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Abstract

:

The present study was designed to examine the efficacy and protection mechanisms of sea buckthorn sterol (SBS) against acute liver injury induced by carbon tetrachloride (CCl4) in rats. Five-week-old male Sprague-Dawley (SD) rats were divided into six groups and fed with saline (Group BG), 50% CCl4 (Group MG), or bifendate 200 mg/kg (Group DDB), or treated with low-dose (Group LD), medium-dose (Group MD), or high-dose (Group HD) SBS. This study, for the first time, observed the protection of SBS against CCl4-induced liver injury in rats and its underlying mechanisms. Investigation of enzyme activities showed that SBS-fed rats exhibited a significant alleviation of inflammatory lesions, as evidenced by the decrease in cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), and gamma-glutamyl transpeptidase (γ-GT). In addition, compared to the MG group, the increased indices (superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), total antioxidant capacity (T-AOC), and total protein (TP)) of lipid peroxidation and decreased malondialdehyde (MDA) in liver tissues of SBS-treated groups showed the anti-lipid peroxidation effects of SBS. Using the wide range of targeted technologies and a combination of means (UPLC-MS/MS detection platform, self-built database, and multivariate statistical analysis), the addition of SBS was found to restore the expression of metabolic pathways (e.g., L-malic acid, N-acetyl-aspartic acid, N-acetyl-l-alanine, etc.) in rats, which means that the metabolic damage induced by CCl4 was alleviated. Furthermore, transcriptomics was employed to analyze and compare gene expression levels of different groups. It showed that the expressions of genes (Cyp1a1, Noct, and TUBB6) related to liver injury were regulated by SBS. In conclusion, SBS exhibited protective effects against CCl4-induced liver injury in rats. The liver protection mechanism of SBS is probably related to the regulation of metabolic disorders, anti-lipid peroxidation, and inhibition of the inflammatory response.
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1. Introduction


Sea buckthorn is a kind of small tree or deciduous shrub in the Elaeagnaceae family [1]. Previous studies have shown that sea buckthorn contains many types of chemical components and rich bioactive substances, offering more than 190 active ingredients [2]. In addition, 103 active ingredients have been found in sea buckthorn fruit oil [3]. Sea buckthorn also has anti-inflammatory, anti-cancer, anti-aging, immunological modification, and anti-oxidation effects, as well as the inhibition of cholesterol absorption and the reducing of blood lipids [4]. The wide usage of sea buckthorn in healthy food, wine, and natural medicine makes it a natural product with ecological, social, and economic benefits [5].



The liver is an important organ for protein synthesis, degradation, and detoxification, as well as amino acid metabolism. Nevertheless, the liver is easily damaged by various exogenous materials, causing acute or chronic liver diseases [6]. Therefore, it is desired to study the liver protection mechanism.



CCl4 is commonly used in a mouse model of liver injury, which is responsible for oxidative stress and lipid peroxidation through the cytochrome P450-mediated generation of the highly reactive CCl3, leading to eventual cellular damage characterized by hepatocellular necrosis [7]. The biochemical and histological events of corresponding damage induced by CCl4 are quite similar to liver cirrhosis in humans. Through oral or gavage feedings, reproducible and obvious acute liver injury can be induced, helping in the study of pathogenic mechanisms or protection mechanisms related to the liver.  β -Sitosterol, a naturally occurring sterol molecule, is a relatively mild to moderate antioxidant and exerts beneficial effects in vitro by decreasing the level of reactive oxygen species. A previous study [8] evaluated the antioxidant potential of  β -Sitosterol in 1,2-dimethylhydrazine (DMH)-induced colon carcinogenesis. There was another study that suggested that phytosterol esters have [9] effects on countering hypercholesterolemia-related changes in the brain by decreasing the cholesterol levels, increasing the phospholipid levels, and increasing the level of antioxidant enzymes.



Extensive studies have shown that sea buckthorn fermentation liquid protects against alcoholic liver disease. The underlying protection mechanism may involve regulations of liver lipid metabolism and oxidative stress [10]. Dietary supplements that contain sea buckthorn for hyperlipidemia treatment are useful in minimizing the oxidative damage caused by lipid peroxidation [11]. In addition, a previous work [12] indicated that pretreatment with sea buckthorn protects against LPS/d-GalN-induced liver injury in mice by suppressing the TLR4-NF-κB signaling pathway, which means that sea buckthorn may be a promising drug for the prevention of acute live injury. Furthermore, sea buckthorn inhibits CYP3A down-regulation during immune liver injury, primarily through the transcriptional regulation and post-translational nitration of enzyme proteins. This mechanism is also applicable to alcoholic liver injury and non-alcoholic fatty liver [13]. On the other hand, many investigations demonstrate that SO2 exposure causes a significant change in the glutathione redox system of rats. This change might be one of the possible mechanisms by which SO2 inhalation leads to lipid peroxidation. Sea buckthorn seed oil was found to be protective against oxidative damage induced by SO2 [14]. Furthermore, sea buckthorn berry juice can alleviate symptoms of oxidative stress and tissue damage by preventing the destruction of antioxidant enzymes and inhibiting lipid peroxidation [15]. The extract of Hippophae rhamnoides as well as vitamin E can protect the liver against nicotine-induced oxidative stress [16].



The studies mentioned above have shown that sea buckthorn has multiple functions, especially in liver protection and anti-oxidation. However, the existing studies focus mainly on sea buckthorn oil, sea buckthorn berry juice, and sea buckthorn fermentation liquid, which are crude extracts of sea buckthorn. There are surprisingly few studies investigating the liver protection mechanism of specific components of sea buckthorn. In addition, previous related works barely use different types of newer techniques, such as transcriptomics and metabonomics, to comprehensively analyze the action mechanisms of sea buckthorn in CCl4-induced liver injury rats.



In the present study, we focus on analyzing the liver protection mechanism of sterols extracted from sea buckthorn for the first time. In this study, sea buckthorn sterol pre-treatment was used. The pretreatment experiment is a common way to study the protective effect of a substance that needs to be analyzed [17]. Additionally, a variety of research methods (e.g., transcriptomics and metabonomics) were employed, which made it possible for us to carefully and accurately explain the protection mechanisms of sea buckthorn. In our previous studies, we reported that sea buckthorn regulates inflammatory factors and transaminases in the blood of CCl4-induced liver injury rats [18]. The present work further demonstrates the protective effects of sea buckthorn sterol (SBS) on the liver, and the corresponding protection mechanisms are comprehensively analyzed from multiple aspects.




2. Materials and Methods


2.1. Animals, Reagents, and Drugs


Sixty five-week-old male Sprague-Dawley (SD) rats, of SPF grade, provided by Chongqing, China, Tengxin Biotechnology Co., Ltd. (License: SCXK[Shan] 2018-001) were used in this study. All animal studies were approved by the animal ethics committee of Qinghai University. The rats anesthetized by intraperitoneal injection of 20% urethane (0.5 mL/100 g) and then euthanized by bloodletting of the celiac artery (Audit Form No.: 2019-1). The SBS was extracted in our laboratory (seed oil of sea-buckthorn was purchased from Qinghai, China, Qinghua Bozhong Biotechnology Co., Ltd.) by the following processes: (i) extraction crude sterol from seabuckthorn seed oil by saponification; (ii) repeat recrystallization with anhydrous ethanol until SBS was purified. SBS has no hepatotoxicity, which has been validated in this study and other studies [19]. CCl4 (batch number: 56-23-5) and Bifendate (batch number: D25O10G100857) were purchased from Qinghai, China, Rhine Biotechnology Co., Ltd. The cyclooxygenase-2 (COX-2) kit (batch number: uifhwf41eb) and prostaglandin E2 (PGE2) kit (batch number: kex55l2533) were purchased from Elabscience Biotechnology Co., Ltd. (Wuhan, China). The superoxide dismutase (SOD) detection kit (batch number: 20191123), glutathione peroxidase (GSH-PX) kit (batch number: 20191118), gamma-glutamyl transpeptidase (γ–GT) kit (batch number: 20191112), catalase (CAT) kit (batch number: 20191120), total antioxidant capacity (T-AOC) kit (batch number: 20191116), total protein (TP) kit (batch number: 20191115), and malondialdehyde (MDA) kit (batch number: 20191119) were purchased from Nanjing Jiancheng Bioengineering Institute. Methanol, acetonitrile, ethanol, acetic acid, ammonium methyl acetate, chloroform, and methyl tert-butyl ether were supplied by Merck at HPLC grade, and the standard materials were supplied by BioBioPha. The standard materials were dissolved in dimethyl sulfoxide (DMSO) or methanol, and were stored at −20 °C. They were diluted with 70% methanol before mass spectrometry in gradient concentrations.




2.2. Preparations of the Acute Liver Injury Model


Sixty male SD rats were randomly divided into six groups (10 rats in each group): a blank control group (BG, oral administration of saline), a model group (MG, oral administration of saline), a bifendate control group (DDB, oral administration of bifendate 200 mg/kg), and low-dose (LD), medium-dose (MD), and high-dose (HD) SBS-treated groups (oral administration of 100, 200, 400 SBS mg/kg, respectively). All materials were treated for 7 days. After 2 h from the last oral administration, 50% CCl4 solved in olive oil (2 mL/kg) were administered orally to all animal groups except BG. The BG group was given the same volume of saline orally.




2.3. Pathological Examination of Liver Tissue


Three rats in each group were randomly selected and anesthetized by intraperitoneal injection of 20% urethane. After laparotomy, samples were collected from the edge of the left lobe of the liver and placed in 3% dialdehyde. Ultrathin sections were obtained through the processes of fixing, dehydrating, and permeation embedding. Before observing these sections using the transmission electron microscope, we used the uranium acetate and lead citrate to stain them successively. In the same three rats, samples collected at the edge of the right lobe of the liver were placed and fixed in 10% neutral formaldehyde. After dehydration, pruning, embedding, sectioning, staining, sealing, and HE staining were performed, the histopathological changes of the rats’ livers in each group were observed under a light microscope.




2.4. Measurement of Biochemical Index in Liver Tissue Homogenate


Liver tissues were mixed with saline at a ratio of 1:9, and then the mixture was homogenized to make the liver tissue homogenate. After removing the supernatant, the levels of SOD, GSH-Px, Cat, γ-GT, T-AOC, total protein, MDA, COX-2, and PGE2 were measured in the liver tissue homogenate according to the instructions of the test kit.




2.5. Sample Preparation


2.5.1. Extraction of Hydrophilic Compounds


A quantity of 50 mg of sample was taken and homogenized with 1 mL of ice-cold methanol/water (70%, v/v). Cold steel balls were added to the mixture and homogenized at 30 Hz for 3 min. After stirring the mixture for 1 min, it was centrifuged in 12,000 rpm at 4 °C for 10 min. The collected supernatant was later used for LC-MS/MS analysis.




2.5.2. Extraction of Hydrophobic Compounds


A quantity of 50 mg of sample was taken and homogenized with 1 mL of mixture (including methanol, MTBE, and internal standard mixture) and cold steel balls were added. After the steel balls were removed, the mixture was stirred for 2 min. Subsequently, 500 μL of water was added and the mixture was stirred for 1 min, and then it was centrifuged in 12,000 rpm at 4 °C for 10 min. Following this, 500 μL of supernatant was concentrated and dried. The powder was dissolved in 100 μL of mobile phase B, and stored at −80 °C. Finally, the dissolving solution was taken into the sample bottle for LC-MS/MS analysis.





2.6. Analysis by UPLC


The samples were analyzed using the LC-ESI-MS/MS system (UPLC, Shim-pack UFLC SHIMADZU CBM A system, https://www.shimadzu.com/ (accessed on 21 February 2020); MS, QTRAP® System, https://sciex.com/ (accessed on 21 February 2020)).



The UPLC conditions of hydrophilic compounds were as follows. A Waters ACQUITY UPLC HSS T3 C18 (1.8 µm, 2.1 mm × 100 mm) column was used. The column temperature was 40 °C. The flow rate was 0.4 mL/min, and the injection volume was 2 μL. The mobile phase was water (0.04% acetic acid): acetonitrile (0.04% acetic acid). The gradient condition was as follows: 95:5 v/v at 0 min, 5:95 v/v at 11.0 min, 5:95 v/v at 12.0 min, 95:5 v/v at 12.1 min, 95:5 v/v at 14.0 min.



The UPLC conditions of hydrophobic compounds were as follows. A Thermo C30 (2.6 μm, 2.1 mm × 100 mm) column was used. The mobile phase was a mixed solvent gradient system with the following contents: A—acetonitrile/water (60/40 V, 0.04% acetic acid, 5 mmol/L ammonium formate); and B—acetonitrile/isopropanol (10/90 V, 0.04% acetic acid, 5 mmol/L ammonium formate). The gradient condition was as follows: A/B (80:20 v/v) at 0 min, 50:50 v/v at 3.0 min, 35:65 v/v at 5 min, 25:75 v/v at 9 min, 10:90 v/v at 15.5 min. The flow rate was 0.35 mL/min. The column temperature was 45 °C, and the injection volume was 2 μL. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS.




2.7. Analysis by ESI-Q TRAP-MS/MS


2.7.1. ESI-Q TRAP-MS/MS of Hydrophilic Compounds


LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP® LC-MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion mode and controlled by Analyst 1.6.3 software (Sciex). The ESI source operation parameters were as follows: the source temperature was 500 °C, the ion spray voltage (IS) was 5500 V (positive) and −4500 V (negative), the ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set at 55, 60, and 25.0 psi, respectively, and the collision gas (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. A specific set of MRM transitions was monitored for each period according to the metabolites eluted within this period.




2.7.2. ESI-Q TRAP-MS/MS of Hydrophobic Compounds


LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (Q TRAP), API QTRAP LC/MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in a positive ion mode and controlled by Analyst 1.6 software (AB Sciex). The ESI source operation parameters were as follows: the ion source, turbo spray, and source temperature were 550 °C, the ion spray voltage (IS) was 5500 V, the ion source gas I (GSI), gas II(GSII), and curtain gas (CUR) were set at 55, 60, and 25.0 psi, respectively, and the collision gas (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ scans were acquired as MRM experiments with collision gas (nitrogen) set to 5 psi. DP and CE for individual MRM transitions were conducted with further DP and CE optimization. A specific set of MRM transitions was monitored for each period according to the metabolites eluted within this period.





2.8. Transcriptome Analysis


2.8.1. RNA Detection


There were three steps: (i) Agarose gel electrophoresis: the integrity of RNA was analyzed and it was determined whether there was DNA pollution; (ii) Qubit 2.0 fluorometer: high-precision measurement of RNA concentration was performed; (iii) Agilent 2100 biological analyzer: accurate detection of RNA integrity was performed.




2.8.2. Library Setup


There are two ways to obtain mRNA: one is to enrich the mRNA with poly-A tail by oligo (DT) magnetic beads using most of the mRNA of eukaryotes with poly-A tails. The other is to remove ribosomal RNA from total RNA to obtain mRNA, and then add the fragmentation buffer. The first strand of cDNA was synthesized by random hexamers. The second strand cDNA was synthesized by adding buffer, dNTPs (dUTP, dATP, dGTP, and DCTP), and DNA polymerase I. The double-stranded cDNA was purified by AMPure XP beads. Then, end repair, addition of the A-tail, and the connecting of sequencing adaptors were performed on the purified double-stranded cDNA. Next, AMPure XP beads were used for fragment size selection. Finally, the final cDNA library was obtained by performing PCR enrichment.



Library Quality Check


	(i)

	
Qubit2.0 was used for preliminary quantification, and Agilent 2100 was used to detect the insert size of the library. The next experiment could only be carried out after the insert size met expectations;




	(ii)

	
The Q-PCR method accurately quantified the effective concentration of the library (the effective concentration of the library was >2 nM). Then, the library check was successfully performed.








Sequencing on the Machine


After the library was qualified, different libraries were pooled according to the target offline data volume and sequenced using the Illumina hiseq platform.






2.9. Statistical Analysis


SPSS 26.0 statistical software was used to analyze the data, expressed as mean ± standard deviation, and ANOVA was used for data analysis, followed by Bonferroni post hoc tests, with p < 0.05 determining statistical significance. After the LC-MS/MS analysis of metabolomic data, the mass spectrometry data were processed by Software Analyst 1.6.3. The genomic data filtered off-line data to obtain evident data. After performing comparisons with the designated reference genome, mapped data were obtained that were used for structural level analysis, such as alternative splicing analysis, new gene discovery, and gene structure optimization. According to the expression levels of genes in different samples or different groups, differential expression analysis, differential expression gene function annotation, function enrichment, and other expression levels were analyzed.





3. Results


3.1. Effects of SBS on SOD, MDA, and GSH-PX in Rats with CCl4-Induced Liver Injury


As shown in Figure 1, compared with group BG, the levels of SOD and GSH-Px in the MG group decreased significantly, while the MDA content showed a considerable increase (p < 0.01). Compared to the MG group, the MD and HD groups exhibited an increase in the SOD level with statistically significant differences (p < 0.01). The level of SOD in the MD and HD groups was close to that in group BG. The values of MDA content in the LD, MD, and HD groups were all significantly decreased (p < 0.05 or p < 0.01), and the BG group showed a similar MDA content value to group HD. In addition, there was an increase in the level of GSH-Px in the LD, MD, and HD groups, with statistically significant differences (p < 0.01). Furthermore, the level of GSH-Px in the HD group was close to that in group BG. These results indicated that SBS has the effects of anti-lipid peroxidation and reducing lipid peroxidation products in the defense system of the body.




3.2. Effects of SBS on CAT and T-AOC in Rats with CCl4-Induced Liver Injury


Figure 2 demonstrates that the CAT and T-AOC levels in group MG were considerably lower than those in the BG (p < 0.01) group. Compared to the MG group, the levels of CAT in the LD, MD, and HD groups were significantly higher (p < 0.01). The increase in T-AOC level in the HD group showed a statistical significance (p < 0.01) compared with the MG group. These results suggested that SBS has the effect of anti-lipid peroxidation.




3.3. Effects of SBS on γ-GT, TP, PGE2, and COX-2 in Rats with CCl4-Induced Liver Injury


As shown in Figure 3 and Figure 4, the increased levels of γ-GT, PGE2, and COX-2, and the reduction in TP in the MG group were significant (p < 0.01) in comparison to the BG group. The level of γ-GT in HD was significantly lower than that in the MG group (p < 0.01). The comparison to group MG showed that the PGE2 levels in the MD and HD groups were significantly reduced (p < 0.01). The levels of PGE2 in the MD and HD groups were close to that in the BG group. Similar observations were also found by comparing the COX-2 levels in the SBS-treated group and the MG group, and a significant decrease (p < 0.01) was observed in the HD group. In addition, a close level of COX-2 in the HD group and BG group was found. As for the TP level, there was a considerable increase (p < 0.05 or p < 0.01) in the LD, MD, and HD groups, and two groups (MD and HD) shared a similar level of TP with the BG group. These results provided evidence that SBS can lower the level of inflammation and alleviate the liver injury.




3.4. Electron Microscopic Observations of Liver Tissue


An important observation could be obtained based on Figure 5, where the structure of liver tissues of group BG was obvious and normal. However, the MG group showed a fuzzy liver structure and obvious damage (e.g., necrotic liver cells, a large number of swollen mitochondria, many lipid droplets in the cytoplasm, and a large number of the expanded endoplasmic reticulum) was found. In the DDB group, the liver structure was partially clear, but some mitochondria were still slightly swollen and autophagic, and some liver cells were suspected to be necrotic. In addition, a small number of lipid droplets were formed. The liver structure of the LD and MD groups was clear, but there were still some rough expansions of endoplasmic reticulum and a small number of lipid droplets, as well as a few necrotic hepatocytes. The HD group had a relatively evident liver structure with abundant mitochondria in the cytoplasm, and the mitochondrial structure was basically obvious and clear. It was also found that necrotic hepatocytes and lipid droplets were greatly reduced.



These results of the electron microscopic observations showed that liver injury in the MG group was obvious in comparison to the BG group. The LD, MD, and HD groups showed different degrees of improvement in terms of liver damage expansion, among which the HD group showed the most obvious effect.




3.5. Light Microscopic Observations of Liver Tissue


Figure 6 and Table 1 show light microscopic observations of liver tissue. Glisson’s capsule of group BG was intact, and the morphology of hepatocytes was normal. Compared with group BG, fatty degeneration and feathery degeneration of hepatocytes were found, and the hepatocytes showed multiple punctate necrosis with obvious injury in the MG group. Comparisons between the MG and DDB groups indicated that Glisson’s capsule was intact and the degree of hepatocyte necrosis was significantly reduced in the DDB group. Additionally, Glisson’s capsule of two groups (LD and MD) was slightly damaged, and only a few hepatocytes were necrotic, as well as showing a small amount of fatty degeneration and feathery degeneration. In particular, the HD group showed an intact Glisson’s capsule, and the degree of liver cell lesion was greatly reduced.



Observations from light microscopy demonstrated that the degree of pathological change in the MG group was significantly aggravated compared to the BG group. Through further analysis, it was concluded that in comparison to group MG, the degrees of pathological change in the LD, MD, and HD groups were all alleviated, and the alleviation in group HD was the most obvious.




3.6. Identification and Analysis of Metabolites


3.6.1. Discriminant Analysis of Orthogonal Partial Least Squares Method


Based on the self-built Metware Database (MWDB), qualitative analysis was performed according to the retention time (RT), ion-pair information, and secondary spectrum data. The hierarchical clustering map (Figure 7) and the Partial least squares discriminant analysis (PLS-DA) shown in Figure 8 were used to analyze the metabolic pattern of each group. It was found that the global metabolic statuses were significantly different between group MG and group BG, indicating that CCl4 caused an obvious metabolic disorder in the liver. In addition, the global metabolic statuses of the LD, MD, and HD groups were highly different from that of the MG group. Meanwhile, the metabolic trend of the HD group was close to that of group BG. These results indicated that SBS can effectively regulate the metabolic disorders induced by CCl4.




3.6.2. Determination of Relevant Metabolite


The S-plot (Figure 8) and variable importance in projection (VIP) were used to identify potential metabolites. The altered metabolites with statistical significance were screened using S-plot, and they were located in the upper right quadrant or in the lower left quadrant (i.e., situated away from the origin). The metabolites that changed significantly were selected according to the fold change (more than 1.5 or less than 0.67), the VIP score (more than 1.0), and FDR < 0.05. The t-test and ANOVA were employed to test the significant difference of metabolites between the groups. Referring to literature reports and searching in the online database (HMDB), 17 metabolites (shown in Table 2) related to the inhibitory effect of SBS on CCl4-induced liver damage were selected. The criteria for selecting the metabolite was based on the selection of the common differential metabolites that appeared in each group, which were related to acute liver injury. In the MG group, the levels of L-malic acid, 7Z, 10Z, 13Z, 16Z, 19Z-docosapentaenoic acid, creatine, n-acetyl-l-alanine, N-acetylaspartate, Trigonelline, 4-guanidinobutyric acid, N-amidino-L-aspartate, CE (16:1), CE(18:2), PE (16:1/16:0), DG (16:0/20:2/0:0), TG (14:0/18:0/18:2), TG (14:0/18:0/20:4), and TG (16:0/16:1/22:5) were significantly increased, and levels of n-glycyl-l-leucine and FFA (6:0) were obviously reduced compared to the BG group. The above-mentioned metabolites were significantly modulated in SBS groups with different doses in comparison to the MG group. As the metabolic trend of the HD group was close to that of group BG, which means that there was no significant difference in the metabolites mentioned above, HD vs. BG is not shown in Table 2. These results suggested that SBS can regulate metabolic disorders through the key metabolites analyzed above.




3.6.3. Metabolic Pathway Enrichment Analysis


The Enrichment Analysis was conducted based on all the metabolites. We set all the substances with KEGG annotation as the background, without screening. The KEGG Enrichment formulation is as follows:


  P = 1 −   ∑   i = 0   m − 1      (     M     i     )   (      N − M       n − i      )     (     N     n     )     








where N denotes the number of metabolites with KEGG annotation in the entire list of metabolites, and n is the number of differential metabolites in N metabolites. In addition, M represents the number of metabolites of a KEGG pathway in N, and m is defined as the differential metabolite number of a KEGG pathway in M metabolites. The enrichment analysis process was carried out using our script, and the ggplot2 was used to draw the plots. The rich factor means m/M.



Figure 9 shows the metabolic pathway enrichment analysis. Using MetaboAnalyst 3.5, the pathways affected by SBS were analyzed. The dots in Figure 9 reveal that: (i) the larger the dot size, the greater the number differential metabolites that were enriched in the pathway; (ii) the redder the dot, the more significant the enrichment of the pathway. As shown in Table 2 and Figure 9, the metabolism of citrate cycle (TCA cycle), biosynthesis of unsaturated fatty acids, arginine-proline metabolism, alanine, aspartate and glutamate metabolism, niacin and niacinamide metabolism, fat digestion, absorption and glycerophospholipid metabolism, and glycerolipid metabolism were the most affected metabolic pathways when SBS regulated the disordered metabolic levels induced by liver injury. These results indicated that SBS affects the metabolism of liver tissue by regulating the above metabolic pathways, thus reducing the degree of liver injury.





3.7. Identification and Selection of Differential Genes


3.7.1. Differential Gene Volcano Map


Figure 10 shows the differentially expressed genes that were screened out under the condition of |log2FoldChange| = 1 and FDR < 0.05. The overall distribution of differentially expressed genes can be seen in the volcano map. Compared to the BG group, there were 959 genes expressed differently in group MG, of which 379 genes were down-regulated and 580 genes were up-regulated. On the other hand, comparing the MG group with the three SBS groups, we found that: (i) 229 genes were expressed differently in the LD group, with 65 down-regulated genes and 164 up-regulated genes; (ii) 42 out of 75 differentially expressed genes in the MD were down-regulated and the rest were up-regulated; (iii) among 404 differentially expressed genes in the HD group, there were 211 down-regulated genes and 193 up-regulated genes. Furthermore, comparing HD with BG, there were only four differentially expressed genes, which were meaningless differences. These results suggested that SBS can regulate gene expression disorders in rats.




3.7.2. Expression of Key Genes


There were three overlapping differentially expressed genes among the six groups. These overlapping genes probably represented the related genes that alleviated liver injury using SBS. Figure 11 indicates that SBS was capable of down-regulating the expression levels of CYP1A1 and Noct, and up-regulating the expression of TUBB6 in the model group. The level of CYP1A1 in HD group was close to that of the BG group. As a result, SBS showed the ability to down-regulate the expression of NOCT, thereby reducing the hepatocyte steatosis induced by CCl4. In addition, SBS increased the TUBB6 expression, which may be related to the inhibition of inflammatory response by SBS. The reduction in CYP1A1 overexpression in group MG indicated that SBS can inhibit lipid peroxidation and reduce lipid peroxidation products, thus mitigating the CCl4-induced liver damage.






4. Discussion


After being treated with CCl4, liver cytochrome P-450 in rats is activated, and then the trichloromethyl free radical (·CCl3) is produced, which is covalently coupled with cell macromolecules, thus affecting cell functions. The produced CCl3 attack the phospholipid molecules on the liver cell membrane, causing a lipid peroxidation reaction, as well as destroying the integrity of the structure and function of the liver cell membrane. Meanwhile, the levels of SOD, MDA, and other related lipid peroxidation indices in liver tissues are altered, ultimately leading to impaired liver function [20]. Therefore, liver cells are encouraged to release various enzymes into the blood, including ALT, AST, and AKP, which are sensitive indicators of liver cell damage [21]. In addition to the above reactions, CCl4 also causes inflammation in the body, resulting in changes in inflammatory cytokines in the blood (IL-6 and TNF-α) and in liver tissues (COX-2 and PGE2) [22]. In terms of metabolomics, after CCl4 is absorbed by the body, the level of cytochrome P450 increases, leading to a series of lipid peroxidation reactions, resulting in disorder of the TCA circulation, and other related pathways are also affected [23]. The present work studied the effects of SBS on pathological changes of liver tissues and liver indices in rats with acute liver injury induced by CCl4. Our previous study reported that SBS can reduce ALT, AST, AKP, TNF-α, and IL-6 levels in the blood of rats.



The current study found that SBS reduces CYP1A1 and, therefore, affects CCl4-induced lipid peroxidation. Furthermore, the levels of SOD, MDA, as well as other related lipid peroxidation indices in liver tissues are regulated. Then, the TCA cycle is modulated. Due to the fact that TCA cycle connects to other pathways, as shown in Figure 12, these pathways are modulated. The experimental results (Section 3.7.2) showed that SBS can also regulate Noct and TUBB6 in rats. By investigating existing studies, we found that ALT, AST, AKP, TNF-α, and IL-6, which were analyzed in our previous study, have connections to this present work in three aspects: (i) IL-6 is related to branched-chain amino acids (BCAA); (ii) ALT and AST are associated with alanine, aspartic acid, and glutamate metabolism; (iii) there are connections between TNF-α and TUBB6. Detailed explanations about these connections and corresponding conclusions will be given in the following sections.



A large number of studies have shown that the liver has a strong antioxidant defense mechanism [24], and there is a certain relationship between lipid oxidation and liver diseases [25]. SOD helps to remove free radicals, inhibit lipid peroxidation, and reduce lipid peroxidation products in the defense system of the body [26]. GSH-Px is an important type of enzyme that catalyzes hydrogen peroxide (H2O2), which can scavenge lipid peroxidase caused by reactive oxygen species (ROS), thus protecting the structural and functional integrity of cell membranes [27]. It should be mentioned that the main function of CAT is to remove lipid hydroperoxide and H2O2. After SOD disproportionates oxygen free radicals into H2O2, CAT decomposes them into water, thereby removing active oxygen in the body [28]. T-AOC is an indicator that reflects the state of the body’s antioxidant defense system. The higher activity of T-AOC and SOD in the body means a faster removal of free radicals [29]. The content of lipid peroxidation product malondialdehyde (MDA) reflects the degree of tissue peroxidation damage, and the damage of cells can also be indirectly reflected [30]. Furthermore, CCl4 increases the levels of PGE2, COX-2, and γ-GT, and decreases the TP level. The content of prostaglandins is closely related to the occurrence and development of inflammation [31]. In particular, PGE2 plays the main role in the inflammatory process and is an important mediator of the inflammatory response [32]. As a kind of inducible enzyme, COX-2 also participates in liver inflammatory injury. When cells are stimulated by pathogenic factors, the synthesis and release of COX-2 will be induced [33]. Moreover, γ-GT plays a critical role in the clinical diagnosis of liver injury diseases, which is also one of the most important indicators for evaluating liver functions [34]. In addition, the TP level reflects the synthetic ability of the liver [35]. In the present study, SBS was found to significantly increase the levels of antioxidant enzymes (SOD, GSH-Px, and CAT), and the activity of T-AOC (Section 3.2). In addition, the levels of γ-GT and PGE2, and the content of MDA, were reduced (Section 3.1). These results suggest that SBS has the effect of antagonizing acute liver injury, and the mechanism is probably related to the anti-lipid peroxidation and inhibition of the inflammatory reaction.



The TCA cycle is reported as the final common oxidation pathway of fat, carbohydrates, and amino acids, and is also the most important central pathway that connects almost all metabolic pathways of individuals [36]. In addition, the TCA cycle is closely related to some liver diseases. The accumulation of lipids and loss of insulin lead to two changes in the livers of mice: (i) an increase in oxidation and (ii) the replenishment pathways of the TCA cycle [37]. Slowing down the TCA cycle can reduce the production of reactive oxygen species (ROS) and protect the liver [38]. In this work, as shown in Table 2 and Figure 12, SBS reduces the level of malic acid in the MG and alleviates the disorder of the TCA cycle.



Arginine is known as a semi-essential amino acid, which has many biological functions in the human body [39]. It is also an intermediate in the urea cycle, the substrate for protein synthesis, and acts as the precursor of nitric oxide (NO), proline, glutamic acid, polyamines, and creatine [40]. In this study, as shown in Table 2 and Figure 12, after treatment with CCl4, there is an abnormal increase in the level of arginine caused by creatine, but the SBS treatment reduces the creatine level in liver tissues. It indicates that SBS has the ability to mediate the dysfunction of creatine or any arginine intermediate products that could be converted into creatine, which means that SBS can effectively reduce liver damage in rats.



Branched-chain amino acids (BCAA), including leucine, isoleucine, and valine, play important roles in the liver, such as inducing mitochondrial biogenesis, inhibiting the production of reactive oxygen species (ROS), and stimulating both the production of hepatocyte growth factors and the synthesis of albumin and glycogen. BCAA has also been found to participate in hepatocyte apoptosis and improve insulin resistance [41]. In addition, branched-chain amino acids have been shown to: (i) effectively reverse CCl4-induced liver injury by down-regulating the TGF-β1 and Smad3/Smad7 signaling pathways; (ii) reduce the pro-fibrotic mediators TGF-β1 and IL-6; and (iii) improve glucose metabolism and insulin resistance [42]. Leucine is a kind of BCAA, which stimulates hepatic stellate cells (HSCs) to produce the hepatocyte growth factor for promoting protein synthesis. The simulation means that leucine also has a positive effect on patients with chronic liver disease [43]. In the present study (shown in Table 2 and Figure 12), compared to group BG, the leucine level in group MG decreased, while the level of leucine increased significantly when using SBS. In our previous study, SBS showed the effect of decreasing the level of IL-6. This result is consistent with the conclusion of this study, i.e., SBS can alleviate the liver injury in rats by increasing the level of BCAA and decreasing the level of IL-6.



Nicotinate is known as one of the 13 essential vitamins for the human body, which can be converted into nicotinamide [44]. Nicotinamide is a component of coenzyme I and II, and participates in lipid metabolism, tissue respiratory oxidation processes, and the anaerobic decomposition of carbohydrates [45]. Glycerin phospholipid is the most abundant phospholipid in the human body [46], known as an important bile component and membrane surfactant. It is also involved in the recognition of protein signal transduction through the cell membrane [47]. Alanine, aspartate, and glutamate metabolism, involved in the immune regulation system and in lymphocyte regeneration [48], are related to ALT and AST. By analyzing the results shown in Table 2 and Figure 12, SBS was found to alleviate CCl4-induced liver injury by improving the biological pathways that were mentioned above.



Cytochrome P4501A1 (CYP1A1) is known as a subtype of the cytochrome P450 family, which was found to be an important regulator of reactive oxygen generation [49]. CYP1A1 is capable of inducing oxidative stress as a result of the over-production of reactive oxygen [50]. Some studies have shown that blocking CYP1A1 partially inhibits MDA deposition, indicating that the deletion of CYP1A1 helps to alleviate excessive deposition of lipid peroxide, and the concentration of ROS and SOD can be affected by the treatment of HepG2 cells with CYP1A1-siRNA [51]. This means that CYP1A1 regulates lipid peroxidation by affecting the ROS and SOD levels [52]. Furthermore, overexpression of CYP1A1 was found to increase the level of MDA and reduce the concentration of SOD, further indicating the importance of CYP1A1 in lipid peroxidation [53]. The present study shows that SBS reduces CYP1A1 overexpression in group MG (shown in Figure 11 and Figure 12). This means that SBS is capable of inhibiting lipid peroxidation and reducing lipid peroxidation products. These findings are consistent with the detection results of MAD and SOD in our experiments.



TUBB6 belongs to one type of β-tubulin. Cell proliferation is closely related to the synthesis of β-tubulin. The positive and negative effects of regulatory factors on β-tubulin are likely to be able to regulate cell proliferation [54]. Existing studies have shown that TNF-α not only inhibits cell proliferation, but also inhibits the expression of β-tubulin mRNA [55]. TNF-α is capable of: (i) down-regulating the number of parathyroid hormone receptors, (ii) inhibiting the concentration of cAMP and cytosolic free Ca++; and (iii) reducing the polymerized tubulin [56]. Our previous study found that SBS plays important roles in effectively inhibiting the inflammatory response of hepatocytes mediated by TNF-α, protecting hepatocytes, and significantly reducing the inflammatory lesions and structural damage of hepatocytes, thereby evidently improving liver functions of rats with acute liver injury. In this study, SBS increased TUBB6 in the MG group (Section 3.7.2), which was probably related to the decrease in the TNF-α level caused by SBS. The decreasing of the TNF-α level will reduce the inhibition of TUBB6. This mechanism alleviates the damage of hepatocytes caused by CCl4.



Nocturnin (NOCT) belongs to the superfamily of exonuclease, endonuclease, and phosphatase. Previous works have shown that NOCT null mice (Noct −/−) are resistant to high-fat-diet-induced obesity and hepatic steatosis. Further studies indicate that Noct −/− mice show a decrease in circulating triglyceride levels [57]. In 3T3-L1 cell lines, NOCT overexpression enhances adipogenesis when cells are cultured in adipogenic medium, whereas the reduction in NOCT in 3T3-L1 cells decreases their potential adipogenesis [58]. These results suggest that NOCT is essential for the regulation of lipid transport. In the current study, SBS showed the ability to down-regulate the expression of NOCT, thereby reducing the hepatocyte steatosis induced by CCl4.



This study provides the experimental basis for the liver-protective effects and mechanisms of SBS. The significant protective effects of pre-treated SBS on CCl4-induced liver injury provide solid support for our further study on the post-treatment effect of SBS. Referring to previous works [59], the pre-treated experiment is also a common way to study the protective effect of a substance that needs to be analyzed in rats. We believe that the present study is sufficient to draw a conclusion that SBS is endowed with protective effects against CCl4-induced liver injury in rats. We will consider the vitro and vivo experiments on the effect of SBS on CYP1A1 and Noct in future work.




5. Conclusions


In conclusion, the present study found that SBS effectively alleviated the liver inflammation and hepatocyte pathological damage of rats with acute liver injury induced by CCl4. In addition, SBS was able to alleviate the metabolic disorders. Furthermore, the expression levels of CYP1A1, NOCT, and TUBB6 were regulated, indicating the effects of improving the antioxidant capacity of liver tissues, reducing the steatosis of hepatocytes, and inhibiting the inflammatory reaction of hepatocytes, respectively.







Author Contributions


Conceptualization, C.S. and D.Z.; methodology, C.S.; software, C.S.; validation, Y.G., J.M. and B.Z.; formal analysis, Y.Y.; investigation, D.Z.; resources, D.Z.; data curation, J.M.; writing—original draft preparation, C.S.; writing—review and editing, E.-K.H.; visualization, X.Z.; supervision, D.Z.; project administration, D.Z.; funding acquisition, D.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Major Special Projects of Qinghai Provincial Science and Technology Department (grant number 2017-SF-A8) and Qinghai Provincial Science and Technology Innovation and Entrepreneurship Talent Project (Qingke Fazheng [2020] No. 66).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by Animal Ethics Committee, Audit Form No.: 2019-1.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated and analyzed in this paper have been uploaded to the Figshare website: 10.6084/m9.figshare.18099515 (accessed on 1 March 2022), 10.6084/m9.figshare.19158421 (accessed on 1 March 2022), 10.6084/m9.figshare.18142718 (accessed on 1 March 2022).




Acknowledgments


This research is part of the Major Special Projects of Qinghai Provincial Science and Technology Department (grant number 2017-SF-A8 research) and also supported by the Qinghai Provincial Science and Technology Innovation and Entrepreneurship Talent Project (Qingke Fazheng [2020] No. 66).




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are available from the authors.




References


	



Hao, W.; He, Z.; Zhu, H.; Liu, J.; Kwek, E.; Zhao, Y.; Ma, K.Y.; He, W.-S.; Chen, Z.-Y. Sea buckthorn seed oil reduces blood cholesterol and modulates gut microbiota. Food Funct. 2019, 10, 5669–5681. [Google Scholar] [CrossRef]

	



Negi, B.; Kaur, R.; Dey, G. Protective effects of a novel sea buckthorn wine on oxidative stress and hypercholesterolemia. Food Funct. 2012, 4, 240–248. [Google Scholar] [CrossRef]

	



Larmo, P.S.; Kangas, A.J.; Soininen, P.; Lehtonen, H.-M.; Suomela, J.-P.; Yang, B.; Viikari, J.; Ala-Korpela, M.; Kallio, H.P. Effects of sea buckthorn and bilberry on serum metabolites differ according to baseline metabolic profiles in overweight women: A randomized crossover trial. Am. J. Clin. Nutr. 2013, 98, 941–951. [Google Scholar] [CrossRef]

	



Teleszko, M.; Wojdyło, A.; Rudzińska, M.; Oszmiański, J.; Golis, T. Analysis of Lipophilic and Hydrophilic Bioactive Compounds Content in Sea Buckthorn (Hippophaë rhamnoides L.) Berries. J. Agric. Food Chem. 2015, 63, 4120–4129. [Google Scholar] [CrossRef]

	



Sajfrtova, M.; Ličková, I.; Wimmerová, M.; Sovová, H.; Wimmer, Z. β-Sitosterol: Supercritical Carbon Dioxide Extraction from Sea Buckthorn (Hippophae rhamnoides L.) Seeds. Int. J. Mol. Sci. 2010, 11, 1842–1850. [Google Scholar] [CrossRef]

	



Derakhshesh, N.; Salamat, N.; Movahedinia, A.; Hashemitabar, M.; Bayati, V. Corrigendum to “exposure of liver cell culture from the orange-spotted grouper, Epinephelus coioides, to benzo[a]pyrene and light results in oxidative damage as measured by antioxidant enzymes”. Chemosphere 2019, 226, 534–544. [Google Scholar] [CrossRef]

	



Paulpriya, K.; Tresina, P.S.; Mohan, V.R. Hepatoprotective effect of crotalaria longipes wight and arn, ethanol extract in CCL4 induced hepatotoxicity in wistar rats. Int. J. Toxicol. Pharmacol. Res. 2016, 8, 45–52. [Google Scholar]

	



Baskar, A.A.; Al Numair, K.S.; Gabriel Paulraj, M.; Alsaif, M.A.; Muamar, M.A.; Ignacimuthu, S. β-sitosterol prevents lipid peroxidation and improves antioxidant status and histoarchitecture in rats with 1, 2-dimethylhydrazine-induced colon cancer. J. Med. Food 2012, 15, 335–343. [Google Scholar] [CrossRef]

	



Song, L.; Zhou, H.; Yu, W.; Ding, X.; Yang, L.; Wu, J.; Song, C. Effects of phytosterol ester on the fatty acid profiles in rats with nonalcoholic fatty liver disease. J. Med. Food 2020, 23, 161–172. [Google Scholar] [CrossRef]

	



Ran, B.; Guo, C.; Li, W.; Li, W.; Wang, Q.; Qian, J.; Li, H. Sea buckthorn (Hippophae rhamnoides L.) fermentation liquid protects against alcoholic liver disease linked to regulation of liver metabolome and the abundance of gut microbiota. J. Sci. Food Agric. 2021, 101, 2846–2854. [Google Scholar] [CrossRef]

	



Mohamed, E.A.; Bordean, D.M.; Radulov, I.; Moruzi, R.F.; Hulea, C.I.; Orășan, S.A.; Dumitrescu, E.; Muselin, F.; Herman, H.; Brezovan, D.; et al. Sea Buckthorn and Grape Antioxidant Effects in Hyperlipidemic Rats: Relationship with the Atorvastatin Therapy. Evid.-Based Complement. Altern. Med. 2020, 2020, 1736803. [Google Scholar] [CrossRef]

	



Liu, H.; Zhang, W.; Dong, S.; Song, L.; Zhao, S.; Wu, C.; Wang, X.; Liu, F.; Xie, J.; Wang, J.; et al. Protective effects of sea buckthorn polysaccharide extracts against LPS/d-GalN-induced acute liver failure in mice via suppressing TLR4-NF-κB signaling. J. Ethnopharmacol. 2015, 176, 69–78. [Google Scholar] [CrossRef]

	



Liu, F.; Wang, T.; Li, X.; Jia, J.; Lin, Q.; Xue, Y. Involvement of NF-κB in the reversal of CYP3A down-regulation induced by sea buckthorn in BCG-induced rats. PLoS ONE 2020, 15, e0238810. [Google Scholar] [CrossRef]

	



Wu, D.; Meng, Z. Effect of Sulfur Dioxide Inhalation on the Glutathione Redox System in Mice and Protective Role of Sea Buckthorn Seed Oil. Arch. Environ. Contam. Toxicol. 2003, 45, 423–428. [Google Scholar] [CrossRef]

	



Zhao, S.; Sun, H.; Liu, Q.; Shen, Y.; Jiang, Y.; Li, Y.; Liu, T.; Liu, T.; Xu, H.; Shao, M. Protective effect of seabuckthorn berry juice against acrylamide-induced oxidative damage in rats. J. Food Sci. 2020, 85, 2245–2254. [Google Scholar] [CrossRef]

	



Taysi, S.; Gumustekin, K.; Demircan, B.; Aktas, O.; Oztasan, N.; Akcay, F.; Suleyman, H.; Akar, S.; Dane, S.; Gul, M. Hippophae rhamnoides attenuates nicotine-induced oxidative stress in rat liver. Pharm. Biol. 2010, 48, 488–493. [Google Scholar] [CrossRef]

	



Jiang, W.; Gao, M.; Sun, S.; Bi, A.; Xin, Y.; Han, X.; Wang, L.; Yin, Z.; Luo, L. Protective effect of l-theanine on carbon tetrachloride-induced acute liver injury in mice. Biochem. Biophys. Res. Commun. 2012, 422, 344–350. [Google Scholar] [CrossRef]

	



Sheng, C.T.; Guo, Y.; Zhang, B.Y.; Yang, Y.J.; Ma, J.; Zhang, X.F.; Zhang, D.J. Protective effect of sea buckthorn sterol on acute liver injury induced by carbon tetrachloride in rats. China Food Addit. 2021, 32, 63–69. [Google Scholar]

	



Xue, Y.T.; Zhang, X.F.; Zhang, Y.H.; Zhang, B.Y.; Zhang, D.J. Effect of sea buckthorn sterol on lowering blood lipid. China Food Addit. 2019, 30, 129–137. [Google Scholar]

	



Liu, Y.; Wen, P.H.; Zhang, X.X.; Dai, Y.; He, Q. Breviscapine ameliorates CCl4 induced liver injury in mice through inhibiting inflammatory apoptotic response and ROS generation. Int. J. Mol. Med. 2018, 42, 755–768. [Google Scholar] [CrossRef]

	



Xiong, X.; Ren, Y.; Cui, Y.; Li, R.; Wang, C.; Zhang, Y. Obeticholic acid protects mice against lipopolysaccharide-induced liver injury and inflammation. Biomed. Pharmacother. 2017, 96, 1292–1298. [Google Scholar] [CrossRef]

	



Xia, H.; He, Q.; Wang, H.; Wang, Y.; Yang, Y.; Li, Y.; Zhang, J.; Chen, Z.; Yang, J. Treatment with either COX-2 inhibitor or 5-LOX inhibitor causes no compensation between COX-2 pathway and 5-LOX pathway in chronic aluminum overload-induced liver injury in rats. Fundam. Clin. Pharmacol. 2019, 33, 535–543. [Google Scholar] [CrossRef]

	



Lin, S.; Wang, T.-Y.; Xu, H.-R.; Zhang, X.-N.; Wang, Q.; Liu, R.; Li, Q.; Bi, K.-S. A systemic combined nontargeted and targeted LC-MS based metabolomic strategy of plasma and liver on pathology exploration of alpha-naphthylisothiocyanate induced cholestatic liver injury in mice. J. Pharm. Biomed. Anal. 2019, 171, 180–192. [Google Scholar] [CrossRef]

	



Xu, L.; Yu, Y.; Sang, R.; Li, J.; Ge, B.; Zhang, X. Protective Effects of Taraxasterol against Ethanol-Induced Liver Injury by Regulating CYP2E1/Nrf2/HO-1 and NF-κB Signaling Pathways in Mice. Oxid. Med. Cell. Longev. 2018, 2018, 8284107. [Google Scholar] [CrossRef]

	



Zhang, C.; Wang, N.; Xu, Y.; Tan, H.-Y.; Li, S.; Feng, Y. Molecular Mechanisms Involved in Oxidative Stress-Associated Liver Injury Induced by Chinese Herbal Medicine: An Experimental Evidence-Based Literature Review and Network Pharmacology Study. Int. J. Mol. Sci. 2018, 19, 2745. [Google Scholar] [CrossRef]

	



Aydemir, D.; Ulusu, N.N. Comment on the: Molecular mechanism of CAT and SOD activity change under MPA-CdTe quantum dots induced oxidative stress in the mouse primary hepatocytes. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2019, 220, 117104. [Google Scholar]

	



Jia, R.; Du, J.; Cao, L.; Li, Y.; Johnson, O.; Gu, Z.; Jeney, G.; Xu, P.; Yin, G. Antioxidative, inflammatory and immune responses in hydrogen peroxide-induced liver injury of tilapia (GIFT, Oreochromis niloticus). Fish Shellfish Immunol. 2019, 84, 894–905. [Google Scholar] [CrossRef]

	



Zhang, X.; Wu, J.-Z.; Lin, Z.-X.; Yuan, Q.-J.; Li, Y.-C.; Liang, J.-L.; Zhan, J.Y.-X.; Xie, Y.-L.; Su, Z.-R.; Liu, Y.-H. Ameliorative effect of supercritical fluid extract of Chrysanthemum indicum Linnén against D-galactose induced brain and liver injury in senescent mice via suppression of oxidative stress, inflammation and apoptosis. J. Ethnopharmacol. 2019, 234, 44–56. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, M.M.; Hua, T.M.; Sun, Q.Y. The protective effect of tea polyphenols on chronic alcoholic liver injury in rats. Chin. J. Appl. Physiol. 2018, 34, 481–484. (In Chinese) [Google Scholar]

	



Kapelle, I.B.D.; Manalu, W.; Mainassy, M.C. Influence of Process Methods on the Hepatoprotective Effect of Curcumin Analogs Synthesized from Culilawan Oil in Mice (Mus musculus L.) with CCl4 Induced Liver Damage. Ohio J. Sci. 2019, 119, 28–37. [Google Scholar] [CrossRef]

	



Liu, W.; Fan, T.; Li, M.; Zhang, G.; Guo, W.; Yang, X.; Jiang, C.; Li, X.; Xu, X.; Tang, A.; et al. Andrographolide potentiates PD-1 blockade immunotherapy by inhibiting COX-2 mediated PGE2 release. Int. Immunopharmacol. 2020, 81, 11–23. [Google Scholar] [CrossRef] [PubMed]

	



Yao, L.; Chen, W.; Han, C.; Wu, T. Microsomal prostaglandin E synthase-1 protects against Fas-induced liver injury. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 310, 223–230. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, K.; Kong, J.; Liu, B.; Meng, X. Regulatory T cells suppress the expression of COX-2 in vulnerable plaque. Heart Vessel. 2020, 35, 456–460. [Google Scholar] [CrossRef] [PubMed]

	



Elhosseiny, L.S.; Alqurashy, N.N.; Sheweita, S. A Oxidative stress alleviation by sage essential oil in co-amoxiclav induced hepatotoxicity in rats. Int. J. Biomed. Sci. 2016, 12, 71–78. [Google Scholar]

	



Hu, D.-D.; Zhao, Q.; Cheng, Y.; Xiao, X.-R.; Huang, J.-F.; Qu, Y.; Li, X.; Tang, Y.-M.; Bao, W.-M.; Yang, J.-H.; et al. The Protective Roles of PPARα Activation in Triptolide-Induced Liver Injury. Toxicol. Sci. 2019, 171, 1–12. [Google Scholar] [CrossRef]

	



Kuang, Y.; Han, X.; Xu, M.; Wang, Y.; Zhao, Y.; Yang, Q. Oxaloacetate Ameliorates Chemical Liver Injury via Oxidative Stress Reduction and Enhancement of Bioenergetic Fluxes. Int. J. Mol. Sci. 2018, 19, 1626. [Google Scholar] [CrossRef]

	



Akram, M. Citric acid cycle and role of its intermediates in metabolism. Cell Biochem. Biophys. 2014, 68, 475–478. [Google Scholar] [CrossRef]

	



Choiniere, J.; Lin, M.; Wang, L.; Wu, J. Deficiency of pyruvate dehydrogenase kinase 4 sensitizes mouse liver to diethylnitrosamine and arsenic toxicity through inducing apoptosis. Liver Res. 2018, 2, 100–107. [Google Scholar] [CrossRef]

	



Liu, F.; Sun, Z.; Hu, P.; Tian, Q.; Xu, Z.; Li, Z.; Tian, X.; Chen, M.; Huang, C. Determining the protective effects of Yin-Chen-Hao Tang against acute liver injury induced by carbon tetrachloride using 16S rRNA gene sequencing and LC/MS-based metabolomics. J. Pharm. Biomed. Anal. 2019, 174, 567–577. [Google Scholar] [CrossRef]

	



Ranjbar, K.; Nazem, F.; Sabrinezhad, R.; Nazari, A. Aerobic training and L-arginine supplement attenuates myocardial infarction-induced kidney and liver injury in rats via reduced oxidative stress. Indian Heart J. 2018, 70, 538–543. [Google Scholar] [CrossRef]

	



Gaudet, A.D.; Fonken, L.K.; Ayala, M.T.; Dangelo, H.M.; Smith, E.J.; Bateman, E.M.; Schleicher, W.E.; Maier, S.F.; Watkins, L.R. Spinal Cord Injury in Rats Dysregulates Diurnal Rhythms of Fecal Output and Liver Metabolic Indicators. J. Neurotrauma 2019, 36, 1923–1934. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.-W.; Tang, C.-L.; Zheng, H.; Wu, J.-X.; Wu, F.; Mo, Y.-Y.; Liu, X.; Zhu, H.-J.; Yin, C.-L.; Cheng, B.; et al. Investigation of the hepatoprotective effect of Corydalis saxicola Bunting on carbon tetrachloride-induced liver fibrosis in rats by 1H-NMR-based metabonomics and network pharmacology approaches. J. Pharm. Biomed. Anal. 2018, 159, 252–261. [Google Scholar] [CrossRef]

	



Rankin, K.C.; O’Brien, L.C.; Segal, L.; Khan, M.R.; Gorgey, A.S. Liver Adiposity and Metabolic Profile in Individuals with Chronic Spinal Cord Injury. BioMed Res. Int. 2017, 2017, 1364818. [Google Scholar] [CrossRef] [PubMed]

	



Dong, S.; Chen, Q.-L.; Song, Y.-N.; Sun, Y.; Wei, B.; Li, X.-Y.; Hu, Y.-Y.; Liu, P.; Su, S.-B. Mechanisms of CCl4-induced liver fibrosis with combined transcriptomic and proteomic analysis. J. Toxicol. Sci. 2016, 41, 561–572. [Google Scholar] [CrossRef] [PubMed]

	



Musso, G.; Cassader, M.; Paschetta, E.; Gambino, R. Bioactive Lipid Species and Metabolic Pathways in Progression and Resolution of Nonalcoholic Steatohepatitis. Gastroenterology 2018, 155, 282–302.e8. [Google Scholar] [CrossRef]

	



Shi, C.; Han, X.; Mao, X.; Fan, C.; Jin, M. Metabolic profiling of liver tissues in mice after instillation of fine particulate matter. Sci. Total Environ. 2019, 696, 133974. [Google Scholar] [CrossRef]

	



Singaravelu, R.; Quan, C.; Powdrill, M.H.; Shaw, T.A.; Srinivasan, P.; Lyn, R.K.; Alonzi, R.C.; Jones, D.M.; Filip, R.; Russell, R.S.; et al. MicroRNA-7 mediates cross-talk between metabolic signaling pathways in the liver. Sci. Rep. 2018, 8, 361. [Google Scholar] [CrossRef]

	



Fonseca, L.D.; Eler, J.; Pereira, M.A.; Rosa, A.; Alexandre, P.A.; Moncau, C.T.; Salvato, F.; Rosa-Fernandes, L.; Palmisano, G.; Ferraz, J.B.S.; et al. Liver proteomics unravel the metabolic pathways related to Feed Efficiency in beef cattle. Sci. Rep. 2019, 9, 5364. [Google Scholar] [CrossRef]

	



Lang, D.; Radtke, M.; Bairlein, M. Highly Variable Expression of CYP1A1 in Human Liver and Impact on Pharmacokinetics of Riociguat and Granisetron in Humans. Chem. Res. Toxicol. 2019, 32, 1115–1122. [Google Scholar] [CrossRef]

	



Huang, B.; Bao, J.; Cao, Y.-R.; Gao, H.-F.; Jin, Y. Cytochrome P450 1A1 (CYP1A1) Catalyzes Lipid Peroxidation of Oleic Acid-Induced HepG2 Cells. Biochemistry 2018, 83, 595–602. [Google Scholar] [CrossRef]

	



Li, Y.; Li, Y.; Zheng, G.; Zhu, L.; Wang, J.; Mu, S.; Ren, Q.; Feng, F. Cytochrome P450 1A1 and 1B1 promoter CpG island methylation regulates rat liver injury induced by isoniazid. Mol. Med. Rep. 2017, 17, 753–762. [Google Scholar] [CrossRef] [PubMed]

	



Xia, H.; Zhu, X.; Zhang, X.; Jiang, H.; Li, B.; Wang, Z.; Li, D.; Jin, Y. Alpha-naphthoflavone attenuates non-alcoholic fatty liver disease in oleic acid-treated HepG2 hepatocytes and in high fat diet-fed mice. Biomed. Pharmacother. 2019, 118, 109287. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; Gao, L.; Shi, Z.; Li, Y.; Zhu, L.; Li, S.; Zhang, P.; Zheng, G.; Ren, Q.; Li, Y.; et al. Involvement of Cytochrome P450 1A1 and Glutathione S-Transferase P1 Polymorphisms and Promoter Hypermethylation in the Progression of Anti-Tuberculosis Drug-Induced Liver Injury: A Case–Control Study. PLoS ONE 2015, 10, e0119481. [Google Scholar] [CrossRef]

	



Xiong, X.; Xu, D.; Yang, Z.; Huang, H.; Cui, X. A single amino-acid substitution at lysine 40 of an Arabidopsis thalianaα-tubulin causes extensive cell proliferation and expansion defects. J. Integr. Plant Biol. 2013, 55, 209–220. [Google Scholar] [CrossRef] [PubMed]

	



Salinas, R.E.; Ogohara, C.; Thomas, M.I.; Shukla, K.P.; Miller, S.I.; Ko, D.C. A cellular genome-wide association study reveals human variation in microtubule stability and a role in inflammatory cell death. Mol. Biol. Cell 2014, 25, 76–86. [Google Scholar] [CrossRef] [PubMed]

	



Nami, B.; Wang, Z. Genetics and Expression Profile of the Tubulin Gene Superfamily in Breast Cancer Subtypes and Its Relation to Taxane Resistance. Cancers 2018, 10, 274. [Google Scholar] [CrossRef] [PubMed]

	



Le, P.T.; Bornstein, S.A.; Motyl, K.J.; Tian, L.; Stubblefield, J.J.; Hong, H.; Takahashi, J.S.; Green, C.B.; Rosen, C.J.; Guntur, A.R. A novel mouse model overexpressing Nocturnin results in decreased fat mass in male mice. J. Cell. Physiol. 2019, 234, 20228–20239. [Google Scholar] [CrossRef]

	



Abshire, E.; Chasseur, J.; Bohn, J.A.; Del Rizzo, P.A.; Freddolino, P.L.; Goldstrohm, A.C.; Trievel, R.C. The structure of human Nocturnin reveals a conserved ribonuclease domain that represses target transcript translation and abundance in cells. Nucleic Acids Res. 2018, 46, 6257–6270. [Google Scholar] [CrossRef]

	



Xie, Q.; Guo, F.-F.; Zhou, W. Protective effects of cassia seed ethanol extract against carbon tetrachloride-induced liver injury in mice. Acta Biochim. Pol. 2012, 59, 265–270. [Google Scholar] [CrossRef]








[image: Molecules 27 02224 g001 550] 





Figure 1. Effects of SBS on SOD, MDA, and GSH-Px in liver tissue. Data are presented as mean ± S.E.M. (n = 10). Significant differences compared with the BG group were designated as # p < 0.01 and ## p < 0.05, with the MG group as * p < 0.05 and ** p < 0.01, and with the DDB groups as ▲ p < 0.05. 
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Figure 2. Effects of SBS on CAT and T-AOC in liver tissue. Data are presented as mean ± S.E.M. (n = 10). Significant differences compared with the BG group were designated as ## p < 0.05, with the MG group as ** p < 0.01, and with the DDB groups as ▲ p < 0.05. 
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Figure 3. Effects of SBS on COX-2 and PGE2 in liver tissue. Data are presented as mean ± S.E.M. (n = 10). Significant differences compared with the BG group were designated as ## p < 0.05, with the MG group as ** p < 0.01, and with the DDB groups as ▲ p < 0.05. 
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Figure 4. Effects of SBS on γ-GT and TP in liver tissue. Data are presented as mean ± S.E.M. (n = 10). Significant differences compared with the BG group were designated as # p < 0.01 and ## p < 0.05, with the MG group as * p < 0.05 and ** p < 0.01, and with the DDB groups as ▲ p < 0.05. 






Figure 4. Effects of SBS on γ-GT and TP in liver tissue. Data are presented as mean ± S.E.M. (n = 10). Significant differences compared with the BG group were designated as # p < 0.01 and ## p < 0.05, with the MG group as * p < 0.05 and ** p < 0.01, and with the DDB groups as ▲ p < 0.05.



[image: Molecules 27 02224 g004]







[image: Molecules 27 02224 g005 550] 





Figure 5. Electron microscopic observation. 
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Figure 6. Light microscopic observation. 
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Figure 7. Heat map. The x-axis represents groups, and the y-axis represents differentially expressed genes. Data (peak areas) were normalized between −5 and 5 (green—the lowest level; red—the highest level). 
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Figure 8. OPLS-DA S-plot. S-plot from OPLS-DA. Covariance and correlation were plotted on the x- and y-axis, respectively. The variables located far from the origin represent influence with high reliability in the model. 
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Figure 9. Pathway enrichment. Summary of pathway analysis of significantly reversed metabolites between rats in MG and SBS-treated rats. Rich factor and KEGG pathway were plotted on the x- and y-axis, respectively. The larger the dot, the greater the number of metabolites that were enriched in the pathway. The darker the dot color, the more significant the enrichment. (a) Nicotinate and nicotinamide metabolism. (b) Alanine, aspartate, and glutamate metabolism. (c) Citrate cycle (TCA cycle). (d) Arginine-proline metabolism. (e) Glycerophospholipid metabolism. (f) Glycerolipid metabolism. 
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Figure 10. Volcano. Fold change in gene expression and significance level of the differential gene are plotted on the x- and y-axis, respectively. Up-regulated genes are represented by red dots, down-regulated genes are represented by green dots, and genes without differential expression are represented by blue dots. 
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Figure 11. Heat map. The x-axis represents groups, and the y-axis represents differentially expressed genes. Data (peak areas) were normalized between −4 and 4 (green—the lowest level; red—the highest level). 
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Figure 12. Metabolite pathway. Summary diagram of metabolic pathway relationships. The up-regulated substances are represented in red font, and the down-regulated substances are represented in green font. Dashed lines represent indirect relationships between substances, and solid lines represent direct relationships between substances. 
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Table 1. Pathological results.
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	Group
	Results





	BG
	(−)



	MG
	Feathery degeneration of hepatocyte (++)

Fatty degeneration of hepatocytes (++)

Hepatocyte necrosis (++)

Inflammatory cell infiltration (+)



	DDB
	A small amount of feathery degeneration of hepatocytes (+)

A small amount of fatty degeneration of hepatocytes (+)

Hepatocyte necrosis (+)



	LD
	Feathery degeneration of hepatocytes (++)

Fatty degeneration of hepatocytes (+)

Hepatocyte necrosis (+)

Inflammatory cell infiltration (+)



	MD
	Feathery degeneration of hepatocytes (++)

Fatty degeneration of hepatocytes (+)

Hepatocyte necrosis (++)

Inflammatory cell infiltration (+)



	HD
	A small amount of feathery degeneration of hepatocytes (+)

A small amount of fatty degeneration of hepatocytes (+)

Hepatocyte necrosis (+)
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Table 2. Effects of SBS on metabolic in liver tissues of rats with acute liver injury induced by CCl4 (X ± s, n = 6).
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	NO.
	Metabolites
	RT
	MG/BG
	LD/MG
	MD/MG
	HD/MG
	DDB/MG
	Pathway





	1
	L-Malic Acid
	0.88
	↑ *
	↓/-
	↓ *
	↓ *
	↓/-
	Citrate cycle

(TCA cycle)



	2
	7Z, 10Z, 13Z, 16Z, 19Z-docosapentaenoic acid
	11.3
	↑ *
	↓ *
	↓ *
	↓ *
	↓/-
	Biosynthesis of unsaturated fatty acids



	3
	creatine
	0.78
	↑ *
	↓/-
	↓ *
	↓ *
	↓ *
	Arginine-proline metabolism



	4
	n-acetyl-l-alanine
	1.3
	↑ *
	↓/-
	↓ *
	↓ *
	↓ *
	-



	5
	N-Acetylaspartate
	0.69
	↑ *
	↓/-
	↓ *
	↓ *
	↓ *
	Alanine, aspartate and glutamate metabolism



	6
	Trigonelline
	0.77
	↑ *
	↓/-
	↓ *
	↓ *
	↓/-
	Nicotinate and nicotinamide metabolism



	7
	4-guanidinobutyric acid
	0.85
	↑ *
	↓ *
	↓ *
	↓ *
	↓ *
	Arginine-proline metabolism



	8
	N-Amidino-L-Aspartate
	0.96
	↑ *
	↓ *
	↓ *
	↓ *
	↓ *
	-



	9
	n-glycyl-l-leucine
	1.8
	↓ *
	↑/-
	↑ *
	↑ *
	↑/-
	-



	10
	FFA(6:0)
	0.73
	↓ *
	↑ *
	↑ *
	↑ *
	↑ *
	Fat digestion and absorption



	11
	CE(16:1)
	13.12
	↑ *
	↓ *
	↓ *
	↓ *
	↓ *
	-



	12
	CE(18:2)
	13.21
	↑ *
	↓ *
	↓ *
	↓ *
	↓ *
	-



	13
	PE(16:1/16:0)
	6.25
	↑ *
	↓ *
	↓ *
	↓ *
	↓ *
	Glycerophospholipid metabolism



	14
	DG(16:0/20:2/0:0)
	9.18
	↑ *
	↓/-
	↓ *
	↓ *
	↓/-
	Glycerolipid metabolism



	15
	TG(14:0/18:0/18:2)
	11.85
	↑ *
	↓/-
	↓ *
	↓ *
	↓ *
	Glycerolipid metabolism



	16
	TG(14:0/18:0/20:4)
	11.81
	↑ *
	↓/-
	↓ *
	↓ *
	↓ *
	Glycerolipid metabolism



	17
	TG(16:0/16:1/22:5)
	11.41
	↑ *
	↓/-
	↓ *
	↓ *
	↓ *
	Glycerolipid metabolism







* p < 0.05, there was a significant difference between two groups. /-, there was no significant difference between two groups.
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