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Abstract

:

Bear bile powder is an essential, traditional and valuable Chinese herbal medicine that clears heat, calms the liver, and improves eyesight. Early studies have shown that bear bile powder has lipid-lowering activity, but due to the scarcity of natural bear bile powder resources, it has yet to be used on a large scale. Researchers have found that tauroursodeoxycholic acid (TUDCA) is the primary characteristic bioactive substance of bear bile powder. This study aimed to investigate the therapeutic effect of TUDCA on high-fat diet (HFD)-induced hyperlipidemia. A hyperlipidemia model was established by feeding mice high-fat chow, following the intervention of different concentrations of TUDCA (25/50/100 mg/kg) orally, the hallmark biochemical indexes (total cholesterol (TC), total triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C)), histopathological examination (hematoxylin-eosin (HE) staining and oil red O (ORO) staining), and metabolomic analysis of serum and liver. The results showed that TUDCA could downregulate total TC, TG, LDL-C, upregulate HDL-C, reduce fat deposition in hepatocytes, reverse hepatocyte steatosis, and exhibit prominent lipid-lowering activity. In addition, it may play a therapeutic role by regulating glycerophospholipid metabolism.
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1. Introduction


Dyslipidemia is one of the leading causes of metabolic syndrome, usually manifested as a decrease in high-density lipoprotein cholesterol (HDL-C) and an increase in total cholesterol (TC), total triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C). Hyperlipidemia is also associated with fatty liver, obesity, and atherosclerosis [1,2] and affects many metabolic pathways, such as glucose metabolism, lipid metabolism, and bile acid metabolism. Hyperlipidemia has no clear clinical symptoms in its early stages, and its damage is insidious, progressive, and systemic. Hyperlipidemia-induced valve inflammation may be an essential initial process in aortic valve disease. The accumulation of oxidized LDL-C as the primary lipoprotein in the aortic valve leads to early aortic valve disease [3].



Lipids as a source of energy start with dietary fat intake, and then bile acids break down the fat and are absorbed by the intestinal lumen. In the intestinal cells, free-fatty acids combine with glycerol molecules to form TG, which accelerates the development of hyperlipidemia when chronic excess lipid intake and unhealthy lifestyle habits occur [4]. Excessive lipid intake may affect lipid transport in the hepatic-intestinal axis, and abnormal lipid metabolism in the intestine leads to excess lipid flow into the portal vein via the hepatic-intestinal circulation, resulting in lipid accumulation in the liver [5]. Lipid quadruple is a standard marker for the diagnosis of hyperlipidemia. Recent reports show that some institutions use a range of intelligent NIR luminol to diagnose hyperlipidemia. As a result, the design of innovative aggregates facilitates rapid and accurate detection of hyperlipidemia [6]. While the therapeutic effects of drugs are clearly defined, the safety of their administration has been of great concern. Statins are first-line drugs for the treatment of hyperlipidemia that help to reduce LDL-C and TG levels and increase HDL-C levels in patients with familial and severe hypercholesterolemia. Yet, they may be accompanied by adverse effects such as headache, myalgia, and hepatotoxicity. Patients may experience elevated alanine aminotransferase (ALT)/aspartate aminotransferase (AST) levels, increasing the risk of new-onset diabetes in adults [7]. Fenofibrate is also a commonly used clinically effective lipid-lowering drug with significant cholesterol and triglyceride-lowering effects and the ability to reduce residual cardiovascular risk, which is superior to statins alone [8,9]. Therefore, discovering potentially hypolipidemic active substances is an essential clinical objective.



Bile acids play an essential role as regulatory molecules in numerous biological processes. Combining taurine with bile acids helps to promote the breakdown of lipids and bile acids for fat and weight loss. TUDCA has been the focus of interest in recent years and is the primary bile acid in bear bile, a combination of taurine and ursodeoxycholic acid (UDCA). Studies have reported that TUDCA can reduce hepatic steatosis [10]. It is an endogenous chemical chaperone that protects cells from endoplasmic reticulum stress and treats NAFLD (nonalcoholic fatty liver disease) [11,12]. Slowing the progression of HFD (high-fat diet)-induced NAFLD by improving intestinal inflammation and barrier function reduces intestinal fat transport and modulates intestinal flora composition [13]. TUDCA penetrates the blood-brain barrier with low toxicity, and the US FDA has approved its precursor UDCA as a therapeutic agent for cholestatic liver disease [14]. Earlier studies had shown a linear and dose-dependent decrease in cholesterol saturation when duodenal bile was assayed after TUDCA use in gallstone patients [15,16], speculating that TUDCA may have a cholesterol-degrading effect. TUDCA also reduced intracellular cholesterol levels in chondrocytes and increased cell membrane fluidity [17]. This paper aims to explore the regulatory effect of TUDCA on hyperlipidemia mice through serum and liver metabolomics, in order to clarify the hypolipidemic activity and potential mechanism of TUDCA.




2. Results


2.1. Changes in Body Weight and Liver Index in Mice


Compared with the control group, the hyperlipidemia model group’s body weight, liver index (p < 0.05), abdominal fat, and epididymal fat accumulation significantly increased. Compared with the hyperlipidemia model group, the body weight of each administration group did not improve considerably at the end of the experiment, the liver index of the fenofibrate group increased significantly (p < 0.001), and the TUDCA-H group decreased significantly (p < 0.05) (Figure 1a,b).




2.2. Physiological and Biochemical Indexes of Mice


To assess the effect of TUDCA on serum lipid levels and transaminases, we tested serum levels of TC, TG, HDL-C, LDL-C, and the viability of ALT and AST, respectively. Compared with the control group, the serum levels of TC, TG, and HDL-C in the model mice showed different degrees of increase (p < 0.05, p < 0.01) and LDL-C decreased (p < 0.01), whereas the vitality of ALT and AST did not change significantly. Compared with the model group, both fenofibrate and TUDCA-H showed a tendency to lower lipid levels (p < 0.05, p < 0.01), and TUDCA-M significantly decreased TG (p < 0.05). In the fenofibrate group, ALT activity increased (p < 0.01), which may be reflected in the side effects of drugs and may be related to the increase in the liver index (Figure 1c,d, Table S2).




2.3. Effect of TUDCA on Liver Histopathology in Mice


Compared with the control group, the hepatocytes of the model group showed severe granular degeneration, cytoplasmic laxity, more vacuole distribution visible in the visual field, and more local hepatocyte steatosis as seen by large red positive ratios and reflected pathology scores and positive ratios (p < 0.01). Compared with the model group, TUDCA can slow down the steatosis of liver cells, make neutral fat deposition, and reduce the distribution. TUDCA-H plays a more significant role (p < 0.05, p < 0.01) (Figure 2a,b).




2.4. Multivariate Data Analysis of Serum Metabolomics and Lipidomics


Using UPLC-Orbitrap/MS, a total ion characteristic diagram was generated based on MSI full scan data. The chemometric analysis of the dataset was performed using Xcalibur 4.3, Progenesis QI software V2.0, and Simca 14.1. To maximize the collected metabolism and lipidomics information and the fingerprint of the hyperlipidemia model, serum samples were obtained under the positive and negative modes of HESI. First, we performed unsupervised principal component analysis (PCA) on these data to observe the effect of TUDCA on the metabolic profile of the hyperlipidemia model. From the PLS-DA plot analysis, the different groups between the components were more prominent (Figure 3). As can be seen from Figure 3, there was a significant difference between the control and model groups, indicating that the whole body metabolic profile changed after 4 weeks. After administration of TUDCA, the hyperlipidemic mice in both positive and negative ion modes showed different degrees of improvement, with TUDCA-H probably showing the most pronounced effect.




2.5. The Endogenous Metabolites Identification and Correlation Analysis


Endogenous metabolites from PLS-DA analysis were obtained according to the VIP > 1 and p < 0.05 limits. Combined with the results of PCA, changes in metabolic status or metabolites were identified, which could be critical endogenous metabolites for metabolic pathways. A total of 15 endogenous metabolites (Table S3) in serum and 15 endogenous metabolites (Table S5) in the liver were identified, these markers were closely associated with hyperlipidemia models and TUDCA for metabolomics analysis. A total of 14 endogenous metabolites (Table S4) in serum and 11 endogenous metabolites (Table S6) were identified in the liver, these markers were closely associated with hyperlipidemia models and TUDCA for lipidomics analysis.



We conducted Spearman correlation tests to explore the relationship between metabolites and physiologic characteristics. A total of 30 serum and liver metabolites were correlated with physiological characteristics associated with hyperlipidemia (e.g., HDL-C, LDL-C, TC, TG, etc., Figure 4a,d). Out of these metabolites, 11 showed significant positive correlations with LDL-C, TC, and TG, whereas 6 metabolites showed significant negative correlations with HDL-C. Creatine and 3-hydroxyisovaleric acid showed the most significant correlations with lipid indices. The relationships between metabolites and lipid indices (HDL−C, LDL−C, TC, TG) were stronger than those of liver indices (AST and ALT). A total of 19 different serum and hepatic lipid metabolites were correlated with physiological features associated with hyperlipidemia (e.g., HDL−C, LDL−C, TC, TG, etc., Figure 4b,e). Eight different metabolites showed significant positive correlations with LDL−C, TC, and TG, whereas three metabolites showed negative correlations with HDL−C. SM (d18:1/14:0) and SM (d18:1/22:0) showed significant correlations with lipid indices. Finally, metabolites and lipid metabolites were correlated (Figure 4c,f).




2.6. The Pathway Enrichment Analysis and Metabolic Network


The metabolic pathways associated with these differential metabolites were analyzed through MetaboAnalyst, searched and annotated by the KEGG database of endogenous metabolites, and correlation analysis of related pathways and targets was carried out. The metabolomics and lipidomics analysis of serum and liver revealed the most significant impact on glycerophospholipid metabolism, indicating that glycerophospholipid metabolism is closely associated with hyperlipidemia and TUDCA, and is one of the critical metabolic pathways (Figure 5). RT−qPCR verified the mRNA expression levels of LCAT (lecithin−cholesterol acyltransferase), LPCAT1 (lysophosphatidylcholine acyltransferase 1), LPCAT2, and LPCAT3, which are the key enzymes of the pathway, and the results showed that compared with the model group, TUDCA−H was able to significantly upregulate the mRNA expression levels of LCAT, and downregulate the mRNA expression levels of LPCAT1, LPCAT2, and LPCAT3 (Figure 6).





3. Discussion


Fenofibrate can treat hypercholesterolemia and hypertriglyceridemia [18]. In this study, we have selected fenofibrate as a positive control group. Weight gain was insignificant, lipid levels improved most significantly during administration, and the elevated liver index and ALT were probably due to high doses. The safety of medication use is becoming increasingly important; therefore, it is essential to identify safe, non-toxic, and effective lipid−lowering agents. As bile acids can promote the digestion and absorption of lipids and inhibit the precipitation of cholesterol in the bile, preventing the formation of gallstones [19], TUDCA, bear bile’s primary bile acid component, was chosen to investigate the lipid−lowering effects in this study.



Mammals’ most abundant bile acids (BAs) include primary and secondary bile acids. BAs are synthesized in hepatocytes via cytochrome P450 (CYP450)−mediated cholesterol oxidation [20,21]. In hepatocytes, most BAs are bound to glycine or taurine by the action of bile acid CoA synthase (BACS) and amino acid N−acyltransferase (BAAT), and then secreted into the bile via the bile salt export pump (BSEP). Bile acids have direct or indirect antimicrobial effects and they can modulate the microbiota composition, as shown by the size and design of the bile acid pool [22]. The discovery of TUDCA and TCDCA in the metabolic profile of bile acids reverses the activation of FXR signaling by CDCA through reducing the FXR fraction in the nucleus. It may hold promise as a viable therapy for treating HFD-induced obesity or hypercholesterolemia [23,24]. Recent studies have shown that targeting the hepatic−intestinal axis and bile acid analogs are potential therapeutic approaches for treating NAFLD. TUDCA attenuated hepatic steatosis in NAFLD mice and attenuated HFD−induced NAFLD progression in mice by improving intestinal inflammation and barrier, thereby reducing intestinal fat transport and modulating intestinal microbiota composition [25]. The ability of TUDCA to reduce the mitochondrial levels of long−chain acyl−CoA dehydrogenase (LCDA), which in turn reduces the beta−oxidation of long-chain fatty acids, and to regulate the levels of sterol regulatory element binding protein (SREBP-1) were also identified in studies on the neuroprotection of TUDCA [26]. TUDCA can reverse the metabolic disturbances induced by HFD feeding and contribute to its hepatoprotective effects by regulating osmolality and cellular signaling to control glucose, lipids, and metabolites involved in methionine and homocysteine metabolism, thereby reducing oxidative stress and endoplasmic reticulum stress [27]. The present study also demonstrated the normalization of lipid levels and a reduction in hepatic steatosis after oral administration of TUDCA, which is consistent with the literature.



Metabolomics and lipidomics provide comprehensive information on endogenous molecules in the body, which is crucial for early disease diagnosis [28]. Biomarkers are unbiased differential indicators for classifying disease progression and drug efficacy [29,30]. Serum biomarkers, such as TC and TG, use glucose tolerance to diagnose lipid disorders. Some emerging biomarkers can provide valuable information, such as APO1, FFA, lipid transport proteins, and growth hormone-releasing hormone [31]. In this study, different metabolites in serum, liver, serum lipids, and liver lipids were detected by UPLC-MS, and metabolic networks were analyzed. The results showed that glycerophospholipid metabolism was the most critical in serum, liver metabolism, and lipid metabolism in hyperlipidemia with TUDCA intervention. The literature also reported the relationship between potential biomarkers of creatine. A study published in the Dutch Medical Journal suggests that taking a high dose of creatine can increase triglyceride levels in the body, thereby increasing the risk of hyperlipidemia. In addition, the study found that compared to the placebo group, people who took a high dose of creatine for a long time had elevated levels of total cholesterol and low-density lipoprotein cholesterol in their serum [32]. Adding a diet containing linolenic acid to a high-fat diet in mice can significantly increase their blood prostaglandin D1 levels and lower their cholesterol and triglyceride levels. In addition, some human studies have shown that linolenic acid and prostaglandin D1 can reduce fat blood levels by regulating the metabolism of adipocytes, thereby reducing the risk of developing hyperlipidemia [33]. A high-fat diet can significantly increase the content of SM (d18:1/22:0) in the liver and blood of mice, which also leads to an increase in lipid levels in the blood of mice and an increase in liver fat accumulation. These results indicate that the expansion of SM (d18:1/22:0) may be involved in lipid metabolism abnormalities and fatty liver induced by a high-fat diet [34]. A high-fat diet can significantly increase the content of SM (d18:1/14:0) in the liver and blood of mice, as well as increase the levels of triglycerides and cholesterol in the blood of mice [35] and glucose metabolism and lipid metabolism.



We examined critical enzymes in the metabolism of glycerophospholipids, such as LCAT (lecithin-cholesterol acyltransferase) and LPCAT (lysophosphatidylcholine acyltransferases), which esterify free cholesterol to cholesteryl esters, a lipid that can bind to other lipids to form cholesteryl ester particles, making them more easily translocated to the liver and lowering their concentration in the blood. This also facilitates the binding of phosphatidylcholine and cholesterol, resulting in the formation of phosphatidylcholine/cholesterol complexes. These complexes are further metabolized in the liver. LCAT plays a central role in intravascular HDL metabolism [36]. Several studies have suggested that LCAT expression and activity may be downregulated in specific hyperlipidemia symptoms [37]. For example, one study found that LCAT expression levels were downregulated in some patients with hereditary hypercholesterolemia, possibly due to abnormal LCAT function due to genetic mutations [38]. In addition, some studies have found that LCAT expression and activity are downregulated in some cases of obesity and metabolic syndrome, possibly due to chronic low-grade inflammation, insulin resistance, and other factors [39,40]. The LPCAT family refers to the phosphatidylcholine (PC) transferase family. It consists of four members: LPCAT1, LPCAT2, LPCAT3, and LPCAT4. This type of enzyme plays a crucial role in the re-acylation reaction in phospholipid remodeling. It can catalyze the esterification reaction between lysophospholipid and phosphatidylcholine to generate PC. Changing the length and type of fatty acids at specific sites in phospholipids enables the conversion of nascent phospholipids to mature phospholipids, which is a critical step in phospholipid metabolism [41,42]. In addition, the LPCAT family is involved in physiological and pathological processes, such as insulin signaling pathways, brain neuron formation and maintenance, hepatic lipid metabolism, and obesity [43].



Among the LPCAT family members, LPCAT1 preferentially integrates saturated fatty acids into PCs, whereas LPCAT3 preferentially integrates PUFA into PCs. LPCAT3 is a phospholipid (PL) remodeling enzyme that produces polyunsaturated PLs, a significant determinant of membrane PC content in the liver. It is also a potential target for treating metabolic disorders such as hyperlipidemia and atherosclerosis [41]. Reduced LPCAT3 expression has also been shown to enhance endoplasmic reticulum stress and hepatocyte injury [44]. LPCAT3 is significantly inhibited in human NASH livers, and LPCAT3-deficiency in mouse livers promotes both spontaneous and dietary-induced NASH/HCC. LPCAT3 overexpression ameliorates hepatic inflammation and fibrosis [45,46]. In conclusion, the LCAT and LPCAT families play essential roles in maintaining normal lipid metabolism and cell membrane structure and function. However, the targeting and regulation of this crucial enzyme by TUDCA may also be a critical lipid-lowering mechanism by TUDCA—supplementary TUDCA-related research literature (Figure 7).




4. Materials and Methods


4.1. Animals, Diets, and Ethics Statement


SPF-grade male C57BL/6 mice (7 ± 1 weeks old, purchased from Guangdong Medical Laboratory Animal Center, China, License No. SCXK (Guangdong) 2022-0002) were housed under standard conditions (12/12 h light/dark alternation, temperature of 22 ± 2 °C, relative humidity of 50 ± 10%). After 1 week of adaptive feeding and drinking, the group randomly divided mice into 6 groups (Control, Model, Fenofibrate, TUDCA-L, TUDCA-M, and TUDCA-H) (n = 8). We provided the control group with a control diet (purchased from Guangdong Medical Laboratory Animal Center, license number: Guangdong Feeding Certificate (2019) 05073) and provided other groups with high-fat diet (purchased from Jiangsu Synergy Pharmaceutical and Biological Engineering Co., Ltd., batch number: XTHF45, composition: 22.5% crude protein, 24.2% crude fat, 3.2% crude fiber, 5.6% crude ash, 1.2% calcium, and 0.8% total phosphorus). The control group of mice was fed a diet formulation of 18.5% protein, 4.6% fat, 58.9% carbohydrate, 3.2% crude fiber, 6.8% ash, 1.28% calcium, and 0.92 phosphorus. We conducted our experiments in accordance with national and European Union guidelines for the handling and use of laboratory animals, as well as studies and protocols approved by the Animal Ethics Committee of the Guangdong Provincial Medical Laboratory Animal Center (approval number: C202211-1). The minimal possible number of animals was sacrificed, while all efforts were made to reduce their suffering.




4.2. Chemicals and Reagents


We purchased TUDCA from APExBIO (batch number: C3233). AST, ALT, TC, TG, LDL-C, and HDL-C kits were from Nanjing Jiancheng Institute of Biological Engineering, Nanjing, China (batch number: 20220830). HE and ORO are all from Servicebio, Wuhan, China (batch number: G1003, G1015). Mass spectrometry grade formic acid and acetonitrile were from Thermo Fisher (batch number: 205178, 205187). Primer synthesis was commissioned to Shanghai Bioengineering Co., Shanghai, China.




4.3. Establishment of the Hyperlipidemia Model


Except for the control group, all groups had a high-fat diet. Blood was collected from mice’s tail tips 4 weeks later, and serum lipid levels were measured (TC, TG, HDL-C, LDL-C). All groups were given equal volumes of fenofibrate (50 mg/kg), TUDCA-L (25 mg/kg), TUDCA-M (50 mg/kg), and TUDCA-H (100 mg/kg) orally until the 8th week and saline was given to the control group and model group orally on a daily basis. Then, body weight and food intake of each animal were measured weekly during this period (Figure 8). At the end of the final treatment, mice were fasted without water for 12 h and then injected intraperitoneally with 0.3% sodium pentobarbital at an anesthetic dosage of 50 mg/kg. After fully anesthetizing the mice, we collected all blood by orbital sinus blood sampling. The target tissues were collected, and the animal carcasses were disposed of properly.




4.4. Detection of Serum Biochemical Indexes


ELISA measured mouse serum TC, TG, LDL-C, HDL-C, AST, and ALT levels.




4.5. Histopathological Examination


Liver tissue was analyzed using hematoxylin-eosin (HE) and oil red O (ORO) staining. A portion of the mouse liver was fixed in 4% paraformaldehyde solution, paraffin-embedded, and stained with HE. The other part was freeze-embedded for frozen sections and stained with ORO. To capture images of the samples, the areas were photographed with a microscope (Nikon (Eclipse Ci-L)) (400× microscopic observation).




4.6. Preparation of Untargeted Serum Metabolomics and Lipidomics Samples


The serum or liver tissue was added to acetonitrile at a volume ratio of 1:3 and centrifuged at 13,000 r/min for 10 min at 4 °C. The evaporated supernatant and the sample were re-solubilized with 50% acetonitrile. After high-speed centrifugation, the supernatant was taken for detection, preparation, and quality control (QC) by mixing 10 μL of each sample. Then, we inserted a QC sample in every 7 samples to check the stability and reproducibility of the system for metabolomics analysis.



First, we added the serum or liver tissue (50 μL) to iced methanol (200 μL) at a volume ratio of 1:4 and vortexed for 60 s. Then, we used the iced MTBE (1000 μL) and vortexed for 60 s. Finally, we added the deionized water (200 μL) and vortexed for 300 s and centrifuged at 4 °C for 10 min at 13,500 r/min. The upper lipid extraction fraction was collected and blow-dried under nitrogen at 40 °C. Then, a buffer containing internal standards (hexadecanoic acid-d31, d5 TG (16:0/18:0/16:0), d31 PC (16:0/18:1), cholesterol-d7, Cer (d18:1/16:0), and SM (d18:1/17:0), each with 500 ng) were passed through 200 μL of isopropanol/acetonitrile (1: 1, v/v) to re-solubilize the samples for lipidomics analysis.




4.7. UPLC-Orbitrap/MS Analysis


Samples were detected using an ultra-high performance liquid phase (Dionex Ultimate 3000, Thermo, Waltham, MA, USA) tandem electrostatic field orbitrap high-resolution mass spectrometer (Thermo Orbitrap Fusion, Mundelein, IL, USA). Serum samples were subjected to the following: Gradient elution on a Waters ACQUITY UPLC HSS T3 (1.8 μm, 2.1 × 100 mm) column at a 0.4 mL/min flow rate; ion source type (H-ESI) in negative ion mode at 2.8 kV; ion transfer tube temp: 300 °C; vaporizer temp: 320 °C; sheath gas: 20 Arb; auxiliary gas: 6 Arb; mass range: 100–1000 m/z; fragment energies of 15%, 25%, and 35% with a resolution of 15,000; dynamic rendition time of 6 s. The stability of the analysis was monitored continuously by systematically analyzing QC samples every 10samples. The mobile phases comprised water, 0.1% formic acid (phase A), and acetonitrile (phase B). Elute phase B gradients for metabolomics analysis were as follows: 2% (0–1 min), 2% to 35% (1–4 min), 35% to 100% (4–13 min), 100% to 100% (13–15.5 min), 100% to 2% (15.5–19 min). The mobile phases consisted of acetonitrile: water (3:2, 10 mM ammonium formate, 0.1% formic acid) (phase A) and isopropanol: acetonitrile (9:1, 10 mM ammonium formate, 0.1% formic acid) (phase B). Elute phase B gradients for lipidomics analysis were as follows: 20% (0 min), 20% to 65% (0–4 min), 65% to 80% (4–8 min), 80% to 95% (8–11 min), 95% to 95% (11–12 min), 95% to 20% (12–13 min), 20% to 20% (13–15 min). After obtaining the dataset of MS scans, this dataset was integrated and analyzed with p < 0.05, VIP > 1 as the screening criteria. Then, we screened the key differential metabolites through HMDB (https://hmdb.ca/ (accessed on 5 June 2023)) and LIPID MAPS (https://www.lipidmaps.org/) websites.




4.8. Key Targets for Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) and Western Blotting Validation


Based on the results of bioinformatics analysis, the expression levels of the most critical related genes in the pathway were verified by RT-qPCR and Western blotting. Total liver tissue RNA was extracted and reverse transcribed using SteadyPure Universal RNA Extraction Kit and Reverse Transcription Kit (Hunan Acres Bioengineering Co., Ltd., Changsha, China). We set up the RT-qPCR amplification procedure as follows: After completing the amplification reaction, the melting curves of PCR products were plotted (95 °C for 15 s, 60 °C for 15 s, and 95 °C for 15 s). In addition, 18srRNA was used as an internal reference gene, and the relative expression was calculated as 2−ΔΔC(t) method. Primer sequences are shown in Table S1.




4.9. Statistical Analysis


Details and assessments of histopathological scores and biochemical index tests were analyzed by GraphPad Prism 5 (GraphPad Software 5.01, San Diego, CA, USA), expressed as mean ± standard deviation (SD), and used p < 0.05 and p < 0.01 to evaluate significance. Serum and liver metabolic data were collected and analyzed by Thermo Xcalibur 4.3 software, Simca, and Progressive QI software (Waters, Milford, MA, USA). Endogenous metabolites were identified by principal component analysis (PCA), dimension reduction, and partial least squares discriminant analysis (PLS-DA). We screened the objective values for components that significantly affected grouping (p < 0.05) and found key metabolic pathways using MetaboAnalyst (www.metaboanalyst.ca (accessed on 10 June 2023)).





5. Conclusions


In this study, it was reported for the first time that different concentrations of TUDCA improved hyperlipidemia in male mice to varying degrees, and TUDCA-H could significantly regulate TC, TG, HDL-C, and LDL-C. We obtained the metabolic pathways and targets for treating hyperlipidemia with TUDCA. Among them, glycerophospholipid metabolism is the most critical pathway. TUDCA plays an important therapeutic role and can be used as a potential medicinal drug for hyperlipidemia.
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Figure 1. Changes in body weight and liver index in mice. (a) Body weight, (b) liver index, (c) levels of TC, TG, HDL-C, and LDL-C in serum, (d) ALT and AST vitality. Each value represents the mean ± SD. The error bar represents the SD of the data (n = 6). ## p < 0.01 or # p < 0.05 compared with the control group; *** p < 0.001, ** p < 0.01 or * p < 0.05 compared with the model group. 
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Figure 2. Observation of liver pathology in mice. (a) HE staining (400×) and ORO (400×) staining. (b) Liver pathology score and liver fat positivity rate. ## p < 0.01 or ### p < 0.001 compared with the control group; *** p < 0.001, ** p < 0.01 or * p < 0.05 compared with the model group. 
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Figure 3. Effects of TUDCA on hyperlipidemic mice based on metabolic profile analysis. (A) Serum metabolomics, (B) serum lipidomics, (C) liver metabolomics, (D) liver lipidomics analysis, (a,b) PCA score plot in ESI positive and negative ion mode, (c,d) PLS−DA score plot in ESI positive and negative ion mode. 
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Figure 4. Spearman correlation analysis. (a,d) Serum biochemical indices with serum and liver endogenous metabolites. (b,e) Serum biochemical indices with serum and liver endogenous lipid metabolites. (c,f). Serum and liver endogenous metabolites versus serum and liver endogenous lipid metabolites. In Spearman correlation analysis (a–c), warm color represents positive correlation and cold color represents negative correlation; * p < 0.05, ** p < 0.01 indicate the significance of serum indices correlated with metabolites. In the correlation network diagrams (d–f), solid lines represent positive correlations, dashed lines represent positive correlations, and the size or color of the dots represent the number of correlated objects. 
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Figure 5. The function enrichment analysis of the TUDCA−H affected by the hyperlipidemia model. (a,e) Serum metabolomics, (b,f) serum lipidomics, (c,g) liver metabolomics, (d,h) liver lipidomics. ✩, Represents important metabolic pathways. 






Figure 5. The function enrichment analysis of the TUDCA−H affected by the hyperlipidemia model. (a,e) Serum metabolomics, (b,f) serum lipidomics, (c,g) liver metabolomics, (d,h) liver lipidomics. ✩, Represents important metabolic pathways.



[image: Molecules 28 06352 g005]







[image: Molecules 28 06352 g006] 





Figure 6. Effect of TUDCA−H on LCAT, LPCAT1, LPCAT2, LPCAT3 mRNA expression levels in HFD−induced mouse liver tissue (n = 3, means ± SD). Calculation of the relative expression of mRNA using the 2−ΔΔC(t) algorithm. One−way ANOVA was used. # p < 0.05 or ## p < 0.01 compared with the control group; * p < 0.05 or ** p < 0.01 compared with the model group. 
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Figure 7. The liver serves as the central organ of hyperlipidemia. 
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Figure 8. Establishment of hyperlipidemia model and drug administration intervention process. 
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