment inhibited browning of white adipocytes. However, Shamsi et al. reported that cold exposure induces FGF9 expression in adipose tissues and FGF9 strongly induced UCP1 expression in adipocytes and preadipocytes, which is independent of adipogenesis and involves the FGFR3-PGE2-EP2/4 signaling pathway. Thus, it appears that FGF9 exerts its metabolic effects in an autocrine manner.
In the present study, we showed that hepatic FGF9 expression is upregulated in mice with the fatty liver, including HFD-induced obese and ob/ob mice relative to their respective control mice. Of note, we detected the two bands of FGF9 protein in livers of DIO mice, as revealed by Western blotting analysis, possibly due to the alternate splicing of FGF9 mRNA in DIO mice or different antibodies we used to detect an unspecific protein. Currently, two bands of FGF9 in nature remain unclear. Moreover, fasting also induces FGF9 expression in the mouse liver. Furthermore, FGF9 knockdown in the primary hepatocyte treated with OA and PA increased cellular lipid accumulation. Consistently, FGF9 knockdown in the liver of HFD-induced obese mice aggravated the symptoms of hepatic steatosis. These data suggest that FGF9 regulates hepatic lipid metabolism in an autocrine manner, as that observed in adipose tissues (Sun et al., 2019; Shamsi et al., 2020). Notably, FGF9 knockdown in the liver of chow diet-fed mice did not significantly change hepatic TG contents, indicating FGF9 exerts its effects in the context of high-fat stress. FGF9 expression is induced in the liver of both DIO mice and ob/ob mice. The overexpression of FGF9 in the liver of DIO mice improved insulin sensitivity and fatty liver phenotype. Whether FGF9 has same effects in ob/ob mice remains unexplored. Additionally, although our study shows that FGF9 regulates hepatic triglycerides contents in DIO mice, we did not characterize the lipid species influenced by FGF9. Ceramides are the best studied sphingolipids in relation to insulin resistance (Meikle and Summers, 2017). Thus, whether and how FGF9 influences ceramides contents deserve further study.
Multiple factors contribute to fatty liver development. Increased TG accumulation in the liver reflects an input/output imbalance of hepatic FFA metabolism. An increase in FFA delivery to the liver due to adipose tissue insulin resistance, and de novo lipogenesis driven by the hyperinsulinemia might cause fatty liver disease (Rotman and Sanyal, 2017). In contrast, the decrease in VLDL secretion or fatty acid β-oxidation also induces the fatty liver phenotype (Fabbrini et al., 2008; Zhang et al., 2013). In the present study, we found that FGF9 regulates hepatic lipid metabolism with several distinct mechanisms. FGF9 inhibits cellular lipid synthesis by repressing the expression of ChREBP, Fasn, and PPARγ, while it enhances fatty acid oxidation by inducing target genes of PPARα, including Cpt1a, Cyp4a11, and Cyp4a14. Of note, FGF9 did not influence the protein levels of PPARα (data not shown). We speculated that FGF9 might enhance PPARα transcriptional activity via posttranslational modification (Hinds et al., 2016) or increase the contents of its endogenous ligands. In addition, how FGF9 represses the expression of ChREBP and PPARγ remains unclear. Further studies are required to clarify this question.
FGF21, another member of FGF family, acting as an endocrine factor, is also induced directly by PPARα in the mouse liver in response to fasting and PPARα agonists. Induced FGF21, in turn, stimulates fatty acid oxidation and ketogenesis in the liver (Badman et al., 2007; Inagaki et al., 2007). Moreover, the adenoviral knockdown of FGF21 in the liver of mice fed a high-fat, low carbohydrate ketogenic diet (KD) caused the fatty liver and reduced serum ketones (Badman et al., 2007). Furthermore, injection of recombinant FGF21 proteins into DIO mice reversed hepatic steatosis due to FGF21 inhibition of hepatic lipogenesis (Xu et al., 2009). Our study indicates that FGF9 regulates hepatic lipid metabolism in an autocrine manner. Thus, FGF9 regulates hepatic lipid metabolism with similar mechanisms as FGF21. Fasting-induced FGF9 promotes hepatic fatty acid oxidation; meanwhile, it also inhibits hepatic lipogenesis, thereby improving the fatty liver phenotype.
NAFLD is the hepatic manifestation of the metabolic syndrome and becoming increasingly common with the rising incidence of obesity, diabetes, hyperlipidemia, and cardiovascular disease worldwide. Thus, the treatment of fatty liver should exhibit wider systemic effects and fit into a larger treatment of the syndrome (Ritchie et al., 2020). Our results suggest the beneficial effect of FGF9 on NAFLD, and targeting the FGF9 signaling pathway might be exploited to treat NAFLD or NASH. Of note, FGF9 has potential mitogenic activity (Tsai et al., 2002), which may lead to safety concerns. Fortunately, Shamsi et al. (2020) generated a modified FGF9 protein carrying K168Q/R173V/R177Q triple mutations in its HS-binding sites. This mutant reduced the molecule’s mitogenic potential without impacting its metabolic function. Thus, this FGF9 mutant might have potential for treatment of NAFLD.
MATERIALS AND METHODS
Animal Treatment
Male C57BL/6J, ob/ob, db/db, and db/m mice at 8 weeks of age were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China) and housed and maintained in 12 h light and dark photoperiods with a regular unrestricted diet.
For adenovirus infection, 8-week-old male C57BL/6J mice were fed a chow diet or HFD (D12492, Jiangsu Xietong Bio-engineering Co., Ltd., China) for 3 months, followed by injection with 1–2 × 109 PFU per recombinant virus (Ad-GFP or Ad-FGF9) via the tail vein. Mice were fasted for 6 h and sacrificed for further analysis, 15 days after infection.
For AAV infection, mice were injected with 5×1011 vg of the AAV-shFGF9 or AAV-shCon via the tail vein, followed by feeding a chow diet or HFD for 8 weeks. Then, mice were sacrificed for further analysis.
FGF9 Rosa26 knockin mice were generated by the insertion of FGF9 cDNA downstream of the Rosa26 promoter and a loxP-stop-loxP cassette at Beijing Biocytogen Co., Ltd., and Alb–Cre mice (express the Cre-recombinant gene under the control of the albumin gene promoter) were provided by Hongbing Zhang (Institute of Basic Medical Sciences, Peking Union Medical College), and then liver-specific FGF9 transgenic mice were obtained by crossing Alb–Cre mice to FGF9 Rosa26 knockin mice. FGF9 Rosa26 knockin mice were used as controls. All the mice were fed on a chow diet or HFD for 3 months.
All the protocol related with animals was approved by the Animal Care and Use Committee of Tianjin Medical University (TMUaMEC) and conformed to criteria outlined in the National Institutes of Health (NIH; Bethesda, MD) Guide for the Care and Use of Laboratory Animals.
Culture of Mouse Primary Hepatocyte and Adenoviral Infections
Briefly, 8-week-old male mice were anesthetized with bromethol and perfused with 0.5 mg/ml type II collagenase (Sigma-Aldrich) via the inferior vena cava to obtain hepatocytes as previously described (Wang et al., 2010). The cells were seeded at 6 well collagen-coated plates, and cultured with RPMI 1640 medium (H10394; Invitrogen) containing 10% (v/v) FBS (ExCell Bio, Shanghai, China), 50 units/ml penicillin and 50 μg/ml streptomycin (Penicillin–Streptomycin Solution, 100X, Solarbio Life Sciences, Beijing, China). After cell attachment for 4 h, a fresh medium was added after the unattached cells were washed away with PBS. For the adenovirus infection, primary hepatocytes were treated with 0.5 mM OA (CAS No. 112-80-1, Selleck) and 0.25 mM PA (CAS No. 57-10-3, Selleck) for 24 h before (Ad-shCon and Ad-shFGF9, MOI = 100) or after (Ad-GFP and Ad-FGF9, MOI = 100) adenovirus particle infection for 12 h.
Triglyceride Content
Liver tissue of 100 mg was homogenized in 1 ml of 5% Nonidet P-40 dissolved in water, heated to 95°C for 5 min, centrifuged for 2 min at 13,000×g. A fluorometric assay kit was used to measure triglyceride levels according to the manufacturer’s guidelines (Applygen Technologies, Inc., Beijing, China). Finally, the levels of triglyceride levels were normalized to the weight of liver and expressed as mg of triglyceride/g of tissue weight.
AAV-shRNA Viral Production and Purification
For the FGF9 knockdown studies, AAV gene delivery vectors were constructed by cloning FGF9 shRNA sequences into an AAV-shRNA-Ctrl plasmid (Addgene #85741, Watertown, MA), and AAV-shRNA-Ctrl encoding a nontargeting shRNA, was used as a control virus (AAV-shCon). For AAV-shFGF9, we generated the shRNA that would target FGF9 by using the Dharmacon siDESIGN center (http://www.dharmacon.com) as described (Yu et al., 2002), the antisense-loop-sense oligonucleotides synthesized, annealed, and subcloned into the Bbs1 and Xba1 sites of the AAV-shRNA-Ctrl plasmid. The AAV2/8 virus was generated by transfecting HEK-293T cells with pAAV2 insert containing either shRNA control or shRNA-FGF9 under the control of the mouse U6 promoter, pAAV2/8 (Addgene #112864, Watertown, MA) packaging plasmid expressing Rep/Cap genes, and pAdDeltaF6 (#112867).
The three plasmids were used for viral production with a triple-transfection, and the virus was purified according to the modified published methods (Challis et al., 2019). Briefly, triple plasmids were co-transfected to HEK-293T cells, and the cell culture medium was harvested at 72, 96, and 120 h. After purification by an iodixanol step gradient, the fraction containing the virus was desalted on 100 K concentrators with PBS as the diluent. AAV titers were determined by qPCR using primers targeting CMV. Each virus titer was calculated in genomes/ml with AAV-shRNA-Ctrl Luciferase at 2.4×1013 vg/ml, AAV-shFGF9 at 2.6×1013 vg/ml. The viruses were aliquoted into siliconized tubes and stored at −80°C.
The primers used for constructing AAV-shFGF9 are as follows:
shRNA FGF9 F: 5′-GAT​CCG​CAG​GAC​TGG​ATT​TCA​TTT​AGT​TCA​AGA​GAC​TAA​ATG​AAA​TCC​AGT​CCT​GCT​TTT​TTC​TCG​AGG-3’;
shRNA FGF9 R: 5′-AAT​TCC​TCG​AGA​AAA​AAG​CAG​GAC​TGG​ATT​TCA​TTT​AGT​CTC​TTG​AAC​TAA​ATG​AAA​TCC​AGT​CCT​GCG-3’.
Recombinant Adenovirus Production and Purification
Adenoviruses expressing FGF9 was prepared as previously described (Luo et al., 2007). Briefly, the full-length mouse FGF9 gene was first cloned into the pAd-Track-CMV shuttle vector. The resultant plasmid was linearized by digesting with restriction endonuclease PmeI and subsequently transformed into competent cells, which were BJ5183 derivatives containing the adenoviral backbone plasmid pAdEasy-1. Recombinants were selected for kanamycin resistance, and recombination was confirmed by restriction endonuclease analyses. Overall, the confirmed recombinant adenovirus plasmids were digested with PacI to liberate both inverted terminal repeats and transfected into HEK-293A cells. Recombinant adenoviruses were typically generated within 14–20 days. Ad-shCon and Ad-shFGF9 were purchased from Hanbio Biotechnology Co., Ltd.
Glucose Tolerance Tests and Insulin Tolerance Tests
For the GTTs, mice were injected with glucose (25% glucose, 1 g/kg) intraperitoneally after a 16-h fasting. For the ITTs, mice were fasted for 6 h and injected with insulin (0.75 U/kg; Novolinhuman insulin) intraperitoneally. Blood glucose levels were recorded using a glucose monitor (OneTouch; LifeScan, Inc., Milpitas, CA) at 0, 15, 30, 60, 90 and 120 min after glucose or insulin injection.
Analysis of Hepatic Insulin Signaling
Mice were fasted for 16 h and intraperitoneally injected with insulin (0.75 U/kg). After twenty minutes, mice were euthanized, and the liver tissues were quickly excised, snap-frozen in liquid nitrogen, and stored at −80°C until use. For the evaluation of insulin signaling, primary antibodies against Ser-473-AKT (Cat No. AP0655, ABclonal) and total AKT (Cat No. A3145, ABclonal) were used for Western blotting analysis.
Oil Red O Staining
The livers were mounted and frozen in Tissue-Tek O.C.T and sectioned at 5 μm. The frozen sections were air-dried, fixed in 10% neutral-buffered formalin, rinsed in tap water followed by 60% isopropanol, and stained in Oil Red O solution for 15 min. Then, the sections were further rinsed in 60% isopropanol, and the nuclei were stained with hematoxylin followed by aqueous mounting and cover slipping. For primary hepatocytes, the cells were fixed in 10% neutral-buffered formalin, rinsed in tap water followed by 60% isopropanol, and stained in the Oil Red O solution for 15 min.
All the sections were imaged using a color Axiocam105 camera with Zen 2 software attached to a Zeiss Axioplan microscope. The images were analyzed using ImageJ software.
Hematoxylin-Eosin Staining
For H&E staining, liver tissues were fixed in 10% neutral-buffered formalin, embedded in paraffin, and cut into 5 μm sections. The sections were stained with hematoxylin and eosin followed by the manufacturer’s instructions (Polysciences, #24901). Briefly, the sections were deparaffinized and rehydrated in distilled water, followed by staining. Finally, the samples were dehydrated, cleared, and mounted, followed by imaging using light microscopy.
Western Blotting Analysis
The homogenate of liver tissue or cells was prepared in lysis buffer (20 mM Tris–Cl pH7.5, 140 mM NaCl, 1 mM CaCl2 and MgCl2, 10 mM NaF, 1% NP-40, 10% glycerol, 2 mM Na-Vanadate, and 1 mM PMSF) supplemented with complete Protease Inhibitor Cocktail (cOmplete™, Sigma-Aldrich, Dallas, TX) for 30 min, centrifuged at 12,000 rpm at 4°C for 15 min. The protein samples were resolved by SDS-polyacrylamide gel electrophoresis and electrophoretically transferred to PVDF membranes. The membranes were blocked at room temperature for 2 h in 5% defatted milk dissolved in TBST (10 mM Tris–HCl, pH 7.4, and 150 mM NaCl), incubated at 4°C for overnight with the following antibodies: PPARγ (#AF6284, Affinity, 1:1000), FGF9 (#A6374, ABclonal, 1:500 and #ab206408, Abcam, 1:500), ChREBP (#A7630, ABclonal, 1:1000), Fasn (#DF6106, Affinity, 1:1000), or β-Actin (#AF7018, 1:10000), washed in TBST (0.1%Tween 20) for 15 min (repeated three times) and incubated with a goat anti-mouse (# S0002, Affinity) or goat anti-rabbit (# S0001, Affinity) IgG (H + L) HRP secondary antibody (1:5000 dilution in TBS) for 1 h at RT. Immunoreactivity was visualized and quantified by infrared scanning using the Odyssey system (LI-COR Biosciences).
Quantitative PCR
Total RNA from either the mouse livers or the primary hepatocytes were extracted using the TRIzol-based method (Invitrogen). cDNA was prepared using the Applied Biosystems’ High-Capacity cDNA Reverse-Transcription Kit. Quantitative real-time reverse-transcriptase PCR (qRT-PCR) was performed using the SYBR Green I Q-PCR kit (TransGen) on a Bio-Rad IQ5 system. All gene expression data were normalized to 36B4 expression levels. All primer sequences are shown in Supplementary Table S1.
STATISTICAL ANALYSIS
The quantitative data are represented as the mean ± SEM. A two-tailed, unpaired Student’s t-test was used for the pairwise comparison of genotypes or treatments. 1-way ANOVA and 2-way ANOVA were used when comparing 3 or more groups, as indicated in the figure legends. The graphs and analysis were performed using GraphPad Prism 7.0 software. p < 0.05 was considered statistically significant.
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Background: The incidence of Nonalcoholic Fatty Liver (NAFL) is increasing year by year, growing evidence suggests that the intestinal flora plays a causative role in NAFL. Huazhi Rougan Granule (HRG) is commonly used in the clinical treatment of NAFL. It is reported that it can reduce lipids and protect the liver, but no research has confirmed whether the drug’s effect is related to the intestinal flora. Therefore, we investigated whether the effect of HRG is related to the regulation of intestinal flora to further explore the mechanism of HRG in the treatment of NAFL through intestinal flora.
Methods: In this study, C57BL/6J mice were fed a high-fat diet for 8 weeks, and the high-fat diet plus HRG or polyene phosphatidylcholine capsules were each administered by gavage for 4 weeks. High-throughput sequencing, network pharmacology, and molecular docking were used to explore the mechanism of HRG in the treatment of NAFL through intestinal flora.
Results: HRG treatment can reduce body weight gain, lipid accumulation in liver and lipogenesis and reduce serum biochemical indexes in high-fat-fed mice. Analysis of intestinal flora showed that HRG changed the composition of intestinal flora, which was characterized by a decrease in the Firmicutes/Bacteroidetes ratio. Moreover, the species distribution was significantly correlated with AKP, HDL-C, and TG. Metagenetic analysis showed that HRG altered the functional composition and functional diversity of microorganisms, which was mainly characterized by an increase in the abundance of metabolic pathways. The network pharmacology results show that the mechanism of HRG in the treatment of NAFL through intestinal flora is mainly reflected in the biological process of gene function and related to infectious diseases, immune systems, and signal transduction pathways, such as cytokine-cytokine receptor interaction, Chagas disease, IL-17 signaling pathway and other signaling pathways.
Conclusion: These results strongly suggest that HRG may alleviate NAFL by preventing IFD.
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BACKGROUND
Nonalcoholic Fatty Liver (NAFL) is a common, multifactorial, and less significant liver disease whose incidence is increasing worldwide. The occurrence of NAFL is mainly related to unhealthy dietary habits and lifestyles. This leads to pathological accumulation of fat droplets in hepatocytes (Cobbina and Akhlaghi, 2017; Romero-Gómez et al., 2017). There is increasing evidence that obesity, cardiovascular disease, and type 2 diabetes are closely related to the progression of NAFL and represent an increasing burden to society (Eckel et al., 2010; Yang et al., 2015; Graffy and Pickhardt, 2016; Younossi et al., 2019; de Vries et al., 2020; Deprince et al., 2020). Although NAFL is usually clinically asymptomatic, it can progress over time to non-alcoholic steatohepatitis, cirrhosis, and end-stage liver disease (Papatheodoridi and Cholongitas, 2018; Zhou et al., 2020). Currently, lifestyle changes are the mainstay of treatment, including dietary changes and exercise (Younossi et al., 2018; Kořínková et al., 2020). Therefore, the development of drugs and nutraceuticals for NAFL remains a challenge for all scientists (Targher et al., 2020).
In recent years, intestinal flora has gradually attracted the attention of scientists. A growing number of studies show that intestinal flora is closely related to human health homeostasis, which opens a new direction for us to understand the occurrence and progression of NAFL (Milani et al., 2017; Mohajeri et al., 2018; Gomaa, 2020; Kim et al., 2020; Manor et al., 2020). Studies have shown that intestinal flora can affect lipid metabolism and lipid levels in blood and tissues in mice and humans (Zhou et al., 2017; Wang et al., 2018; Kong et al., 2019; Yuan et al., 2019; Hong et al., 2020; Yiu et al., 2020). In addition, animal and clinical studies have shown that regulation of intestinal flora and its metabolites can influence the degree of a high-fat diet-induced hepatic steatosis in NAFL mice and NAFL patients, thereby interfering with the occurrence and development of NAFL (Jiang et al., 2015; Moreira et al., 2018; Wu et al., 2019; Nakano et al., 2020; Zhang et al., 2021). Therefore, there are good reasons to believe that the composition of intestinal flora may help predict the severity of NAFL and may be a new therapeutic target for NAFL.
Huazhi Rougan Granule (HRG) is widely used to treat dampness-heat obstruction of NAFL. It has the function of clearing heat and detoxifying, eliminating blood stasis, and softening the liver. The composition of HRG is Yinchen (YC), Juemingzi (JMZ), Dahuang (DH), Zexie (ZX), Zhuling (ZL), Shanzha (SZ), Cangzhu (CZ), Baizhu (BZ), Chenpi (CP), Gualou (GL), Nvzhenzi (NZZ), Mohanlian (MHL), Gouqizi (GQZ), Xiaoji (XJ), Chaihu (CH), Gancao (GC). Studies have shown that this formula can not only improve lipid deposition in the liver, protect liver cell membranes and reduce liver damage but also protect the intestinal barrier and regulate intestinal flora (Niu et al., 2011; Chen et al., 2015; Gao et al., 2021; Zhang et al., 2021; Zhang et al., 2021).
Since intestinal flora disorder is the breakthrough point in network pharmacology, the treatment of NAFL-related intestinal flora disorder by HRG was investigated to explore the mechanism of HRG in the treatment of NAFL by intestinal flora in multiple dimensions. Therefore, this study not only explored the mechanism of HRG in the treatment of NAFL by intestinal flora using network pharmacology but also established a NAFL model for experiments. The intervention effect in NAFL mice was analyzed by the high-throughput sequencing method to analyze the diversity of intestinal flora in mice to provide a better basis for further exploration of the mechanism of HRG in the treatment of NAFL through intestinal flora.
MATERIALS AND METHODS
Experimental Animals
Seventy-two 6-week-old SPF-grade male C57BL/6J mice, weighing between 20–22 g, were purchased from Beijing Speifu Biotechnology Co., Ltd. They were housed in the ICV cage of the Experimental Animal Center of Beijing University of Traditional Chinese Medicine (n = 5/cage). Animals were housed at 20 ± 2°C in a 12-h light/12-h dark cycle and had free access to food and water.
Main Reagents in the Experiment
Reagents: Huazhi Rougan Granule (Lunan Pharmaceutical Co., Ltd.); Polyene Phosphatidylcholine Capsule (Yishanfu); high-fat diet [78.8% basic feed +10% lard +10% egg yolk powder +1% cholesterol +0.2% sodium cholate, product number is SCXK (Jing) 2019-0010, Beijing Speifu Biotechnology Co., Ltd.]; normal diet [corn, soybean meal, fish meal, flour, bran, salt calcium ammonium phosphate, stone powder, a variety of vitamins, a variety of trace elements, amino acids, etc, product number is SCXK (Jing) 2019-0010, Beijing Speifu Biotechnology Co., Ltd.]; 4% tissue cell fixative (Beijing Bairuiji Biotechnology Co., Ltd.); AKP, ALT, AST, TG, TC, HDLC, LDLC assay kit (Nanjing Jiancheng).
Animal Grouping and Model Establishment
After 1 week of adaptive feeding of male C57 mice, 12 mice were randomly selected as a blank control group (BC) and fed with a normal diet (ND); the remaining mice were fed with high-fat diet (HFD) to replicate the NAFL model. After 12 consecutive weeks, relevant indicators were evaluated. Mice that passed the evaluation could be considered successful modeling, gavage at week 13, and sampled at week 17. Gavage continued for 5 weeks. The successfully established mice were randomly divided into a model control group (MC), a positive drug control group (PC), and a high-medium-low-dose HRG group (TH/TM/TL), with 10 mice in each group. Finally, there were nine mice in each group after sampling. HRG and Polyene Phosphatidylcholine Capsule (PPC) were administered at equivalent doses converted from the upper clinical limits of the human body, with doses of 3.12 g/kg and 0.18 g/kg respectively. The high, medium and low doses of HRG were 4, 2, and 1 times, respectively, the equivalent dose after conversion.
Collection and Preparation of Samples
After collection of mouse feces, the feces were placed in sterile cryopreservation tubes, quickly frozen in liquid nitrogen, and stored in an ultra-low temperature refrigerator at −80°C for subsequent analysis of intestinal flora diversity. After the mice fasted for 12 h, the eyeballs were removed, and the blood was collected in a 2 ml sterile centrifuge tube, centrifuged at 3,000 r/min for 15 min at 4°C. The supernatant was stored in a centrifuge tube for subsequent biochemical index analysis. One-third of mouse liver lobes were fixed in 4% paraformaldehyde fixative, routinely processed, embedded in paraffin, 3 μm sections were stained with hematoxylin and eosin (HE) for histological analysis, and frozen sections (8 μm) were stained with oil red O. The fat accumulation and inflammatory response of liver tissue were observed under the microscope.
16S rRNA and Metagenomic Sequencing
16S rRNA sequencing: After extraction of the total DNA from the sample, all primers were designed according to the conserved region. 338F (5′- ACT​CCT​ACG​GGA​GGC​AGC​A-3′) and 806R (5′- GGACTACHVGGGTWTCTAAT-3′) were used for PCR amplification of the V3-V4 region of the 16S rDNA gene to perform the Illumina deep sequencing. PCR products were detected by 1.8% agarose gel electrophoresis. Metagenome sequencing: extract DNA from fecal samples, detect the DNA of the sample, and fragment the DNA with ultrasonic waves after passing the test. Then, the fragmented DNA is purified, the end repaired, A is added to the three ends, and the sequencing adapter is ligated. Fragment size selection was performed by agarose gel electrophoresis, and PCR amplification was performed to form a sequencing library. The constructed libraries are first checked for quality, and qualified libraries are sequenced on the Illumina sequencing platform. Beijing BioMarker Technologies Co., Ltd. provided library construction and sequencing Beijing BioMarker Technologies Co., Ltd. (Beijing, China).
Network Pharmacology Analysis
Through the Traditional Chinese Medicine Systems Pharmacology Platform (TCMSP, https://tcmspw.com/tcmsp.php) (Ru et al., 2014; Zhang et al., 2020) and the Integrative Pharmacology-based Research Platform of Traditional Chinese Medicine (TCMIP v2.0, http://www.tcmip.cn/TCMIP/index.php/Home/) (Wang et al., 2021), the active ingredients of HRG were screened. The TCMSP database and the Swiss Target Prediction platform (http://www.swisstargetprediction.ch/) (Daina et al., 2019) were used to identify the targets of the main active ingredients. The Uniprot database (https://www.uniprot.org/) (UniProt Consortium, 2021) is used to find the gene information corresponding to the targets. After integration, the active components and related target information of HRG were obtained. The Gene Cards database (https://www.genecards.org) (Stelzer et al., 2016), DigSee database (http://210.107.182.61/geneSearch/) (Kim et al., 2013) and NCBI Gene (https://www.ncbi.nlm.nih.gov/gene/) (NCBI Resource Coordinators, 2018) were used to search for targets related to NAFL and IFD. The above targets were respectively integrated and duplicate genes were removed. A total of 198 targets related to IFD and 1,395 targets related to NAFL were obtained.
Herb-compound-target network, PPI network and multi-element network of “herb-key compound-key target-disease-KEGG pathway” of HRG were constructed by Cytoscape 3.7.2. (Otasek et al., 2019). Comprehensive modular analysis and cytoHubba analysis were used to screen the key targets of HRG in the treatment of NAFL through the intestinal flora. GO enrichment analysis and KEGG pathway enrichment analysis were performed on the targets in the intersection network using R 4.0.3 (Layeghifard et al., 2018; The Gene Ontology Consortium, 2019; Kanehisa and Sato, 2020). The potential active ingredients obtained by the analysis were docked onto the potential targets. Autodock Tools 1.5.6 was used to perform preprocessing such as water removal, hydrogenation, and atom typesetting for proteins and small molecule compounds, Autodock Vina 1.1.2 was used to perform molecular docking calculations, and Pymol 2.3.2 (https://pymol.org/2/) was used to visualize the result (Trott and Olson, 2010; Mooers, 2020; Eberhardt et al., 2021).
Bioinformatics Analysis
Microbial diversity analysis: FLASH v1.2.11 was used to stitch the original data. The spliced sequences were quality filtered and chimeras were removed to obtain high-quality Tags sequences. Sequences were clustered at a similarity level of 97%, and OTUs were filtered with a threshold of 0.005% of all sequenced sequences. Alpha diversity and beta diversity were analyzed using the BMK Cloud platform (www.biocloud.ent).
Metagenome analysis: use of Trimmomatic (version 0.33) software to filter raw data (Raw Tags); use of bowtie2 (version 2.2.4) to align with host genome sequence to remove host contamination; MEGAHIT (Version 1.1.2) was used for metagenomic assembly to filter contig sequences shorter than 300 bp; MetaGeneMark (Version 3.26) was used for gene prediction; cd-hit (Version 4.6.6) was used to remove redundancy. The similarity threshold was set a 95%, and the coverage threshold was set at 90%. Both functional diversity analysis and species diversity analysis are analyzed on the BMK Cloud platform (www.biocloud.ent).
Statistical Analysis
The relevant results are expressed as mean ± SE. SPSS software was used for data analysis and GraphPad Prism was used for visualization. p values of less than 0.05 were considered statistically significant.
RESULTS
Lipid Accumulation in Mice Induced by HFD
As shown in Figure 1, in the model group compared with the BC group, the fat accumulation in the liver increased, the liver volume increased, white color, and the edge became blunt. After administration, the degree of redness of the liver improved in each group, especially in the group TH. The results of HE and oil red O staining showed more balloon denatured hepatocytes and more red lipids in the liver tissue of the model group but less in the administration group. The pathological degree of the MC group was the most severe, that of the TH group was the mildest, and there was no significant difference between the TL group and the PC group. Therefore, HRG ameliorates HFD-induced hepatic fat accumulation and weight gain, and HRG may improve liver lesions in a dose-dependent manner.
[image: Figure 1]FIGURE 1 | Effects of HRG on liver morphology, liver histopathology (HE staining, ×20) and fatty lesions in mice (oil red O staining, ×20).
Serum Analysis
Compared with the blank group, the indexes of liver enzymes and blood lipids were higher in the model group, among which there were significant differences in TC, HDL-C, LDL-C, AKP, ALT, and AST. However, there was no significant difference in TG. After administration, liver enzymes and blood lipids were lower than in the model group. There were significant differences in ALT, AST and HDL-C between the MC and administration groups. There were no significant differences in TC, ALT and HDL-C between the administration groups. There were differences in AKP, AST, TG and LDL-C between the HRG group and the PC group.
The effect of reducing AKP in the TM and TH group was better than in the TL group, and the effect of lowering in the TG group was better than in the TM group. The effect of lowering AKP in the PC group was better than in the TL group but worse than in the TM and TH groups. In addition, the effect of LDL-C lowering in the PC group was better than in the TM and TH groups. The above differences were statistically significant. This suggest that HFD can lead to abnormal metabolism of blood lipids and liver enzymes, and that HRG can improve this. Compared with positive drugs, HRG has advantages in improving HDL-C, TG, and AKP, and the degree of improvement may be dose-dependent. There was no significant difference in organ index between groups. The comparison of the different indexes of each group is shown in Table 1, and the effects of HRG on the biochemical indexes and organ index of mice are shown in Figure 2.
TABLE 1 | Comparison of serum biochemical indexes of mice in each group after 5 weeks of gavage (‾x±se, n = 9).
[image: Table 1][image: Figure 2]FIGURE 2 | Effect of HRG on biochemical indexes and statistical histogram of organ index in mice. (A) Effects of HRG on serum AKP level in mice. (B) Effects of HRG on serum ALT level in mice. (C) Effects of HRG on serum AST level in mice. (D) Effects of HRG on serum HDL-C level in mice. (E) Effects of HRG on serum LDL-C level in mice. (F) Effects of HRG on serum TC level in mice. (G) Effects of HRG on serum TG level in mice. (H) Effects of HRG on liver index in mice. Compared with the model group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with the blank group, #p < 0.05, ##p < 0.01, ###p < 0.001).
Microbial Diversity Analysis
The intestinal flora is considered to play a causal role in the pathogenesis of NAFL. We evaluated the effects of administration on intestinal flora composition by high-throughput sequencing of the bacterial 16S rRNA V3 + V4 region. High-throughput sequencing generated a total of 4,191,545 raw reads from 54 samples. After screening, a total of 4,178,702 high-quality reads were obtained. Based on a similarity level of 97%, all effective reads were clustered into OTUs for OTU cluster analysis and species taxonomy analysis. The quality evaluation of the sequencing data is shown in Supplementary Table S1.
In this study, the flora was identified and analyzed at the phylum, class, order, family, and genus levels. Finally, a total of 17 phyla, 26 classes, 56 orders, 86 families and 187 genera were identified. The figure shows the annotation of species and the taxonomic analysis. The histogram of species distribution (Figures 3A–D) shows that species are mainly distributed in Firmicutes and Bacteroidetes, followed by Actinobacteria, Verrucomicrobia and Proteobacteria. In addition, is they are mainly distributed in the genera of uncultured_bacterium_f_Muribaculacea and lachnospiraceae NK4A136 group, followed by uncultured_bacterium_f_Lachnospirae, Lactobacillus and Akkermansia.
[image: Figure 3]FIGURE 3 | The results of microbial diversity analysis. (Ⅰ: Histogram of species distribution. Ⅱ: Dilution curve and Shannon curve. Ⅲ: Beta analysis based on OTU. Ⅳ: LEfSe analysis. Ⅴ: RDA analysis.)
At the phylum level (Figures 3A,B), the levels of Firmicutes, Proteobacteria and Actinobacteria were higher in the MC group than in the BC group, whereas the levels of Bacteroidetes and Verrucomicrobia were lower. Compared to the BC group, the levels of Firmicutes and Proteobacteria decreased in the administration group, especially in the TH group; Actinobacteria decreased in the TH and TM groups, most significantly in the TM group, but increased in the PC and TL groups. Bacteroidetes were significantly higher in the TH and TM groups than in the MC group, and Verrucomicrobia increased most significantly in the TH and TM groups. Compared with the BC group, the proportion of Lactobacillus and Desulfovibrio was higher in the MC group at the genus level (Figures 3C,D). In comparison, Akkermansia and Ruminococcaceae UGG-014 accounted for a lower proportion. After administration, Lactobacillus (decreased the most in TH group) and Desulfovibrio (decreased the most in TH group) decreased, Akkermansia (increased the most in TH group) and ruminococcaceae UGG-014 (increased the most in PC group) increased. After administration, Lactobacillus and Desulfovibrio decreased and Akkermansia increased, especially in the TH group; Ruminococcaceae UGG-014 increased, especially in the PC group. Therefore, it is tentatively suggested that HRG can increase Bacteroidetes, Verrucomicrobia, uncultured bacterium f Lachnospiceae and Akkermansia, and reduce Firmicutes and Proteobacteria, Lactobacillus and Desulfovibrio. HRG can improve NAFL by changing the structure of intestinal flora of NAFL mice.
The analysis of alpha diversity can be represented by the index in Table 2. The larger the index, the higher the diversity of the sample. The results showed no significant difference between the Shannon index and the Simpson index in the community diversity evaluation. The ACE index and the Chao index in community richness evaluation showed that the richness of the TL and TM groups was significantly higher than that of the BC group, the MC group and the PC group. Shannon index from large to small TM > BC > TH > TL > MC > PC, Simpson index from large to small TM > BC > TL > TH > MC > PC, ACE index from large to small TM > TL > TH > BC > PC > MC, PD whole tree index from large to small TM > TL > TH > PC > BC > MC, Chao1 index from large to small TM > TL > TH > BC > PC > MC. Various indexes of alpha diversity showed that HRG could improve the diversity of NAFL mice, and the curative effect was better than that of the PC group. At the same time, the coverage rate of each group of samples is greater than 99%, indicating that the probability of undetected sequences in the samples is very low, and the sequencing depth can accurately reflect the composition diversity of the flora. The dilution curve shows that when the curve becomes gradually flat, increasing the sequencing depth has no significant impact on alpha diversity, as shown in Figures 3E,F. The Shannon index curve shows that when the curve tends to become flat, the characteristic species do not increase with the increase of sequencing quantity, as shown in Figures 3G,H.
TABLE 2 | Alpha diversity statistics (‾x±se, n = 9).
[image: Table 2]The comparison of the changing trend of β diversity of intestinal flora in each group is based on visual analysis of ecological differences by the Jaccard and Bray-Curtis PCoA algorithm based on independent OTU. As shown in the Jaccard PCoA in Figure 3I, the contribution of principal coordinates 1 (PC1) and PC2 to the distribution of samples is 11.92 and 8.46%, respectively. The clustering of the intestinal flora shows that there are obvious differences in the microbial community between the samples of BC and MC groups, and there are obvious differences in the microbial community between the administration group, BC group and MC group. In addition, the Bray-Curtis PCoA confirms these findings (Figure 3J). PC1 (15.21%) can better distinguish the microecology of BC and MC group, MC and TM, TH group. When PC2 (10.78%) was introduced, PC and BC, PC and MC, TH and BC, and TH and MC could also be significantly separated (Figure 3J). Community similarity analysis is another method that uses hierarchical clustering of the distance matrix to represent β diversity. The similarity and differences between samples can be described by the dendritic structure (Figures 3K,L). These data further indicated that the BC and MC groups had large differences in microbial community structure and that the HRG administration group and the control group had large differences in microbial community structure.
In order to find the biomarker flora with statistical abundance differences between the different groups, LEfSe analysis of the samples between the groups was performed. Figure 3M shows the evolutionary branch diagram of LEfSe analysis. The results showed that Bacteroidetes, Actinobacteria, Firmicutes, and Verrucomicrobia were significantly different species at the phylum level. At the genus level, Bifidobacterium, Bacteroides, Alloprevotella, Lactobacillus, Lachnospiraceae_ NK4A136_ group, Dubosiella, Faecalibaculum and Akkermansiaceae were significantly different species. t-test at the phylum and genus levels between the groups showed (Supplementary Tables S2, S3) that the dominant bacterial groups of NAFL mice and HRG group were mainly Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes. At the genus levels, they were mainly Adlercreutzia and Ruminococcaceae_ UCG-013, Sphingomonas, etc. It is suggested that HRG may improve NAFL by changing the flora of Firmicutes, Proteobacteria, Actinobacteria and Bacteroidetes.
RDA analysis was performed for intestinal flora abundance and serum index parameters (Figure 3N: phylum level, Figure 3O: genus level). The results showed that AKP, HDLC, TC, and TG were highly correlated with species distribution, and they were distributed in the same direction. At the genus level, they were positively correlated with Faecalibaculum, Desulfovibrio, Dubosiella and Lactobacillus, and negatively correlated with Bacteroides, Akkermansia and Alloprevotella. At the phylum level, AKP, HDL-C and TG were highly correlated with species distribution, positively correlated with Firmicutes and Actinobacteria, and negatively correlated with Epsilonbacteraeota and Verrucomicrobia. Acidobacteria and Proteobacteria were negatively correlated with AKP and HDL-C and positively correlated with TG. Bacteroidetes were positively correlated with HDL-C and negatively correlated with AKP and TG. The results showed that these changes in colony abundance were closely related to the structural changes of intestinal flora in NAFL mice before and after administration.
Network Pharmacology
249 effective compounds were obtained by screening and removing the repetitive compounds among the herbs. The above compounds were used for target prediction, correction, and deletion of duplicate targets, and a total of 1,186 standard gene names for the targets were obtained. The “herb-compound-target” network of HRG is shown in Figure 4A (the yellow nodes represent drug targets, the green nodes represent compounds, and the red nodes represent herb), and 14 compounds in the 20 nodes with the highest degree value were selected as key compounds (Table 3). The PPI network of NAFL is shown in Figure 4B and the PPI network of IFD is shown in Figure 4C. The targets related to NAFL, the targets related to IFD, and the targets corresponding to the compounds were merged simultaneously, and the targets of HRG to treat NAFL through intestinal flora were obtained (Figure 4D). Module analysis and cytoHubba analysis were performed with this merged network. Module analysis shows module one (Figure 4E, score = 7.2) and module two (Figure 4F, score = 7.0), and cytoHubba analysis shows the top 10 targets (Figure 4G). Finally, 10 key potential therapeutic targets were obtained: CXCL10, CXCL8, ICAM1, IFNG, IL10, IL1B, IL2, IL4, IL6, TNF. The node size in Figures 4A–F is positively correlated with the degree value. Node colors in Figures 4B–F are positively correlated with degree values.
[image: Figure 4]FIGURE 4 | Network construction and correlation analysis. [(A) Herb-compound-target network of HRG. (B) PPI network related to NAFL. (C) PPI network related to IFD. (D) PPI network of HRG-IFD-NAFL merge targets. (E) Module 1. (F) Module 2. (G) Hub gene. (H) Herb-key compound-potential target-pathway network. (I) Illustration of crucial putative biological progress caused by key targets].
TABLE 3 | Compound information in the top 20 nodes in the “herb-compound-target” network of HRG.
[image: Table 3]GO and KEGG enrichment analysis were performed for the intersection targets, and a total of 184 pathways (Supplementary Table S4) and 980 GO entries (Supplementary Table S5) were enriched. The KEGG enrichment results showed that there were 59 pathways related to Organic Systems, eight pathways related to Metabolism, 80 pathways related to Human Diseases, one pathway related to Genetic Information Processing, and 25 pathways related to Environmental Information Processing and 11 pathways related to Cellular Processes. The enrichment results showed that Cytokine-cytokine receptor interaction, Chagas disease, Influenza A and other pathways had better enrichment results. The GO enrichment results showed that the BP entries accounted for 97.04%, the MF entries accounted for 2.65%, and the CC entries accounted for 0.31%. BP mainly related to metabolic process of reactive oxygen species, response to molecules of bacterial origin, regulation of inflammatory response, etc. MF mainly related to Receptor ligand activity, signaling receptor activator activity, cytokine receptor binding, etc. CC mainly related to membrane raft, membrane microdomain and membrane region.
The 10 key therapeutic targets, 14 key compounds, and related pathways were used to construct a network diagram of “herb-key compound-potential target-pathway” through Cytoscape (Figure 4H). The top three compounds were selected as potential compounds (quercetin, Luteolin, Kaempferol). The top three signaling pathways were selected as key pathways (Cytokine-cytokine receptor interaction, Chagas disease, IL-17 signaling pathway). Pathway Builder Tool 2.0 was used to draw the cartoon pathway mechanism of HRG in the treatment of NAFL through the intestinal flora (Figure 4I). The 10 key targets were molecularly docked with three potential compounds, and a total of 18 pairs of docking results were obtained (Table 4). The results were visualized using Pymol (Figure 5).
TABLE 4 | Information of molecular docking.
[image: Table 4][image: Figure 5]FIGURE 5 | Molecular docking simulation.
Metagenomics Sequencing
The functional diversity of the environmental samples is analyzed from the perspective of gene function, and the species diversity contained in the environmental samples is analyzed from the perspective of species. The original sequence was filtered by fastp software to obtain high-quality sequencing data. Bowtie2 was used to align with the host genome sequence to remove host contamination. MEGAHIT software was used for macrogenome assembly, and contig sequences shorter than 300 bp were filtered. QUAST software was used to evaluate the assembly results. A total of 360,000,366,878 bp of clean reads were obtained through quality control, and the final number of effective reads was 914,019,667 bp. 15,830,378 contigs were obtained with a total length of 16,591,141,994 bp. MMseqs2 software was used to remove redundancy. The similarity threshold was set at 95% and the coverage threshold was set at 90%. The statistical results of the quality control of the sequencing data of each group can be found in Supplementary Table S6, and the statistical information of the assembly results can be found in Supplementary Table S7.
Function annotation is based on the KEGG (Figures 6A,B), GO (Figure 6C), eggNOG (Figure 6D), CARD (Figure 6E), and CAZy (Figure 6F) databases. A total of 6055 KO (KEGG Ontology) and 2104 EC (enzyme) were annotated. Function was enriched in the pathways, resulting in four pathways at level 1, 22 pathways at level 2 and 167 pathways at level 3. The KEGG functional genes are closely related to metabolism related pathways, and the abundance of global and overview maps is highest for secondary pathways. Go annotated three categories, 42 secondary classifications, and 1,558 entries. EggNOG was annotated in four categories, 25 secondary classifications and 31039 eggNOG. The results showed that the number of corresponding functional genes of Replication, recommendation and repair and General function prediction only accounted for a relatively high proportion. Cell wall/membrane/envelope biogenesis and Carbohydrate transport and metabolism ranked second. The annotation results of the CARD database showed that the relative content of resistance genes corresponding to Tetracycline and Multidrug of antibiotic resistance is high, followed by Fluoroquinolone and Aminoglycoside. The annotation results of the CAZy database show that the top three carbohydrate enzymes are glycoside hydrolase (GH), glycosyltransferase (GT) and non-catalytic carbohydrate binding module (CBM).
[image: Figure 6]FIGURE 6 | The results of metagenomics sequencing. (Ⅰ: Functional annotation analysis. Ⅱ: Histogram of KEGG pathway composition and abundance. Ⅲ: Heat map of metagenomeSeq differential pathway abundance).
Figures 6G–L shows the composition of the KEGG pathways at different levels of each group and sample. At level 1 of each group, the abundance of Metabolic was the highest and the abundance of Cellular processes was the lowest. At level 2 of each group, the abundance of Global and overview maps is the highest, followed by Carbohydrate metabolism and Amino acid metabolism. The abundances of Translation, Nucleoside metabolism, Membrane transport and Metabolism of cofactors and vitamins are similar. Among the levels 3 of each group, the abundance of metabolic pathways was the highest, followed by biosynthesis of secondary metals, and third was Biosynthesis of antibiotics. Biosynthesis of amino acids and Microbial metabolism in diverse environments have little difference in abundance. In contrast, Carbon metabolism, ABC transporters, Purine metabolism, Ribosome and Pyrimidine metabolism have little difference in abundance. The results showed that compared with the blank group and the model group, the abundance of Metabolism at level 1, Global and overview maps at level 2 and Metabolic pathways at level 3 increases to some extent in the HRG group. It is speculated that HRG can improve NAFL by increasing metabolic pathways associated with metabolic regulation.
MetagenomeSeq was used to test the difference in abundance of KEGG at level 3 (p < 0.05), and the analyzed difference was plotted according to abundance, as shown in Figures 6M–X. The results showed that the abundance of Proteasome in the MC group was significantly higher than that in the BC group, and the Sesquiterpenoid and triterpenoid biosynthesis in the MC group was significantly lower than that in the BC group. Compared with the MC group, the PC group changed this trend. Compared with the BC group, the abundance of Fluorobenzoate degradation and Toluene degradation was higher in the HRG group. Compared with the MC group, the metabolic pathways with higher abundance in the HRG group include Aminobenzoate degradation, Carotenoid biosynthesis, Sesquiterpenoid and triterpenoid biosynthesis, Steroid biosynthesis, Glycosaminoglycan degradation, Phagosome, mRNA surveillance pathway, Tetracycline biosynthesis, Biosynthesis of vancomycin group antibiotics, Carotenoid biosynthesis, Aminobenzoate degradation, Sesquiterpenoid and triterpenoid biosynthesis. Therefore, HRG may improve NAFL through Metabolism and Cellular processes in which metabolism related pathways play an important role. Aminobenzoate degradation, Steroid biosynthesis, and Sesquiterpenoid and triterpenoid biosynthesis are important metabolic pathways.
DISCUSSION
Nonalcoholic Fatty Liver (NAFL), a common chronic disease in the clinic, can develop into nonalcoholic steatohepatitis, which can progress to cirrhosis or even liver cancer and is also related with the occurrence and development of other chronic diseases (Wang and Malhi, 2018; Aron-Wisnewsky et al., 2020). When liver tissue is diseased or liver cells are damaged, the activity of related liver enzymes and serum concentrations, such as AKP, ALT and AST, is increased (Zhou et al., 2017; Eshraghian et al., 2020; Choudhary et al., 2021; Nielsen et al., 2021). NAFL itself is also a metabolic disease that may be manifested by abnormal lipid metabolism and a significant or insignificant increase in blood lipids, such as HDLC, LDL-C, TC and TG (Jimenez-Rivera et al., 2017; Chen et al., 2020; Liu et al., 2020; Mohammadi et al., 2020). In our study, serum HDL-C in model mice increased and decreased after administration, which was similar to the results of Sheng et al. (Sheng et al., 2019). Changes in serum levels may be related to the degree of NAFLD, species and individual differences. A number of studies have shown that adjuvant therapy regulated by intestinal flora can effectively improve liver function, blood lipids, BMI and other levels of NAFL patients, suggesting that intestinal flora plays an important role in NAFL treatment (Tsai et al., 2020; Burz et al., 2021; Fernandez-Botran et al., 2021; Pan et al., 2021; Yang et al., 2021). The results of this study showed that Huazhi Rougan granules (HRG) could improve liver enzymes and lipid indexes of NAFL mice. The improvement effect of HDL-C, TG and AKP was better than that of the positive control group, and the therapeutic effect was related to the concentration. In addition, HRG can improve the accumulation of liver lipids in NAFL model mice, and the improvement of liver lesions may be dose-dependent.
The results of microbial diversity analysis showed that HRG could increase microbial diversity, increase species richness, and affect the microbial structure of NAFL mice. At the phylum level, HRG increased Bacteroides and Verrucomicrobia and decreased Firmicutes and Proteobacteria in NAFL mice. At the genus level, Akkermansia increased, and Lactobacillus and Desulfovibrio reduced. RDA analysis showed that species distribution was significantly correlated with AKP, HDL-C and TG. Bacteroidetes were negatively correlated with AKP, AST, TG and TC, while Firmicutes were negatively correlated with ALT, LDL-C and TC. Other studies have also found that the intestinal flora composition affects NAFL (Rau et al., 2018; Demir et al., 2020). Studies have shown that the Firmicutes/Bacteroidetes (F/B) ratio is related not only to intestinal homeostasis but also related to NAFL (Porras et al., 2017; Lee et al., 2020; Stojanov et al., 2020; Jasirwan et al., 2021). The results of the animal experiment by Bao et al. were similar to ours, and the reduction of F/B ratio could improve NAFL-related indicators (Bao et al., 2020). Huang et al. ‘s experiment also showed that the reduction of F/B ratio could alleviate NAFL in mice (Huang et al., 2019). Metagenomic sequencing analysis is mainly concerned with functional information. The results showed that metabolism-related functions, such as metabolism-related pathways, including metabolic pathways, secondary metabolites, antibiotics and amino acid biosynthesis, were increased in the treatment group compared with the model group. The results showed that metabolism-related functions increased in the treatment group compared with the model group, and there were significant differences in metabolism-related pathways. Analysis of the differences in metabolic pathways showed that metabolism-related pathways differed significantly between groups, indicating that the metabolic activities of bacteria were vigorous. The application of HRG increased Aminobenzoate degradation, Steroid biosynthesis, Sesquiterpenoid and triterpenoid biosynthesis. Many sesquiterpenoids have been isolated from plants, fungi, marine organisms, and Streptomyces species (Bertea et al., 2006; Nagegowda et al., 2008; Field et al., 2011). Furthermore, sesquiterpene pyridine alkaloids from Tripterygium were predicted to target several proteins and signaling pathways and may play an important role in curing Alzheimer’s disease, Chagas disease, and NAFL (Long et al., 2021). The aminobenzoate degradation pathway could promote tryptophan metabolism and benzoate degradation (Naidu and Ragsdale, 2001; McLeish et al., 2003; Toraya et al., 2004). The animal studies by Zhang et al. showed that the main changes in fecal metabolites of high-fat fed mice included metabolites related to tryptophan metabolism (Zhang et al., 2021). Steroid biosynthesis is associated with lipid metabolism and may increase primary bile acid biosynthesis (Lange and Ghassemian, 2003; Morikawa et al., 2006). Studies have shown that key pathways of lipid metabolisms, such as steroid biosynthesis, fatty acid synthesis, and oxidation, are involved in the progression of non-alcoholic fatty liver disease (Huang et al., 2020). A number of studies have also shown that primary bile acid biosynthesis is closely related to the occurrence and development of non-alcoholic fatty liver disease, and inhibition of this metabolic pathway can improve lipid accumulation in NAFL (Zhong et al., 2018; Na et al., 2019; Zhang et al., 2020). Therefore, NAFL can be alleviated by decreasing the F/B ratio and increasing the corresponding metabolic pathways. These results suggest that HRG may regulate intestinal flora and improve lipid metabolism in NAFL mice through the above channels.
Three potential compounds (Quercetin, Luteolin, Kaempferol), 10 core targets (CXCL10, CXCL8, ICAM1, IFNG, IL10, IL1B, IL2, IL4, IL6, TNF) and three key pathways (Cytokine−cytokine receptor interaction, Chagas disease, IL-17 signaling pathway) were identified based on the network pharmacology results. The 10 identified core targets are mainly related to inflammation, and these cytokines play an important role in the inflammatory response and immune regulation (Ouyang and O'Garra, 2019; Torretta et al., 2020; Jurdziński et al., 2020; Bui et al., 2020; Zhong et al., 2020). A number of studies have shown that the occurrence and progression of NAFL are closely related to the increased expression level of inflammatory factors (Chakraborty et al., 2019; Her et al., 2020; Moreno-Fernandez et al., 2021). The rat experiments by Ogunlana et al. showed that inhibition of oxidative stress, increase in antioxidant enzyme levels, and decrease in pro-inflammatory markers (IL-2, IL-6, TNF-α) could reverse NAFL-induced histological changes in the liver in rats (Ogunlana et al., 2020). Other studies have reported that these cytokines are associated with intestinal microflora disorder, intestinal immunity and intestinal inflammation (Sun et al., 2020). For example, Hui et al., found that alterations in the bacterial flora of neonatal necrotizing enterocolitis patients resulted in overt intestinal inflammation and increased expression of IL-1, IL-2, IL-4, IL-6, IL-8, IL-10, TNF-α, IFN-γ and IL-17 in the samples (Hui et al., 2017). Other experiments have also proved that inflammatory factors have an important relationship with intestinal flora disorder in NAFL mice, and improving intestinal flora disorder may intervene in the occurrence and progression of NAFL (Zhang et al., 2018; Li et al., 2020; Kang et al., 2021; Li et al., 2021; Shi et al., 2021). Studies have shown that Chagas disease is related to the changes and dysfunction of intestinal microbiota, which may be an important mechanism for the occurrence of intestinal flora disorder (de Souza-Basqueira et al., 2020; Duarte-Silva et al., 2020; Schaub, 2021). The study by Wang et al. suggests that the differentiation of cytokines related to the IL-17 signaling pathway is related to the colonization of intestinal flora and may be involved in intestinal immune homeostasis (Wang et al., 2019). The animal experiments of Xin et al. and the mass spectrometry analysis Du et al. showed that both the enterohepatic circulation and the intestinal flora are involved in the absorption process of quercetin and kaempferol and that isorhamnetin 3-O-glucoside could be successively decomposed into quercetin and kaempferol under bacterial action (Du et al., 2014; Du et al., 2017; Xin et al., 2019). A number of animal experiments have shown that quercetin can improve hepatic steatosis and prevent hepatic lipid accumulation, thereby treating NAFL (Esrefoglu et al., 2017; Donaldson et al., 2019). Therefore, we believe that HRG may improve intestinal inflammation, intestinal immunity, and lipid synthesis through relevant pathways, thereby improving NAFL by regulating intestinal flora. However, our study has some limitations, and more studies are needed for further verification.
CONCLUSION
In conclusion, HRG may alter microbial diversity, structure, and function to improve NAFL induced by high-fat diets. It is also possible to improve NAFL-related lipid accumulation and liver lesions by regulating intestinal related metabolic pathways, inflammatory responses, and immune responses. These results strongly suggest that HRG may alleviate NAFL by preventing intestinal flora disorder. Moreover, HRG can treat NAFL with multiple components, multiple metabolic pathways, and multiple targets through intestinal flora. This study provides a new idea for the treatment of NAFL, proves the relationship between intestinal flora and NAFL, and suggests that HRG has a good therapeutic effect.
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Objective: Obeticholic acid (OCA), a potent farnesoid X receptor (FXR) agonist, is a promising drug for nonalcoholic fatty liver disease (NAFLD); however, it can cause liver injury, especially at high doses. Here, we investigated the role of FXR in the high-dose OCA-induced hepatoxicity in the condition of the NAFLD mouse model.
Methods: Wild-type (WT) mice and FXR−/− mice were administered with over-dose OCA (0.40%) and high-dose OCA (0.16%), in a high-fat diet. RNA-seq on liver samples of mice fed with high-dose OCA was performed to dig out the prominent biological events contributing to hepatic fibrosis.
Results: Over-dose OCA induced liver injury and shortened survival in WT mice, but not FXR−/− mice. High-dose OCA caused hepatic stellate cell activation and liver fibrosis in the presence of FXR. Furthermore, high-dose OCA induced cholesterol accumulation in livers via the upregulation of genes involved in cholesterol acquisition and downregulation of genes regulating cholesterol degradation in liver, leading to the production of interleukin -1β and an FXR-mediated inflammatory response.
Conclusion: The high-dose OCA induced FXR-dependent hepatic injury via cholesterol accumulation and interleukin -1β pathway in the NAFLD mice.
Keywords: nonalcoholic fatty liver disease (NAFLD), obeticholic acid (OCA), farnesoid X receptor (FXR), hepatic fibrosis, interleukin -1β
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease worldwide (Fan et al., 2017; Younossi et al., 2018), and becoming a major cause of liver transplantation (Eslam and George, 2020). However, there are no medical treatment available for NAFLD. Farnesoid X receptor (FXR) is a novel therapeutic target for liver diseases. Activation of FXR suppresses hepatic de novo fatty acid synthesis (Watanabe et al., 2004), negatively regulates inflammatory response (Wang et al., 2008; Mencarelli et al., 2009; Armstrong and Guo, 2017; Hao et al., 2017), and protects against cholestatic liver damage (Liu et al., 2003). Obeticholic acid (OCA), a potent and selective FXR agonist (Pellicciari et al., 2002), is a Food and Drug Administration-approved therapy for primary biliary cholangitis and is a promising drug for NAFLD (Chapman and Lynch, 2020). Nonetheless, it has been reported that OCA resulted in side effects, including pro-atherogenic lipoprotein profile changes (Neuschwander-Tetri et al., 2015), pruritus (Neuschwander-Tetri et al., 2015; Younossi et al., 2019), liver injury especially in patients exposed to high-dose OCA(Chapman and Lynch, 2020). Recently, the U.S. Food and Drug Administration restricted the use of OCA in patients with primary biliary cholangitis and advanced cirrhosis because it may cause liver failure, which sometimes requires liver transplantation (Eaton et al., 2020). Plasma OCA concentrations were markedly elevated (13-fold) in patients with severe hepatic impairment compared with healthy volunteers (Edwards et al., 2016). Thus, OCA caused deterioration of hepatic decompensation in patients with advanced cirrhosis might due to high concentration of OCA. However, the mechanisms underlying high-dose OCA-induced hepatoxicity and the role of FXR in the high-dose OCA-induced hepatic injury are unclear. The purpose of this study was to explore the mechanisms of high-dose OCA-induced hepatoxicity in the context of FXR activity.
MATERIALS AND METHODS
Animal Experiments
All animal experiments were approved by the Laboratory Animal Ethics Committee of Jinan University. Wild-type (WT) mice and whole body FXR knock out (FXR−/-) mice were purchased from Cyagen Biosciences (China). All mice were on a C57BL/6 background. Animals were maintained under specific pathogen-free conditions and had free access to water and food. Eight-week-old male mice were fed a high-fat diet (HFD; 60% kcal from fat) mixed with different doses of OCA (0.04%, normal-dose; 0.16%, high-dose; 0.40%, over-dose; HFD + OCA group) or without OCA (HFD group). Body weight and food consumption were recorded weekly.
Serum Biochemical Analysis and Hepatic Cholesterol Content Measurements
Serum total cholesterol, alanine aminotransferase (ALT), and aspartate aminotransferase (AST), were determined using enzymatic methods kits (Nanjing Jiancheng, China). To measure liver total cholesterol content, 0.1 g of each liver was lysed and measured by a cholesterol kit (Nanjing Jiancheng, China) according to the manufacturer’s protocol.
Hepatic Hydroxyproline Content
Liver tissue (70 mg) was hydrolyzed in HCl (6N) as previously described (Trebicka et al., 2007). Hepatic hydroxyproline levels were determined using a hydroxyproline assay kit (Nanjing Jiancheng, China) in accordance with the manufacturer’s protocol.
Western Blots
An equal amount of denatured protein was separated by SDS-PAGE gel and transferred to a PVDF membrane (Millipore, United States). The membranes were blocked and incubated with anti-IL-1β (abcam, ab9722), anti-NLRP3 (ABclonal, A12694) or anti-GAPDH (Proteintech, 60,004-1-lg) overnight. After an incubation with horseradish peroxidase-conjugated antibodies, protein bands were visualized using chemiluminescence kit (Millipore, United States) and LAS Chemiluminescent Imaging System (LAS500, United States). The bands were quantified by ImageJ.
RNA Sequencing (RNA-Seq) Analysis
Total RNA from liver was extracted for complementary DNA (cDNA) library construction. Single-end libraries were sequenced by BGISEQ-500, and Bowtie2 software (version 2.2.5) was used to align clean reads to mouse genes and genomes. Gene expression levels (fragments per kilo base of exon per million fragments mapped) were quantified by RSEM (version 1.2.8). Read counts were inputted to DESeq2 to calculate differential gene expression and statistical significance. Differentially expressed genes (DEGs) (HFD + OCA group vs HFD group) were identified as 1) a fold change larger than 2, and 2) Q-value (adjusted p-value) less than 0.001. Pathways overrepresented by DEGs were annotated in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Pathways with a Q-value (corrected p-value) less than 0.05 was considered significantly enriched. Gene Set Enrichment Analysis (GSEA) software (version 4.1) was utilized to identify enriched signaling pathways. Annotated gene sets of gene ontology (GO) biological processes were used as enrichment inputs. The mouse version of MSigDB gene sets were obtained from Walter and Eliza Hall Institute website (https://bioinf.wehi.edu.au/MSigDB/v7.1/). Enriched pathways were identified as a p-value < 0.05 and a false discovery rate (FDR) Q-value < 0.25.
Real-Time Quantitative PCR
Total RNA was extracted from liver using TRIzol (Thermo Fisher, United States) and reverse transcribed using a reverse transcriptase kit (TAKARA, China). The cDNA and SYBR GREEN Premix EXtaq (TAKARA, China) were used for real-time quantitative PCR in a CFX96 Real-Time PCR Detection System. Primer sequences are listed in Supplementary Table S1.
Statistical Analysis
Data are displayed as mean ± standard error. Comparisons between two groups were evaluated by a two-tailed unpaired Student’s t-test. p < 0.05 was considered statistically significant.
RESULTS
Over-Dose OCA Caused Hepatic Injury and Impaired Mice Survival in an FXR-dependent Manner
To explore whether FXR is involved in OCA-induced hepatoxicity, wild-type (WT) mice and FXR−/- mice were administered with an over-dose OCA (0.40% incorporated into an HFD) for 5 days. Mice were humanely euthanatized when they were unable to ambulate. During the 5-days period, over-dose OCA caused all of WT mice died, but none of FXR−/- mice died (Figure 1A). Liver slices of WT mice showed disordered and necrotic hepatocytes, as well as infiltrated inflammatory cells (Figure 1B). Furthermore, compared to the FXR−/- mice, WT mice displayed a marked elevation in both serum ALT and serum AST on an over-dose OCA (Figure 1C).
[image: Figure 1]FIGURE 1 | Over-dose OCA reduced survival and promoted hepatic injury in an FXR-dependent manner. Wild-type (WT) and FXR−/− mice were given a high dose of OCA (0.40% OCA incorporated into a high-fat diet) for 5 days (n = 5). (A) Survival of WT and FXR−/− mice; Log-Rank p = 0.002; HR = 26.85, 95% CI (3.50, 205.70). (B) HE staining of liver sections from WT mice and FXR−/− mice. (C) Serum alanine aminotransferase (ALT) and serum aspartate aminotransferase (AST) of WT mice and FXR−/− mice. ns, not significant; *, p＜0.05; **, p＜0.01; ***, p＜0.001.
High-Dose OCA Induced Hepatic Stellate Cell Activation and Liver Fibrosis in the Presence of FXR
Over-dose OCA (0.4% OCA) is lethal, therefore, a non-lethal but toxic dose was used for exploring the mechanisms leading to hepatoxicity. WT mice and FXR−/- mice were fed with 0.04% (normal dose) OCA for 14 weeks, after which the dose of OCA was increased to 0.16% (high dose) for 8 weeks. During the 22-week period, none of the mice died. However, the body weight of WT mice dropped sharply after the dosage increase (Figure 2A, left panel), while the decrease in body weight of FXR−/- mice was mild (Figure 2A, right panel). Furthermore, high-dose OCA led to increased serum AST levels (Figure 2B, right panel) in WT mice, which are indicative of liver injury. The high-dose OCA induced hepatic fibrosis in WT mice but not in FXR−/- mice, as shown by Masson’s staining liver slices (Figure 2C) and increased hepatic hydroxyproline content (Figure 2D). The mRNA expression of tissue inhibitor of matrix metalloproteinase 1 (Timp1) and connective tissue growth factor (Ctgf), markers of hepatic stellate cell activation, were markedly upregulated in the livers of WT mice (Figure 2E, left panel). FXR deficiency abolished the effect of high-dose OCA on hepatic stellate cell activation (Supplementary Figure S1A). Hence, FXR was essential for high-dose OCA-induced hepatic stellate cell activation and liver fibrosis. Furthermore, high-dose OCA decreased the hepatic TG content in WT mice and FXR−/- mice (Supplementary Figures S2A,B).
[image: Figure 2]FIGURE 2 | High-dose OCA caused hepatic fibrosis and hepatic stellate cell activation in the presence of FXR. Mice were administered with a high-fat diet supplemented with 0.04% OCA for 14 weeks, after which mice received a high-fat diet containing a high dose of OCA (0.16%, red arrows) for 8 weeks (n = 3–6). (A) Left panel, body weight of WT mice; right panel, body weight of FXR−/− mice. (B) Serum parameters of WT mice and FXR−/− mice. (C) Masson’s staining of liver sections from WT mice and FXR−/− mice. (D) Hepatic hydroxyproline content. (E) Ctgf and Timp1 was determined by quantitative real-time PCR in WT mice and FXR−/− mice. ALT, alanine aminotransferase; AST, aspartate aminotransferase; FXR, farnesoid X receptor; OCA, obeticholic acid; WT, wild-type; ns, not significant; *, p＜0.05; **, p＜0.01; ***, p＜0.001.
High-Dose OCA Caused an FXR-Mediated Inflammatory Response
To explore the mechanism underlying high-dose OCA-induced hepatic fibrosis, RNA-seq was performed on the livers of WT mice (WT group) and FXR−/- mice (FXR−/- group) fed high-dose OCA, and WT mice fed normal-dose OCA (WT-N group). A total of 5,509 DEGs were found in WT group, while 468 DEGs in FXR−/- group and 918 DEGs in WT-N group (Figure 3A). KEGG enrichment analysis of DEGs highlighted six enriched pathways in WT group (compared to FXR−/- group) that were related to 1) inflammasome activation and inflammatory responses (cytokine-cytokine receptor interaction, NOD-like receptor signaling pathway, c-type lectin receptor signaling pathway), and 2) fibrogenic responses (osteoclast differentiation, MAPK signaling pathway, and Ras signaling pathway) (Figure 3B). The enrichment of these pathways was almost consistent in the WT-N group and the FXR−/- group (Figure 3B). Furthermore, high-dose OCA upregulated proinflammatory mediators and fibrosis gene expression in livers of WT mice, but not in FXR−/- mice (Figure 3C). However, normal-dose OCA did not induce the expression of these genes in WT mice (Figure 3C). The evidence demonstrated that OCA caused an FXR-mediated inflammatory and fibrogenic response in a dose-dependent manner. GSEA analysis of WT group indicated that the most significantly enriched pathway was positive regulation of IL-1β production (Figure 3D, left panel). Notably, the majority (6 out of 10, 60%) of the most significant pathways in WT group were involved in the IL-1β pathway (Figure 3D, right panel). The mRNA and protein expression of IL-1β were upregulated in livers of WT group (Figures 4A,E,G), but not in FXR−/- group (Figures 4B,F,G). In addition, the expression of Nlrp3 and Tnfa also upregulated in the presence of FXR (Figures 4A–D).
[image: Figure 3]FIGURE 3 | High-dose OCA induced an FXR-mediated inflammatory response WT mice (WT group), and FXR−/- mice (FXR−/- group) fed with 0.16% OCA as described in Figure 2; and WT mice treated with 0.04% OCA for 76 days (WT-N group). (A) Differentially expressed genes of mice. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differentially expressed genes, dashed horizontal line is plotted at 1.3 (Q-value = 0.05). (C) Proinflammatory mediator and fibrosis gene expression in livers of mice. (D) Gene Set Enrichment Analysis was performed to analyze the pathways enrichment in WT group. Left panel, the most significantly enriched gene sets. Right panel, representative 10 significantly enriched gene sets from GSEA analysis. ES, enrichment score; FDR, false discovery rate; FXR, farnesoid X receptor; OCA, obeticholic acid; NES, normalized enrichment score; ns, not significant; *, p＜0.05; **, p＜0.01; ***, p＜0.001.
[image: Figure 4]FIGURE 4 | High-dose OCA upregulated IL-1β dependent of FXR. (A) Relative mRNA expression of Nlrp3, Il-1β, and Tnfα was determined by quantitative real-time PCR (qPCR) in wild type mice. (B) Relative mRNA expression was determined by qPCR in FXR−/− mice. (C) Protein expression of NLRP3 in WT group. (D) Protein expression of NLRP3 in FXR−/− mice. (E) Protein expression of IL-1β in WT group. (F) Protein expression of IL-1β in FXR−/− mice. (G) Immunohistochemistry for IL-1β in the liver of the mice. (Scale bars, 50 μm). OCA, obeticholic acid; ns, not significant; *, p＜0.05; **, p＜0.01; ***, p＜0.001.
High-Dose OCA Disrupted Liver Cholesterol Metabolism
FXR plays a crucial role in cholesterol homeostasis (Chavez-Talavera et al., 2017). We found that the high-dose OCA decreased serum cholesterol and caused cholesterol accumulation in the livers of WT mice (Figure 5A). The mRNA expression of 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), the rate-limiting enzyme for cholesterol synthesis, was upregulated by high-dose OCA in the livers of WT mice (Figures 5B,C). High-dose OCA also upregulated the expression of Srb1, which is responsible for hepatic uptake high-density lipoprotein (HDL) cholesterol from circulation. Moreover, high-dose OCA markedly suppressed the expression of enzymes involved in cholesterol conversion to bile acids, such as Cyp7a1, Cyp8b1, and Cyp27a1 (Figures 5B,C) in the livers of WT mice. Conversely, the expression of these genes in the livers of FXR−/- mice had no such differences with high-dose OCA treatment (Figures 5B,D). The results revealed that in the presence of FXR, high-dose OCA upregulated genes involved in cholesterol acquisition and downregulated those involved in secretion of cholesterol in the livers. Together, these changes contributed to the cholesterol accumulation in livers. Cholesterol trigger NLRP3 activation, leading to the production of IL-1β, which triggers an inflammatory response, and promotes hepatic stellate cell proliferation (Ioannou, 2016). Therefore, high-dose OCA may have resulted in hepatic fibrosis via cholesterol accumulation and increased the production of IL-1β in an FXR-mediated manner (Figure 5E).
[image: Figure 5]FIGURE 5 | High-dose OCA disrupted liver cholesterol metabolism via FXR activation. Mice were administered with OCA as described in Figure 2. (A) Left panel, serum cholesterol; right panel, liver total cholesterol. (B) Fold change (FC) of FXR-target genes and cholesterol metabolism genes, as determined by RNA-seq. (C) Relative mRNA expression of genes involved in cholesterol metabolism in WT mice, as determined by real-time quantitative PCR (qPCR). (D) Relative mRNA expression determined by qPCR in FXR−/− mice. (E) Molecular pathways of high-dose OCA-induced hepatic fibrosis (upregulated genes are shown in red; downregulated genes are shown in blue). ns, not significant; *, p＜0.05; **, p＜0.01; ***, p＜0.001.
DISCUSSION
This study revealed that high-dose OCA induced liver injury in an FXR-dependent manner.
OCA was designed as a potent FXR agonist, it alleviates bile acids-induced hepatotoxicity (Trivedi et al., 2016) and NAFLD via FXR activation (Watanabe et al., 2004). However, FXR activation elevated plasma total cholesterol and LDL-c cholesterol levels, and decreased plasma HDL cholesterol levels in human (Neuschwander-Tetri et al., 2015; Pencek et al., 2016; Chavez-Talavera et al., 2017). Thus, FXR activation induces a higher cardiovascular risk lipoprotein profile in human. Interestingly, it is different in mice. FXR activation reduced circulating cholesterol in mice by inhibiting intestinal cholesterol absorption, promoting reverse cholesterol transport in macrophage (Xu et al., 2016), and increasing the expression of hepatic low-density lipoprotein receptor (Singh et al., 2018). In our study, high-dose OCA also reduced serum cholesterol levels in mice.
Even though FXR activation inhibited hepatic cholesterol conversed to bile acid and promoted HDL-c uptakes from circulation (Chavez-Talavera et al., 2017), several studies indicated that a therapeutic concentration of OCA decreased hepatic cholesterol content (Cipriani et al., 2010; Dong et al., 2017; Goto et al., 2018; Morrison et al., 2018). Conversely, in this study, a supratherapeutic concentration of OCA induced hepatic cholesterol accumulation dependent of FXR, which leading to inflammatory response. Previous study shown that activation of FXR suppressed the expression of Cyp7a1, Cyp8b1, and Cyp27a1, and induced the expression of Srb1 (Li and Chiang, 2014). Importantly, activation of FXR decreased hepatic cholesterol synthesis by suppressing the expression of Hmgcr (Hubbert et al., 2007), and promoted cholesterol secretion from hepatocytes by inducing Abcg8 and Abcg5 expression (Li et al., 2011). These changes caused by FXR activation were responsible for hepatic cholesterol reduction. However, in the present study, high-dose OCA increased the expression of Hmgcr without the upregulation of Abcg8 or Abcg5. Therefore, high-dose OCA disturbed the hepatic cholesterol homeostasis and induced hepatic cholesterol accumulation.
Cholesterol activated NLRP3 inflammasomes in macrophages contributing to atherogenesis was reported (Duewell et al., 2010; Rajamaki et al., 2010). Accumulating evidence demonstrated that hepatic free cholesterol is a molecular mediator of lipotoxicity (Ioannou, 2016), which activated NLRP3 inflammasomes and upregulated IL-1β, promoting liver inflammation (Mridha et al., 2017). Additionally, blocking NLRP3 activation alleviated hepatic inflammation induced by a methionine/choline-deficient diet and atherogenic diet (Mridha et al., 2017). Hepatic cholesterol accumulation also upregulated expression of TAZ, a profibrotic transcriptional regulator, and leading to liver fibrosis (Wang et al., 2020). Dysregulated cholesterol metabolism results in cholesterol accumulation in the liver of NAFLD patients (Puri et al., 2007; Caballero et al., 2009; Min et al., 2012), which can lead to NLRP3 inflammasome activation (Mridha et al., 2017), hepatic inflammation, and fibrosis (Ioannou, 2016).
Toxicity studies of OCA indicated that the toxicity of OCA to mice fed with a standard diet is primarily on the liver (EUROPEAN MEDICINES AGENCY, 2016). In this study, we explored the mechanism of high-dose OCA-induced hepatotoxicity in the condition of the NAFLD mouse model. The result showed that high-dose OCA resulted in hepatotoxicity in the presence of FXR. The high-dose OCA upregulated the expression of genes involved in the deposition of hepatic cholesterol and decreased the expression of genes involved in cholesterol secretion in livers. This led to an accumulation of cholesterol in liver, which triggered an inflammatory response in the liver, as demonstrated by the increased expression of IL-1β only in the presence of FXR. IL-1β, a potent inflammatory cytokine, promotes hepatic stellate cell proliferation (Reiter et al., 2016) and is involved in the pathogenesis of hepatic fibrosis, the latter of which can be induced by several factors, such as toxins, ethanol, and NASH (Seki and Schwabe, 2015). We demonstrated that FXR plays an important role in OCA-induced liver fibrosis when OCA is administered at high dose or in conditions of advanced cirrhosis, the latter of which resulted in a sharp increase in OCA plasma concentrations (Edwards et al., 2016).
There two limitations of this study. One is that the preclinical toxicology study was performed in mice but not in rats. As we know, the translational value of mice is limited in toxicological studies. Another is that the effect of high-dose OCA on bile acid metabolism was unknown for the measure of hepatic total bile acids was not performed.
In summary, the current study revealed that FXR is essential for high-dose OCA-induced hepatoxicity.
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Background: Inflammatory bowel disease (IBD) and non-alcoholic fatty liver disease (NAFLD) usually co-exist clinically. However, whether such association is causal is still unknown.
Methods: Genetic variants were extracted as instrumental variables from the largest genome-wide association study (GWAS) of IBD, Crohn’s disease (CD) and ulcerative colitis (UC) with 25,042 cases and 34,915 controls (GWAS p-value < 5 × 10−8). Information of genetic variants in NAFLD was extracted from a GWAS with 1,483 cases and 17,781controls. Also, liver fat content (LFC) was included as the outcome. Then, a bi-direction Mendelian randomization (MR) was carried out to appraise the causal relationship between NAFLD on IBD. Besides, a multivariable MR (MVMR) design was carried to adjust for body mass index (BMI) and type 2 diabetes (T2D) as well.
Results: Generally, IBD might not affect the risk of NAFLD (OR = 0.994 [0.970, 1.019]), together with its subtypes including UC and CD. However, genetically-elevated risk of IBD might cause liver fat accumulation (beta = 0.019, p-value = 0.016) while turning insignificant at Bonferroni correction. Besides, no causal effect of NAFLD on IBD was observed (OR = 0.968 [0.928, 1.009]), together with UC and CD. Also, genetically-elevated LFC could not impact IBD, UC and CD either. The MR CAUSE analysis supported these null associations and MVMR analysis also supported such null associations even after adjusting for BMI and T2D.
Conclusion: This MR study ruled out the causal relationship between IBD and NAFLD, suggesting therapeutics targeting NAFLD might not work for IBD and vice versa.
Keywords: null association, causal inference, genetic epidemiology, mendelian randomization, NAFLD (non alcoholic fatty liver disease), IBD—inflammatory bowel disease
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD), a disease characterized with liver steatosis and determined by liver fat content (LFC), is amongst the most important causes of liver diseases even in lean patients and its global prevalence is estimated to reach over 24% (Younossi et al., 2018). Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), is a chronic intestinal inflammation which can reduce patient’s life expectancy from age-related comorbidities like cardiovascular diseases, and its global prevalence will be as high as 1% by 2030 in many regions (Kaplan and Windsor, 2021). Considerable epidemiological evidence has linked these two diseases together where IBD was associated with increased risk of NAFLD and they usually coexist (McHenry et al., 2019; Zou et al., 2019; Lin et al., 2021). However, an observational study suggested there were no significant differences in terms of IBD characteristics between IBD patients with and without NAFLD, indicating the interplay between NAFLD and IBD is no easy (Magrì et al., 2019). Besides, it should be noted that all the available evidence is based on observational studies, which might be biased by unavoidable potential confounders and reverse causation (Piovani et al., 2021). There is a paucity of evidence illustrating whether the observed association is causal.
Mendelian randomization (MR) is an emerging epidemiological method of causal inference and has made great contribution to detection of causal risk factors for diseases. For instance, Voight et al. ruled out the possibility that high-density lipoprotein cholesterol (HDL-C) could lower risk of myocardial infarction using MR design, challenging the traditional concept (Voight et al., 2012). MR design utilizes genetic variants as instrument variables (IVs), usually single nucleotide polymorphisms (SNPs) and can largely evade bias caused by potential confounders as SNPs are allocated randomly at conception and free from influence of confounders (Davey Smith and Hemani, 2014). Thanks to the rapid development of genome-wide association study (GWAS) and accumulation of publicly available GWAS summary statistics, MR design based on two-sample setting is becoming more flexible and accessible. Several MR studies have identified causal risk factors of IBD, such as body fat percentage (Carreras-Torres et al., 2020) and ankylosing spondylitis (Cui et al., 2020). Also, a MR study clarified the causal relationship between NAFLD, type 2 diabetes (T2D) and obesity (Liu et al., 2020).
However, there is no MR study exploring the causal relationship between NAFLD and IBD. In this study, we aim to explore the causal relationship between NAFLD and IBD, hoping to disentangle their complex interplay and provide useful advice in clinical practice.
MATERIALS AND METHODS
GWAS Summary Statistics of NAFLD and IBD
The GWAS summary statistics of NAFLD were obtained from a recent published GWAS, with 1,483 European NAFLD cases and 17,781 genetically matched controls, and this study included the first five principal components as covariates (Anstee et al., 2020). Considering NAFLD is closely associated with LFC, we also selected a recent LFC GWAS which included 32,858 European participants from United Kingdom Biobank and adjusted for age at imaging visit, age squared, sex, imaging center, scan date, scan time, genotyping batch, and genetic relatedness (Liu et al., 2021). The IBD data were downloaded from an IBD meta-GWAS which included a total of 59,957 subjects, with 12,194 Crohn’s disease and 12,366 ulcerative colitis, and this study adjusted for the first ten principal components for each cohort (de Lange et al., 2017). As for the IBD GWAS, there were 25,042 European and unknown ancestry cases, together with 34,915 European and unknown ancestry controls (de Lange et al., 2017). Genomic control has been applied to all these studies. Each GWAS has been approved by corresponding Ethics Committees.
Mendelian Randomization Design
MR study should be carried out under three principal assumptions: (Younossi et al., 2018): the genetic variants should be closely associated with the exposure; (Kaplan and Windsor, 2021) the genetic variants should not be associated with any potential confounders that might mediate the way from exposure to outcome; (McHenry et al., 2019) the genetic variants should not be associated with outcome if conditioned on exposure (Emdin et al., 2017) (Figure 1). Besides, additional assumptions should be satisfied as well, such as linearity and no interaction between mediator and outcome.
[image: Figure 1]FIGURE 1 | The basic principles of Mendelian randomization (MR) study. A represents the three principal assumptions; B represents the bi-direction MR design. IV is instrumental variable; IBD is inflammatory bowel disease; UC is ulcerative colitis; CD is Crohn’s disease; NAFLD is non-alcoholic fatty liver disease; LFC is liver fat content.
Genetic variants were selected as IVs if reaching the genome-wide significance (GWAS p-value < 5 × 10−8) and were further clumped based on linkage disequilibrium (LD, r2 = 0.01) and genomic region (clump window 1,000 kilobases). Also, SNP with lower minor allele frequency (MAF <0.01) would be removed in the following analysis. In the two-sample setting, we harmonized summary statistic data to ensure each IV was aligned with the same effect allele.
Preliminarily, the IBD, UC and CD were treated as the exposures to estimate their causal effect on NAFLD and LFC, resulting in six pairs of causal relationships including IBD-NAFLD, IBD-LFC, UC-NAFLD, UC-LFC, CD-NAFLD and CD-LFC. Then, a bi-directional MR analysis was performed where the NFALD and LFC were set to be the exposures, generating another six pairs of causal relationship namely NAFLD-IBD, NAFLD-UC, NAFLD-CD, LFC-IBD, LFC-UC and LFC-CD (Figure 1). Furthermore, a multivariable MR (MVMR) design was elaborated with adjusting for body mass index (BMI) and type 2 diabetes (T2D), two potential confounders according to a recent meta-analysis (Lin et al., 2021). Therein, the GWAS summary statistics of BMI was from the Genetic Investigation of ANthropometric Traits (GIANT) consortium (Locke et al., 2015) and these of T2D was from the DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) consortium (Mahajan et al., 2014).
Statistical Analysis and Data Visualization
Initially, Wald ratio estimation was utilized to obtain the effect size of exposure on outcome for each IV and then each IV’s causal effect size was combined using an inverse-variance weighted (IVW) method. F statistics were calculated for each IV to ensure a sufficient power. The Cochrane’s Q value was calculated to appraise heterogeneity and the multiplicative random effect model would be adopted if there exists heterogeneity. The MR Steiger test has been performed to judge whether the IVs affect exposure more than outcome and we would eliminate the IV if it explained outcome more than exposure (Hemani et al., 2017).
Considering the horizontal pleiotropy can largely mislead the MR estimation, various methods have been utilized to minimize the bias caused by it, including both correlated and uncorrelated horizontal pleiotropy. For correlated horizontal pleiotropy, MR-Egger regression (Bowden et al., 2015) and MR-PRESSO (Verbanck et al., 2018) were utilized. The MR-Egger regression uses the intercept obtained from regression analysis to judge the correlated horizontal pleiotropy and we assume there is no correlated horizontal pleiotropy if the intercept equals to zero (Bowden et al., 2015). The MR-PRESSO uses distortion test to detect outliers that might manifest horizontal pleiotropy and further corrects the IVW estimation with removal of outliers (Verbanck et al., 2018). For uncorrelated horizontal pleiotropy, another two methods were adopted, including weighted median (Bowden et al., 2016) and CAUSE (Morrison et al., 2020). Therein, CAUSE can allow for both correlated and uncorrelated horizontal pleiotropy, and it was functioned based on full summary statistics (Morrison et al., 2020). In CAUSE analysis, the threshold of SNP-exposure p-value was 1 × 10−3, ensuring enough IVs to estimate nuisance parameters.
All statistical analyses were performed using R packages, including “TwoSampleMR” (Hemani et al., 2018), “MRPRESSO” (Verbanck et al., 2018)and “cause” (Morrison et al., 2020) in R software 3.6.0 (https://www.r-project.org/). The data visualization was conducted using R packages, including “TwoSampleMR” (Hemani et al., 2018) and “forestplot”.
Sensitivity Analysis
The leave-on-out sensitivity analysis was performed to find the IV that might drive the main results, guaranteeing the MR results were robust.
RESULTS
Generally, our MR study indicated there might be no causal relationship between NAFLD and IBD although the genetic liability to IBD might elevate the LFC slightly. The number of IVs for each phenotype varied from 4 to 145 and each F statistic was greater than the empirical threshold 10, indicating less bias caused by weak instruments (Table 1).
TABLE 1 | A brief description of each GWAS summary statistics.
[image: Table 1]Preliminarily, genetic predisposition to IBD could not elevate the risk of NAFLD (OR = 0.994 [0.970, 1.019], IVW p-value = 0.645), including two subtypes of IBD as UC (OR = 1.007 [0.952, 1.066], IVW p-value = 0.800) and CD (OR = 0.996 [0.986, 1.007], IVW p-value = 0.491) (Figure 2). After adjusting for BMI and T2D, the genetic predisposition to IBD could not affect the risk of NAFLD (OR = 1.057 [0.993, 1.125], IVW p-value = 0.082). Similar results were obtained for UC and CD in MVMR analysis as well (IVW p-value > 0.05). However, we observed a slight causal effect of IBD on LFC where genetically-elevated risk of IBD could lead to liver fat accumulation (beta = 0.019, se = 0.008, IVW p-value = 0.016). Considering LFC is a continuous variable, we used beta value to represent the effect size. It should be noted that the causal effect of IBD on LFC turned insignificant after Bonferroni correction (Bonferroni-corrected IVW p-value = 0.096). Besides, genetically-driven UC (beta = 0.010, se = 0.007, IVW p-value = 0.164) and CD (beta = 0.006, se = 0.007, IVW p-value = 0.363) could not alter LFC either (Figure 2). The impact of genetic predisposition to IBD on LFC was insignificant after adjusting for BMI and T2D (beta = -0.018, se = 0.010, p-value = 0.065). The MVMR results were similar in UC-LFC and CD-LFC associations (IVW p-value > 0.05). All pairs of causal association were insignificant in the MR-Egger regression and weighted-median method (Table 2). Although slight heterogeneity was detected for CD-NAFLD, CD-LFC and IBD-LFC pairs, the conclusions still held after removal of outliers. Also, genetic liability to CD could not affect the risk of NAFLD yet after correcting horizontal pleiotropy (OR = 0.024 [0.792, 1.008], MR-Egger p-value = 0.070).
[image: Figure 2]FIGURE 2 | Mendelian randomization (MR) results where non-alcoholic fatty liver disease and liver fat content as the outcomes. NAFLD is non-alcoholic fatty liver disease; LFC is liver fat content; CD is Crohn’s disease; IBD is inflammatory bowel disease; UC is ulcerative colitis; NSNP is the number of single nucleotide polymorphisms used in MR analysis; OR is odds ratio; 95% LCI is the lower limit of 95% confidence interval of OR/BETA; 95% UCI is the upper limit of 95% confidence interval of OR/BETA; SE is standard error; P is the p-value of OR/BETA. BETA is for the continuous variable LFC.
TABLE 2 | MR results of MR-Egger regression and weighted-median method.
[image: Table 2]When treating NAFLD as the exposure, no causal association was detected, including IBD (OR = 0.968 [0.928, 1.009], IVW p-value = 0.123), UC (OR = 0.953 [0.878, 1.034], IVW p-value = 0.247) and CD (OR = 0.983 [0.935,1.034], IVW p-value = 0.516) (Figure 3). The MVMR suggested there was no causation between NAFLD and IBD (UC and CD) after adjusting for BMI and T2D (IBD OR = 1.024 [0.983, 1.066], IVW p-value = 0.255). Also, the liver fat accumulation appeared not to affect the risk of IBD (OR = 0.954 [0.861, 1.058], IVW p-value = 0.373), UC (OR = 0.961 [0.855, 1.081], IVW p-value = 0.511) or CD (OR = 0.932 [0.784, 1.109], IVW p-value = 0.426). The MVMR suggested genetically-predicted LFC could not alter the risk of IBD, UC or CD after adjusting for BMI and T2D (IVW p-value > 0.05). No significant association was observed in MR-Egger regression and weighted-median method (Table 2). No horizontal pleiotropy was detected and there existed heterogeneity in NAFLD-UC and LFC-CD pairs. Also, the conclusions still held after removing outliers.
[image: Figure 3]FIGURE 3 | Mendelian randomization (MR) results where non-alcoholic fatty liver disease and liver fat content as the exposures. NAFLD is non-alcoholic fatty liver disease; LFC is liver fat content; CD is Crohn’s disease; IBD is inflammatory bowel disease; UC is ulcerative colitis; NSNP is the number of single nucleotide polymorphisms used in MR analysis; OR is odds ratio; 95% LCI is the lower limit of 95% confidence interval of OR; 95% UCI is the upper limit of 95% confidence interval of OR; P is the p-value of OR.
The MR CAUSE analysis indicated the causal model did not hold in estimating the causal associations abovementioned as all p-values of causal model were greater than 0.05 (Table 3). However, it should be paid attention to that the direction of gamma values from CASUE were all positive in estimating causal associations if treating NAFLD and LFC as the outcomes (gamma >0) while these gamma values turned negative if treating IBD, UC and CD as the outcomes (gamma <0). These results suggested the order of disease initiation might lead to opposite outcomes unexpectedly.
TABLE 3 | Results of MR CAUSE analysis.
[image: Table 3]After removal of outliers detected in MR-PRESSO, no SNP that might drive the results was identified in leave-one-out sensitivity analysis.
DISCUSSION
Although genetic liability to IBD might contribute to liver fat accumulation slightly, this MR study indicated there might be no causal link between NAFLD and IBD and it should be noted that the direction of NAFLD’s effect on IBD is negative, contrary to previous findings where NAFLD and IBD usually co-existed.
The observed causal effect of IBD on LFC might be a false positive one as this result was insignificant in both MR-Egger regression and weighted-median method. Besides, it was still insignificant in MR CAUSE analysis, a suitable method that can control false positive rate in MR analysis with consideration of both correlated and uncorrelated horizontal pleiotropy. However, we cannot completely rule out such causation as high-fat diet has impact on the quality of the intestinal barrier and the composition of the intestinal microbiome, influencing the pathogenesis of IBD (Ruemmele, 2016) and another study suggested LFC might be associated with UC as well (Jamali et al., 2017). Thus, further investigations should be carried out to elucidate such association.
As for the null associations, several reasons can be utilized to explain them. Metabolic syndrome, usually characterized by obesity, hyperglycemia, dyslipidemia and systemic hypertension, is currently the strongest risk factor of NAFLD (Friedman et al., 2018). Over 70% NAFLD patients are usually presented with high triglycerides (TG), high total cholesterol (TC), high low density lipoprotein cholesterol (LDL-C) and low high density lipoprotein cholesterol (HDL-C), most of which are primarily synthesized in liver, indicating dysregulated lipid metabolism in these patients, while the serum lipid profile is remarkably different in terms of serum TC and LDL-C in IBD patients at active stage, which can be rescued after intestinal surgery. Another study supported that less than 5% IBD patients are presented with dyslipidemia (Hoffmann et al., 2020), meanwhile, 25.0%–69.7% IBD patients at active stage developed malnutrition rather than obesity (Mijac et al., 2010). Therefore, we speculate that IBD brings out a specific metabolic state that might not be suitable for NAFLD.
Lean NAFLD is a special obesity resistant classification of NAFLD and believed to be with a distinct pathophysiological feature, characterized by higher serum secondary bile acid, increased expression of FGF19 and a shifted gut microbiota profile compared with non-lean NAFLD (Chen et al., 2020). IBD patients with NAFLD are often in absence of metabolic syndrome (Carr et al., 2017). There is still no report identifying the association between IBD and lean NAFLD. We cannot exclude that IBD and lean NAFLD have causal relationship, for no publicly available GWAS database can be utilized to address this problem until now.
Intriguingly, there was direct evidence illustrating that glucocorticoid for IBD could promote the initiation and progression of NAFLD instead of inhibiting NAFLD, and the use of azathioprine for CD was also determined as one risk factor for NAFLD (Woods et al., 2015). Similarly, bowel resection, a therapeutic strategy for severe IBD, was regarded as the risk factor for NAFLD in CD (Hoffmann et al., 2020), seemingly indicating inhibition of IBD could precipitate NAFLD. However, it is worthwhile to note that glucocorticoid as well as bowel surgery per se have the potential to result in liver steatosis or cholestasis, even without IBD history (Sasdelli et al., 2019). Thus, the observed co-existence of NAFLD and IBD might result from the effect of treatments, especially for the impact of IBD therapies on NAFLD (Restellini et al., 2017). Furthermore, Magri et al. reported there are no significant associations between NAFLD and IBD-related factors in IBD patients (Magrì et al., 2019). In a word, it is very difficult to demonstrate that IBD can contribute to the development of NAFLD based on previous studies.
On the other hand, accumulating evidence pointed to it that alteration of gut microbiota should have potential influence on the various risk factors of metabolic syndrome (Dabke et al., 2019). IBD is a chronic immunologically-mediated disease at the intersection of complex interactions between genetics, environment and gut microbiota (Ananthakrishnan, 2015), and gut microbiota have been reported to play an important role in pathogenesis of IBD (Franzosa et al., 2019). Metformin therapy for NAFLD could interact with gut microbiota (Vallianou et al., 2019) and so did the glucocorticoid therapy for IBD (Wu et al., 2018). Therefore, we postulate that gut microbiota may exert their effects on NAFLD and IBD concomitantly, and it can be comprehended as the pleiotropy of gut microbiota. As a result, NAFLD and IBD usually co-exist in clinical observation although there should be no causal relationship between them. Further investigations are needed to elucidate this hypothesis and corroborate our findings.
As no causal relationship was observed between NAFLD and IBD, it is still possible the underlying causal effect might be cancelled out due to opposite direct and indirect effects as omega 3 (ω3) fatty acids could alleviate intestinal inflammation (Marton et al., 2019). Therefore, it should be possible that the effects of “bad” lipids and “good” lipids can cancel out each other. Additionally, the negative results of MR study cannot completely rule out the causal relationship as the genetically-driven exposure cannot equals to the exposure and the negative results usually happen as the strict selection of IV.
As abovementioned, the pleiotropic effect of gut microbiota, impact of therapeutic treatments and opposite direct and indirect effects might help to explain the null causal relationship between NAFLD and IBD.
Our study has several strengths as follows: (Younossi et al., 2018) MR design was used to detect the causal relationship between and it could free this study from potential bias and reverse causation; (McHenry et al., 2019) both correlated and uncorrelated horizontal pleiotropy were controlled in this MR study; (McHenry et al., 2019) a bi-directional MR analysis was carried out to clarify the causation. However, some limitations should also be pointed out: (Younossi et al., 2018) horizontal pleiotropy should also be a major concern in MR study as various statistical methods fail to rule out horizontal pleiotropy caused by undetected biological mechanism; (Kaplan and Windsor, 2021) the proportion of NAFLD cases is relatively slow which might reduce the statistical power; (McHenry et al., 2019) the exclusion-restriction the selection might be violated as the binary phenotype was treated as the exposure due to data limitation; (Zou et al., 2019) the selection bias caused by competing risk factors could not be assessed as individual-level data was unavailable.
CONCLUSION
This MR study ruled out the causal relationship between IBD and NAFLD, suggesting therapeutics targeting NAFLD might not work for IBD and vice versa.
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Thyroid hormone/thyroid hormone receptor (TH/TR) axis is characterized by TH with the assistance of plasma membrane transporters to combine with TR and mediate biological activities. Growing evidence suggests that TH/TR participates in plenty of hepatic metabolism. Thus, this review focuses on the role of the TH/TR axis in the liver diseases. To be specific, the TH/TR axis may improve metabolic-associated fatty liver disease, hepatitis, liver fibrosis, and liver injury while exacerbating the progression of acute liver failure and alcoholic liver disease. Also, the TH/TR axis has paradoxical roles in hepatocellular carcinoma. The TH/TR axis may be a prospecting target to cure hepatic diseases.
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INTRODUCTION
Thyroid hormones (THs), including thyroid hormones 3,5,3′,5′- tetraiodothyronine or thyroxine (T4) and 3,5,3′-triiodothyronine (T3), are secreted by the thyroid gland to mediate homeostasis of biological growth, development, and metabolism (Senese et al., 2019; Turan and Turksoy, 2021). Thyroid hormone receptor (TR), a member of the nuclear receptor superfamily, is a ligand-dependent transcriptional factor. TR isoforms include TRα1, TRα2, TRβ1, TRβ2, and v-erbA (Ventura-Holman et al., 2011; Knabl et al., 2020). TRα and TRβ are encoded by chromosome 17 and chromosome 3, respectively (Onigata and Szinnai, 2014). V-erbA, acting like a transcriptional suppressor, is a derivant after TRα1 is affected by the avian erythroblastosis virus (AEV) (Ciana et al., 1998). TRα1 is mainly expressed in most peripheral organs except the liver, while TRβ1 is highly expressed in the liver. Although the TRα1 and TRβ1 mRNA levels are similar in metabolically active fats and muscles, protein levels are quite different (TRβ: TRα = 1:10). Moreover, TRβ2 is highly expressed in the pituitary gland, and gender differences in the expression have been found (Minakhina et al., 2020). The active form of TH, T3, and its nuclear receptor assembles ligand-dependent TH/TR complexes, thus regulating gene expression and directing downstream transcriptional activities (Lin et al., 2020a). In addition, thyroid hormone-response element (TRE) is located on the promoters of T3 target genes and affects the activity of the TR transcription response (Cheng, 2005). In pituitary gland, thyroid-stimulating hormone (TSH) is responsible for synthesis and secretion of TH while the encoding genes of TSH are also regulated by TH in a negative way (Bargi-Souza et al., 2017).
Dysfunction of the TH/TR axis leads to numerous pathologies, especially including growth, skeletal development, heart diseases, cognitive dissonance, gastrointestinal function, obesity, dysmetabolism, and cancers (Brent, 2012; Ortiga-Carvalho et al., 2014; Ajdukovic et al., 2021; Moutzouri et al., 2021; Niedowicz et al., 2021; Salman et al., 2021). Therefore, the abnormity of the TH/TR axis elicits a series of diseases, the most common of which is metabolic disease (Malm, 2004). The correlation between the TH/TR axis and many metabolism-associated diseases has been well-elucidated. For example, the TH/TR axis plays a protective role in hyperlipidemia, obesity, and type 2 diabetes (Grover et al., 2007). Intriguingly, the TH/TR axis is intimately associated with the development of the brain and the cerebellar both in fetal and adults (Ishii et al., 2021). Also, the TH/TR axis acts as a promoter in arrhythmia, gastric tumors, and alcoholic-related liver injury (Puhr et al., 2020; Deng et al., 2021). Considering the aforementioned facts, the TH/TR axis may be an indispensable part in maintaining hepatic metabolism.
Indeed, accumulating evidence has demonstrated that the TH/TR axis plays an important role in liver diseases. For instance, TRβ1, a subtype of TH, is highly expressed in the liver, regulating the metabolism of cholesterol and carbohydrates (Dawson and Parini, 2018; Gautherot et al., 2018). Additionally, the TH/TR axis, a strong inducer of hepatic autophagy contributing to lipid droplet degradation, as well as maintaining mitochondrial biogenesis and turnover, causes the removal of damaged mitochondria and ROS, ultimately preventing hepatic injury (Chi et al., 2019). As the TH/TR axis is correlated with various hepatic physiological alterations, more emphasis should be placed on the mechanism of the TH/TR axis in liver diseases. This review summarizes the regulatory mechanism of the TH/TR axis in the liver and focuses on the role of the TH/TR axis in hepatic diseases.
TH/TR AXIS PROMOTES HEPATOCYTE PROLIFERATION AND LIVER REGENERATION
TH has proven to be a hepatic mitogen, thus eliciting hepatocyte proliferating and liver repopulation. López-Fontal et al. (2010) also discovered that hypothyroidism and TR-deficient mice showed delayed recovery of liver mass. Interestingly, hypothyroidism can induce moderate non-alcoholic steatohepatitis, thereby promoting liver regeneration (Rodríguez-Castelán et al., 2017). A large number of studies reported that TRβ is involved in liver regeneration by the TH/TR axis (Sun et al., 2007). For instance, two TRβ agonists, TG68 and IS25, promote hepatocyte proliferation without TH/TR axis-dependent side effects (Perra et al., 2020). This aforementioned finding hints that the regulation of hepatocyte proliferation by the TH/TR axis is of great importance. Accordingly, studies have suggested the effect of the TH/TR axis on hepatocyte proliferation that TH promotes liver regeneration after 50% liver transplantation in mice via elevating histone 3 mRNA, proliferating cell nuclear antigen (PCNA), cyclin-dependent kinase 2 (cdk2), cyclin A, and cyclin D1 levels (Oren et al., 1999; Columbano et al., 2008; Taki-Eldin et al., 2011). The TH/TR axis activates β-catenin to induce hepatocyte proliferation through PKA and Wnt-dependent pathways (Fanti et al., 2014; Alvarado et al., 2016). Moreover, poly (ADP-ribose) polymerase (PARP), a nuclear enzyme involved in cell replication, is involved in the early steps of liver regeneration induced by TH after partial hepatectomy (PH) (Cesarone et al., 2000). The decrease of Dio3 elicits TH-dependent hepatocyte proliferation and liver regeneration (Kester et al., 2009). In addition, T3 bounds to nucleoprotein and then changes the interaction between nucleoprotein and TRE during liver regeneration (Hirose-Kumagai et al., 1995). These studies show that the regulation of hepatocyte proliferation by the TH/TR axis has been gradually demonstrated. Otherwise, the TH/TR axis is also involved in some specific regulation mechanisms of liver regeneration. For instance, Anan et al. (Abu Rmilah et al., 2020) summarized that TH mediates cell cycle regulators and apoptosis in liver regeneration. In addition, T3 improves liver regeneration by promoting the expression of VEGF and its receptor Flt-1 (Bockhorn et al., 2007). These studies suggest that the TH/TR axis may protect hepatocyte proliferation and liver regeneration (Figure 1).
[image: Figure 1]FIGURE 1 | Regulatory mechanism of the TH/TR axis in hepatic proliferation, liver regeneration, and MAFLD. The black lines depict the following: the effect of the TH/TR axis in hepatic proliferation and liver regeneration. TH promotes liver regeneration via elevating histone 3 mRNA, PCNA, cdk2, cyclin A, and cyclin D1. The axis activates β-catenin to induce hepatocyte proliferation through PKA and Wnt-dependent mechanisms. PARP participates in liver regeneration induced by TH. The decrease of Dio3 elicits TH-dependent hepatocyte proliferation and liver regeneration. T3 improves liver regeneration by promoting the VEGF and Flt-1 expression. The green lines represent the following: the TH/TR axis might improve MAFLD. Dio3 activates HIF-1a, thus inhibiting T3 signaling. Genes related to reverse cholesterol transport and lipase activity decrease with the downregulation of Dio2 in rats. TH is produced by Dio2 and then depletes H3K9me3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).
INTERPLAY BETWEEN TH/TR AXIS AND LIVER DISEASES
Hepatocyte proliferation, regeneration, and lipid homeostasis in the liver are involved in many hepatic diseases. Significantly, numerous studies have shown that the prevalence and development of hepatic diseases are related to TH/TR axis abnormity (Mishkin et al., 1981). The interplay between the TH/TR axis and liver diseases are summarized. These diseases mainly include metabolic-associated fatty liver disease (MAFLD), hepatocellular carcinoma (HCC), hepatitis of hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, acute liver failure (ALF), liver fibrosis, alcoholic liver disease, and liver injury.
TH/TR Axis Might Improve MAFLD
MAFLD, formerly named as non-alcoholic fatty liver disease, is a serious liver issue worldwide and will be the leading cause of liver transplantation in the forthcoming decades (Méndez-Sánchez and Díaz-Orozco, 2021). A large number of studies reported that TH regulates hepatic triglyceride and cholesterol metabolism (Zhao et al., 2020). Accordingly, TH increases the activity of hepatic lipase, thus enhancing lipid mobilization from fat droplets. Moreover, TR activation triggers free fatty acid transporting into the hepatocytes (Tanase et al., 2020). Considering the aforementioned facts, the TH/TR axis is likely to be intimately correlated with hepatic diseases such as MAFLD. Accumulating evidence has demonstrated that the TH/TR axis is involved in MAFLD. To be specific, MAFLD is positively related with hypothyroidism, elevated TSH, T3, and thyroid peroxidase antibody (TPOAb), and suppressed T4 (Gor et al., 2021; D'Ambrosio et al., 2021).
The fact that whether the TH/TR axis can be a risk factor in MAFLD is not clear. Martínez-Escudé A et al. (2021) reported that TSH, regarded as a risk factor of MAFLD, is involved in obesity, atherogenic dyslipidemia, metabolic syndrome (MetS), hypertransaminasemia, and altered cholesterol and triglycerides levels. Then, a recent research hint that TSH is a MAFLD risk factor but excludes the FT3 and FT4 levels (Tan et al., 2021). Intriguingly, the result in a middle-aged and elderly euthyroid subjects showed that high-normal FT3 and low-normal TSH independently predict the high incidence of MAFLD (Gu et al., 2021). In addition, Chao et al. thought that FT3 and FT4 are independent risk factors to MAFLD. Conversely, although the level of TSH in non-MAFLD and MAFLD subjects who are undergoing health examinations are significantly different, TSH is excluded as an independent risk factor of MAFLD (Zhang X. et al., 2020; Chao and Chen, 2021). As described earlier, there is still controversy to identify TSH and TH as independent risk factors of MAFLD.
Importantly, the TH/TR axis regulate hepatic lipid metabolism such as mitochondrial fatty acid β-oxidation, lipid autophagy, and expression of lipid-related genes (Sinha et al., 2012; Kagawa et al., 2018). Thus, selective TRβ agonists may improve hepatic lipid disorders and MAFLD (Kowalik et al., 2018; Senese et al., 2019; Ritter et al., 2020). These agonists include MGL-3196 (Taub et al., 2013; Raza et al., 2021; Kannt et al., 2021), MB07811 (Erion et al., 2007), KB-141 (Erion et al., 2007), sobetisome (GC-1) (Huang Y. Y. et al., 2013; Ferrara et al., 2018; Saponaro et al., 2020), KB2115 (Eprotirome) (Ladenson et al., 2010a; Senese et al., 2019), and DITPA (Ladenson et al., 2010b; Senese et al., 2019) (Table 1). The side effects of selective TRβ agonists mostly result from TRα-induced dose-dependent cardiac effects, muscle metabolism, and bone turnover (Erion et al., 2007; Kelly et al., 2014). In short, the TH/TR axis may act as a promising treatment method for MAFLD.
TABLE 1 | Comparison of different effects on selective TRβ receptor agonists.
[image: Table 1]TH/TR Axis Is Involved in HCC Growth, Proliferation, Invasion, and Metastasis
HCC is one of the most common malignant tumors. The TH/TR axis is involved in HCC. Some studies have demonstrated that mutations of TR genes are associated with human carcinoma (Anyetei-Anum et al., 2018; Piqué et al., 2020). A clinical study exhibited that hypothyroidism delays hepatocyte growth while hyperthyroidism promotes HCC (Mishkin et al., 1981). Additionally, the level of TR expression in adenomas (83%) and cancer (68%) is significantly lower than that in normal epithelium (96%) (Liu et al., 2019). Moreover, TH-related mitochondrial turnover protects hepatocytes from HBV hepatocarcinogenesis (Chi et al., 2017; Hossain et al., 2020). In addition, the TH/TR axis regulates proliferation, differentiation, metastasis, and drug resistance, autophagy in HCC (Jazdzewski et al., 2011; Rosen and Privalsky, 2011; Jerzak et al., 2015; Liu et al., 2019; Lin et al., 2020a).
TH/TR Axis May Be Involved in Hepatitis of Hepatitis B Virus and Hepatitis C Virus Infection
Hepatitis of HBV and HCV infection are global issues, which have a risk to develop severe liver disease such as liver cirrhosis and HCC (Jing et al., 2020; Zhang et al., 2021). A study hinted that the FT3 level decreases in HBV patients, while the FT3 and FT4 levels increase in HCV patients (Orságová et al., 2014). More specifically is that along with the increasing inflammatory grade, the level of TT3 primary increased and then decreased, but only the increased level was significantly statistic (Hu et al., 2020). Interestingly, HBV/HCV coinfection elevates the probability of thyroid dysfunction (Ji et al., 2016). Meanwhile, one of the major problems with interferon therapy in hepatitis is the occurrence of aberrant TSH, T3, and T4 values, as well as autoantibodies and thyroid diseases (Ignatova et al., 1998; Orságová et al., 2014; Karwowska et al., 2018). Nevertheless, Huang MJ et al. (1999) indicated that seropositivity of thyroid autoantibodies should not be a contraindication to IFN therapy in HCV-infected patients. Similarly, a recent research reported that the antithyroid antibodies do not cause severe autoimmune disorders in children with chronic HBV infection and merely associated with subclinical hypothyroidism (Kansu et al., 2004).
Downregulated TH/TR Function Ameliorates Acute Liver Failure
Acute liver failure (ALF), characterized by elevated liver biochemistry, coagulopathy, and hepatic encephalopathy (HE) but with no underlying chronic liver disease (CLF), is a severe and complex clinical syndrome (Lopes and Samant, 2021). The TH/TR axis may be involved in ALF. On the one hand, type A HE is strongly related to low TSH in ALF patients with a concerning poor survival rate (Anastasiou et al., 2015; Wang et al., 2017). HINAT ACLF has proposed liver failure incorporating TSH into the standard (Feng and Shi, 2018; Wu et al., 2018). Interestingly, type C HE often happens to patients with cirrhosis and lower T3 and T4 levels (Wang et al., 2017). In addition, ALF induced by surgical liver devascularization in female pigs observed a decrease in serum-free T3 and T4 as well as TRα protein levels (Kostopanagiotou et al., 2009). Intriguingly, thioacetamide-induced ALF promotes hepatocyte proliferation in response to T3 in the rat (Malik et al., 2006). On the other hand, hypothyroidism prevents immune-mediated acute liver injury in mice, subsequently elevating TSH levels and survival rates and declining serum liver enzymes, blood ammonia, and prothrombin time. It has been reported that a patient with ALF results from non-controlled hyperthyroidism (Sousa Domínguez, 2015). Clinically, plasma exchange is an effective method to eliminate TH in acute liver failure with thyroid storm (Zeng et al., 2017). Mechanistically, low T3 and T4 levels in hypometabolism-associated hypothyroidism link to inflammation and oxidative stress (Bruck et al., 1998). In general, high TSH levels and low TH/TR functions manifest a protector in ALF.
TH/TR Axis Improves Liver Fibrosis
Liver fibrosis is characterized by chronic inflammation and fibrous scar formation in the liver, finally resulting in hepatocyte deficiency and loss of hepatic function (Erhardtsen et al., 2021). Advanced fibrosis is associated with decreased serum FT3 levels (Du et al., 2021). As an independent risk factor, an elevated TSH level is significantly correlated with the risk of fibrosis (Martínez-Escudé et al., 2021). In a recent study, compared with 12.19% in chronic hepatitis C (CHC) patients without thyroid disease (TD), severe fibrosis is found at 92.85% among CHC patients with TD (Biciusca et al., 2020). However, studies have suggested that hypothyroidism was not highly associated with fibrosis (D'Ambrosio et al., 2021). Treating with TRβ agonist resmetirom in advanced NASH with fibrosis mice have lower α-smooth muscle actin, fibrogenesis-involved genes, and markers of fibrosis, especially including liver stiffness and N-terminal type III collagen pro-peptide (PRO-C3), which indicate that resmetirom can improve fibrosis (Harrison et al., 2021; Kannt et al., 2021). As a result, the TH/TR axis ameliorates liver fibrosis, although the deeper connection between hepatic fibrosis and the TH/TR axis needs more exploration.
TH May Accelerate Alcoholic Liver Disease
Alcoholic liver disease is caused by long-term heavy drinking, initially manifesting as fatty liver, and hepatocyte necrosis, then developing into alcoholic hepatitis, liver fibrosis, cirrhosis, and liver failure (Wang and Mu, 2021). Papineni et al. (2017) indicated that TH-free T3 (fT3) decreases in alcoholic hepatitis and cirrhosis while fT3 and fT4 increase in chronic alcoholic liver disease patients after treatment. More specifically speaking, low fT3 not only probably reflects the severity of liver disease, the degree of liver damage but may also increase the withdrawal effects and craving for alcohol (Nomura et al., 1975; Israel et al., 1979; Burra et al., 1992). However, it has been reported that alcohol and TH also might cause a hypermetabolic state of the liver and liver cell damage. Accordingly, antithyroid drugs can cure alcoholic fatty liver via inhibiting ethanol metabolic rate (EMR) in chronic ethanol-consuming patients (Szilagyi et al., 1983). Overall, the TH/TR axis may aggravate alcoholic liver disease.
TH/TR Axis Ameliorates Liver Injury
Liver injury is caused by multiple factors mainly including some drugs, poisons, or chronic liver, and extrahepatic diseases (Yamamoto, 1995). In CCl4-induced liver injury in rats, the serum T3 level is reduced due to the decreased release of T3 from liver cells rather than a decreased conversion of T4 to T3 (Ikeda et al., 1986). In general, the TH/TR axis protects against liver damage, and thyroid disorder aggravates the development of liver injury. From the protective aspect, T3 replenishment protects against liver injury via improving oxidative stress, cell ferroptosis, detoxification, and increasing drug transport proteins expression, inflammatory factors, autophagy, and lipid metabolism. DNA damage generated by reactive oxygen species upregulates 8-hydroxy-2-deoxyyguanosine (8-OHdG) levels. During diabetes, hypothyroidism, and hypothyroidism with diabetes, the use of TH downregulates the level of 8-OHdG, protein carbonyl content (PCO), protein oxidation, and advanced oxidation protein products (AOPPs) (Altan et al., 2010). In addition, TH synergizes with methylprednisolone (MP) to improve oxidative stress and liver damage and then realizing anti-inflammatory and antioxidant effects (D’Espessailles et al., 2013). Intriguingly, T3 scavenges lipid peroxyl free radicals and improves cell ferroptosis in the LPS/galactosamine-induced liver injury mouse model (Mishima et al., 2020). Moreover, the combined supplementation of T3 and n-3 polyunsaturated fatty acid (n-3 PUFA) in rat decreases ischemia-reperfusion (IR) liver injury and oxidative stress. From the aggravating aspect, hyperthyroidism promotes liver injury. Otherwise, thionamides, methimazole, and propylthiouracil are associated with drug-induced liver injury (LiverTox, 2012; Yan et al., 2017) (Table 2). In a word, the activation of the TH/TR axis can ameliorate liver injury.
TABLE 2 | Regulatory mechanism of the TH/TR axis alleviates acute liver injury. The regulatory mechanisms are clarified into three categories, including the effects of protection or exacerbation, treating factors, and changed factors. TH downregulates 8-OHdG, PCO, and AOPP levels. TH can also synergize with MP to improve oxidative stress and liver damage and realize anti-inflammatory and antioxidant effects. T3 scavenges lipid peroxyl free radicals and improves cell. The combined supplementation of T3 and n-3 PUFA was given to rats to decrease IR liver injury and oxidative stress. T3 treatment recovers NF-κB activity, STAT3, TNF-α, and haptoglobin and increases liver GSH depletion and protein oxidation protection against IR. T3 upregulates the liver redox-sensitive nuclear transcription factor Nrf2 DNA, detoxification, and drug transport proteins expression, especially including protein levels of Eh1, NQO1, GST Ya, GST Yp, MRP-2, MRP-3, and MRP-4. The inactivation of Kupffer cell by GdCl3 can suppress T3-induced oxidative stress, thus ameliorating the development of liver injury. T3 induces liver PC against IR supported by triggering AMPK, ultimately accelerating the depletion of inflammatory factors such as hepatic NLRP3 and IL-1β. T3 induces hepatocyte proliferation in toxic liver injury. T3 injection protects liver IR damage by enhancing MEK/ERK/mTORC1 mediated autophagy. TH-induced MAO inhibitors inhibit the activity of MAO protecting against liver injury. The accumulation of TR mRNA may remove negative influences in fluoride-related liver injury via preventing disruption of lipid metabolism, oxidative damage, and apoptosis. Hyperthyroidism promotes liver injury. Thionamides, methimazole, and propylthiouracil are associated with drug-induced liver injury. The Yinning Tablet restores the expression of antiapoptotic Bcl-2 cytosol cytochrome c protein overexpression and downregulates the expression of l-thyroxine-induced overexpressed caspase-9, -8, -3, proapoptotic BAX and Dio1, thus ameliorating TH-induced liver injury in rats through regulating mitochondria-mediated apoptotic signals. (The arrows indicate factors are unregulated or downregulated.)
[image: Table 2]THE REGULATORY MECHANISMS UNDERLYING TH/TR AXIS MAY SUPPLY NOVEL TREATMENT METHODS FOR LIVER DISEASES
The regulatory mechanism of the TH/TR axis in liver diseases has been gradually elucidated. However, the understanding of the regulatory mechanism of the TH/TR axis in liver diseases is not entirely clear, which is still being explored. The study on the regulatory mechanism of the TH/TR axis in hepatic diseases is helpful to reveal the importance in liver diseases.
MAFLD
In MAFLD, the deiodinase family members, especially including types 1, 2, and 3 iodothyronine deiodinases (Dio1, 2, and 3) and responsible for the activation and inactivation of TH, can modulate the TH/TR axis. As hepatic enzymes, Dio1 and Dio2 convert T4 to T3 and increase T3/T4 levels. Conversely, Dio3 inactivates TH. To be specific, the activation of Dio3 activates hypoxia-inducible factor 1α (HIF-1α), thus inhibiting T3 signaling and the metabolic rate (Bianco and da Conceição, 2018; Luongo et al., 2019; Russo et al., 2021). Increased Dio1 level promotes β-oxidation of fatty acid and oxidative phosphorylation, then preventing hepatocyte steatosis. Moreover, the level of Dio1 mRNA depends on the dietary conditions. When fed a normal chow diet (NCD), Leprdb mice grows up with severe steatosis with only mild inflammation. The depletion of Dio1 in Leprdb mice upregulates hepatic Tnfa and Co1a1 mRNA levels, which are inflammation and fibrosis biomarkers, respectively (Bruinstroop et al., 2021). Genes related to reverse cholesterol transport and lipase activity decrease with the downregulation of Dio2 in rats (Russo et al., 2021). The sites of de novo DNA hypermethylation (H sites) disrupt long-distant chromatin interactions, looping enhancers, and promoters in hepatocytes. TH produced from Dio2 activation depletes H3K9me3 and interferes with the formation of more than a thousand H sites, subsequently maintaining the liver development and function (Fonseca et al., 2021). In general, the TH/TR axis modulated by the deiodinases may delay MAFLD progression. Nevertheless, the regulatory mechanism of the TH/TR axis in MAFLD remains to be further studied (Figure 1).
HCC
The TH/TR axis modulates cyclin-dependent kinase (CDK) and cyclins, MicroRNAs (miRNAs), long non-coding RNA (lncRNA), TGF-β signaling, hedgehog (Hh) (relying on the local deiodinase expression), and other tumor-related genes and -proteins to be involved in the growth, proliferation, and metastasis of HCC (Manka et al., 2018).
In addition, CDKs and regulatory subunits cyclins regulate the cell cycle in mammalian. P21, as a CDK inhibitor, halts G1/S and G2/M transitions of cell cycle progression by inhibiting CDK4,6/cyclin-D and CDK2/cyclin-E, respectively (Karimian et al., 2016). The inhibition of HCC cells growth and proliferation is dependent upon the activation of P21 by the TH/TR axis. A recent study reported that the activation of the TH/TR axis upregulates endoglin in HCC cells, thus restraining P21 polyubiquitination-induced cell proliferation (Lin et al., 2013a). In addition, the TH/TR axis inhibits hepatoma cell growth via repressing UHRF1 and relieves UHRF1-mediated P21 silence (Wu et al., 2015). Furthermore, TH induces the miR-214-3p expression, followed by interfering with the proto-oncogene serine/threonine-protein kinase (PIM-1) and activating P21, thus blocking cell proliferation (Huang et al., 2017). Other CDKs and cyclins also involve in the regulatory mechanism in HCC in a TH/TR axis-dependent fashion. Ezequiel et al. (Ridruejo et al., 2021) suggested that hexachlorobenzene (HCB) is an endocrine disruptor and a liver tumor promoter. In the HepG2 cell line, the depletion of HCB by TH leads to the downregulation of the TGF-β1/pSMAD-2/3 signaling pathway, thus increasing Dio1 levels and decreasing p21 and P27, ultimately suppressing cell proliferation. Beyond that, the silence of TGF-β mice promote the proliferation by increasing the expressions of CDK2, cyclin E, and cyclin A, as well as decreasing the expression of CDKn1a/p21 (Baek et al., 2010). It has been reported that depleting forkhead box M1 (FOXM1) by TH interferes with oncogenic expression of cyclin D1, cyclin E, and CDK2, thereby inhibits HCC cells proliferation (Barrera-Hernandez et al., 1999; Wu et al., 2020). These pathways all manifest that the TH/TR axis closely interacts with p21, CDKs, and its regulatory subunits cyclins to affect cell proliferation in HCC.
Moreover, miRNAs, a class of evolutionarily conserved non-protein-coding small RNA, are responsible for regulating gene expression at the translation level (Oura et al., 2020). The TH/TR axis regulates miRNAs, thereby producing various effects in HCC. For example, the downregulation of the TH/TR axis induces nodule regression and the increased expression of targeted microRNA, miR-27a, miR-181a, miR-204a, and miR-181a in the resistance-hepatocyte rat model (R-H model) and human cirrhotic peritumoral tissue (Frau et al., 2015). Beyond that, miR-214-3p, miR-130b, miR-17, miR-21, miR-424, and miR-503 also participate in the regulation of the TH/TR axis-mediated liver cancer (Huang Y. H. et al., 2013; Lin et al., 2013b; Ruiz-Llorente et al., 2014; Lin et al., 2015). Thus, miRNAs have the potential to be targets in TH/TR-involved HCC.
Furthermore, lncRNA, the human major transcriptional genome, is a length greater than 200 nucleotides, which is a non-coding protein (Dang et al., 2015). A recent study has reported that compared to the non-tumor samples, the expression of lncRNA related genes including MSC-AS1, POLR2J4, EIF3J-AS1, SERHL, RMST, and PVT1 are upregulated in tumor samples. Beyond that, lncRNA genes mostly cluster in the TGF-β signaling pathway, internal ribosome entry pathway, granzyme A mediated apoptosis, FAS signaling pathway, calcium signaling by HBx, and p38/MAPK signaling pathway (Gu et al., 2019). It has been reported that lncRNA CRNDE and lncRNA SNHG7 are independent risk factors of synchronous colorectal liver metastasis (SCLM), which also predict a high tumor recurrence rate (Zhang P. et al., 2020). Since lncRNA is associated with the occurrence of tumor, it is plausible that lncRNA may intimately be regulated by the TH/TR axis. Indeed, the TH/TR axis is related to lncRNA in HCC. For instance, brain cytoplasmic RNA 1 (BCYRN1 or BC200) is widely expressed in tumors. BC200 is also inhibited by T3/TR, then downregulating the expressions of CDK2, cyclin E1, and cyclin E2 and upregulating P21, thereby repressing cell growth and tumor sphere formation and preventing the evolvement of HCC (Lin et al., 2018). Otherwise, the downregulation of taurine upregulated gene 1 (TUG1) by the TH/TR axis also cause AFP mRNA, cyclin E, and H3K27me3 silence and cell growth inhibition (Lin et al., 2020b).
Finally, other TH/TR-related genes and -proteins are involved in HCC. Thyroid hormone receptor-interacting proteins (TRIP), the Zyxin family of LIM proteins, is responsible for regulating transcription of TR. Significantly, the transcriptional activation of the TH/TR axis in HCC may depend on TRIP. Specifically, when TRIP6 activates FOXC1, migration, invasion, and proliferation are strongly promoted. It is also found that TRIP6 induces cyclin D1 expression, decreases p21 and p27 activation, and HCC cell proliferation arrest (Lee et al., 1995; Zhao et al., 2017; Wang et al., 2020). Moreover, the downregulation of TRIP13 impairs the NHEJ repair process, increased apoptosis, and cell cycle arrest at the S-phase, ultimately inhibiting the proliferation, migration, and invasion of HCC cells (Ju et al., 2018). In addition, pituitary tumor transforming gene 1 (PTTG1) is silenced by Sp2, which is negatively mediated by T3/TR in Hep3B hepatoma cells (Chen et al., 2008). Ndrg2 is a Myc suppressor gene. The activation of V-erbA leads to the depletion of Ndrg2, thus exacerbating tumor invasion and metastasis (Ventura-Holman et al., 2011). As a tumor-associated protein, lipocalin 2 (Lcn2) can activate the Met/FAK pathway in a TH/TR axis-dependent manner, thus enhancing tumor cell migration and invasion (Chung et al., 2015). Intriguingly, T3/TR/MEK/ERK/NUPR1/PDGFA cascade may play a vital role in hepatocarcinogenesis. Consistently, T3/TR positively regulates nuclear protein 1(NUPR1) via binding to the NUPR1 promoter regions, therefore promoting vascular invasion (Chen et al., 2019). Recently, it has been found that increasing thyroid hormone responsive (THRSP) prevents the silence of the ERK/ZEB1 signaling pathway and inhibits the process of epithelial-to-mesenchymal transition, subsequently preventing hepatocellular carcinogenesis (Hu et al., 2021). A secreted protein named Dickkopf 4 (DKK 4) antagonizes the Wnt signal pathway and inhibits tumor metastasis, which is dependent upon the activation of the T3/TR axis (Chi et al., 2013).
In short, the TH/TR axis have paradoxical role in the growth, proliferation, invasion, metastasis, and migration of HCC. A relevant regulatory mechanism of the TH/TR axis in HCC remains to be further explored (Figures 2, 3).
[image: Figure 2]FIGURE 2 | TH/TR axis is involved in HCC growth, proliferation, invasion, and metastasis. The TH/TR axis upregulates endoglin, thus restraining P21 polyubiquitination-induced cell proliferation. The TH/TR axis inhibits hepatoma cell growth via repressing UHRF1 and relieves UHRF1-mediated P21 silence. TH induces the miR-214-3p expression, followed by interfering with PIM-1 and activating P21, thus blocking cell proliferation. The depletion of HCB by TH downregulates the TGF-β1/pSMAD-2/3 signaling pathway, thus increasing Dio1 levels and decreasing p21 and P27, ultimately suppressing cell proliferation. The silence of TGF-β mice promote the proliferation by increasing the expressions of CDK2, cyclin E, and cyclin A, as well as decreasing the expression of CDKn1a/p21. Depleting FOXM1 by TH interferes with cyclin D1, cyclin E, and CDK2, thereby inhibiting HCC cell proliferation.
[image: Figure 3]FIGURE 3 | The TH/TR axis inhibits nodule regression and decreases the expressions of miR-27a, miR-181a, and miR-204a. BC200 is inhibited by T3/TR and downregulates the expressions of CDK2, cyclin E1, and cyclin E2 and upregulates P21, thereby repressing cell growth. The downregulation of TUG1 by the TH/TR axis causes AFP mRNA, cyclin E, and H3K27me3 silence and cell growth inhibition. When TRIP is activated by FOXC1, migration, invasion, and proliferation are strongly promoted. TRIP6 induces the AKT signaling pathway, thereby preventing FOXO3a overexpression-induced cyclin D1 interference, p21 and p27 activation, and HCC cell proliferation arrest. The downregulation of PTTG1 is silenced by Sp2, which is negatively mediated by T3/TR. The activation of V-erbA leads to the depletion of Ndrg2, thus exacerbating tumor invasion and metastasis. Lcn2 can activate the Met/FAK pathway in a TH/TR axis-dependent manner, thus enhancing cell migration and invasion. T3/TR/MEK/ERK/NUPR1/PDGFA cascade may play a vital role in hepatocarcinogenesis. T3/TR upregulates NUPR1 via binding to the NUPR1 promoter regions, therefore promoting vascular invasion. THRSP prevents silence of the ERK/ZEB1 signaling pathway and inhibits the process of epithelial-to-mesenchymal transition. DKK 4 antagonizes the Wnt signal pathway and inhibits tumor metastasis, which depends upon the activation of the T3/TR axis.
Liver Injury
In liver injury, the studies show that T3 treatment recovers NF-κB activity, signal transducer, and activator of transcription 3 (STAT3), TNF-α and haptoglobin and increases liver GSH depletion and protein oxidation protecting against IR (Fernández et al., 2007; Mardones et al., 2012). A study exhibited that T3 upregulates the liver redox-sensitive nuclear transcription factor erythroid 2-related factor 2 (Nrf2) DNA, detoxification, and drug transport proteins expression, mainly including protein levels of epoxide hydrolase 1 (Eh1), NADPH-quinone oxidoreductase 1 (NQO1), glutathione-S-transferases Ya (GST Ya), GST Yp, multidrug resistance-associated proteins 2 (MRP-2), mrp-3 ,and MRP-4 in male Sprague–Dawley rats, which may indicate the hepatocyte protective mechanism in liver injury attributed to ROS and chemical toxicity (Cornejo et al., 2013). In addition, the inactivation of Kupffer cell by gadolinium chloride (GdCl3) can suppress T3-induced oxidative stress, thus ameliorating the development of liver injury characterized by neutrophil infiltration and necrosis (Simon-Giavarotti et al., 2002). Accumulating evidence has demonstrated that T3 induces liver preconditioning (PC) against IR supported by triggering AMP-activated protein kinase (AMPK), ultimately accelerating the depletion of inflammatory factors such as hepatic NLRP3 and IL-1β (Fernández et al., 2009; Vargas and Videla, 2017). T3 induces hepatocyte proliferation in toxic liver injury (Malik et al., 2006). T3 injection protects liver IR damage by enhancing MEK/ERK/mTORC1-mediated autophagy in male C57BL/6 mice (Yang et al., 2015). In addition, TH-induced monoamine oxidase (MAO) inhibitors inhibit the activity of MAO protecting against liver injury in rats (Obata and Aomine, 2009). In addition to the TH/TR axis also prevents liver damage. It has been discovered that the accumulation of TR mRNA may remove negative influences in fluoride-related liver injury via preventing disruption of lipid metabolism, oxidative damage, and apoptosis (Bo et al., 2018). Particularly, traditional Chinese medicine is also involved in improving the TH/TR axis-induced liver injury. To be specific, the Yinning Tablet restores the expression of antiapoptotic Bcl-2 cytosol cytochrome c protein and downregulates the expression of l-thyroxine-induced overexpressed caspase-9, -8, -3, proapoptotic BAX and Dio1, thus ameliorating TH-induced liver injury in rats via regulating mitochondria-mediated apoptotic signals (Yang et al., 2020).
Other Liver Diseases
The TH/TR axis may be correlated with hepatitis. Some studies have demonstrated that ubiquitin-specific protease 18 (USP18), known as UBP43, participates in gene regulations of the TH signaling pathway. Li et al, (2017) discovered that USP18 regulates the signaling of antivirus by the TH signaling pathway, prolactin signaling pathway, insulin resistance and complement, and have crosstalk among them. Also, the thyroid hormone-uncoupling protein (TRUP) gene and thyroid hormone receptor-associated protein 150 alpha gene are associated to the integration of HBV DNA into liver cell DNA, which are the key regulators of cell proliferation and viability (Gozuacik et al., 2001; Paterlini-Bréchot et al., 2003). In recent years, the relationship between the TH/TR axis and hepatitis of HBV and HCV infection has been gradually elucidated. However, understanding of the antiviral mechanism of the TH/TR axis is not entirely clear, which is still being explored.
Furthermore, the TH/TR axis is associated with alcohol-related hepatic alterations. For example, TH has been proven to increase the level of Dio2, thereby elevating susceptibility to hepatic steatosis in a model of alcoholism (Fonseca et al., 2019; Hernandez, 2019). In addition, the mRNA level of TRIP12 is significantly different in alcohol-feed (AF) and control pair-feed (PF) mice (Zhang et al., 2018) (Figure 4).
[image: Figure 4]FIGURE 4 | TH/TR axis may be involved in hepatitis of hepatitis B virus and hepatitis C virus infection and accelerates alcoholic liver disease. USP18 regulates the signaling of antivirus by the thyroid hormone signaling pathway. TRUP gene and thyroid hormone receptor associated protein 150 alpha gene are associated to the integration of HBV DNA into the liver cell DNA, which are key regulators of cell proliferation and viability. TH has been proven to increase the level of Dio2, thereby elevating susceptibility to hepatic steatosis in a model of alcoholism. The mRNA level of TRIP12 is significantly different in alcohol liver disease.
CONCLUSION
Here, we amply reviewed the function of the TH/TR axis in hepatic diseases. The TH/TR axis may protect against metabolic-associated fatty liver disease, hepatitis B virus and hepatitis C virus infection, liver fibrosis, and drug-induced and extrahepatic liver injury but may accelerate the development of acute liver failure and alcoholic liver disease. Meanwhile, the axis has a dual role in hepatocellular carcinoma. As a result, targeting the TH/TR axis should be considered for treating liver disease, which may be a promising disease-reversing strategy for patients.
PROSPECTIONS
The total T3 in different stages of inflammation exhibits a trend of first increasing and then decreasing (Hu et al., 2020). Although there is no statistical significance of the total T3 decreases, it is still trustworthy, owing to the fact that the initial stage of TH also occurs booming in acute liver failure. Subsequently, the later declination may be due to the adjustment and balance of the body in different periods. In this retrospective study, the patient’s aggravation is not serious, and the samples are not large enough (n = 6), thus leading to an insignificant decrease.
TH protects liver cells from damage by mediating the HBV/HCV infectious signaling pathway and then improves hepatitis-related carcinogenic transformation. TSH and TT3 are promising aspects to be included in the evaluation criteria for inflammatory activities and served as biological markers to reduce the proportion of liver biopsy and the medical burden. Moreover, the treatment of interferon is not strongly related to autoimmune diseases except for thyroid. However, virus infection and antivirus endeavors lead to format a certain proportion of thyroid autoantibodies and related thyroid diseases such as hypothyroidism, and this cannot be ignored.
To date, it is reported that the mutation of the TRβ gene in thyroid hormone resistance patients leads to the impairment of TRβ signals in the hepatic steatosis. The mutation type of the THRβ gene is the substitution of glycine by arginine at position 243 (R243Q) of TRβ. Compared with patients with WT relatives, serum T3 and T4 of RTH β patients are higher than the upper limit of a reference range. However, there is no significant difference in TSH. They also found that the liver fat content, serum free fatty acids, and HDL cholesterol were higher (Chaves et al., 2021). At present, the fragments related to lipid metabolism are all located in the hinge region of TR. In the future, gene mutations may be used to discover the region that regulates TR lipid metabolism in the hinge region, as well as other regions and their functions, and this pathway exactly can become the therapy targets of NASH/NAFLD and HCC.
Post-translational modifications participate in the occurrence and development of liver disease. Both TRα and TRβ are regulated by the level of PTM, including SUMOylation (Liu and Brent, 2018). The small ubiquitin-like modifier (SUMO) family, existing widely in eukaryotes, is a highly conserved post-translational modification protein that regulate lipid metabolism, inflammatory response, bile acid homeostasis, autophagy, and other related biological functions in nuclear receptors (Zeng et al., 2020; Liu et al., 2021). The research team found that the sumo-3 protein (mainly expressed in the nucleus) and TR receptor have significantly upregulated in oleic acid (OA)-induced NAFLD in WRL68 cells and human liver tissue models (published in Chinese journals). TR can be SUMOylated (Anyetei-Anum et al., 2019). At the same time, nuclear autophagy can improve metabolic disorders (Fu et al., 2018). TR SUMOylation may associate with nuclear autophagy to improve metabolic disorders and prospectively become a therapeutic target in NAFLD.
In summary, the TH/TR axis provides effective insights into the treatment of hepatic diseases. The research and application prospects for the TH/TR axis in liver diseases are promising. TH/TR may provide new potential therapeutic targets
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PCNA proliferating cell nuclear antigen
cdk2 cyclin-dependent kinase 2
PARP Poly (ADP-ribose) polymerase
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AMPK AMP-activated protein kinase
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Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease, whose etiology is poorly understood. Accumulating evidence indicates that gut microbiota plays an important role in the occurrence and progression of various human diseases, including NAFLD. In this study, NAFLD mouse models were established by feeding a high-fat diet (HFD). Baicalein, a natural flavonoid with multiple biological activities, was administered by gavage, and its protective effect on NAFLD was analyzed by histopathological and blood factor analysis. Gut microbiota analysis demonstrated that baicalein could remodel the overall structure of the gut microbiota from NAFLD model mice, especially Anaerotruncus, Lachnoclostridium, and Mucispirillum. Transcriptomic analysis showed baicalein restored the expressions of numerous genes that were upregulated in hepatocytes of NAFLD mice, such as Apoa4, Pla2g12a, Elovl7, Slc27a4, Hilpda, Fabp4, Vldlr, Gpld1, and Apom. Metabolomics analysis proved that baicalein mainly regulated the processes associated with lipid metabolism, such as alpha-Linolenic acid, 2-Oxocarboxylic acid, Pantothenate and CoA biosynthesis, and bile secretion. Multi-omics analysis revealed that numerous genes regulated by baicalein were significantly correlated with pathways related to lipid metabolism and biosynthesis and secrection of bile acid, and baicalein might affect lipid metabolism in liver via regulating the ecological structure of gut microbiota in NAFLD mice. Our results elucidated the correlated network among diet, gut microbiota, metabolomic, and transcriptional profiling in the liver. This knowledge may help explore novel therapeutic approaches against NAFLD.
Keywords: baicalein, gut microbiota, transcriptiomic profiling, metabolomic profiling, integrated analysis
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a common liver disease worldwide. NAFLD affects both children and adults because of the dramatic rise in the prevalence of obesity, diabetes (Vuppalanchi and Chalasani, 2009; Majumdar et al., 2021), hypertension (Ryoo et al., 2014), and dyslipidemia (Katsiki et al., 2016). Between 2009 and 2019, the incidence rate of liver complications related to NAFLD increased in most Asian countries. In 2019, there were 170,000 incident cases and 168,959 deaths worldwide. Of these, 48.3% of the incident cases and 46.2% of the deaths occurred in Asia (Golabi et al., 2021). Recent research has demonstrated ingestion of high fat and intestinal dysbiosis may trigger NAFLD (Lambertz et al., 2017). Excess dietary fats might induce the accumulation of non-esterified fatty acids and then result in potential lipotoxins (Ferramosca and Zara, 2014).
Increasing evidence shows that disturbances in the gut microbiota may result in liver diseases including NAFLD (Tokuhara, 2021), since nutrients and microbiota-related components transfer from the intestines to the liver directly through the portal tract (Chen et al., 2019; Hong et al., 2019; Suk and Kim, 2019; Yuan et al., 2019). Gut microbiota has been proved to modulate a variety of physiological processes, such as the digestion of dietary fiber, the absorption of monosaccharides, the secretion of glucagon-like peptide-1, the suppression of bile acid production, and inflammation (Doulberis et al., 2012). The excess sugar and lipids associated with hepatic steatosis could be regulated by gut microbiota (Gkolfakis et al., 2015). Therefore, gut microbiota could be the potential therapeutic target to alleviate NAFLD.
Some natural compounds such as coffee (and its components), tormentic acid, verbascoside, and silymarin showed protective effects in ameliorating the critical pathological events involved in NAFLD. For example, silymarin has been widely used in the treatment of various liver disorders because of its hepatoprotective properties, including anti-inflammatory, antiproliferative, immunomodulatory, and nticholesterolemic properties (Salvoza et al., 2022). Baicalein, a bioactive flavone, is isolated from Scutellariae baicalensis, which is a traditional Chinese herb. Growing evidence shows that baicalein has a variety of pharmacological activities, such as anti-inflammatory, anticancer, and anti-oxidant effect (Pu et al., 2012; Li et al., 2020). Baicalein was also proved to be a promising compound for NAFLD and could be used as a dietary supplement to reduce hepatic fat accumulation and to ameliorate NAFLD-related biochemical abnormalities. Hepatic lysosomal acidification may be the potential target of baicalein (Zhu et al., 2020), and the mTOR pathway (Zhu et al., 2020), the AMPK pathway, SREBP1 signaling, and the synthesis of hepatic fat were proved to be affected by bacalein (Sun et al., 2020). Thus, the mechanism of baicalein against NAFLD might involve multiple targets and pathways.
Here, we identified the effects of baicalein ameliorating NAFLD. To explore the mechanism systematically, transcriptomics and metabolomics in the liver and metagenomics analysis in the high-fat diet (HFD)-fed mouse model (C57BL/6n) were combined, and bioinformatics analysis was carried out. Overall, these results should contribute new insight into the molecular mechanism of baicalein against NAFLD and suggest specific targets and pathways for the development of novel treatments that have the same beneficial effects.
METHODS AND MATERIALS
Mice and Reagent
Healthy male C57BL/6N mice (15–20 g, 4 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. All animal experiments were strictly in accordance with published National Institutes of Health guidelines and approved by the Committee on the Ethics of Scientific Research of Shanxi Medical University (Shanxi, China). The mice were randomized into five groups (n = 10): 1) Control (C, gavaged with equal volume saline), 2) Model (M, gavaged with equal volume saline), 3) Positive (P, gavaged with silymarin 200 mg/kg), 4) baicalein with high concentration (H, gavaged with baicalein 200 mg/kg/day), and 5) baicalein with low concentration (L, gavaged with baicalein 100 mg/kg/day). The C group was administered a normal basal diet and drinking water, whereas all the other groups were fed purified diets containing 60 kcal% (Research Diets, D12492, high fat diet; HFD) for 5 weeks. Body weights were measured weekly. The levels of blood glucose and insulin were determined after 12 h of fasting using an ELISA kit (Nanjing Jiancheng, Nanjing, China), respectively. At experiment completion, all mice were terminated by cervical dislocation. Blood was collected, and plasma was obtained after centrifugation (4°C; 1,500 × g, 10 min) and stored at −20°C. Liver tissue for RNA extraction and metabolic analysis and luminal contents of the cecum were flash-frozen in liquid nitrogen and stored at −80°C.
Baicalein, 5,6,7-Trihydroxyflavone (C15H10O5, HPLC > 98%), was purchased from Sigma-Aldrich (St. Louis, MO, United States).
Histopathological Analysis
The paraffin-embedded liver tissue was cut into 4-μm-thick sections that were stained with hematoxylin and eosin (H&E). All stained liver slides were observed using a light microscope and evaluated for the NAFLD activity score (NAS), according to the previous report (Kleiner et al., 2005). Briefly, hepatic steatosis, lobular inflammation, and hepatic ballooning were investigated. In brief, steatosis was scored on a scale of 0–3 according to the following criteria: 0 (<5%), 1 (5%–33%), 2 (33%–66%), or 3 (>66%). Lobular inflammation was scored on a scale of 0–3 according to the following criteria: 0 (No foci), 1 (<2 foci per 20× optical field), 2 (2–4 foci per 20× optical field), or 3 (>4 foci per 20× optical field). Hepatocellular ballooning was scored on a scale of 0–2 according to the following criteria: 0 (none), 1 (mild, few), or 2 (moderate, many). The levels of TC, TG, LDL-C, HDL-C, ALT, and AST were detected using commercial kits (Nanjing Jiancheng, Nanjing, China).
Transcriptomic Analysis and Real-Time PCR
Total RNA was extracted from mouse liver tissue using TRIzol agent according to the manufacturer’s protocols. RNA was further quantified using agarose gel electrophoresis, a NanoPhotometer spectrophotometer, and an Agilent 2100 bioanalyzer. Oligo (dT) magnetic beads were used to enrich the total RNA with Poly A structure. RNA seq libraries were generated using a NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, United States). The library quality was assessed on the Agilent Bioanalyzer 2100 system. Sequencing was performed by generating 50 base reads on an Illumina HiSeq platform (Illumina). Clean data were obtained by removing reads containing adapters, reads containing poly-N and low-quality reads from raw data. The paired-end clean reads were aligned to the reference genome using Hisat2 v2.0.5. The original readcount is normalized, mainly to correct the sequencing depth. Differential expression analysis was performed using the DESeq2 R package (1.16.1). p-values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with |log2(FoldChange)| > 0 and Padj < 0.05 found using DESeq2 were assigned as differentially expressed. The FDR value was obtained by multiple hypothesis test correction. Gene Ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis were determined using the clusterProfiler R package.
A High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, United States) was used to synthesize cDNA. The real-time PCR was conducted using the SYBR@Premix Ex Taq™ (Perfect Real Time) (Takara, China) by the StepOne Real-Time PCR system (Thermo Fisher Scientific, United States). The primers are listed in Supplementary Table S1. The results are presented as the means ± standard deviation (SD). Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad, San Diego, CA, United States). Student’s two-tailed t-test was used as appropriate. p-value < 0.05 was considered statistically significant.
Metabolomic Analysis
Liver tissues (100 mg) were individually grounded with liquid nitrogen, and the homogenate was resuspended with prechilled 80% methanol and 0.1% formic acid by well vortexing. The samples were incubated on ice for 5 min and were then centrifuged at 15,000 rpm and 4°C for 5 min. Supernatant was diluted to the final concentration containing 60% methanol by LC-MS grade water. The samples were subsequently transferred to a fresh Eppendorf tube with a 0.22-μm filter and were then centrifuged at 15,000 g and 4°C for 10 min. LC-MS/MS analyses were performed using a Vanquish UHPLC system (Thermo Fisher) coupled with an Orbitrap Q Exactive series mass spectrometer (Thermo Fisher).
These metabolites were annotated using the KEGG database, HMDB database, and Lipidmaps database. Principal components analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were performed at metaX (Wen et al., 2017). Univariate analysis (t-test) was used to calculate the p value. The metabolites with VIP > 1 and p-value< 0.05 and fold change≥ 2 or FC≤ 0.5 were considered to be differential metabolites. Volcano plots were used to filter metabolites of interest which were based on Log2 (FC) and −log10 (p-value) of metabolites.
Gut Microbiota Analysis
Total genome DNA from luminal content of the cecum was extracted using the CTAB/SDS method. The 16S rRNA V3-V4 region was amplified using a specific primer (16S V4: 515F-806R) with the barcode. Sequencing libraries were generated using the Ion Plus Fragment Library Kit (Thermo Scientific, United States) following the manufacturer’s recommendations. The library quality was assessed on a Qubit@ 2.0 Fluorometer (Thermo Scientific). At last, the library was sequenced on an Ion S5TM XL platform. The clean reads were obtained by using the Cutadapt and UCHIME algorithm. Sequences analysis was performed using Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/). To investigate the phylogenetic relationship of different OTUs and the difference of the dominant species in different groups, multiple sequence alignment was conducted using MUSCLE software. Alpha diversity and beta diversity were calculated using QIIME software (Version 1.7.0). Principal component analysis (PCA), UniFrac distance-based non-metric multidimensional scaling (NMDS), and the unweighted pair-group method with arithmetic means (UPGMA) were performed using R software. Tax4Fun functional prediction was achieved using the nearest neighbor method based on the minimum 16S rRNA sequence similarity by extracting the KEGG database prokaryotic whole genome 16S rRNA gene sequence and aligning it to the SILVA SSU Ref NR database using the BLASTN algorithm (BLAST Bitscore > 1500) to establish a correlation matrix and map the prokaryotic whole genome functional information of the KEGG database annotated by UProC and PAUDA to the SILVA database to implement the SILVA database function annotation.
Integrative Analysis of Multi-Omics Data
Correlation between the top 100 DEGs and top 50 differential metabolites was analyzed using the Pearson statistical method, and the correlation coefficient R2 and p value were calculated. Red color indicates the positive correlation, and the blue color means the negative correlation.
The Pearson statistical method was used to access the correlation between the top 20 differential bacteria and top 10 differential metabolites. The correlation coefficients rho (∣rho∣≥ 0.8) and p value (p ≤ 0.05) were calculated. Red color indicates the positive correlation, and the blue color means the negative correlation. The flatness of the ellipse represents the absolute value of the correlation.
RESULTS
Hepatoprotective Effect of Baicalein on High-Fat Diet–Induced Non-Alcoholic Fatty Liver Disease in Mice
To access the protective effect of baicalein on NAFLD, body weight, liver weight, and epididymal fat weight were determined. There was no significant difference in the initial body weight of each group. The mice fed with high-fat diet (M group) continuously for 5 weeks showed a clear increase in body weight (p < 0.01), compared with the control groups (fed with normal basal diet) (Figure 1A). Administration of silymarin (P group) or baicalein (L and H group) clearly decreased the body weight (p < 0.01), compared with the M group. In addition, the liver weight and the epididymal fat weight in NAFLD mice (M group) were elevated (p < 0.01) by 3.4- and 4.9-fold, relative to the control mice, respectively, and treatment of silymarin (P group) or baicalein (L and H group) could significantly decrease this HFD-induced increase in liver weight and epididymal fat weight (Figures 1B,C). Pathological examination of liver tissues revealed frequent incidence of macrosteatosis and hepatocyte ballooning in NAFLD mice, which was ameliorated in livers of silymarin- and baicalein-treated mice (Figure 1D). Compared with the C group, the liver tissue of mice in the M group obtained higher scores of steatosis, hepatocyte ballooning, lobular inflammation, and NAS score, indicating that the NAFLD model was successfully established. Compared with the M group, the scores of the P group decreased significantly, while the scores of the L and H groups were lower (Supplementary Figure S1A). Additionally, compared with the C group, the fasting blood glucose (p < 0.01) and insulin (p < 0.01) were extremely high in the M group and decreased in silymarin- and baicalein-treated mice (P, L, and H groups, p < 0.01) (Supplementary Figures S1B,C). After all mice were sacrificed, several blood factors were determined by ELISA assay. As shown in Figures 1E–J, NAFLD mice exhibited higher serum TC, TG, LDL-C, ALT, and AST and lower serum HDL-C, indicating metabolic disorders and NAFLD symptoms. After treatment with silymarin (P group) or baicalein (L and H groups), the levels of serum TC, TG, LDL-C, ALT, and AST decreased significantly, while the levels of HDL-C increased (p < 0.01). Therefore, silymarin and baicalein could both improve the disorder of lipid metabolism in NAFLD mice, while baicalein exhibited a better effect.
[image: Figure 1]FIGURE 1 | Effects of baicalein treatment on the liver and lipid metabolism. (A) Body weight. (B) Liver weight. (C) Epididymal fat weight. (D) Histopathological analysis of liver. (E) Serum total cholesterol (TC). (F) Serum total triglyceride (TG). (G) Serum low density lipoprotein-cholesterol (LDL-C). (H) Serum high density lipoprotein-cholesterol (HDL-C). (I) Serum alanine aminotransferase (ALT) activity. (J) Serum aspartate aminotransferase (AST) activity. Data are presented as mean ± SD (n = 10). **p < 0.01, *p < 0.05, compared with the C group; ##p < 0.01, #p < 0.05, compared with the M group.
Variations of Global Transcriptional Profiling in Liver of Non-Alcoholic Fatty Liver Disease Mice
Transcriptomic analysis was conducted on the mRNA from the livers of C, M, P, L, and H groups. The DEGs were illustrated in a heatmap (Supplementary Figure S2A), and the overlapped ones from three comparisons (P vs. M, L vs. M, and H vs. M) were shown in a Venn diagram (Supplementary Figure S2B). Compared with the C group, the M group had 1,912 DEGs (Supplementary Table S2), of which 1,079 were upregulated (Figure 2A; Supplementary Table S3), and 833 were downregulated (Figure 2A; Supplementary Table S4). After the treatment of silymarin, 1,734 DEGs were found (Supplementary Table S2), including 764 upregulated (Figure 2B; Supplementary Table S5) and 970 downregulated (Figure 2B; Supplementary Table S6), of which 214 transcripts were restored, with regard to the expression level of the C group (Supplementary Table S7). Similarly, compared with the M group, 3,683 DEGs with∣log2fold change∣≥1 and Padj<0.05 were screened in the L group (Supplementary Table S2), presenting as volcano plot graphs (Figure 2C). 1,916 of them were upregulated (Supplementary Table S8) and 1,767 of them were downregulated (Supplementary Table S9), and expressions of 46 transcripts of them were similar to those in the C group (Supplementary Table S10). Additionally, DEGs containing 350 upregulated (Supplementary Table S11 and 426 downregulated (Supplementary Table S12) were revealed in the H group vs. the M group (Figure 2D), and the expression of 21 of them were similar to those in the C group (Supplementary Table S13). 640 of the DEGs in the L group vs. the M group and the H group vs. the M group were overlapped (Supplementary Figure S2B; Supplementary Table S14), and 278 of them were positively regulated by baicalein (Supplementary Table S15), while 362 were negatively regulated by baicalein (Supplementary Table S16). Therefore, these 640 transcripts might play an important role in the process of baicalein against NAFLD. Notably, 476 of these 640 transcripts also showed consistent alterations under silymarin treatment (Supplementary Figure S2B) and number 1–476 in Supplementary Table S16), indicating that these transcripts might be the common critical genes of silymarin and baicalein in alleviating NAFLD symptoms.
[image: Figure 2]FIGURE 2 | Transcriptomic analysis of liver tissue. DEGs were displayed in volcano plot graphs [(A) M vs. C; (B) P vs. M; (C) L vs. M; and (D) H vs. M] (n = 3). The DEGs were enriched in the KEGG pathway database [(E) M vs. C; (F) P vs. M; (G) L vs. M; and (H) H vs. M] (n = 3). (I) mRNA expression in livers was detected by real-time PCR. (A) p < 0.01, compared with the C group; (B) p < 0.01, compared with the M group.
To further investigate characterization of DEGs, we performed enrichment analysis using the GO and KEGG pathway database. Supplementary Figures S3A,D depicts the enriched biological processes (BPs), cellular components (CCs), and molecular functions (MFs) of the targets, which are mainly associated with response to baicalein. As shown in Figure 2E, the DEGs in the M group vs. the C group involved in the BPs related to angiogenesis, cell movement, extracellular matrix organization, and so on; the coding products of DEGs were mainly distributed in CCs, including the ribosome, extracellular matrix, cytosolic part, and basement membrane; as to the enriched MFs, the target proteins were mainly connected with structural constituent of ribosome, structural molecule activity, glycosaminoglycan binding, growth factor binding, heparin binding, sulfur compound binding, extracellular matrix binding, platelet-derived growth factor binding, calcium ion binding, and cell adhesion molecule binding. In the treated groups (Figures 2F–H), compared with the M group, most of the BPs, CCs, and MFs related to DEGs which were affected by baicalein; especially the high-dose baicalein and silymarin were overlapped (Supplementary Table S17). Figures 2E–H show KEGG pathway enrichment analysis of DEGs. The results indicated that baicalein exerting its protective effects against NAFLD was closely related to steroid biosynthesis, fatty acid degradation, the PPAR signaling pathway, peroxisome, tryptophan metabolism, ABC transporters, propanoate metabolism, valine, leucine and isoleucine degradation, 2-Oxocarboxylic acid metabolism, fatty acid metabolism, complement and coagulation cascades, ECM–receptor interaction, protein digestion and absorption, etc.
To verify the results of transcriptomic analysis, the expression of overlapped DEGs from three comparisons (P vs. M, L vs. M, and H vs. M) were detected by real-time PCR (Figure 2I). The expressions of Apoa4, Pla2g12a, Elovl7, Slc27a4, Hilpda, Fabp4, and Vldlr were all increased in the M group and reduced by the treatment of silymarin or baicalein. In contrast, the levels of Gpld1 and Apom mRNA were decreased in the M group and positively regulated by silymarin or baicalein. The pathways associated with these genes were listed in Supplementary Table S1. Gene annotation, GO, and KEGG pathway analysis revealed that lipid metabolism–related pathways were significantly affected by baicalein.
Baicalein Changes Gut Microbiota in Non-Alcoholic Fatty Liver Disease Mice
The gut microbiome was assessed by 16S rRNA amplicon gene sequencing on an IonS5TMXL platform using specimen colonic luminal content samples of mice from C, M, P, L, and H groups. The α-diversity indexes including ACE, Chao1, Shannon, and Simpson were used to determine the ecological diversity within the microbial community. The ACE index reflecting the number of OTUs were 483.12 ± 78.15, 473.83 ± 98.86, and 318.11 ±109.97 in M, L, and H groups, respectively (Figure 3A). The Chao1 indexes reflecting community richness were 489.72 ± 85.24, 474.84 ± 102.03, and 309.88 ± 112.08 in M, L, and H groups, respectively (Figure 3B). The Shannon indexes indicating both the species richness and evenness were 5.63 ± 0.24, 5.75 ± 0.55, and 4.71 ± 1.06 in M, L, and H groups, respectively (Figure 3C). Simpson indexes reflecting community evenness were 0.95 ± 0.01, 0.95 ± 0.03, and 0.89 ± 0.07 in M, L, and H groups, respectively (Figure 3D). β-diversity analysis was used to investigate the overall community structure. As shown in PCoA (Supplementary Figure S4A) and NMDS (Figure 3E), the M group was separated from the C group significantly, and the baicalein-treated groups (L and H) were separated from the M group; especially H groups were isolated from the M group completely. In line with these results, unweighted UPGMA indicated that significant separation appeared between the C, M, P, L, and H groups (Figure 3F). These analyses confirmed the effect of baicalein on the microbiome structure remodeling in NAFLD mice.
[image: Figure 3]FIGURE 3 | Overall structure of the gut microbiota was modulated after treatment with baicalein (n = 6). The α-diversity indexes, including ACE, Chao1, Shannon, and Simpson, are displayed in (A–D), respectively. (E) UniFrac distance-based non-metric multidimensional scaling (NMDS). (F) UniFrac distance-based unweighted pair-group method with arithmetic means (UPGMA) analysis. (G) The score of the linear discriminant analysis (LDA) analysis. (H) STAMP variance analysis are displayed of M vs. C (H), P vs. M (I,C), L vs. M (J), and H vs. M (K).
To investigate the dominant microorganisms in response to the baicalein treatment, we analyzed the relative abundance in the phylum (Supplementary Figure S4B) and genus level (Supplementary Figure S4C) of each group and the species with significantly different abundances in the different groups using the linear discriminant analysis (LDA) effect size (LEfSe) method (Supplementary Figure S4D; Figure 3G). In the comparison of the baicalein-treated groups and the NAFLD model group at different taxonomic levels (Supplementary Figure S4D), the successive circles corresponding to five phylogenetic levels (phylum, class, family, class, and genus) indicated that the microbiota belonging to the Deferribacteraceae family, Deferribacteraceae order, unidentified_Deferribacteres, and Peptococcaceae family were enriched in the mice of the M group, whereas those belonging to the Bacteroidaceae family, Lactobacillaceae family, Lactobacillales order, and Bacilli class were enriched in the H group. In the P group, the Peptostreptococcaceae family was enriched. These results were also described in the LEfSe bar (Figure 3G). Also, the microbiota belonging to the Clostridiales_bacterium_CIEAF_020 (the C group) and the unidentified_Ruminococcaceae genus (the L group) were found to be enriched (Figure 3G). Notably, there were four different bacterial genera between the M group and the L or H group (Figures 3J,K), of which three were the same (Anaerotruncus, Lachnoclostridium, and Mucispirillum). Besides, the abundance of Lachnoclostridium was also increased in P group (Figure 3I). Interestingly, these three genera significantly increased in the M group compared with the C group (Figure 3H) were all drastically decreased following baicalein treatment. These findings indicated an appreciable capability of the baicalein to recover the gut microbiota profile altered by the high-fat diet.
To reveal whether functional genes change with the structure of the gut microbiota, Tax4fun was employed to predict the bacterial functions of the members among different groups based on KEGG Orthology (KO) terms. According to the functional annotation and abundance information of samples in the database, the top 35 metabolic pathways, which were level 3 KEGG pathways, were selected to establish the heat map (Supplementary Figure S4E). The abundances of 10 unique pathways (K01955, K03088, K00936, K01153, K03046, K02004, K02003, K09687, K02470, and K02337) were higher in the M group than in the C group, while the remaining 25 pathways were lower, as determined by Student’s t-test (p-value < 0.05). However, silymarin and low and high concentration of baicalein could restore the abundances of five pathways (K02004, K01153, K02337, K03046, and K07497), while the abundances of 12 pathways, including K03088, K03763, K03737, K04759, K06147, K02529, K03798, K03657, K02026, K02027, K02025, and K03406, were restored by silymarin or low concentration of baicalein.
Variations of Metabolomic Profiling in Liver of Non-Alcoholic Fatty Liver Disease Mice
To investigate the effects of baicalein on the metabolic profiling in NAFLD mice, LC-MS was used to analyze the extract from liver tissue of each group. Under the positive ion mode, data of 845 metabolites were used in partial least squares discriminant analysis (PLS-DA). As shown in Figure 4A, the M group and the C group could be clearly separated in the x-axis direction. The model quality was determined by parameters R2Y and Q2Y (R2Y = 0.99, Q2Y = 0.94). In addition, under the negative analysis ion mode, the PLS-DA score plot also showed a clear separation between the M and C groups (R2Y = 1.0 and Q2Y = 0.95) (Supplementary Figure S5A). Similarly, the significant separation was also observed between the M group and the P, L, or H group (Figures 4B–D). Besides, under the negative ion mode, the PLS-DA score plot also showed a clear separation between the M group and treatment groups (P, L, and H groups) (Supplementary Figures S5B–D).Therefore, the PLS-DA model could sufficiently explain the variance between these two groups.
[image: Figure 4]FIGURE 4 | Metabolomic analysis among five groups under the positive ion mode (n = 6). The separation of two groups was accessed by partial least square-discriminate analysis (PLS-DA) [(A) M vs. C; (B) P vs. M; (C) L vs. M; and (D) H vs. M]. Volcano plot indicates the differentially expressed metabolites between the groups [(E) M vs. C; (F) P vs. M; (G) L vs. M; and (H) H vs. M]. Heat map shows the differential expression of metabolites between groups [(I) M vs. C; (J) P vs. M; (K) L vs. M; and (L) H vs. M].
Furthermore, significantly differential metabolites were identified according to the following criteria: PLS-DA VIP (variable importance in the projection) > 1, fold change > 1.5 and FDR < 0.05. We identified 148 metabolites that were differentially expressed in the M group as compared with the C group under the positive ion mode (Supplementary Table S18). Among significantly differential metabolites, 44 metabolites (Urobilinogen, 13-deoxytedanolide, 8-Azaadenosine, UROBILIN, Patidegib, p-Hydroxyketorolac, Bicyclomycin, S-[(1Z)-N-Hydroxy-5-(methylsulfanyl)pentanimidoyl]cysteine, Perflubron, Meptin, and so forth) were upregulated, while the remaining compounds were downregulated in the M group (Supplementary Table S18). Compared with the M group, there were 88, 77, and 58 metabolites upregulated and 36, 45, and 47 metabolites downregulated in the P (Supplementary Table S19), L (Supplementary Table S20), and H (Supplementary Table S21) groups, respectively. All these metabolites were included in the multivariate analysis, as shown in volcano plots (Figures 4E–H) and heatmaps (Figures 4I–L). Similar results were also observed under the negative analysis ion mode (Supplementary Figures S5E–L). These results suggested that baicalein treatment led to significant metabolic alterations in mouse liver.
KEGG pathway enrichment analysis was performed to determine the effect of baicalein on related pathways in NAFLD mice (Supplementary Figure S6). Compared with the C group, there were 11 related metabolic pathways under positive ion mode, and 13 related metabolic pathways in negative mode in the M group. The results indicated that primary bile acid biosynthesis (p = 3.98 × 10–2) and alpha-Linolenic acid metabolism (p = 3.98 × 10–2) were both downregulated in the M group and restored by silymarin (P group, p = 5.73 × 10–2) and baicalein (L group, p = 3.21 × 10–2). Additionally, silymarin and low concentration of baicalein might modulate 2-Oxocarboxylic acid metabolism (p = 5.73 × 10–2 in the P group and p = 3.21 × 10–2 in the L group). Interestingly, high concentration of baicalein could affect 2-Oxocarboxylic acid metabolism (p = 1.91 × 10–2 in positive ion mode), Pantothenate and CoA biosynthesis (p = 2.41 × 10–2 in negative ion mode), and bile secretion (p = 4.96 × 10–2 in negative ion mode) (Supplementary Figures S6D,H). Taken together, baicalein was closely associated with altered alpha-Linolenic acid, 2-Oxocarboxylic acid, Pantothenate and CoA biosynthesis, and bile secretion.
Integrated Analysis of the Mechanism of Baicalein Treated Mice From Metabolomic and Transcriptomic Data
To explore the potential relationship between DEGs and differential metabolites in the liver, metabolomic and transcriptomic data were integrated. Compared with the C group, a total of 12 pathways were listed under the negative ion mode (as shown in Supplementary Figure S7A, such as Porphyrin and chlorophyll metabolism, Platelet activation, Drug metabolism—cytochrome P450, Protein digestion and absorption, Cholesterol metabolism, Steroid hormone biosynthesis, and so forth) and 11 ones (as shown in Figure 5A, such as Primary bile acid biosynthesis, alpha−Linolenic acid metabolism, Retinol metabolism, and Cholesterol metabolism) in the positive ion mode in the M group. Compared with the M group, the significantly differential metabolites in the P (Figure 5B), L (Figure 5C), and H (Figure 5D) groups were involved in 17, 11, and 8 pathways, respectively, under the positive ion mode, while there were 8 (Supplementary Figure S7B), 13 (Supplementary Figure S7C), and 13 (Supplementary Figure S7D) pathways, respectively, under the negative ion mode. Among them, steroid hormone biosynthesis, cholesterol metabolism, primary bile acid biosynthesis, bile secretion, and drug metabolism-cytochrome P450 might play an important role in the process of baicalein and silymarin ameliorating NAFLD symptoms. Besides, low concentration of baicalein affected three pathways (including Serotonergic synapse, Protein digestion, and absorption and Platelet activation), which were also altered in the M group. Notably, low and high dose of baicalein both affected fatty acid biosynthesis, and high dose of baicalein also modulated some different pathways, such as fatty acid degradation, fat digestion, and absorption, pantothenate and CoA biosynthesis, vitamin digestion and absorption, beta-alanine metabolism, ferroptosis, starch and sucrose metabolism, cholinergic synapse, and retrograde endocannabinoid signaling. There is also a heat map of integrated analysis between differential metabolite expression patterns and transcriptomics under the positive ion mode (Figures 5E–H) and negative ion mode (Supplementary Figures S7E–H). Taken together, baicalein mainly targeted the pathways asociated with biosynthesis and secrection of bile acid, such as cholesterol metabolism and steroid hormone biosynthesis and the pathways related to lipid metabolism including fatty acid degradation, fat digestion and absorption, and so on. These were consistent with the results of real-time PCR described above (Figure 2I). For example, Apoa4 plays a role in fat digestion and absorption, cholesterol metabolism, and atherosclerosis; Pla2g12a functions in Glycerophospholipid metabolism, ether lipid metabolism, arachidonic acid metabolism, linoleic acid metabolism, and fat digestion and absorption; Elovl7, Slc27a4, Hilpda, and Fabp4 are all involved in lipid metabolism (Supplementary Table S1).
[image: Figure 5]FIGURE 5 | Integrated analysis of the metabolomic and transcriptomic data under the positive ion mode. (A–D) Integrated altered metabolic pathways according to the metabolomic and transcriptomic data. The horizontal axis shows the ratio of differential expressed genes and the vertical axis indicated the pathway name [(A) M vs. C; (B) P vs. M; (C) L vs. M; and (D) H vs. M]. (E–H) Integrated analysis using metabolomic and transcriptomic data. The horizontal axis shows the clustering of differential expressed transcripts and the vertical axis indicated the clustering of differential expressed metabolites. The red depth represents the strength of the positive correlation. The blue depth represents the negative correlation [(E) M vs. C; (F) P vs. M; (G) L vs. M; and (H) H vs. M].
Association of the Non-Alcoholic Fatty Liver Disease–Induced Gut Microbial Dysbiosis With Dysregulation Metabolites
To further explore the potential association between gut microbiota and liver metabolome in NAFLD mice, the top 20 differentially expressed metabolites and the top 10 altered microbial genera between two groups were analyzed by Pearson’s correlation analysis. As Figure 6 displayed, the typical metabolites of physiological function were highly linked to specific gut bacteria by calculating Pearson’s correlation coefficient. For instance, compared with the C group, the abundance of Lachnoclostridium showed a significantly negative correlation with 17 metabolites except Patidegib, urobilinogen, and 13-deoxytedanolide in the M group. 2-Hydroxyimipramine and L-Ergothioneine, which decreased to less than 4% and 2% in the C group, were positively associated with Parasutterella (r = 0.665 and 0.822) and Erysipelatoclostridium (r = 0.657 and 0.739) and negatively correlated with Lachnoclostridium (r = −0.83 and −0.857), Microbacterium (r = −0.718 and −0.736), Ralstonia (r = −0.755 and −0.774), Atopostipes (r = −0.752 and −0.773), Mucispirillum (r = −0.697 and −0.72), Terrabacter (r = −0.717 and −0.738), Stenotrophobater (r = −0.716 and −0.739), and unidentified_Christensenellaceae (r = −0.682 and −0.703). Notably, baicalein treatment clearly regulated the level of 2-Hydroxyimipramine and L-Ergothioneine. They were negatively associated with Lachnoclostridium, Atopostipes, Mucispirillum, Anaerotruncus, and Muribaculum except unidentified_Ruminococcaceae in the L group. However, they were negatively associated with Lachnoclostridium, Ralstonia, Mucispirillum, Terrabacter, Stenotrophobacter, unidentified_Lachnospiraceae, Microbacterium, unidentified_Christensenellaceae, Atopostipes, and Anaerotruncus in the H group. The abundances of Lachnoclostridium, Atopostipes, Mucispirillum, and Anaerotruncus were all decreased in the L and H groups (Figures 3J,K), and the first three were increased in the M group (Figure 3H). The results were also observed under the negative ion mode (Supplementary Figure S8). L-Ergothioneine, which is a metabolite with anti-oxidant activity, protects the liver against lipid peroxidation and is also involved in histidine metabolism. Our findings indicated that the abundance of L-Ergothioneine was affected by some microbial genera which were regulated by baicalein. Therefore, baicalein affected lipid metabolism in the liver by regulating the ecological structure of gut microbiota in NAFLD mice.
[image: Figure 6]FIGURE 6 | Heatmap describing the correlation analysis of relative abundance of gut microbiota in the genus level and liver metabolite levels under the positive ion mode. (A) M vs. C; (B) P vs. M; (C) L vs. M; and (D) H vs. M. The horizontal axis shows the top 20 of the differential metabolites in the comparison pair, the left vertical axis shows the differential bacteria, and the right means the correlation coefficient. Blue indicates positive correlation and red indicates negative correlation.
DISCUSSION
The pathogenesis of NAFLD is complex. Nowadays, the “multiple-hit model” is the theory widely accepted. The metabolic dysfunction induced by the genetic defects, environmental factors, and abnormal interaction of the organs and tissues is identified as the direct cause of NAFLD. However, fat accumulation in the liver seems to be the “first hits” (Fang et al., 2018). Triglycerides derived from the esterification of glycerol and free fatty acids (FFAs) are the main form of fat accumulated in the liver (Musso et al., 2013). Insulin resistance (IR) is a critical stage and risk factor in the progression of NAFLD. IR promotes liver lipid synthesis and inhibits liver fatty acid β-oxidation and lipolysis of fat. Consequently, lipids accumulate in the liver, and finally, hepatocyte fatty lesions occur (Stols-Gonçalves et al., 2019).
However, the available therapeutic options are very limited so far. Currently, the main treatment strategies against NAFLD include lifestyle change (diet and exercise), anti-oxidant treatment (such as vitamin 4), and regulation of body metabolism and lipid regulation. Silymarin, which is a complex mixture of flavonolignan isomers, namely, silybin, isosilybin, silydianin, and silychristin, from Silybum marianum (milk thistle), has been proved to be effective in treating liver diseases including NAFLD. Silymarin has been widely used in the treatment of acute or chronic hepatitis (Tighe et al., 2020). Baicalein is also a natural flavonoid extracted from plants. Growing evidence has indicated the anti-oxidant, anti-inflammatory, and antitumor activities of baicalein. In this study, we proved that baicalein significantly protected liver function against HFD-induced NAFLD (Figure 1). In terms of therapeutic effect, baicalein is slightly stronger than silymarin.
Gut microbiota, including bacteria, fungi, parasites, and viruses, inhabits the gastrointestinal tract. Increasing evidence indicated that gut microbiota plays an important role in maintaining the integrity of the intestinal epithelium, defense against pathogens, regulating the host immunity, harvesting energy, and regulating metabolism. In healthy adults, Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria are the top 4 phyla in abundance. The abundance of these bacterial phyla is usually related to some pathologic conditions, including NAFLD. In NAFLD, the microbial diversity is usually decreased, with the increased relative abundance of species of the Proteobacteria and Bacteroidetes phyla and the Enterobacteriaceae family and the Escherichia genera and reduced relative abundance of the Firmicutes phylum and the Prevotellaceae family. Consequently, lipopolysaccharide (LPS) translocation is increased, short-chain fatty acids (SCFA) produced by gut microbiota are decreased, and the production of endogenous ethanol is increased, and then inflammations occur. Le Roy and colleagues believed that intestinal microbiota allows the transfer of disease phenotype and liver steatosis by conducting gut microbiota transplant experiments (Le Roy et al., 2013). Alterations of gut microbiota composition affect the expression of intestinal and hepatic genes related to the metabolic process and the onset of inflammation (Membrez et al., 2008). In this study, we identified that the composition of gut microbiota was extremely changed in NAFLD mice compared with the control group, and the treatment of baicalein as well as silymarin could restore the abundance of some genera, especially the abundances of Anaerotruncus, Lachnoclostridium, and Mucispirillum that were decreased under the treatment of silymarin and low or high dose of baicalein (Figure 3). The abundance of Anaerotruncus and Mucispirillum were proved increased in high-fat/high-cholesterol–fed mice and related to NAFLD-associated hepatocellular carcinoma development (Zhang et al., 2021). The relative abundance of Lachnoclostridium associated with inflammation-mediated obesity (Rondina et al., 2013) was remarkably higher in the HFD group than in the control group and positively correlated with the fructose levels in feces (Jo et al., 2021). Therefore, gut microbiota seems to be the potential therapeutic target of baicalein against NAFLD.
Recently, gut microbiota is considered to be an important “organ” of the body, which can affect a variety of physiological processes. Dao et al. (2021) believed that gut microbiota altered by high-fat diet could modulate the retinal transcriptome, and they proposed a diet–microbiome–retina axis to reveal how diet affects the pathogenesis and severity of retinal diseases. Another report showed that gut microbiota from young donors could reprogram the circadian clock of the lacrimal gland by transcriptomic analysis (Jiao et al., 2021). A study on NAFLD demonstrated that appropriate WLT supplementation could regulate gut microbial composition, reduce intestinal permeability and liver inflammation, and then prevent NAFLD (Chen et al., 2021). Therefore, gut microbiota can affect the gene expression of a variety of tissues, including the liver, and then play a regulatory role in human diseases. In this study, we found that compared with the control mice, the gut microbial composition of NAFLD mice was changed significantly, and baicalein could restore the relative abundance of some bacteria. Based on the analysis of liver transcriptome, we found that many transcripts changed by baicalein overlapped with those changed by silymarin. Silymarin is considered a natural drug that can effectively resist liver inflammation and is used clinically in the treatment of NAFLD. The expressions of several genes related to lipid metabolism were verified by real-time PCR to confirm the alteration of liver metabolites (Figure 2I). For example, Apoa4, Pla2g12a, and Slc27a4, which all promote fat digestion and absorption, were negatively regulated by silymarin and baicalein. Gpld1 and Apom, which are both the positive regulators of lipid metabolism, were increased by baicalein. Therefore, compared with silymarin, we believe that baicalein has a similar function of alleviating NAFLD, and there might be a crosstalk in the mechanism.
Gut microbiota also regulate the choline metabolism and then affect the accumulation level of hepatic triglycerides (Panasevich et al., 2017). The bile acid-farnesoid X receptor (FXR) may be an important participant in the process of gut microbiota modulating body weight and hepatic steatosis in mice (Parséus et al., 2017). The fasting-induced adipocyte factor (FIAF) reduced by gut microbiota was proved to exacerbate the accumulation of hepatic triglycerides (Roopchand et al., 2015). Besides, gut microbiota–mediated excess of short-chain fatty acids (SCFAs) in the liver reduces the activity of adenosine-monophosphate activated protein kinase (AMPK), leading to the accumulation of hepatic free fatty acids (Wang et al., 2020). With the analysis of liver metabolome, we found that primary bile acid biosynthesis and alpha-Linolenic acid metabolism were downregulated in NAFLD mice and restored by baicalein and silymarin. Previous studies have proved that fatty acids, bile acids, and amino acids are involved in the development of hyperlipidemia (Li et al., 2018; Liu et al., 2019). The pathogenesis of NAFLD is due to the accumulation of excessive lipid in hepatocytes, which is induced by the transfer of excessive NEFA from adipose tissue to the liver, the increase in fat synthesis, the reduction of fatty acid β-oxidation, and bile acid excretion (Tang et al., 2019). Bile acids are produced from cholesterol in hepatocytes and regulate insulin secretion and glycolipid metabolism. Guo et al. (2020) found that Ganoderic acid A ameliorated hyperlipidemia and gut microbiota dysbiosis in HFD-induced hyperlipidemic mice, and bile acid metabolism was positively regulated by Ganoderic acid A. Alpha-linolenic acid is a metabolite with antioxidant activity. Lianqun et al. found that alpha-linolenic acid metabolism was significantly downregulated in hyperlipidemia model mice. After ginsenoside Rb1 intervention, gut microbiota of mice was remarkably changed and alpha-linolenic acid metabolism was clearly upregulated (Lianqun et al., 2021). In the research on human schizophrenia, Fan et al. (2022) discovered a significant correlation between serum differential metabolites and differential intestinal bacteria between the patients with schizophrenia and the healthy individuals, while the metabolism of anti-inflammatory metabolites (such as alpha-linolenic acid) might be the regulatory target of gut microbiota. Therefore, the primary bile acid biosynthesis and alpha-linolenic acid metabolism are closely related to lipid metabolism. In the integrative analysis of multi-omics, we found that there was a significant correlation between the relative abundance of altered intestinal bacterial genera and the levels of various metabolites. For example, the relative abundance of Lachnoclostridium, Atopodipes, Mucispirillum, and Anaerotruncus was significantly restored to the normal level in the baicalein treatment group and had a clear negative correlation with the level of some metabolites. For example, L-Ergothioneine was enriched in Histidine metabolism, and Traumatic acid was enriched in alpha-linolenic acid metabolism. Thus, baicalein intervention could significantly improve a considerable number of pathways, including the primary bile acid biosynthesis and alpha-linolenic acid metabolism, and the associated mechanisms might be the direct regulation by baicalein, indirect modulation by baicalein via gut microbiota, or the comprehensive effect of multiple mechanisms affected by baicalein.
In conclusion, baicalein may affect the microbial community structure in the intestine on the one hand and affect the expression of liver transcriptome through its own metabolism on the other hand and then affect the hepatic fatty acid metabolism against NAFLD. However, this study only focused on intestinal bacteria, and the role of intestinal fungi and other microorganisms in NAFLD is unknown. Moreover, the mechanism of how intestinal microorganisms respond to baicalein and then affect the expression of liver transcripts is unclear. Therefore, we will further investigate the intestinal fungi and other microorganisms in NAFLD mice and analyze the role of intestinal endothelial cells in the function of gut microbiota, hoping to uncover the molecular mechanism of baicalein in alleviating NAFLD.
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Supplementary Figure S1 | Effects of baicalein on high-fat diet–induced hyperglycemia. (A) Scores of steatosis, inflammation and ballooning, and Liver NAS score. (B) Fasting blood glucose (mM); (C) Fastingserum insulin (mU/mL). Data are presented as mean ± SD (n=10). **p < 0.01, *p < 0.05, compared with the C group; ##p < 0.01, #p < 0.05, compared with the M group.
Supplementary Figure S2 | DEGs involved in C, M, P, L, and H groups (n=3). (A) The heatmap showing the DEGs involved in five groups. (B) The Venn diagram indicating the DEGs overlapped in three comparisons, M vs. P, M vs. L, and M vs. H.
Supplementary Figure S3 | DEGs were enriched in the GO database (n=3). (A) M vs. C; (B) P vs. M; (C) L vs. M; (D) H vs. M).
Supplementary Figure S4 | Community composition of gut microbiota was regulated after treatment with baicalein (n=6). (A) Principal coordinate analysis (PCoA) based on the unweighted UniFrac analysis calculated using QIIME software. Effects of baicalein on the composition of the microbiota at phylum (B) and genus (C) levels. (D) LefSe analysis based on the linear discriminant analysis (LDA). (E) Heatmap showing the specific annotated information of each KEGG orthologous group (KO) in the metabolic pathway.
Supplementary Figure S5 | Metabolic alterations after baicalein treatment in the liver under the negative ion mode (n=6). Partial least squares discriminant analysis (PLS-DA) was used to show the separation between two groups, including M and C (A), P and M (B), L and M (C), and H and M (D). The differential metabolites were displayed in the volcano plots [(E) M vs. C; (F) P vs. M; (G) L vs. M; (H) H vs. M] and heatmaps [(I) M vs. C; (J) P vs. M; (K) L vs. M; (L) H vs. M].
Supplementary Figure S6 | KEGG pathway enrichment analysis under the positive and the negative ion mode (n=6). (A–D) showed the differential metabolites between M and C, P and M, L and M, and H and M, respectively, under the positive ion mode. (E–H) indicated the differential metabolites under the negative ion mode.
Supplementary Figure S7 | Integrated analysis of the relationship between DEGs and differential metabolites in the liver under the negative ion mode. (A–D) Integrated altered metabolic pathways according to the metabolomic and transcriptomic data. The horizontal axis shows the ratio of differential expressed genes and the vertical axis indicated the pathway name [(A) M vs. C; (B) P vs. M; (C) L vs. M; (D) H vs. M]. (E–H) Integrated analysis using metabolomic and transcriptomic data. The horizontal axis shows the clustering of differential expressed transcripts and the vertical axis indicated the clustering of differential expressed metabolites. The red depth represents the strength of the positive correlation. The blue depth represents the negative correlation [(E) M vs. C; (F) P vs. M; (G) L vs. M; (H) H vs. M].
Supplementary Figure S8 | Heatmap describing the correlation analysis of relative abundance of gut microbiota in the genus level and liver metabolite levels under the negative ion mode. (A) M vs. C; (B) P vs. M; (C) L vs. M; (D) H vs. M. The horizontal axis shows the top 20 of the differential metabolites in the comparison pair, the left vertical axis shows the differential bacteria, and the right means the correlation coefficient. Blue indicates positive correlation and red indicates negative correlation.
Supplementary Table S1 | Genes detected by real-time PCR.
Supplementary Table S2 | Number of DEGs between groups.
Supplementary Table S3 | Transcripts upregulated in the M group compared with the C group.
Supplementary Table S4 | Transcripts downregulated in the M group compared with the C group.
Supplementary Table S5 | Transcripts upregulated in the P group compared with the M group.
Supplementary Table S6 | Transcripts downregulated in the P group compared with the M group.
Supplementary Table S7 | Transcripts restored to the normal level in the P group.
Supplementary Table S8 | Transcripts upregulated in the L group compared with the M group.
Supplementary Table S9 | Transcripts downregulated in the L group compared with the M group.
Supplementary Table S10 | Transcripts restored to the normal level in the L group.
Supplementary Table S11 | Transcripts upregulated in the H group compared with the M group.
Supplementary Table S12 | Transcripts downregulated in the H group compared with the M group.
Supplementary Table S13 | Transcripts restored to the normal level in the H group.
Supplementary Table S14 | DEGs overlapped in the L group vs the M group and the H group vs the M group.
Supplementary Table S15 | Transcripts positively regulated by baicalein.
Supplementary Table S16 | Transcripts negatively regulated by baicalein.
Supplementary Table S17 | GO pathways overlapped in P, L, and H groups.
Supplementary Table S18 | Differential metabolites in the M and C groups under the positive ion model.
Supplementary Table S19 | Differential metabolites in the P and M groups under the positive ion model.
Supplementary Table S20 | Differential metabolites in the L and M groups under the positive ion model.
Supplementary Table S21 | Differential metabolites in the H and M groups under the positive ion model.
Supplementary Table S22 | Information of the top 20 correlated differential metabolites in M vs C.
Supplementary Table S23 | Information of the top 20 correlated differential metabolites in P vs M.
Supplementary Table S24 | Information of the top 20 correlated differential metabolites in L vs M.
Supplementary Table S25 | Information of the top 20 correlated differential metabolites in H vs M.
REFERENCES
 Chen, J., Thomsen, M., and Vitetta, L. (2019). Interaction of Gut Microbiota with Dysregulation of Bile Acids in the Pathogenesis of Nonalcoholic Fatty Liver Disease and Potential Therapeutic Implications of Probiotics. J. Cell Biochem. 120 (3), 2713–2720. doi:10.1002/jcb.27635
 Chen, L., Kan, J., Zheng, N., Li, B., Hong, Y., Yan, J., et al. (2021). A Botanical Dietary Supplement from White Peony and Licorice Attenuates Nonalcoholic Fatty Liver Disease by Modulating Gut Microbiota and Reducing Inflammation. Phytomedicine 91, 153693. doi:10.1016/j.phymed.2021.153693
 Dao, D., Xie, B., Nadeem, U., Xiao, J., Movahedan, A., D'Souza, M., et al. (2021). High-Fat Diet Alters the Retinal Transcriptome in the Absence of Gut Microbiota. Cells 10 (8), 2119. doi:10.3390/cells10082119
 Doulberis, M., Kotronis, G., Gialamprinou, D., Kountouras, J., and Katsinelos, P. (2012). Non-alcoholic Fatty Liver Disease: An Update with Special Focus on the Role of Gut Microbiota. Metabolism 71, 182–197. doi:10.1016/j.metabol.2017.03.013
 Fan, Y., Gao, Y., Ma, Q., Yang, Z., Zhao, B., He, X., et al. (2022). Multi-Omics Analysis Reveals Aberrant Gut-Metabolome-Immune Network in Schizophrenia. Front. Immunol. 13, 812293. doi:10.3389/fimmu.2022.812293
 Fang, Y. L., Chen, H., Wang, C. L., and Liang, L. (2018). Pathogenesis of Non-alcoholic Fatty Liver Disease in Children and Adolescence: From "two Hit Theory" to "multiple Hit Model". World J. Gastroenterol. 24 (27), 2974–2983. doi:10.3748/wjg.v24.i27.2974
 Ferramosca, A., and Zara, V. (2014). Modulation of Hepatic Steatosis by Dietary Fatty Acids. World J. Gastroenterol. 20 (7), 1746–1755. doi:10.3748/wjg.v20.i7.1746
 Gkolfakis, P., Dimitriadis, G., and Triantafyllou, K. (2015). Gut Microbiota and Non-alcoholic Fatty Liver Disease. Hepatobiliary Pancreat. Dis. Int. 14 (6), 572–581. doi:10.1016/s1499-3872(15)60026-1
 Golabi, P., Paik, J. M., AlQahtani, S., Younossi, Y., Tuncer, G., and Younossi, Z. M. (2021). Burden of Non-alcoholic Fatty Liver Disease in Asia, the Middle East and North Africa: Data from Global Burden of Disease 2009-2019. J. Hepatol. 75 (4), 795–809. doi:10.1016/j.jhep.2021.05.022
 Guo, W. L., Guo, J. B., Liu, B. Y., Lu, J. Q., Chen, M., Liu, B., et al. (2020). Ganoderic Acid A from Ganoderma Lucidum Ameliorates Lipid Metabolism and Alters Gut Microbiota Composition in Hyperlipidemic Mice Fed a High-Fat Diet. Food Funct. 11 (8), 6818–6833. doi:10.1039/d0fo00436g
 Hong, M., Han, D. H., Hong, J., Kim, D. J., and Suk, K. T. (2019). Are Probiotics Effective in Targeting Alcoholic Liver Diseases?Probiotics Antimicrob. Proteins 11 (2), 335–347. doi:10.1007/s12602-018-9419-6
 Jiao, X., Pei, X., Lu, D., Qi, D., Huang, S., He, S., et al. (2021). Microbial Reconstitution Improves Aging-Driven Lacrimal Gland Circadian Dysfunction. Am. J. Pathol. 191 (12), 2091–2116. doi:10.1016/j.ajpath.2021.08.006
 Jo, J. K., Seo, S. H., Park, S. E., Kim, H. W., KimKim, E. J. J. S., Kim, J. S., et al. (2021). Gut Microbiome and Metabolome Profiles Associated with High-Fat Diet in Mice. Metabolites 11 (8), 482. doi:10.3390/metabo11080482
 Katsiki, N., Mikhailidis, D. P., and Mantzoros, C. S. (2016). Non-alcoholic Fatty Liver Disease and Dyslipidemia: An Update. Metabolism 65 (8), 1109–1123. doi:10.1016/j.metabol.2016.05.003
 Kleiner, D. E., Brunt, E. M., Van Natta, M., Behling, C., Contos, M. J., Cummings, O. W., et al. (2005). Design and Validation of a Histological Scoring System for Nonalcoholic Fatty Liver Disease. Hepatology 41 (6), 1313–1321. doi:10.1002/hep.20701
 Lambertz, J., Weiskirchen, S., Landert, S., and Weiskirchen, R. (2017). Fructose: A Dietary Sugar in Crosstalk with Microbiota Contributing to the Development and Progression of Non-alcoholic Liver Disease. Front. Immunol. 8, 1159. doi:10.3389/fimmu.2017.01159
 Le Roy, T., Llopis, M., Lepage, P., Bruneau, A., Rabot, S., Bevilacqua, C., et al. (2013). Intestinal Microbiota Determines Development of Non-alcoholic Fatty Liver Disease in Mice. Gut 62 (12), 1787–1794. doi:10.1136/gutjnl-2012-303816
 Li, C., Cao, J., Nie, S.-P., Zhu, K.-X., Xiong, T., and Xie, M.-Y. (2018). Serum Metabolomics Analysis for Biomarker of Lactobacillus Plantarum NCU116 on Hyperlipidaemic Rat Model Feed by High Fat Diet. J. Funct. Foods 42, 171–176. doi:10.1016/j.jff.2017.12.036
 Li, P., Hu, J., Shi, B., and Tie, J. (2020). Baicalein Enhanced Cisplatin Sensitivity of Gastric Cancer Cells by Inducing Cell Apoptosis and Autophagy via Akt/mTOR and Nrf2/Keap 1 Pathway. Biochem. Biophys. Res. Commun. 531 (3), 320–327. doi:10.1016/j.bbrc.2020.07.045
 Lianqun, J., Xing, J., Yixin, M., Si, C., Xiaoming, L., Nan, S., et al. (2021). Comprehensive Multiomics Analysis of the Effect of Ginsenoside Rb1 on Hyperlipidemia. Aging (Albany NY) 13 (7), 9732–9747. doi:10.18632/aging.202728
 Liu, Y., Li, Q., Wang, H., Zhao, X., Li, N., Zhang, H., et al. (2019). Fish Oil Alleviates Circadian Bile Composition Dysregulation in Male Mice with NAFLD. J. Nutr. Biochem. 69, 53–62. doi:10.1016/j.jnutbio.2019.03.005
 Majumdar, A., Verbeek, J., and Tsochatzis, E. A. (2021). Non-alcoholic Fatty Liver Disease: Current Therapeutic Options. Curr. Opin. Pharmacol. 61, 98–105. doi:10.1016/j.coph.2021.09.007
 Membrez, M., Blancher, F., Jaquet, M., Bibiloni, R., Cani, P. D., Burcelin, R. G., et al. (2008). Gut Microbiota Modulation with Norfloxacin and Ampicillin Enhances Glucose Tolerance in Mice. FASEB J. 22 (7), 2416–2426. doi:10.1096/fj.07-102723
 Musso, G., Gambino, R., and Cassader, M. (2013). Cholesterol Metabolism and the Pathogenesis of Non-alcoholic Steatohepatitis. Prog. Lipid Res. 52 (1), 175–191. doi:10.1016/j.plipres.2012.11.002
 Panasevich, M. R., Peppler, W. T., Oerther, D. B., Wright, D. C., and Rector, R. S. (2017). Microbiome and NAFLD: Potential Influence of Aerobic Fitness and Lifestyle Modification. Physiol. Genomics 49 (8), 385–399. doi:10.1152/physiolgenomics.00012.2017
 Parséus, A., Sommer, N., Sommer, F., Caesar, R., Molinaro, A., Ståhlman, M., et al. (2017). Microbiota-induced Obesity Requires Farnesoid X Receptor. Gut 66 (3), 429–437. doi:10.1136/gutjnl-2015-310283
 Pu, P., Wang, X. A., Salim, M., Zhu, L. H., Wang, L., Chen, K. J., et al. (2012). Baicalein, a Natural Product, Selectively Activating AMPKα(2) and Ameliorates Metabolic Disorder in Diet-Induced Mice. Mol. Cell. Endocrinol. 362 (1-2), 128–138. doi:10.1016/j.mce.2012.06.002
 Rondina, M. T., Weyrich, A. S., and Zimmerman, G. A. (2013). Platelets as Cellular Effectors of Inflammation in Vascular Diseases. Circ. Res. 112 (11), 1506–1519. doi:10.1161/CIRCRESAHA.113.300512
 Roopchand, D. E., Carmody, R. N., Kuhn, P., Moskal, K., Rojas-Silva, P., Turnbaugh, P. J., et al. (2015). Dietary Polyphenols Promote Growth of the Gut Bacterium Akkermansia Muciniphila and Attenuate High-Fat Diet-Induced Metabolic Syndrome. Diabetes 64 (8), 2847–2858. doi:10.2337/db14-1916
 Ryoo, J. H., Suh, Y. J., Shin, H. C., Cho, Y. K., Choi, J. M., and Park, S. K. (2014). Clinical Association between Non-alcoholic Fatty Liver Disease and the Development of Hypertension. J. Gastroenterol. Hepatol. 29 (11), 1926–1931. doi:10.1111/jgh.12643
 Salvoza, N., Giraudi, P. J., Tiribelli, C., and Rosso, N. (2022). Natural Compounds for Counteracting Nonalcoholic Fatty Liver Disease (NAFLD): Advantages and Limitations of the Suggested Candidates. Int. J. Mol. Sci. 23 (5), 2764. doi:10.3390/ijms23052764
 Stols-Gonçalves, D., Hovingh, G. K., Nieuwdorp, M., and Holleboom, A. G. (2019). NAFLD and Atherosclerosis: Two Sides of the Same Dysmetabolic Coin?Trends Endocrinol. Metab. 30 (12), 891–902. doi:10.1016/j.tem.2019.08.008
 Suk, K. T., and Kim, D. J. (2019). Gut Microbiota: Novel Therapeutic Target for Nonalcoholic Fatty Liver Disease. Expert. Rev. Gastroenterol. Hepatol. 13 (3), 193–204. doi:10.1080/17474124.2019.1569513
 Sun, W., Liu, P., Wang, T., Wang, X., Zheng, W., and Li, J. (2020). Baicalein Reduces Hepatic Fat Accumulation by Activating AMPK in Oleic Acid-Induced HepG2 Cells and High-Fat Diet-Induced Non-insulin-resistant Mice. Food Funct. 11 (1), 711–721. doi:10.1039/c9fo02237f
 Tang, Y., Zhang, J., Li, J., Lei, X., Xu, D., Wang, Y., et al. (2019). Turnover of Bile Acids in Liver, Serum and Caecal Content by High-Fat Diet Feeding Affects Hepatic Steatosis in Rats. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1864 (10), 1293–1304. doi:10.1016/j.bbalip.2019.05.016
 Tighe, S. P., Akhtar, D., Iqbal, U., and Ahmed, A. (2020). Chronic Liver Disease and Silymarin: A Biochemical and Clinical Review. J. Clin. Transl. Hepatol. 8 (4), 454–458. doi:10.14218/JCTH.2020.00012
 Tokuhara, D. (2021). Role of the Gut Microbiota in Regulating Non-alcoholic Fatty Liver Disease in Children and Adolescents. Front. Nutr. 8, 700058. doi:10.3389/fnut.2021.700058
 Vuppalanchi, R., and Chalasani, N. (2009). Nonalcoholic Fatty Liver Disease and Nonalcoholic Steatohepatitis: Selected Practical Issues in Their Evaluation and Management. Hepatology 49 (1), 306–317. doi:10.1002/hep.22603
 Wang, W. W., Wang, J., Zhang, H. J., Wu, S. G., and Qi, G. H. (2020). Supplemental Clostridium Butyricum Modulates Lipid Metabolism through Shaping Gut Microbiota and Bile Acid Profile of Aged Laying Hens. Front. Microbiol. 11, 600. doi:10.3389/fmicb.2020.00600
 Wen, B., Mei, Z., Zeng, C., and Liu, S. (2017). metaX: a Flexible and Comprehensive Software for Processing Metabolomics Data. BMC Bioinforma. 18 (1), 183. doi:10.1186/s12859-017-1579-y
 Yuan, J., Chen, C., Cui, J., Lu, J., Yan, C., Wei, X., et al. (2019). Fatty Liver Disease Caused by High-Alcohol-Producing Klebsiella pneumoniae. Cell Metab. 30 (4), 1172–1688. doi:10.1016/j.cmet.2019.11.006
 Zhang, X., Coker, O. O., Chu, E. S., Fu, K., Lau, H. C. H., Wang, Y. X., et al. (2021). Dietary Cholesterol Drives Fatty Liver-Associated Liver Cancer by Modulating Gut Microbiota and Metabolites. Gut 70 (4), 761–774. doi:10.1136/gutjnl-2019-319664
 Zhu, X., Yao, P., Liu, J., Guo, X., Jiang, C., and Tang, Y. (2020). Baicalein Attenuates Impairment of Hepatic Lysosomal Acidification Induced by High Fat Diet via Maintaining V-ATPase Assembly. Food Chem. Toxicol. 136, 110990. doi:10.1016/j.fct.2019.110990
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Li, Hu, Zhao, Feng and Chai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


[image: image]


OPS/images/fphar-13-880508/crossmark.jpg
©

|





OPS/images/fphar-13-880508/fphar-13-880508-g001.gif





OPS/images/fphar-13-880508/fphar-13-880508-g002.gif





OPS/images/fphar-13-880508/fphar-13-880508-g003.gif
f =z o
7

7

S
ay”%f”

7





OPS/images/fphar-13-875700/fphar-13-875700-t001.jpg
Group

BC
MC
L
™
TH
PC

HDLC (mmol/L)

4.48 +0.15"

522 +0.13
213 017"
220+ 023"
210 £0.15™
243 008"

LDLC (mmol/L)

0.71 £ 0.07**
119+ 0.11
0.84 + 0.08"
0.96 + 007"
095 £0.114
0.66 + 0.06*

TG (mmol/L)

1.41 £0.06
1.62 +0.15
1.10 + 0.05"""4
1.34 £0.12
1.02 £ 0.05"4
1.34 £0.10

Compared with the model group, *p < 0.05, **p < 0.01, **p < 0.001.
Compared with the blank group, #p < 0.05, #4p < 0.01, ###p < 0001,
Compared with the PC, group, Ap < 0.05, AAp < 0.01, AAAp < 0.001

TC (mmol/L)

4.69 + 0.21"
6.87 + 0.35
6.17 + 0.45""
6.40 + 0.57"*
6.24 + 0.50""
6.23 + 0.39""

AST (U/L)

36.31 £5.27
50.26 £ 5.15
32.38 £ 3.91
34.35 £2.19%
31.02 + 4.48
2067 = 1.80"

ALT (UL

24.11 + 3.40
34.61 +4.08
17.57 + 1.06*
15.39 + 2.43*
18.26 + 3.07
15.58 + 1.49%

AKP(King unit/100 mi)

11.55 + 0.39"
1356 + 0.53"
11.96 = 0.70%

8.03 + 0.87
9.97 + 0.34*





OPS/images/fphar-13-875700/fphar-13-875700-t002.jpg
Group BC MmC PC TH s ™

Shannon index 5.5847 + 0.1425 5.4356 + 0.2673 5.3317 + 0.2126 5.4967 + 0.2489 5.4752 + 0.187 6.0296 + 0.2885%
Simpson index 0.9445 + 0.0089 0.9311 + 0.0208 0.9228 + 0.0157 0.9346 + 0.0158 0.9412 + 0.0115 0.9509 = 0.01

ACE index 4641403 £ 7.6454 4525716 + 67194  457.6025 5263 472.0735 + 91531 492.6638+7.061"*44  496.8799 +9.3045
Chao? index 4720195 + 105494 4575262 + 8.1369 464.9995 + 54769 477.7676 = 9.7134  492.5886 + 7.293" 505.3993 + 9.6354"
PDwhole treeindex ~ 25.1176 = 0.3986  24.8614 +03622 253351 £ 02404  26.193 = 0.4081°* 26721+ 03868 **44 269273  0.2881"

oty 414.56 = 8.056 402.89 = 9137 42011 = 5.397 43444 £11.978" 44622 +7.2407"4 457.11 + 83897 F* 44
Coverage (%) 99.8878 £ 00128 99.9056 + 00112  99.9167 + 0.0058" 99.9167 + 0.0071"  99.9078 + 0.0040 99.9111 + 0.0102

Compared with the model group, *p < 0.05, **p < 0.01, **p < 0.001.
Compared with the blank group, #p < 0.05, ##p < 0.01, ###p < 0001
Compared with the PC, group, Ap < 0.05, AAp < 0.01, AAAD < 0.001





OPS/images/fphar-13-875700/fphar-13-875700-t003.jpg
Number

HRG65
HRG185
HRG107
HRG3
HRG76
HRGS3
HRG81
HRG189
HRG88
HRG74
HRG70
HRG86
HRG239
HRG179

Compound

Quercetin

Kaempferol

Luteolin

7-Methoxy-2-methyl isofiavone
wogonin

Glabridin
7-Acetoxy-2-methyiisoflavone
licochalcone a

Glyasperins M
4-0-Methylglabridin
1-Methoxyphaseolidin
Licoagrocarpin

Medicarpin

isorhamnetin

TCMSP ID

MOL000098
MOL000422
MOLO000006
MOL003896
MOL000173
MOL004908
MOL004991
MOL000497
MOL005007
MOL004978
MOL004959
MOL005003
MOL002565
MOL000354

Pubchem ID

5280343
5280863
5280445
354368
5281703
124052
268208
5318998
NA
9927807
480873
15840593
336327
5281654

Degree

238
158
150
144
142
138
136
135
134
134
134
133
133
133

OB(%)

46.43
41.88
36.16
42.56
30.68
53.26
38.92
40.79
7267
36.21
69.98
58.81
49.22
49.6

DL

028
024
025

02
023
047
026
029
0.59
052
064
0.58
034
031

Herb source

YC, §Z, NZZ, MHL, GQZ, CH, XJ, GC
DH, NZZ, CH, GC
MHL, NzZ

GC

cz

GC

GC

GC

GC

GC

GC

GC

GC

YC, CH, GC





OPS/images/fphar-13-875700/fphar-13-875700-t004.jpg
1FYH
1FYH

2H24
2H24

5R86

4NEM
4NEM

BFHX

S5FUC
5FUC

TKPA
TKPA
TKPA

IFNG
IFNG

IL10
IL10

LB

2
2

L4

L6
L6

TNF
TNF
TNF

HRG107
HRG65

HRG107
HRG65

HRG65

HRG107
HRG65

HRG107

HRG107
HRG65

HRG107
HRG185
HRG65

Luteolin
Quercetin

Luteolin
Quercetin

Quercetin

Luteolin
Quercetin

Luteolin

Luteolin
Quercetin

Luteolin
Kaempferol
Quercetin






OPS/images/fphar-13-875700/fphar-13-875700-g005.gif





OPS/images/fphar-13-875700/fphar-13-875700-g006.gif





OPS/images/fphar-13-925349/fphar-13-925349-g006.gif
Mwe

A
.
TN

geecee

555550






OPS/images/fphar-13-925349/fphar-13-925349-g005.gif





OPS/images/fphar-13-925349/fphar-13-925349-g004.gif





OPS/images/fphar-13-820857/fphar-13-820857-g003.gif





OPS/images/fphar-13-820857/fphar-13-820857-g004.gif





OPS/images/fphar-13-820857/fphar-13-820857-g005.gif
-39
_l\.6





OPS/images/fphar-12-793586/fphar-12-793586-t003.jpg
Gene set

mmu04913
mmu00590
mmu03010
mmu00900
mmu04961
mmu00591
mmu00053
mmu04964
mmu00040
mmu00910
mmu05204
mmu00830

Description

Ovarian steroidogenesis

Arachidonic acid metaboiism

Ribosome

Terpenoid backbone biosynthesis
Endocrine and other factor-regulated calcium reabsorption
Linoleic acid metabolism

Ascorbate and aldarate metabolism
Proximal tubule bicarbonate reclamation
Pentose and glucuronate interconversions
Nitrogen metabolism

Chemical carcinogenesis

Retinol metabolism

ES

052
051

-0.49
071
057
0.56
0.63
0.67
062
0.70
048
0.48

NES

172
1.89
-1.82
-1.88
1.82
1.89
1.85
1.82
1.87
1.80
1.81
1.81

p value

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

FDR

004
0.04
0.03
003
0.03
0.02
002
0.02
002
0.02
0.02
0.02





OPS/images/fphar-13-820857/crossmark.jpg
©

|





OPS/images/fphar-13-820857/fphar-13-820857-g001.gif





OPS/images/fphar-13-820857/fphar-13-820857-g002.gif





OPS/images/fphar-13-891410/fphar-13-891410-t002.jpg
Exposure  Outcome

uc NAFLD
CcD NAFLD
IBD NAFLD
uc LFC
CD LFC
IBD LFC
NAFLD uc
NAFLD cD
NAFLD 18D
LFC uc
LFC cD
LFC 1BD

NSNP

1
10

MR-Egger Weighted-Median

OR(BETA) 95%LCI 95%UCI P  OR(BETA) 95%LCI 95%UCI P
0922 0770 1105 0383 0992 0925 1064 0817
0024 0792 1008 0070 0020 0.99 1006 0655
0.947 0.822 1.091 0.455 1.004 0.978 1.080 0.785
0013 0023 0049 0487 0012 0008 0032 0224
0032 -0008 0067 0077 0009 -0009 0026 08327
0.024 0017 0064 0251 0020 0002 0042 0080
1.108 0865 1421 0566 0966 0912 1023 0236
1.089 0872 1288 0741 0987 0936 1041 0635
1.067 0934 1220 0513 0979 0.938 1021 0321
1.046" 0.883 1.239 0.622 0.976* 0.841 1.183 0.751
1.118° 0.885 1412 0375 0977 0861 1109 0718
1.085" 0914 1216 0486 0961 0875 1057 0415

Pheterogeneity

0.188
0.016
0.063
0.308
0.015
0.000
0.065
0.483
0318
0313
0.002
0.103

Piciotropy

0.481
0.038
0.499
0.847
0.253
0.797
0.430
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UC, ulcerative colis; CD, Crohn's dlisease; IBD, inflammatory bowel disease; NAFLD, non-aicoholic fatty liver disease; LFC, liver fat content; NSNP, the number of single nucleotide
polymorphism; OR, odds ratio; 95%LCl, lower imit of 95% confidence interval; 95%UCI, upper limit of 95% confidence interval: P, p-value of ORBETA); Prsterogensiy P-valse of

heterogeneity test from Cochrane’s Q value; Powsotropy, P-value of pleiotropy test from MR-Egger intercept.
Please note " represent the BETA, for the continuous variable LFC.
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UG, ulcerative colits; CD, Crohn’s disease; IBD, inflammatory bowel disease; NAFLD, non-alcoholic fatty iver disease; LFC, liver fat content. Modiel represents the type of two traits where
“Sharing” means two traits have shared genetics and *Causal” means the exposure can causally affect the outcome. Gammais the effect size of exposure on outcome; Eta s the effect size
of correlated pleiotropy: Q represents the proportion of variants exhibiting correlated pleiotropy; P is the probability of accepting a sharing model.
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Forward primer (5'-3')

AACCACGTATCTTCAACACCATC
TCCTGACGTTTGGAACGGC
TGGGGTTTTCCTGAGCGAC
GCACTTTGTTTGTCTTGCCTG
CCTCTCTGGATGACGAAGAACT
GGAGGTCCTAGAGTACAATGCC
ACAGTTGGCACAATAGACGTTT
AACTGGTGCAGAAATCTCTAGC
CCCCTGTGAACGGCATTGT
CCAGCCTGAGGGCTTACTG
CTCTTGGCAGTGCTTTTTCTCT
TATGGAGTGACATAGAGTGTGCT
TCACCTTCGTGTGCAGTCTC
AGAGCCCCATCTGTCCTCTC
GTCATGGGCCGAATGTCTTTC
TTTGCCTTTCTCGGGTTCATC
GAGCCGGATCTGAAGAGGGA
ATAAGAAATGCGGGGATGTCAC
GGCTGTATTCCCCTCCATCG

Reverse primer (5'-3')

AGTCCGGTTTGGAACTGACAG
CTCCCTCAATCCCCACAGAC
GGTTAAAGGGAGTCAATGCTGC
TCCCAAAAACGGTATTGGTGTG
TGTCCTGAAGGTAGATGCTCTC
AAGCCTGGAGCAGTTCTACAC
CCTTCCATTTCAGTGTTGCAGA
GGTTGAATAGCTCAGAACTAGCC
'CCCCTCCAAAAGGGAGCAG
CTCCATTGACTGTGACATCTCG
GAGCTTGTATAGCCGCTCATT
CCACTTCAATCCACCCAGAAAG
CCTGGAGCCCGTCTCTGAT
ACTGGTAGTCTGCAAAACCAA
GCCTGTCACTACTTGTCACACA
TTGTCTTCTAGCCGGGAGTAG
GCTTGACGTGTGGCTTGTTC
ATATCCGAGAAGGCAGCGAAC
CCAGTTGGTAACAATGCCATGT
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45.23 + 6.41

Data are shown as mean + SEM.

p < 0.05 vs CT.
b < 0.05 vs HFD.
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1.29 + 0.01
12.59 + 0.84%
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Phenotype

Inflammatory bowel disease
Ulcerative disease

Crohn's disease

Nonalcoholic fatty liver disease
Liver fat content

Ancestry

Mixed
Mixed
Mixed
European
European

Sample Size

25,042 cases and 34,915 controls
12,366 cases and 33,609 controls
12,194 cases and 28,072 controls
1,483 cases and 17,781 controls
32,858 participants

Unit

1-unit of IogOR
1-unit of logOR
1-unit of IogOR
1-unit of logOR
sD

NSNP

145
75

113
4
13

R2 (%)

16.37
8.53
1297
1.59
432

F

74.91

57.07
52.95
77.79
114.07

PMID

28,067,908
28,067,908
28,067,908
32,208,765
34,128,465

NSNP, the number of single nucieotide polymorphism; R2, variance of phenotype explained by SNPs; logOR, logarithm of odds ratio; SD, standard deviation; F, F statistics; PMID, ID of

publication in the PubMed.
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Model style

Chemicals
induced liver

injury
Chemicals
induced liver
injury.

Chemicals
induced liver
injury

Chemicals
induced liver

injury

Cholestatic
iver injury

Cholestatic
iver injury

Sepsis induced
iver injury

Sepsis induced
ver injury

Sepsis induced
iver injury

Cell/animal

HepG2 cells

Male BALB/c mice

Male WT mice and
Ppara™~ mice on the
129/Sv genetic
background

Male Sprague
Dawley rats

Male C57BL/6J mice

Male C57BL/6J mice
and Fxr-null mice

Female Sprague-
Dawley rats

Male Sprague Dawiey
rats

Male C57BL/6 mice

Male C57BL/6J mice
and NLRP3-/- mice

Inducer

APAP

APAP

ccl4

CCl4

ANIT

TAA

EE

CLP

LPS

P.
acnes/
LPS

Dosage of celastrol

50, 100, and 200 "M

2mg/kg by i.p injection

10 mg/kg by oral treatment

0.25 mg/kg/day.0.5 mgkg/
day,1 mg/kg/day by ip
injection

10 mg/kg/day by oral
administration

5 mg/kg/day by an oral
administration

1 mg/kg by ip injection

1.5 mg/kg/day by i.p injection

0.5 or 0.25 mg/kg by ip
injection on every other day
after P. acnes induction for
3days

Treatment time

24h

2 h prior APAP-
induction

5 days

4 weeks

5 days

5 days

60 min before CLP

24 h before LPS
induction, after LPS
intoxiant for
another 24 h

3 days

Phenotype/mechanism

Ameliorated oxidative stress and
cytotoxicity caused by APAP

Prevented oxidative stress and
inflammation by attenuating
inflammatory cells accumulation and
reducing inflammation factors

Inhibited inflammatory cytokine and
oxidative stress by suppressing
PPARa signaling pathway, the effects
of celastrol attenuated DCA-EGR1 -
inflammatory factor signaiing in CCl4-
induced PPARa deleted mice

Suppressed inflammation in liver
fiorosis by activating AMPK-SIRT3
signaling

Alleviated cholestatic liver injury by
activation SIRT1-FXR signaling
pathway

FXR disruption attenuated protection
effects of celastrol on cholestatic iver
injury

Alleviated phenotype of ICP by
inhibited MMP-2 and MMP-9

Attenuated inflammation by
suppressing NF- kB, reduced TLR-4
and 5-LOX expression,
downregulated the expression of IL-6

Aggravated iver injury through
activating inflammation and
deteriorating oxidative stress

Suppressed NLRP3 inflammasome
formation by blocking
deubiquitylation of NLRP3

Reference

Jannuzzi et al.
(2018)

Abdelaziz et al.
(2017)

Zhao et dl.
(2020)

Wang et al.
(2020)

Zhao et al.
(2019b)

Guo et al
(2019)

El-Tanbouly
etal. (2017)

Wu et al.
(2018)

Yan et al.
(2021)

APAP, acetaminophen; CCH, carbon tetrachloride; AMPK, Adenosine 5'-monophosphate (AMP)-activated protein kinase; SIRT3, sirtuin3; PPARa, Peroxisome Proliferator Activated
Receptor a; DCA, deoxycholic acid; EGRT, Early Growth Response 1; ANIT,a-naphthyl isothio-cyanate; TAA, thioacetamide; SIRT1, sirtuin1; FXR, Famesoid X receptor; EE, 17 -ethinyl
estradiol; ICP, intrahepatic cholestasis of pregnancy; MMP-2, Matrix metalloproteinase-2; MMP-9, Matrixmetalloproteinase-9; CLP, cecal ligation and puncture; NF-xB, nuclear factor
kappa-B; TLRA, Toll-ike receptor 4; 5-LOX, 5-Lipoxygenase; IL-6, Interieukin-6; LPS, lipopolysaccharides; P. acnes/LPS, Propionibacterium acnes/lipopolysaccharides; NLRPS, NOD-
like receptor protein 3.
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Cell line
HepG2, Bel-
7402
HepG2, Bel-

7402
Bel-7402

HepG2
HepG2
HepG2

Huh?, Hep3B

C3A

MHCCO7H

Effect of celastrol
Anti-proliferation, induce apoptosis
Anti-proliferation, induce apoptosis

Anti-proliferation, induce apoptosis

Anti-prolfferation, anti-migration

Anti-prolfferation, induce apoptosis
Anti-metastasis

Anti-proliferation, Anti-migration,
Anti-invasion and Erhanced
Apoptosis

Anti-prolfferation, induce apoptoss,
anti-metastasis

Anti-migration

Mechanism

Downregulated the expression of E2F1

Induced autophagy and ER stress, lead to G2/M phase
arrested

Promoted cytochrome c release, increase the expression
of cleaved caspase-9, caspase 3 and the ratio of Bax/
Bcl-2

Inhibited the CXCR4 mediated PI3K/Akt pathway, lead to
sub-GO phase arrested

Induced ROS accumulation and G2-M phase blockage
Repressed NF-xB and Akt activty, downreguiate the
expression of miR-224, MMP2, and MMP9

Repressed circ_SLIT3 and Bal-2, raised the Bax
expression, impeded circ_SLIT3/miR-223-3p/CXCR4
signaling

Modulated STATS activation with the inhibition of ¢-Src,
JAKA, and JAK2 activation; downregulate the expression
of cyclin D1, Bel-2, Bel-xL, survivin, Mcl-1, and VEG,
caused sub-G1 phase arrested

Inhibited the ROCK2 mediated phosphorylation of ezrin at
Thise7

Doses

25and 5uM

1.25,25,

and 5 M
0.78, 1.56, and
312 pg/ml

01,03, 0,625,
and 1M

2,4, and 6 M
0.1,0.5, 1 uM

05,14M

25,5,
and 10 uM

05pM

Time
24h,48h
24h

24, 48,
and 72 h

24h

24h
18h

48h

24,48,
and 72 h

4and8h

Reference

Ma et al. (2017)
Ren et al. (2017)

Liet al. 2015)

Kun-Ming et al. (2020)

Chen et al. 2011)
Liet al. 2013)

(Sietal., 2013;
Kun-Ming et al., 2020)

Rajendran etal. (2012)

Du et al. (2020)

E2F1, E2F transcription factor 1; ER, endoplasmic reticulum; Boi-2, B-celllymphoma-2; Bax, BCL2- Associated X,; CXCRA, G-X-C motif chemokine receptor 4; PI3K, phosphatidyinositol-
3 -kinase; AKT, protein kinase B; ROS, reactive oxygen species; NF-xB, nuciear factor kappa B; MMP2, Matrix metallopeptidase 2; MMPS, Matrix metallopeptidase 9; ccirc_SLIT3,
GircANA, sit guidance igand 3; JAKT, Janus kinase1; JAK2, Janus kinase2; Mc- 1, Myeloid Cell Leukemia Sequence 1; VEGF, vascular endothelal growth factor; ROCK2, Rho Associated
Coled-Coll Containing Protein kinase 2.
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Cancer model (animal)

HCC patient-derived
xenografts (BALB/cJ mice)

He2 cells derived xenograts
(female BALBY/c mice)
Hep3B cells derived
xenograts (athymic nw/nu
female mice)

PLC/PRFS cells derived
xenografts (athymic nu/nu
female mice)

Hep3B cells derived
xenografts (athymic nu/nu
female mice)

DEN induced HCG in rats

Dose and formulation

4 mg/kg/day by intravenous
injection

1 and 2 mg/kg/day by ip
injection

3 :and 10 mg/kg/day by oral
administration three times a
week

1 and 2 mg/kg/day by ip
injection

2mg/kg/day by i.p injection
every 5 days

2, 4, and 8 mg/kg/day by oral
administration

Treatment
period

3 weeks

3 weeks

5 weeks

3 weeks

30 days

10 weeks

Tumor
volume

Reduce 2-5
fold

Reduce 2-4
fold

Reduce
2-2.5 fold

Reduce
1.6-2.5 fold

Reduce
2-2.5 fold

Reduce
1.6-3 fold

Mechanism

Pro-apoptoss, anti-proliferation through inhibited
phosphorylation of protein kinases in the R/
MEK/ERK and PIBK/AKT/mTOR signaiing
pathways

Induced of ER stress and apoptosis

Reduced the hypoxia-induced accumulation of
HIF-1a protein, inhibited angiogenesis, invasion,
and metastasis

Antiproliferative and proapoptoltic effects through
suppression of STATS signaling

Inhibited circ_SLIT3/miR-223-8p/CXCR4
signaling

Activated mitochondrial apoptosis pathway

Reference

Wei et &l. (2014)

Ren et al. (2017)
Ma et al. (2014)
Rajendran et al.
(2012)

Siet al. (2021)

(Chang et al., 2016;
Saber et al., 2020)

ip, intraperitoneal; Rat, rapidly accelerated fibrosarcoma; ERK, Extracellular-signal-regulated kinases; MEK, Mitogen-activated protein kinase/ERK kinase; PI3K, phosphatidylinositol-3-
kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; STAT3, signal transducer and activator of ranscription 3; HIF- 1o, hypoxia-inducible factor, circ_SLIT3, GircRNA siit
quidance ligand 3: CXCR4, C-X-C motif chemokine receptor.
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HFD for

32 weeks.
HFD for
8-12 weeks
HFD for16-
20 weeks
HFD for

16 weeks
HFD for

12 weeks

HFD for 6 weeks
HFD for
12 weeks

HFD for
16 weeks

Male C57BL/6 N mice HFD for

12 weeks

HFD for12 weeks

Genetic deficency animal models

Lep™ mice NCD
Lep*ratsand Lep™rats  HFD for
17 weeks.
Lep® mice NCD for 6 or
14 weeks
HSF1 '~ Mice HFD for 4 weeks
Liver speific Sirt! KO HFD for
mice 14 weeks
Nur77 ~/-mice HFD for
17 weeks
Global PTP1B KO mice  NCD or HFD for
10 weeks
UCP1 KO mice HFD for
20 weeks
IL1R1"~ mice HFD for
20 weeks
Lon2™/~ mice NCD or HFD for
16-20 weeks
ApoE™" mice NGD or HFD for
12 weeks
Melanocortin 4 receptor  NCD
(MC4R)-null mice
HNRNPAT deficency/ NCD
overexpression mice
Other modiel
Young (4-6 month) and  NCD

Old (18-22 month) male
mice

100 pg/kg/day by i.p injection
100 pg/kg/day by i.p injection
100 pg/kg/day by i.p injection
0.1 mg/kg/day by i.p injection

150 pigrkg, 300 pgrkg by ip injection

3 mg/kg/day was mixed with food

50 pg/kg/day, 100 pg/kg/day,
200 pg/kg/day by i.p injection
0.75 mg/kg/day, 1.5 mg/kg/
day.3 mg/kg/day by oral
administration

5 mg/kg/day and 7.5 mg/kg/day
mixed with food

5 mg/kg/day or 7.5 mg/kg/day by
oral administration

100 ig/kg/day by ip. injection, or
10 mg/kg/day by oral administration
100 pg/kg/day by subcutaneous
injection

100 pg/kg by i.p. injection

100 Lg/kg by i.p. injection

0.1 mg/kg/day by i. injection for
10 days, then 0.5 mg/kg by
i.p.injection for 15 days

0.5 mg/kg/day or 1 mg/kg/day by
oral administration

100 pg/kg/day by subcutaneous.
injection

3 mg/kg/day mixed with powdered
chow

200 g/kglevery 2 days by
i.p.injection

0.1 mg/kg/day by i.p injection

0.1 mg/kg/day by ip injection

100 grkg/day by subcutaneous
injection
100 pg/kg/day by ip. injection

100 pg/kg/day by i.p. injection

100 g/kg/day by oral administration
0.1 mg/kg/day by i injection for

10 days, then 0.5 mg/kg/day by ip
injection for 15 days

2 mg/kg/day by gavage
administration

100-200 pg/kg/day by ip. injection

6 days
10 days
4.days

21 days

3 weeks

24 days
12 weeks

25 days

3 weeks

3 weeks

3 weeks
6days
3 weeks
4 days

25 days

3 weeks

6 days
4 weeks

4 weeks

2 weeks

7 days

6 days

3 weeks

3 weeks

12 weeks

25 days

12 days

4-6 days

Promoted weight loss through hypoplasia and
activation of leptin-STATS signaling in elder mice
Lowered body weight by inhibition of PTP18
and TCPTP in hypothalamus

Celastrol's anti-obesity effects was not
dependent on LCN2

Suppressed gluconeogesis by activating
CREB/PGC-1a pathway

Reduced weight gain without affecting food
intake, ameliorated metabolic disorder and
hepatic inflammation by inhibition of TLR3/
NLRP3 inflammasome

Prevented intestinal lipid absorption by
downregulation of CD36, FATP2, FATP4
Attenuated inflammation through the
suppression of MMP-2 and MMP-9

Reduced body weight gain, insuin resistance,
hepatic steatosis, and irflammation by inhitition of
(CAP1—resistin interacton, PKA-NF-kB pattway

Prevented M1 macrophage polarization,
inflammation, and insuln resistance via regulating
Nif2/HO-1, MAPK signal, and NF-kB pathway
Reduced body weight and fat mass inhibited
inflammatory response by downreguiation of
expression of macrophage M1 biomarkers
(€., IL-6, IL-1B, TNF-a, iNOS) and enhanced
expression of macrophage M2 biomarkers
(€9 Arg-1, IL-10)

No significant change of body weight

Body weight siightly reduced

1,000 ug/kg celastrol decreased the BW of
Lep™* rats not Lep™" rats

Promoted weight loss in young Lep® mice not
old Lep® mice

Had no effects on body weight and energy
consumption

Reduced food intake and increased the hepatic
lipid accumulation by inhibited phosphorylation
of AMPKa and hepatic LKB1 expression

Mid reduced the body weight and anti-
inflammation effects attenuated

Induced weight loss both in NCD and HFD
PTP1B mice, reduction of fat and lean mass is
owing toweight loss of HFD PTP1B mice not for
NCD mice

Decreased body weight and food intake by fat
mass loss

No change of body weight, fat mass, and food
intake

Reduced body weight and fat mass without
affected food intake in NCD Len2™'~ mice,
inhibited hepatosteatosis, and metabolic
disorder induce by HFD in Lon2™/~ mice
Alleviated inflammatory reaction in apoE ™" mice
fed with HFD

Reduced body weight, food intake, fat and
lean mass, enhanced energy expenditure

by upregulation of adrenergic receptor

and PRDM16 without affecting UCP-1 and
PGC-1a

Inhibited energy expenditure and abrogated
weightloss effects in HNRNPAT overexpression
mice

Promoted weight and lean mass loss by
lowering food intake in aged mice, but not in
young controls

Pfuhimann

et al. (2018)
Kyriakou et al.
(2018)

Feng et al.
(20192)

Fang et al.
@019)

Yang etal,
(@021)

Huaetal.
(2021)
Ouyang et al.
(2021)
ZhuY. etal.
(2021)

Luoetal.
@017)

Zhao et al.
(2019a)

Liuetal. (2015)

Pfuhimann
et al. (2018)
Feng et al.
(20190)
Feng et al.
(2019a)
(Saito et al,
2019)

Hu etal. (2020)
Livetal. (2015)
Maetal. (2015)

Zhang et al.
(2017a)

Huetal. (2017)

Pfuhimann
et al. (2018)

Pfuhimann
et al. (2018)
Zhaoet al
(2019a)
Feng et al.
(2019%)

ZhuY. etal.
(2021)

Saito et al.
(2019

ZhuC. etal.
(2021)

Chellappa et al.
(2019)

HFE, high fat emulsion; NCD, normal chow diet; HFD, high fat diet; ABGA1, ATP-binding cassette transporter A1; NADPH, nicotinamide adenine dinucleotide phosphate; AMPK,
Adenosine 5'-monophosphate (AMP)-activated protein kinase; SIRT1, sirtuin’; ER, endoplasmic reticulum; HSF1, heat shock factor 1; PGC-1a, Peroxisome prolferator-activated
receptor y coactivator 1a; Srebp-1c, sterol regulatory element binding protein-1c; IL-1, interleukin-1p; IL-6, interleukin-6; TLR4, Tolllike receptor 4; NF-xB, nuclear factor kappa-B;
STATS, signal transducer and activator of transcription 3; LCN, lipocalin-2; PTP1B, protein tyrosine phosphatase (PTP) 18; TCPTP, T-cell PTP; TLRS, Tolllie receptor 3; NLRP3, NOD-
like receptor protein 3; CD36, cluster of differentiation 36; FATP2, very-long-chain acy-CoA, synthetase; FATP4, fatty acid transport protein 4; MMP-2, Matrix metalloproteinase-2; MMP-
9, Matrix metalloproteinase-9; CAP1, adenylate cyclase-associated protein 1; PKA, Protein kinase A; NF-kB, nuclear factor kappa B; Nif2, nuclear respiratory factor 1; HO-1, Heme
oxygenase 1; MAPK, mitogen-activated protein kinase; TNF-a, tumor necrosis factor a, INOS, inducible nitric oxide synthase; Arg-1, arginase-1; IL-10, interleukin-10; Lep, leptin; BW,
body weight; LKB, liver kinase B1; PTP1B, Protein tyrosine phosphatase 1; Apok; apolipoproteinE; PRDM16, PR, domain-containing 16; UCP-1, Uncoupling protein 1;
HNRNPA1, heterogeneous nuclear ribonucleoprotein Al.
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Animal model Model inducer Dosage Intervention Gene Reference
me ucP-1 PGC-1a

Male Sprague-Dawley  HFD for 11 weeks 0.5 mg/kg/day by oral administration 3weeks nochange  nochange  Hu et al. (2020)

rats

C578UB) NCD or HFD for 0.1 ma/kg/day or 0.6 mg/kg/day by ip injection 24 days nochange  nochange  Saito et al. (2019)
9 weeks
HFD for 6 weeks 3 mg/kg/day clastrol was mixed with food 24 days nochange  nochange  Hua et al. (2021)
HFD for 8 weeks 1 mg/kg/day, 3 mg/kg/day mixed with food 3 weeks upreguiated  upreguiated  Ma et al. (2015)
HFD for 12 weeks 0.1 mg/kg/day,0.3 mg/kg/day by i,p injection 3 weeks Upreguiated  upregulated  Yang et al. (2021)
HFD for 16 weeks 0.1 mg/kg/day by ip iniection 21 days upreguiated  upregulated  Fang et al. (2019)
HFD for 32 weeks 0.1 mg/kg/day by ip injection 6days Upreguiated o change  Pfuhimann et al

(2018)
MC4R-null mice NCD 0.1 mg/kg/d by i.p injection for 10 days, then 25 days nochange  nochange  Saito et al. (2019)
0.5 mg/kg/d by i.p injection for 15 days
HSF1 /- mice NCD for 8 weeks 3 mg/kg/day mixed with food 4weeks nochange  nochange  Ma et al (2015)

IWAT, inguinal white adipose tissue; BAT, brown adipose tissue; SD, Sprague-Dawley; UCP-1, Uncoupling protein 1; PGC-1a, Peroxisome proliferator-activated receptor y coactivator

1a; MC4R, melanocortin 4 receptor: HSF1, heat shock factor 1: NCD, normal chow diet: HFD, high fat diet.
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GSE ID Participants Tissues  Analysis Platform Year

Included
GSE89632 21 cases with no fibrosis, 18 cases with fibrosis and 11 healthy controls Liver Array GPL14951 2016
GSE49541 40 cases with mild fibrosis and 32 cases with advanced fibrosis Liver Array GPL570 2013

GSE164441 10 cases with (NAFLD)- associated HCC tumor (1 = 10) and adjacent non-tumor lver tissues (1= 10) ~ Liver ~ RNAseq ~ GPL20801 2021
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Effects of protection

Treating factor

Changed factor

Oxidative stress

Cell ferroptosis
Detoxification

Inflammation

Autophagy
Lipid metabolism apoptosis

DNA and protein damage
IR

Other mechanisms

T3 + insulin GACI3

T3
T3

TH+ MP
3
Yinning Tablet

T3 + insulin
TH + nPUFA

T3

T3

8-OHdG, PCO, and AOPPs |
Inactivation of Kupffer cells

Lipid peroxyl free radicals |

Nrf2, Ent, NQO1, GST Ya, and GST Yp
MRP-2, -3, -4 T

MEK/ERK/MTORC1 1

TRT

TRT

Bel-2 and cytochrome ¢ protein

caspase-9, -8, -3, proapoptotic BAX, and Diot |
NF-kB, STAT3, THF-a, and haptoglobin |

GSH depletion and protein oxidation T

AMPK 1

NLRP3 and IL- 14 |

MAO |
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Drug
category (or
categories)

MGL- 3,196
(Resmetirom)

MBO7811
(vk2809;
precursor of
KB-141)

KB-141

Sobetirome
(GC- 1)

DITPA

KB2115
(Eprotirome)

Type of
agonist/
affi

TRE
~selective
agonist (28-
fold over TRa)

TR agonists

TRB agonists

GC-1 binds
TR higher
than that

of TRa

Similar affinity
toboth TR
isoforms with
relatively low
affinity

KB2115 has
modestly
higher affinity
for TR than
for TRa

Effects on

Heart

Non-cardiac
electrocardiogram change

No significant change

Increased heart rate, the
first derivative of left
ventricular pressure, and
systolic aortic pressure,
followed by reduced
weight

No undesirable effects

Increased cardiac index
and decreased systermic
vasaular resistance

No undesirable effects

Thyroid
hormone axis (THA)

At the highest dose,
reversible free T4 was
reduced by 20%. No
significant change in TSH,
free T3, and thyroid axis
dysfunction

Total and free T4 levels
were decreased by day 7,
with both doses of
MBO07811 and remaining
constant over the
subsequent 6 weeks of
treatment. Levels of TSH
and TSH mRNA were
recuuced.

Decreased total 3,5,3, 5-
tetraiodo- L-thyronine (T4)
and free T4, total T3, and
free T3

TRH surpression:T3>Sob
-AM2>sobetirome,
decreased or depleted
circulating T4 and T3 levels
without altered serum TSH
levels

Lowered serum TSH levels,
toalesser extent, seum T3
and T4, and no differences
in clinical manifestations of
thyrotoxicosis or
hypothyroidism

No adverse extrahepatic
thyromimetic effects

Lipid metabolism

LDL-cholesterol, non-
HDL-cholesterol,
apolipoprotein B, and
triglycerides were
reduced. Liver weight,
hepatic steatosis, plasma
alanine aminotransferase
activity, and blood
glucose were reduced.
The dose of 80 mg has
the greatest effect on lipid
metabolism.

Decreased serum TGs,
liver TGs, and liver weight

Not liver TGs but lower
serum TGs and liver
weight

Reduced serum
cholesterol triglyceride
and lipoprotein (a) levels.
Reverse very high-fat diet
(VHFD}-induced fat
‘accumulation in the liver
and induced weight loss.
Reverse cholesterol
transport pathway
Decreased serum
cholesterol, low-density
lipoprotein cholesterol
and body weight, and a
transient decrease in
triglycerides and no
change in high-density
lipoprotein cholesterol
Reduced serum total and
LDL-cholesterol,
apolipoprotein B,
triglycerides, and Lp (a)
lipoprotein, prevents
hepatic steatosis

Supplement

No effect on body weight. No
dose- related adverse events,
no changes in liver enzymes,
and vital signs. Phase 2-3
ciinical trias are under way.
Effects on insuiin resistance
and dog cartilage abnormality
are dispute.

No effect on body weight,
fasting blood glucose, plasma
insulin and plasma FFA,
SREBP-2, and HMG- CoA
reductase or
phosphoenolpyruvate
carboxykinase in the liver

No difference in the maximum
cholesterol lowering effect
between KB-141 and
MBO7811.

Hyperglycemia and insulin
resistance. The drug was
stopped after the first phase
of clinical trial

Reduced body weight and
dangerous skeletal actions

Increase in transaminase and
conjugated bilrubin
concentrations; diinical trials
were discontinued because
long-term studies in dogs
resulted in cartiage damage.

Reference

Sinha et al.
(2012);
Kagawa et al.
(2018); Ritter
etal. (2020)

Kowalik et al.
(2018)

Kowalik et al.
(2018)

Taub et al.
(2013), Fanti
etal. (2014),
Raza et al.
(2021)

Erion et .
(2007), Senese
etal (2019)

Senese et al.
(2019), Kannt
etal. (2021)
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Lipodystrophy type

Familial partial ipodystrophy type 2 (FPLD2)

Hutchinson-Gilford progeria syndrome (HGPS)
Mandibuloacral dysplasia with lipodystrophy
(MAD type A)

Mandibuloacral dysplasia with lipodystrophy
(MAD type B)

Atypical Werner syndrome (AWS)

Adult-onset demyelinating leukodystrophy
(ADLD)

Acquired partial lipodystrophy (APL)

Genetic mutation

LMNA (151660 AD)

LMNA (176670 AD)
LMNA (248370 AR)

ZMPSTE24
(608612 AR)

LMNA (150330 AR)
LMNB1 (169500 AD)

LMNB2 (608709 AD)

Clinical phenotype

Gradual loss of fat from the fimbs and trunk, “cushingoid”
sparing, muscular dystrophy, dilated cardiomyopathy
Generalized loss of subcutaneous fat, progeroid features
Mandibular and clavicular hypoplasia, acro-osteolysis. Distal and truncal lipoatrophy, progeroid
features

Mandibular and davicular hypoplasia, acro-osteolysis. More generalized loss of fat, premature
renal failure, progeroid features.

Partial or generalized loss of subcutaneous fat, progeroid features

Downregulates the expression of genes associated with lipid synthesis, which n tum leads to a
decrease in myelin-rich lipids

Gradual symmetrical subcutaneous fat loss, starting in the face and progressing down the upper
part of the body. Subcutaneous fatin the lower abdomen and legs is significantly reduced, while
fat storage in the gluteal area and lower imbs tends to be retained o increased

appearance due to neck and face
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NMDS Plot
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Range (ng/mi)
Model 1
p-value
Model 2
p-value
Model 3
p-value
Model 4
p-value
Model 5
p-value

RCAN2 tertiles

Per 1-unit increase

Lowest OR (95% Cl)

<8.03
1 (reference)

1 (reference)

1 (reference)

1 (reference)

1 (reference)

Median OR (95% CI)

>8.03-10.82

1.687 (1.103-2.282)
0.013

1.545 (1.071-2.229)
0.020

1.718 (1.045-2.825)
0.033

1.469 (0.842-2.562)
0.176

1.479 (0.825-2.651)
0.188

Highest OR (95% Cl)

21082 -

3.114 (2.141-4.531) 1.201 (1.145-1.260)
0.000 0.000

2.912 (1.992-4.526) 1.193 (1.136-1.262)
0.000 0.000

2.893 (1.715-4.881) 1.199 (1.121-1.282)
0.000 0.000

2.406 (1.324-4.373) 1.189 (1.102-1.283)
0.004 0.000

2.081 (1.084-3.995) 1.175 (1.083-1.275)
0.028 0.000

NAFLD, non-alcoholic fatty liver disease; RCANZ, regulator of calcineurin 2; OR, odds ratios; Cl, confidence intervals. BMI, body mass index; WC, waist circumference; SBP, systolic blood
pressure; DBP, diastolic blood pressure; FBG, fasting blood glucose; WBC, white blood cells; NEU, neutrophil; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT,

gamma-glutamy! transpeptidase; ALP, akaline phosphatase; UA, uric acid; eGFR, estimated glomerular fitration rate; TC, total cholesterol;

G, trighyceride, HDL-C, high-density

lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. Model 1 was not adjusted. Model 2: adjusted for age and sex. Model 3: adjusted for Model 2 + BM), WC, SBP, DBP,

FBG. Model 4: adjusted for Model 3 + WBC, NEU, ALT, AST. GGT. ALP, UA, eGFR. Model 5: adjusted for Model 4 + TC, TG, HDL~

LDL-C.
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Measurements

Sample (n)
Male/Female
Age (years)

BW (kg)

BMI (kg/m2)
WG (cm)

HC (cm)

WHR (cmvcm)
SBP (mmHg)
DBP (mmHg)
FBG (mmol/L)
WBGC (*109/L)
NEU (*109/)
HGB (o)

PLT (100/L)
ALT (UL)

AST (UL)
AST/ALT

TP (L)

ALB (gL)

GLO (@L)

AG

TBIL (umol/L)
DBIL (umol)
IBIL (umolL)
GGT (UL)

ALP (UL)
UREA (moll)
UA (umolL)
CREA (umol/L)
eGFR [ml/(min*1.73m?)
TC (mmollL)
TG (mmollL)
HDL-C (mmol/L)
LDL-C (mmol/L)
HCY (umol/L)
RCAN2 (ng/m))
NAFLD index FLI

Total

715
464/251
40.52 + 10.68
68.61 + 12.84
25.18 + 3.62
84.33 + 9.49
97.22+ 678
0.87 + 0.06
122.08 + 14.21
73.57 + 10.10
526+1.23
6.37 + 1.49
3.70+1.13
149.43 + 14.44
234.352 + 57.03
30.64 £ 25.19
24.38 £ 10.70
0.97 + 0.39
7233 + 3.33
46.48 + 2.28
25.86 + 2.66
1.82+0.21
14.73 + 5.41
412 + 1.64
10.61 + 4.06
35.87 + 37.70
73.27 + 20.16
5.01 +1.09
351.95 + 85.69
66.70 + 12.23
122.68 + 20.92
4.86 + 0.90
1.80 £ 1.62
1.30+0.33
322 +0.90
12.26 + 7.86
10.18 + 4.56
36.27 + 27.69

Non-NAFLD

346
202/144
40.14 + 10.65
61.94 + 7.86
23.06 £ 2.29
79.12 £ 6.56
94.40 £ 5.10
0.84 + 0.05
117.64 + 13.16
70.65 + 8.83
494063
5.97 + 1.37
3.49 +1.08
145,51 + 14.71
229.04 + 54.77
20.64 + 8.77
21.35 + 5.08
1.15 £ 041
71.85 + 3.37
46.18 + 2.32
25.67 + 2.50
1.82+0.20
14.73 + 4.64
423 +1.42
10.50 + 3.41
2329 + 20.22
69.99 + 19.80
4.94 +1.12
319.24 + 75.71
65.39 + 12.43
124.02 + 20.74
4.71 +0.83
1.18 £ 0.59
1.45 + 0.35
3.05+0.83
11.92 + 7.44
8.79+285
17.04 £ 13.76

NAFLD

369
262/107
40.87 + 10.51
74.86 + 13.45
27.16 + 351
8922 +9.21
99.86 + 7.09
0.89 + 0.05
126.24 + 1391
76.30 £ 10.45
556 + 1.54
6.74 + 1.50
391 +1.14
15311 £ 13.18
239.34 + 58.71
4001 £31.25
27.22 £ 13.46
0.80 + 0.27
72.78 + 3.24
46.75 £ 2.21
26.04 +2.80
182 £ 0.22
14.73 + 6.06
402 +1.65
10.72 + 4.59
47 67 + 45.67
76.35 + 20.08
5.00 + 1.06
382,62 + 83.21
67.93 + 11.92
12122 £ 21.02
5.00 + 0.93
238 +2.02
1.16 + 0.25
337 +0.93
12.58 + 8.22
1147 £ 542
5431 + 25.02

p-value

0.000
0.321
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.021
0.000
0.000
0.000
0.001
0.001
0.142
0.927
0.137
0.007
0.390
0.000
0.000
0.099
0.000
0.006
0.028
0.000
0.000
0.000
0.000
0.021
0.000
0.000

Continuous variables were expressed as mean + standard deviation. Categorical variables were expressed as n/n. NAFLD, non-alcoholc fatty lver disease; BW, body weight; BMI, body
mass index; WC, waist circumference; HC, hip circumference; WHR, waist to hip ratio; SBP, systolic blood pressure; DEP, diastolic blood pressure; FBG, fasting blood glucose; WBC,
white blood cells; NEU, neutrophil: ALT, alanine aminotransferase; AST, aspartate aminotransferase; TP, total protein; ALB, albumin; GLO, globulin; A/G, Albumin-globuiin-ratio; TBIL, total
biliubin; DBIL, direct bilrubin; IBIL, indirect biliubin; GGT, gamma-glutamy! transpeptioase; ALP, akaine phosphatase; UA, uric acio; CREA, creatinine; éGFR, estimated glomerular
ftration rate; TC, total cholesterol; TG, triglyceride, HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HCY, homocysteine; RCAN2,  regulator of

calcineurin 2: FLI, fatty liver index. *p < 0.05, *'p < 0.01,

% < 0.001 versus non-NAFLD group.
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Measurements

Sample (n)
Male/Female
Age (years)

BW (kg)

BMI (kg/m2)
WG (cm)

HC (cm)

WHR (cm/em)
SBP (mmHg)
DBP (mmHg)
FBG (mmolL)
WBC (“1091)
NEU (*109)
HGB (g1)

PLT (109/L)
ALT (UA)

AST (UL)
AST/ALT

TP (91)

ALB (gL}

GLO (g)

AG

TBIL (umol/L)
DBIL (umoiL)
IBIL (umoi)
GGT (UL)

ALP (UL)
UREA (mol/L)
UA (umolrL)
CREA (umol/L)
eGFR [ml/(min*1.73m2)]
TC (mmol/L)

TG (mmolA)
HDL-C (mmol/L)
LDL-C (mmol/L)
HCY (umolrL)
RCAN2 (ng/m)
NAFLD (%)
NAFLD index FLI

Tertile 1

238
140/98
39.31 £ 10.01
67.69 + 13.55
24.85 + 3.65
83.29 £ 9.12
97.43 + 6.50
0.85 + 0.06
119.16 + 13.09
71.35 + 10.03
512+ 0.94
6.28 + 1.55
372+ 1.15
147.35 £ 15.11
229.99 + 56.80
26.96 + 20.02
2267 +7.32
1.03 £ 043
7177 £ 302
46.24 +2.16
25.54 + 2.46
1.83£0.21
14.72 £ 5,57
4.30 +1.61
10.43 + 4.15
30.36 + 33.50
71.88 + 20.02
4.89 +1.09
339.74 + 81.43
65.67 + 12.12
123.77 £ 21.07
4.56 + 0.80
1.34 £ 0.80
1.34 £0.32
3.00 £0.79
12.02 + 7.80
6.45 £1.17

38.66
28.70 + 24.27

Tertile 2

240
153/87
40.66 + 10.89
67.03 £ 10.91
2477 £3.11
83.88 +9.40
96.56 + 6.56
087 +0.06
121.80 + 13.63
74.10 + 9.46"
522 +1.00
6.36 + 1.46
370 +1.14
149.06 + 13.79
235.24 £ 50.79
29.70 + 20.46
2387 £9.09
095 +0.37
72.38 £ 3.36
46.33 £2.29
26,05 266
1.80 £0.21
14.60 £ 5.29
411 £1.47
10.49 + 3.98
36.03 + 41.89"
73.32 +20.53
5.05 £ 1.14
347.82 + 7945
66.97 + 12.33
121.54 + 20.37
4.86 + 0.87**
1.68 + 0.82"
131 £0.35
3.28 + 0.84"
1214 +6.93
9.27 + 0.80"*

50.00*
3429 +25.98

Tertile 3

237
171/66™
41.69 + 10.73
71.13 £ 13.56"""
25.92 + 395"
85.83 +9.78"
97.66 + 7.25
0.88 + 0.05™*
125.30 + 15.29"*"
75.25 + 10.43"*
5.45 + 161"
6.46 + 1.45
368 £ 1.12
161.91 + 14.09*
237.83 + 62.89
35.28 + 32.51*
26,61 + 1417
0.93 + 0.35"
72.84 + 353"
46.86 = 2.35"
2598 +2.84
182 & 0.22
14.87 £ 5.39
3.96 + 1.62*
10.93 + 4.06
41.25 + 36.56"""
74.62 £ 19.91
5.09 £ 1.02
368.39 + 93.40"
67.47 £ 12.22
122.42 + 21.34
517 + 0.91™***
2.49 £ 2.43"""
1.26 £ 0.34*
3.38 + 1.01"**
12.62 + 8.77
14.84 + 493"

66,2441
45.88 + 29.57""

p-value

0.009
0.076
0.001
0.002
0015
0.240
0.000
0.000
0.000
0.014
0171
0.935
0.004
0524
0.002
0.004
0015
0.006
0.011
0.143
0.106
0842
0.032
0.242
0.000
0.299
0.080
0.004
0.218
0.448
0.000
0.000
0.020
0.000
0.450
0.000
0.000
0.000

Continuous variables were expressed as mean + standard deviation. Categorial variables were expressed as n (%). NAFLD, non-aicoholic fatty liver disease; BW, body weight; BMI, body
mass index; WC, waist circumference; HC, hip circumference; WHR, waist to hip ratio; SBP, systolic blood pressure; DEP, diastolic blood pressure; FBG, fasting blood glucose; WBC,
white blood cells; NEU, neutrophil: ALT, alanine aminotransferase; AST, aspartate aminotransferase; TP, total protein; ALB, albumin; GLO, globulin; A/G, Albumin-globuiin-ratio; TBIL, total
biliubin; DBIL, direct bilrubin; IBIL, indirect biliubin; GGT, gamma-glutamy! transpepticase; ALP, akaine phosphatase; UA, uric acio; CREA, creatinine; éGFR, estimated glomerular
ftration rate; TC, total cholesterol; TG, triglyceride, HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density ipoprotein cholesterol: HCY, homocysteine; RCAN, regulator of

calcineurin 2: FLI, fatty liver index. *p < 0.05, **p < 0.01,

'0 < 0.001 versus tertile 1 group. *p < 0.05, "p < 0.01, ""*p < 0.001 versus tertile 2 group.
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Measurements

BW (<)

BMI (kg/m2)
WG (cm)

HC (cm)
WHR (cmvcm)
SBP (mmHg)
DBP (mmHg)
FBG (mmol/L)
WBC (“109/1)
NEU (-109/)
HGB (g/)
PLT (*109/1)
ALT (UAL)
AST (UL)
AST/ALT

TP (gL)

ALB (g)
GLO (o)
AG

TBIL (umol/L)
DBIL. (umol/L)

IBIL (umoi)

GGT (UL)

ALP (UL)

UREA (mollL)

UA (umolL)

CREA (umol/L)

eGFR [ml/(min*1.73m2)]
TC (mmol/L)

TG (mmoliL)

HDL-C (mmol/L)

LDL-C (mmol/L)

HCY (umolrL)

NAFLD index FLI

Serum RCAN2 (age and sex-adjusted)

r
0.157
0175
0.139
0.070
0.167
0.143
0.120
0.106
0.096
0.032
0.073
0.072
0.103
0.098

-0.097
0.134
0.054
0.123

-0.084

-0.027

-0.141
0.016
0.088
0.080
0.037
0.224

-0.009
0017
0.263
0.475

-0.158
0.079

-0.048
0.304

Al subjects

p-value
0.000
0.000
0.000
0.061
0.000
0.000
0.001
0.005
0.010
0.377
0.051
0.053
0.006
0.009
0.010
0.000
0.148
0.001
0.026
0.467
0.000
0.663
0.019
0.032
0.324
0.000
0.804
0.647
0.000
0.000
0.000
0.034
0.199
0.000

r
-0.030
-0.046
-0.057
-0.113
0.031
0010
0051
0.049
0.002
-0.092
-0.006
0.105
-0.022
0.047
0.023
0.137
0.129
0074
-0.017
0.003
-0.066
0.031
-0.035
-0.104
-0.012
-0.019
-0.061
0.080
0.191
0.182
0.049
0.119
-0.023
0.005

Non-NAFLD

p-value
0577
0.400
0.289
0.036
0.570
0.859
0.350
0.363
0.963
0.089
0919
0.062
0.686
0.381
0.665
0.011
0.017
0173
0.759
0.956
0.224
0.568
0517
0.0556
0.822
0.730
0.261
0.140
0.000
0.001
0.365
0.027
0.667
0.933

r
0.029
0.046
0.005

-0.028
0.049
0.105
0.054
0.034
0.044
0.014
0.010
0.017

-0.002
0.027
0.060
0.086

-0.027
0.119

-0.110

-0.036

-0.153
0.006
0.006
0.127
0.049
0.208
0.010

-0.009
0.266
0.458

-0.108
0.013

-0.068
0.198

NAFLD

p-value
0.584
0.384
0.931
0.594
0.351
0.044
0.305
0.518
0.403
0.785
0.848
0.741
0.974
0.606
0.252
0.009
0.602
0.023
0.035
0.492
0.003
0.907
0912
0.015
0.345
0.000
0.844
0.860
0.000
0.000
0.038
0.802
0.192
0.000

Partial correlation coefficients were used for age- and sex-adjusted data. Bold font indicated p < 0.05. RCANZ, regulator of calcineurin 2; NAFLD, non-alcoholic fatty liver disease; B,
body weight; BMI, body mass index; WC, waist circumference; HC, hip circumference; WHR, waist to hip ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting
biood glucose; WBC, white blood cells; NEU, neutrophi; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TP, total protein; ALB, albumin; GLO, globulin; A/G, Albumin-
globuiin-ratio; TBIL, total biliubin; DBIL, direct bilinubin; IBIL, indirect biliubin; GGT, gamma-glutamyl transpeptidase; ALP, akaiine phosphatase; UA, uric acid; CREA, creatinine; éGFR,
estimated glomerular flration rate; TC, total cholesterol; TG, triglycericle, HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lpoprotein cholesterol; HCY, homocysteine; FLI,

fatty liver index.
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Component (% w/w) Fraction
with PCH 73-79%

PCH 79
PE 33
PI 02
PA 16
LPC 6.1
N-Acyl-PE 17

PCH, phosphatidylcholine; PE, phosphatidylethanolamine; P}, phosphatidyinositol; PA,
phosphatiolc acio; LPC, lysophosphatidyicholine; N-Acyl-PE,
phosphatidylethanolamine.





