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Methamphetamine (METH) is a major psychostimulant drug of abuse worldwide, and its neurotoxicity has been studied extensively. In addition to neurotoxicity, METH can also induce hepatotoxicity. The underlying mechanism of intestinal microorganisms in METH-induced hepatotoxicity remains unclear. In this study, mice have received antibiotics intragastrically or PBS once each day for 1 week, followed by METH or saline. The antibiotics attenuated METH-induced hepatotoxicity as evidenced by histopathological observation and biochemical analysis; furthermore, they alleviated METH-induced oxidative stress. The effect of antibiotics on METH-induced hepatotoxicity was investigated using RNA-sequencing (RNA-seq). The RNA-seq results demonstrated that antibiotics could regulate 580 differentially expressed genes (DEGs), of which 319 were upregulated after METH treatment and then downregulated with antibiotic pretreatment and 237 were first downregulated after METH administration and then upregulated after antibiotic pretreatment, in addition to 11 upregulated and 13 downregulated ones simultaneously in METH and antibiotic-pretreated groups. RNA-seq analyses revealed that TLR4 is one of the hub genes. Western blot analysis indicated that antibiotics inhibited the increase of TLR4, MyD88 and Traf6 induced by METH. This research suggests that antibiotics may play an important role in preventing METH-induced liver injury by regulating oxidative stress and TLR4/MyD88/Traf6 axis, though further investigation is required.
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HIGHLIGHTS

Methamphetamine (METH) induces hepatotoxicity in mice.
Antibiotics alleviate METH-induced hepatotoxicity by regulating oxidative stress and TLR4/MyD88/Traf6 pathway.
Clearance of microbiota by antibiotics suggested that gut flora may involve in protecting antibiotic preconditioning on METH-mediated hepatotoxicity.
INTRODUCTION
Abuse of METH has become a major worldwide health problem (Xu et al., 2019; Xu and Liu, 2019). As known, METH is harmful to multiple organs (e.g., the brain, heart, liver, lung, kidney, and spleen), and the current research mainly focuses on its neurotoxicity (Liu et al., 2017; Moratalla et al., 2017; Zhang et al., 2017; Yang et al., 2018), and METH-induced hepatic injury has recently been studied (Dias Da Silva et al., 2013; Halpin et al., 2013). Previous studies found that globulin increased, albumin decreased, and albumin/globulin decreased in METH-abuser serum, indicating that METH would induce hepatic disease and inflammation (Zhao et al., 2020). Eskandari et al. reported that METH cytotoxicity was related to oxidative stress and subsequent mitochondrial membrane conformation changes and cytochrome c release into the cytosol (Eskandari et al., 2014). However, preconditioning of chlorogenic and caftaric acids could prevent liver toxicity and oxidative stress induced by METH injections (Koriem and Soliman, 2014). Similarly, our team demonstrated that METH induced hepatotoxicity by inducing cell cycle arrest and activating apoptosis (Wang et al., 2017) and luteolin exerted protective effects against METH hepatotoxicity by suppressing apoptosis, autophagy, and inflammation in rats (Qu et al., 2020; Zhang et al., 2021).
Accumulating evidence suggested that intestinal flora overgrowth might improve translocation of enteric bacteria and their metabolites to the liver through the portal venous system and lead to inflammation, oxidative stress, and other liver diseases (Berg and Garlington, 1979; Albillos, 2003; Meng et al., 2018). Intestinal microbiological disorders are crucial for developing liver diseases, such as non-alcoholic fatty liver disease (NAFLD), alcoholic liver disease (ALD), cirrhosis, non-alcoholic steatohepatitis (NASH), and viral hepatitis (Milosevic et al., 2019; Albhaisi et al., 2020). Our previous studies have demonstrated that METH induces a decrease in the abundance of intestinal probiotics in the gut and increases the conditionally pathogenic bacteria with pro-inflammatory effects (Chen et al., 2021). Using antibiotics in mice liver disease models clearly demonstrates that targeting intestinal flora can alleviate hepatic inflammation by reducing lipopolysaccharide transport to the liver (Tripathi et al., 2018; Mu and Zhu, 2019). Oral non-absorbable antibiotics can reduce inflammation caused by bacterial translocation (Bajaj et al., 2018; Mendoza et al., 2020). Inflammation was reported to play a significant function in the pathophysiology of neuropsychiatric diseases, and minocycline has potent neuroprotective and anti-inflammatory effects that reduce behavior and dopaminergic neurotoxicity in mice after METH treatment (Hashimoto, 2008; Hashimoto et al., 2013). However, the exact mechanisms of antibiotics on METH-induced hepatotoxicity have not been elucidated.
Herein, mice were pretreated with non-absorbable antibiotics, followed by METH injection. Histopathology and biochemical analyses were conducted to determine hepatic damage, and RNA-seq was performed for a potential mechanism of the protective effects of antibiotic pretreatment in METH. Overall, our findings may provide novel evidence for prevention and therapy of METH-induced hepatotoxicity.
MATERIALS AND METHODS
Chemicals
METH was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China), with a purity＞99.0%. Vancomycin, neomycin sulfate, metronidazole, and ampicillin were obtained from Sangon Biotech (Shanghai, China).
Animals and Treatments
The six- to eight-week-old BABL/c mice purchased from the Laboratory Animal Center of Southern Medical University were accommodated in specific-pathogen-free conditions for a week with accessible water and food. The animal procedure was carried out according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals of Southern Medical University (Ethical Committee Approval Code: L2018123).
Mice were randomly divided into four groups with eight per group: control, antibiotic, METH, and antibiotic pretreatment. Briefly, based on the METH model of escalating dose/multiple binge, the doses were as follows (Chen et al., 2021): days 1–2, 1.5 mg/kg; days 3–4, 4.5 mg/kg; days 5–6, 7.5 mg/kg; and days 7–8, 10 mg/kg, four injections a day every 2 h. Mice received antibiotics (vancomycin, 100 mg/kg; neomycin sulfate, 200 mg/kg; metronidazole, 200 mg kg; and ampicillin, 200 mg/kg) and were gavaged once a day for 1 week (Gregory et al., 2015; Hu et al., 2017), and the following week, they were simultaneously injected with METH as mentioned above. All mice were deeply anesthetized with pentobarbital (45 mg/kg i.p.) within 24 h of the final dose. Blood samples were collected and centrifuged (4°C, 1,2000 r/min, 10 min) and then stored at −80°C until biochemical analysis. The liver tissues were removed and weighed, a portion was fixed with formalin buffered with 10% PBS, and others were stored at −80°C for further analysis.
Histological Analysis: Determination of Aspartate Transaminase and Alanine Aminotransferase Levels in Serum
The liver tissue was dehydrated, embedded in paraffin, sectioned (3 μm thickness), and stained with hematoxylin and eosin (H&E) (Xie et al., 2019). The pathological morphology of liver tissue was observed under an optical microscope (Olympus, Tokyo, Japan). The activities of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured with the ELISA kit (MEIMIAN, Jiangsu, China) following the manufacturer’s instructions.
Biochemical Analysis in Liver
Liver tissue (not less than 100 mg) was homogenized with 200 μl PBS (pH = 7.2–7.4, concentration 0.01 mol/L) and centrifuged (12,000 g/min) at 4°C for 10 min. The supernatant was taken to measure protein concentration using the BCA kit (Thermo Scientific, MA, United States). SOD and ROS concentrations in liver tissue were detected using the ELISA kit (MEIMIAN, Jiangsu, China) following the reagent protocol.
RNA-seq Analyses
RNA Extraction, Library Preparation, and Illumina HiSeq X Ten/NovaSeq 6000 Sequencing
Total RNA of liver was extracted with TRIzol® reagent (Invitrogen), and gDNA was removed using DNase I (TaKara). The RNA-seq transcriptome library was prepared using 1 μg total RNA according to TruSeq™ RNA Sample Preparation Kit from Illumina (San Diego, CA, United States). The RNA-seq process is as follows: isolate mRNA, fragment mRNA, synthesize cDNA, connect adaptor, select fragment, PCR cycles, and Illumina HiSeq X Ten/NovaSeq 6000 sequence.
Read Mapping
Quality control of raw data was conducted with SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle). The clean reads were separately compared with the reference genome using HISAT2 software (http://ccb.jhu.edu/software/hisat2/index.shtml) (Kim et al., 2015). StringTie (https://ccb.jhu.edu/software/stringtie/index.shtml? t=example) was used to assemble the mapped reads of each sample in a reference-based approach (Pertea et al., 2015).
Differential Expression Analysis and Functional Enrichment
To identify the difference of DEGs among different samples, the transcripts per million reads (TPM) method calculated the expression level of each transcript.
DEGs with fold change ≥2 or ≤0.5 were considered to be significantly differentially expressed genes. GO functional enrichment and KEGG pathway analysis were carried out through Goatools (https://github.com/tanghaibao/Goatools) and KOBAS (http://kobas.cbi.pku.edu.cn/home.do) (Xie et al., 2011). PPI analysis was conducted with Cytoscape 3.7.1 software.
Real-Time Quantitative Polymerase Chain Reaction Analysis
To verify RNA-seq results, four genes (Acaca, Chrna4, Nr1d2, and Csrnp1) were randomly selected for real-time quantitative PCR (RT-qPCR) analysis. Total RNA was extracted with TRIzol® reagent (Invitrogen, MA, United States), and RNA quality was detected with a NanoDrop 2000 Spectrophotometer (Thermo Scientific, MA, United States) (Zhou et al., 2020). Total RNA was converted to cDNA using Hifair™ II First-Strand cDNA Synthesis SuperMix (YEASEN, Shanghai, China). Real-time quantitative PCR (RT-qPCR) was performed on a LightCycler® 96 System (Roche Life Science, Penzberg, Germany) using Hieff™ qPCR SYBR Green Master Mix (No Rox Plus, YEASEN, Shanghai, China) to quantify mRNA expression. Primers were designed with Primer3 web software (http://primer3.ut.ee/) (Table 1). The gene expression was normalized to β-actin. Relative quantification was calculated using the CT (2–ΔΔCt) method.
TABLE 1 | Primers for RT-qPCR analysis.
[image: Table 1]Western Blot Analysis
The total liver tissue protein was extracted with lysis buffer (RIPA lysis buffer: PMSF: phosphatase inhibitors = 100: 1: 1). The Pierce™ BCA Protein Assay Kit (Thermo Scientific, MA, United States) was used to measure the protein concentration. 20 μg of proteins was resolved by 12% SDS-PAGE and transferred to PVDF membranes. The membranes were blocked with 5% skim milk at room temperature for 2 h, incubated with primary antibodies overnight at 4°C, and then incubated with appropriate secondary antibodies for 2 h at room temperature. Protein bands were revealed using chemiluminescence reagents (Thermo Scientific, MA, United States). The grayscale was calculated by ImageJ (version 1.8.0) software with normalization to that of β-actin. The antibodies and their dilutions were as follows: TLR4 (1:1,000; Santa Cruz, CA, United States), MyD88 (1:1,000; CST), Traf6 (1:1,000; Santa Cruz, CA, United States), and GAPDH (1:1,000; Proteintech).
Statistical Analysis
All results were reported as mean ± SEM. Statistical analysis was performed using GraphPad Prism 8.0 software. Statistical significance was calculated using one-way ANOVA followed by the Bonferroni post hoc test for multiple comparisons. p-Values < 0.05 were considered statistically significant (*/#p < 0.05, **/##p < 0.01, and ***/###p < 0.001).
RESULTS
Antibiotics Attenuated Methamphetamine-Induced Hepatotoxicity
Antibiotic and METH treatment significantly decreased the body and liver weights of mice (Figures 1A,B). Antibiotic pretreatment tends to alleviate METH‐induced body and liver weight loss, with a non-significant difference (Figures 1A,B). Histopathological analysis revealed that karyopyknosis and extensive cytoplasmic damage (vacuolar degeneration) in METH-treated mice were ameliorated by antibiotic pretreatment (Figure 1C). However, there is no noticeable damage in hepatocytes’ morphology in control and antibiotic groups (Figure 1C). Similarly, serum ALT and AST activities were remarkably increased after METH administration but decreased with antibiotic pretreatment (Figures 1D,E).
[image: Figure 1]FIGURE 1 | Changes in body weight (A) and liver weight (B) of mice compared with the control group. Histopathological assessment of METH liver injury (C). The yellow arrows point to the nucleus and cytoplasm; * indicates the central vein; bar = 20 μm, 20×. METH significantly enhanced serum ALT (D) and AST (E) activities relative to the control group. The increasing level was attenuated in the A + METH (antibiotic + METH) group. *p < 0.05; **p < 0.01; ***p < 0.001; ns, statistically non-significant.
Antibiotic Pretreatment Mitigated Methamphetamine-Induced ROS and SOD Levels
To further investigate the protective effect of antibiotics on METH-induced liver injury, ROS and SOD concentrations in liver were measured. As illustrated in Figure 2, antibiotic cocktail pretreatment dramatically relieved METH-induced ROS and SOD elevation activities.
[image: Figure 2]FIGURE 2 | Analyses of ROS and SOD activities. The treatment with METH significantly increased ROS (A) and SOD (B) activities, which significantly repressed with antibiotic pretreatment. Antibiotics alone did not change compared to the control group. *p < 0.05; **p < 0.01; ***p < 0.001; ns, statistically non-significant.
RNA-seq
Principal Correlation Analysis and Differentially Expressed Genes
PCA intuitively showed a clear correlation between the gene expression of samples in the group and apparent separation and distinction among the three groups (Figure 3A). A total of 580 DEGs were identified (Ⅰlog2 (fold change)Ⅰ≥ 1), of which 319 were upregulated after METH treatment and then downregulated with antibiotic pretreatment and 237 were first downregulated after METH administration and then upregulated after antibiotic pretreatment, in addition to 11 upregulated and 13 downregulated ones simultaneously in METH and antibiotic-pretreated groups (Figures 3B–D).
[image: Figure 3]FIGURE 3 | (A) Principal correlation analysis. (B) Venn diagram of DEGs. (C) Volcano plot diagram: the first and third quadrants show the genes both up- and downregulated in both METH and antibiotic-pretreated groups, the second quadrant shows the genes downregulated in the METH group but upregulated in the AM group, and the fourth quadrant shows the genes upregulated in the METH group but downregulated in the AM group. (D) Heatmap diagram of DEG analysis among groups. The blue color represents downregulation, while red represents upregulation. C, control group; M, METH group; AM, antibiotic + METH group.
GO and KEGG Pathway Enrichment Analyses
To further predict the relationship between biological function and DEGs, GO analysis was carried out in three categories: molecular function, biological process, and cell composition (Figure 4A). KEGG analysis revealed that 580 DEGs were enriched in 15 pathways (Figure 4B), contributing to the study of gene and expression information of the whole network. Figure 4B displays enrichment of KEGG pathways, including AMPK and PPAR signaling pathways, fatty acid biosynthesis, and cholesterol and retinol metabolisms.
[image: Figure 4]FIGURE 4 | (A) GO analysis of DEGs. The black bars represent biological processes (bp), gray represents cellular components (cc), and white represents molecular functions (mf). (B) KEGG pathway enrichment analysis of DEGs.
PPI Analysis
The PPI analysis allows us to better understand molecular mechanisms of core signaling pathways and core genes (Fei et al., 2020). The more connections or the closer to circle center of genes might be related to underlying mechanisms of METH hepatotoxicity and antibiotic protection (Figure 5A). The hub genes corresponding to the top-ranked proteins were selected by Cytoscape software, and these genes mostly interacted with other DEGs such as Pnpla2, Pnpla5, Pnpla3, Fasn, Acly, and TLR4 (Figure 5B, Figure 6).
[image: Figure 5]FIGURE 5 | PPI network (A) and hub genes (B) of all DEGs identified among the three groups. Red balls show the hub genes. PPI, protein–protein interaction.
[image: Figure 6]FIGURE 6 | Expression of hub genes in RNA-seq.
Validation of the RNA-seq Results via Real-Time Quantitative Polymerase Chain Reaction
To verify RNA-seq results’ accuracy, four genes (Chrna4, Acaca, Nr1d2, and Csrnp1) were randomly selected for RT-qPCR analysis. Acaca and Chrna4 were upregulated DEGs in the METH group compared with the control group and downregulated after antibiotic pretreatment, while Nr1d2 and Csrnp1 were reversed. The RT-qPCR results followed those of RNA-seq (Figure 7). However, RNA-seq was not conducted in the antibiotic group, and RT-qPCR data certified no difference compared to the control group.
[image: Figure 7]FIGURE 7 | Consistency of RNA-seq and RT-qPCR results. RT-qPCR results of selected DEGs (Chrna4, Acaca, Nr1d2, and Csrnp1) were consistent with those of RNA-seq. RNA-seq: *p < 0.05, **p < 0.01, ***p < 0.001, significantly different compared to the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, significantly different compared to the METH group. RT-qPCR: *p < 0.05, **p < 0.01, ***p < 0.001, ns, statistically non-significant.
Pretreatment of Antibiotics Alleviates Methamphetamine-Induced Inflammation via TLR4/MyD88/Traf6 Pathway
As indicated by PPI analysis, TLR4 is one of the hub genes, which may have a strong association with METH-induced hepatotoxicity. As shown in Figure 8, protein levels of some key factors in the TLR4/MyD88-dependent signaling axis, including TLR4, MyD88, and Traf6, were upregulated in the METH-treated group, and antibiotic pretreatment effectively inhibited upregulation, while control and antibiotic groups showed no difference.
[image: Figure 8]FIGURE 8 | (A) Western blots showing the expression of TLR4, MyD88, and Traf6 proteins in the mice liver. (B) The bar chart presents the statistical analysis of TLR4, MyD88, and Traf6 protein expressions. *p < 0.05; **p < 0.01; ***p < 0.001; ns, statistically non-significant.
DISCUSSION
It has been confirmed that METH induces hepatotoxicity in humans, rats, and cells (Dias Da Silva et al., 2013; Zhao et al., 2020; Zhang et al., 2021). Consistent with findings, this research demonstrated that the escalating dose/multiple binge METH model could also lead to hepatotoxicity in mice, indicated by histopathological examination and ALT and AST activities. The histopathology visually showed METH-induced hepatotoxicity, including nuclear pyknosis and cytoplasmic vacuolation. ALT and AST activity levels in serum are biomarkers for evaluating liver function. After METH injection, these markers increased, suggesting that METH resulted in liver dysfunction. Collectively, antibiotic pretreatment improved abnormalities alteration above, demonstrating that antibiotics can protect the liver from METH damage.
Oxidative stress is characterized by imbalanced generation of reactive oxygen species (ROS) and activity of antioxidant defenses (Bresciani et al., 2015; Arefin et al., 2020) and is known to be related to pathologies of some diseases, such as atherosclerosis (Kattoor et al., 2017), Alzheimer’s disease (Chen and Zhong, 2014), and tumorigenesis (Gorrini et al., 2013). Oxidative stress is now recognized as a contributing factor in pathogenesis of various liver diseases. Alcoholic liver disease (ALD), non-alcoholic fatty liver disease (NAFLD), hepatic encephalopathy (HE), hepatic fibrosis, and hepatitis C virus (HCV) are undoubtedly linked to ROS overproduction and existence of oxidative stress within hepatocytes (Cichoż-Lach, 2014). Superoxide dismutase (SOD) is an important superoxide and free radical scavenger that controls the levels of all kinds of ROS and reactive nitrogen species (Halliwell and Gutteridge, 1984; Wang et al., 2018). SOD levels in serum and liver tissues are significantly increased in acute liver failure patients than in healthy controls, which may be an adaptive response to limit ROS harmful effects (Tian et al., 2018). Consistent with previous studies (Xie et al., 2018a; Zhang et al., 2018), this study reported that ROS and SOD levels were increased after METH treatment. Poorly absorbed antibiotics in drinking water were reported to reverse age‐related arterial dysfunction, inflammation, and oxidative stress in mice by inhibiting intestinal flora (Brunt et al., 2019). The generation of ROS may be related to the gut microbiota (Jones and Neish, 2017), and gut microbiota–derived short-chain fatty acids (SCFAs) affect mitochondrial function and reduce ROS production (Mottawea et al., 2016; Luca et al., 2019). The present study also proved that antibiotic pretreatment could prevent METH-induced oxidative stress by inhibiting the increase of ROS and SOD, which may be the potential mechanism.
RNA-seq was also used to further investigate the underlying mechanism of protective effect of antibiotics against METH-induced hepatotoxicity. Hundreds of DEGs have been detected by sequencing, and we screened out some of the hub genes for subsequent verification; meanwhile, subsequent GO and KEGG analyses were performed based on these DEGs. The AMPK signaling pathway was reported to reverse steatosis and inflammation in non-alcoholic fatty liver disease (NAFLD) (Li et al., 2019). The PPAR signaling pathway plays an important role in attenuating liver fibrosis (Panebianco et al., 2017) and hepatic lipoinflammation (Ishtiaq et al., 2019). This research and our previous studies about METH-induced hepatotoxicity in rats (Koriem and Soliman, 2014; Wang et al., 2017) indicated that AMPK and PPAR signaling pathways were enriched in KEGG analysis, highlighting their possible significant correlation with METH-induced hepatotoxicity, though further research is required.
Toll-like receptors (TLRs) hold a fundamental function in regulating innate and adaptive immune response, pathogen recognition, and inflammatory responses (Lai et al., 2015; Xie et al., 2018b). TLR4 can recruit the adaptor proteins (such as MyD88), bind to Traf6, and eventually result in inflammation (Xie et al., 2018b). Interestingly, RNA-seq data suggested that TLR4 is one of the hub genes. The western blot results showed that TLR4/MyD88/Traf6 was elevated after METH treatment, suggesting that METH treatment induced liver inflammation, and antibiotics pretreatment can reverse this elevation. Moreover, excessive ROS production caused tissue damage and accelerated release and development of inflammation via activating the TLR4/MyD88/Traf6 pathway (Gong et al., 2019; Zhou et al., 2020). The above results indicated that antibiotic preconditioning exerts protection against METH-induced hepatotoxicity by inhibiting the TLR4/MyD88/Traf6 pathway.
There is growing evidence showing that alterations in the gut microbiome are linked to pathogenesis and advancement of liver diseases named the “gut–liver axis” (Ma et al., 2017; Milosevic et al., 2019; Albillos et al., 2020; Jones and Neish, 2021). A recent report revealed that intestinal dysbacteriosis might directly cause liver toxicity through the portal vein or destruction of the intestinal barrier, leading to increased bacterial translocation and inflammation (Acharya and Bajaj, 2021). Recent reports have shown that antibiotics positively affect liver injury caused by intestinal bacteria overgrowth, confirming the relationship between intestinal microbiota and liver diseases (Sajjad et al., 2005; Wu et al., 2008). Our previous studies have shown that, after METH treatment, intestinal probiotics were decreased and opportunistic pathogens were increased (Chen et al., 2021). Notably, antibiotics used in this study have been proven to affect clearing intestinal flora (Rakoff-Nahoum et al., 2004; Carvalho et al., 2012). Overall, our analysis reveals a novel perspective that METH can induce hepatotoxicity in mice, and the gut–liver axis may mediate the protective impact of antibiotic pretreatment.
Some limitations are found in this study. First, RNA-seq was not performed in the antibiotic group based on histopathology results, serological indexes, and oxidative stress. Antibiotics alone cannot cause liver damage. Subsequently, we verified RNA-seq results by RT-qPCR, and the gene changes after antibiotic treatment were consistent with those in the control group. Second, intestinal flora data lacked in this study, but antibiotics’ effect on intestinal flora clearance has been confirmed. Finally, it has not been verified whether a correlation is found between METH-induced liver damage and intestinal flora. In combination with our previous study and the present study, further research is required to verify the interaction mechanism among intestinal microbiota, nervous system, and liver.
In conclusion, we demonstrated that METH exposure could lead to abnormal pathological and serological changes and activation of oxidative stress and TLR4/MyD88/Traf6 pathway. Gut microbiome clearance by antibiotics alleviated above METH-induced changes. The RNA-seq results provide a possible clue for the basic pathway and antibiotic mechanisms in response to METH. Notably, we first proposed the relationship between METH-induced hepatotoxicity and gut microbiota (Figure 9). Therefore, intestinal microbiota may be a potential therapy for METH-induced hepatotoxicity, though further research is needed to unveil the detailed mechanism.
[image: Figure 9]FIGURE 9 | A proposed mechanistic diagram of antibiotic protective action on METH-induced liver hepatotoxicity in this study.
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