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Folic acid protects against isoniazid-induced liver injury via the m6A RNA methylation of cytochrome P450 2E1 in mice
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Background: Cytochrome P450 2E1 (CYP2E1) converts isoniazid (INH) to toxic metabolites and is critical in INH-induced liver injury. The aim is to investigate the effect of folic acid (FA) on CYP2E1 and INH-induced liver injury.

Methods: Male Balb/c mice were used. The mice in the control group only received an AIN-93M diet. The AIN-93M diet was supplemented with 0.66 g INH/kg diet for the mice in the INH and FA groups. The mice in the FA group were treated with additional 0.01 g FA/kg diet. The one-carbon cycle metabolites, the expressions of CYP2E1 and the DNA and RNA methylation levels were detected to reveal the potential mechanism.

Results: FA treatment significantly reduced the alanine aminotransferase level and alleviated the liver necrosis. The mRNA and protein expressions of CYP2E1 were significantly lower in the FA group than those in the INH group. The N6-methyladenosine RNA methylation level of Cyp2e1 significantly increased in the FA group compared with the INH group, while the DNA methylation levels of Cyp2e1 were similar between groups. Additionally, the liver S-adenosyl methionine (SAM)/S-adenosyl homocysteine (SAH) was elevated in the FA group and tended to be positively correlated with the RNA methylation level of Cyp2e1.

Conclusion: FA alleviated INH-induced liver injury which was potentially attributed to its inhibitory effect on CYP2E1 expressions through enhancing liver SAM/SAH and RNA methylation.
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1 Introduction

During anti-tuberculosis treatment, 5–33% patients suffered from drug-induced liver injury (1). Isoniazid (INH), the major first-line anti-tuberculosis drug, is known to induce liver injury during anti-tuberculosis treatment (1, 2). Liver injury hampers anti-tuberculosis therapy, lowers recovery rate, and contributes to high mortality (3, 4). However, no effective treatment exists.

Folic acid (FA) supplementation has been demonstrated to be beneficial for various liver diseases or injuries, such as alcoholic liver disease (5), nonalcoholic fatty liver disease (6), and liver injuries caused by external agents (7, 8), primarily due to its anti-inflammatory and antioxidant attributes. A cross-sectional study of 3,302 patients found that FA supplementation was a protective factor against INH-induced liver injury (9). Our previous study indicated that FA can protect against INH/rifampicin-induced liver injury in rats (10), however, the detailed mechanism is largely unknown.

Cytochrome P450 2E1 (CYP2E1), the major cytochrome P450 enzyme in the liver, plays a critical role in INH-induced liver injury (1). CYP2E1 catalyzes the conversion of INH to diazo hydrides and reactive oxygen species which are toxic to the liver (11–14). A meta-analysis including 1,625 individuals found that people with a high CYP2E1 activity had an increased risk of tuberculosis-drug-induced liver injury compared to those with a low CYP2E1 activity (OR: 1.4, 95% CI: 1.1–1.8) (15). Consistently, in a rat experiment, the use of a CYP2E1 inhibitor, diallyl sulfide, was demonstrated to alleviate INH-induced hepatotoxicity (16). However, the factors that regulate the expression and activity of CYP2E1 are not well-understood.

A recent animal study showed that the expressions of CYP2E1 may be related to the DNA methylation of the Cyp2e1 gene (17). In addition, supplementation of S-adenosyl methionine (SAM), a methyl donor for DNA or RNA methylation, was shown to reduce the activity of CYP2E1 and alleviate oxidative liver injury in micropigs fed with a folate-deficient diet plus ethanol (18). These nascent evidence points to the direction that CYP2E1 may be regulated by DNA or RNA methylation.

FA participants in one-carbon cycle and provides methyl groups for DNA, RNA or protein methylation (19). Folate-deficient diet was shown to perturb the one-carbon cycle, decrease the global DNA methylation level and aggravate ethanol-induced liver injury (20). We hypothesize that FA may alleviate INH-induced liver injury by downregulating CYP2E1 expressions through regulating DNA or RNA methylation. In this study, the effect of FA supplementation on INH-induced liver injury is investigated in mice. The one-carbon cycle metabolites, the expressions of CYP2E1 and the DNA and RNA methylation levels are determined to reveal the potential mechanism.



2 Methods


2.1 Ethics

All animal protocols adhered to the US National Research Council’s Guide for the Care and Use of Laboratory Animals (8th edition). The protocols were approved by the Experimental Animal Welfare Ethics Committee of Qingdao University (No. 20201107Balb/c3020210118048).



2.2 Animal experiment

Male Balb/c mice (eight-week-old) weighing 23.4 ± 2.2 g were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Mice had free access to water and food, and were maintained at an ambient temperature of 21 ± 2°C, a humidity ranging from 45 to 65% under a 12 h light/dark cycle.

After one-week adaptive feeding by a standard AIN-93 M diet, the mice were randomly assigned into three groups: the control group (CON, n = 7), the INH group (n = 7) and the FA group (n = 8). Mice were fasted overnight and humanely euthanized after a 72-day intervention. Serum was separated after centrifugation at 3500 rpm for 15 min at room temperature. The body weight of the mice was weighed every 2 days. Liver tissues were fixed in a 4% paraformaldehyde solution and embedded in paraffin for histological analysis. The rest of liver tissues were immediately frozen in liquid nitrogen and then stored at −80°C.



2.3 Dosage information

The CON group received an AIN-93M diet. The INH group received an AIN-93M diet supplemented with 0.66 g INH/kg diet. The FA group received additional 0.01 g FA/kg diet based on the INH diet. The dosages of INH and FA were referenced to previous studies (10, 21). INH (MB1501-1, purity, >99%) and FA (MB1501-1, purity, >98%) were purchased from Meilun Biotechnology Co., Ltd. (Dalian, China).



2.4 Biochemical analyses

The alanine aminotransferase (ALT, JM-03154M1) and aspartate transaminase (AST, JM-03113M1) were measured using commercial kits from Jingmei Biotechnology Co., Ltd. (Jiangsu, China). The γ-glutamyltransferase (γGT, YX-W-A208) was measured using commercial kits from Sinobest Biotechnology Co., Ltd. (Shanghai, China) and the malondialdehyde (MDA, S0131S) was measured using commercial kits from Beyotime Biotechnology Co., Ltd. (Shanghai, China). The SAM (RF8761) and SAH (RF8767) were analyzed via commercial kits from Ruifan Biotechnology Co., Ltd. (Shanghai, China).



2.5 Liver histological analysis

Paraformaldehyde-fixed, paraffin-embedded liver tissues were sectioned at 5 μm thickness. The liver tissues were stained with hematoxylin and eosin (H&E). Images of the liver sections were acquired using a light microscope. Histology Activity Index (HAI-Knodell score) was used to grade the pathological changes of liver (22).



2.6 Western blotting

The western blotting was carried out based on previous reports (10, 23). The total protein was extracted from the liver tissues and the concentration was measured via a bicinchoninic acid assay kit (ZJ101, Epizyme Biomedical Technology Co., China). The proteins were separated by gel electrophoresis and transferred to a polyvinylidene fluoride membrane. The membrane was blocked and incubated with primary antibodies against CYP2E1 (ab28146, Abcam, Cambridge, United Kingdom) and β-Actin (ab8227, Abcam, Cambridge, United Kingdom) overnight at 4°C. Then horseradish peroxidase-conjugated secondary antibodies (ab205718, Abcam, Cambridge, United Kingdom) were used to bond with primary antibodies for 1 h at room temperature. The protein levels were visualized by Fusion Solo S imaging system (Vilber Co., France) and quantified by ImageJ program (National Institutes of Health, United States). Each panel had samples with pooled quality control (QC) and the intensity of each protein was normalized by the intensity of β-actin and QC.



2.7 Real-time polymerase chain reaction (real-time PCR)

The procedure of real-time polymerase chain reaction (real-time PCR) was carried out according to the previous study (10). Total RNA was extracted from the liver tissues using Trizol reagent (R411, Vazyme Biotech Co., Nanjing, China) according to the manufacturer’s protocol. RNA was quantified with a Nanodrop spectrophotometer and reverse transcription was performed using HiScript III RT SuperMix (Vazyme Biotech Co., Nanjing, China). The primers of Cyp2e1, Tnfa, Il6, Il1b, F4/80 and Gapdh are listed in Table 1. RT-PCR was performed in a Bio-Rad CFX96 Touch real-time PCR system (Bio-Rad Laboratories, United States) with Gapdh as the internal control. The expression of genes was determined by the ΔΔCT method.



TABLE 1 Primer sequences used for RT-PCR.
[image: Table1]



2.8 DNA and RNA methylation

The 5-methylcytosine (5mC) DNA and N6-methyladenosine (m6A) RNA methylation were measured in the liver. The transcription start site (−5,000 bp to +1,000 bp) sequence of Cyp2e1 gene was obtained from NCBI1 to predict the methylation sites. MassArray technology was performed to investigate the methylation of CpG site in the promoter region of Cyp2e1 (24). DNA was extracted from the liver tissues. Commercial NaHSO3 kits (Zymo Research Biotech Co., California, United States) was used to deaminate the non-methylated cytosine (C) and convert it to uracil (U). The gene fragments were enriched and amplified by PCR reactions, and the products were treated with shrimp alkaline phosphatase to remove free dNTPs from the system. The small fragment containing CpG site was obtained after simultaneously reverse transcribing and digesting with T7 RNA & DNA Polymerase and RNaseA enzymes. The purified product was transferred to a SpectroCHIP® bioarray using an Agena NanodispenserRS1000 (Agena Bioscience, California, United States) spotting instrument. The spotted SpectroCHIP chips (Agena Bioscience, California, United States) were analyzed using MALDI-TOF (Agena Bioscience, California, United States) and the results were obtained by an EpiTYPER™ software (Agena Bioscience, California, United States).

The RNA methylation were analyzed according to previously published protocol (25). Briefly, the extracted RNA, nuclease-free water, 5 × IP buffer, and RNAase inhibitor were configured to form the RNA Binding Protein Immunoprecipitation (RIP) system. The RIP system was mixed with pre-conjugated m6A antibody (A17924, ABclonal, Wuhan, China)-Protein A/G magnetic beads (RM02915, ABclonal, Wuhan, China) and then incubated for 1 h at 4°C. Magnetic beads were adsorbed using a magnetic holder and washed twice. Elution buffer was added to the beads and incubated at 50°C for 1.5 h. The supernatant was collected to extract RNA. The enrichment of methylated Cyp2e1 was detected using real-time PCR.



2.9 Statistical analysis

The data were expressed as mean ± standard deviation (SD). Difference among the three groups was analyzed by a one-way analysis of variance test. Post-hoc pairwise comparisons were adjusted by the least significant difference method. Pearson correlation analysis was employed to examine the associations between variables including one-carbon metabolites, protein and RNA expression of CYP2E1, DNA and RNA methylation of Cyp2e1, and liver function indicators. Statistical analyses were performed by SPSS, version 26 (IBM, New York, United States). Outliers, more than three SDs from the mean, were removed. p < 0.05 was considered statistically significant. GraphPad Prism version 8 (GraphPad Software Inc., CA, United States) and Adobe Illustrator 2020 (Adobe Inc., CA, United States) were used for graphing.




3 Results


3.1 Effects of FA treatment on INH-induced liver injury

As shown in Figure 1A, the serum ALT and γGT were significantly higher in the INH group than those in the CON group; the serum AST tended to increase in the INH group compared with the CON group, though the difference was not statistically significant. FA treatment significantly reduced the serum ALT and tended to reduce the serum AST and γGT compared with the INH group. At the end of the experiment, the body weight of the mice in the INH and FA groups was significantly lower than that in the CON group (Figure 1B). The histopathological effects of INH and FA treatment on liver tissues were shown in Figures 1C,D. Mice in the CON group showed well-arranged hepatic cords in a radial pattern. In the INH group, the structure of liver lobules was impaired by various types of necrosis such as piecemeal necrosis, bridging necrosis, and focal necrosis and infiltration of inflammatory cells. FA treatment partially restored the liver lobule structure. In the FA group, the cytoplasmic staining was uniform, and the nucleus was clear. The liver toxicity score was significantly elevated in the INH group compared with the CON group, and the score was significantly lower in the FA group than that in the INH group.

[image: Figure 1]

FIGURE 1
 FA treatment improved liver injury in INH-fed mice. (A) Serum ALT, AST and γGT levels. (B) Change of body weight during the 72-day experiment. (C) Representative images of liver specimens stained with hematoxylin and eosin (magnification ×200 or ×400) (CON, ×200; CON′, ×400; INH, ×200; INH′, ×400; FA, ×200; FA′, ×400). (D) Liver toxicity score. The sample size was 7, 7 and 8 in the CON, INH and FA group, respectively. *p < 0.05, **p < 0.01, and ***p < 0.001. CON, control; INH, isoniazid; FA, folic acid; ALT, alanine aminotransferase; AST, aspartate aminotransferase; γGT, gamma-glutamyl transferase.




3.2 Effects of FA on oxidative stress and inflammation levels

The liver MDA level was significantly lower in the FA group than that in the INH group (Figure 2A). The mRNA levels of Tnfa, Il1b, and F4/80 tended to be higher in the INH group than that in the CON group (Figure 2B). FA treatment significantly decreased the mRNA level of F4/80 and tended to decrease the mRNA levels of Tnfa, Il6 and Il1b compared with the INH group.

[image: Figure 2]

FIGURE 2
 The expression levels of oxidative stress and inflammation. (A) Liver MDA. (B) Inflammation-related genes. The sample size was 7, 7 and 8 in the CON, INH and FA group, respectively. *p < 0.05. CON, control; INH, isoniazid; FA, folic acid; MDA, malondialdehyde; Tnfα: tumor necrosis factor-α; Il6: interleukin-6; Il1b: interleukin-1β; F4/80: mouse EGF-like module-containing mucin-like hormone receptor-like 1.




3.3 Effects of FA on CYP2E1 expressions

The mRNA level of Cyp2e1 was significantly elevated in the INH group but decreased following FA treatment (Figure 3A). Consistently, the protein level of CYP2E1 was significantly increased in the livers of INH mice compared with CON mice, which was significantly reduced after FA treatment (Figures 3B,C).

[image: Figure 3]

FIGURE 3
 The mRNA and protein expression levels of CYP2E1. (A) Relative mRNA expression. The sample size was 7, 7 and 8 in the CON, INH and FA group, respectively. (B) Densitometric analysis of the protein expressions and (C) western blotting image (N = 4 in the CON, INH and FA group). *p < 0.05 and **p < 0.01. CON, control; INH, isoniazid; FA, folic acid; Mar, protein marker; CYP2E1, cytochrome P4502E1; QC: quality control.




3.4 Effects of FA on SAM and SAH

There was no significant difference for the serum SAM, SAH or SAM/SAH among the three groups, while an upward trend of serum SAM/SAH was observed in the FA group (Figure 4A). The liver SAM level was similar among the three groups (Figure 4B). While the liver SAH significantly decreased and liver SAM/SAH significantly increased in the FA group.

[image: Figure 4]

FIGURE 4
 SAM and SAH level in the liver and serum. (A) SAM and SAH level in the serum. (B) SAM and SAH in the liver. The sample size was 7, 7 and 8 in the CON, INH and FA group, respectively. *p < 0.05 and **p < 0.01. CON, control; INH, isoniazid; FA, folic acid; SAM, S-adenosyl methionine; SAH, S-adenosyl homocysteine.




3.5 Effect of FA on Cyp2e1 methylation

For RNA methylation, the total m6A methylation level was similar between the CON and INH group and showed an upward trend in the FA group (Figure 5A). Gene-specific m6A-qPCR was performed to measure the RNA methylation level of Cyp2e1. The m6A abundances of Cyp2e1 tended to decrease after INH treatment and markedly increased after FA treatment (Figure 5B). For DNA methylation, five CpG sites on the Cyp2e1 gene were analyzed. No significant difference was observed for the 5mC DNA methylation level among the three groups (Figures 5C,D).

[image: Figure 5]

FIGURE 5
 DNA and RNA methylation levels of Cyp2e1. (A) Total m6A methylation level. (B) m6A abundances of Cyp2e1. (C) MassARRAY quantitative DNA methylation analysis of CpG sites in Cyp2e1. (D) DNA methylation bubble map for each sample. Colored bubbles represent the methylation status of detected CpG sites in Cyp2e1. The sample size was 7, 7 and 8 in the CON, INH and FA group, respectively. **p < 0.01. CON, control; INH, isoniazid; FA, folic acid; Cyp2e1, cytochrome P450 2E1; m6A, N6-methyladenosine.




3.6 Correlations among one-carbon metabolites, CYP2E1, DNA or RNA methylation and liver function indicators

The mRNA and protein expressions of CYP2E1 were positively associated with ALT and tended to be positively associated with AST and γGT (Figure 6). The expression of CYP2E1 was negatively correlated with the methylation level of CpG Position 73 and tended to be negatively correlated with m6A RNA methylation level of Cyp2e1. The liver and serum ratio of SAM/SAH tend to be positively associated with the m6A abundances of Cyp2e1.

[image: Figure 6]

FIGURE 6
 Pearson correlation analyses among one-carbon metabolites, CYP2E1, DNA or RNA methylation and liver function indicators in the INH and FA group. Purple and red colors indicate negative and positive correlations, respectively. The strength of the Pearson correlation directly correlates with the color intensity. *p < 0.05 and **p < 0.01. INH, isoniazid; FA, folic acid; CYP2E1, cytochrome P450 2E1; SAM, S-adenosyl methionine; SAH, S-adenosyl homocysteine; m6A, N6-methyladenosine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; γGT, gamma-glutamyl transferase.





4 Discussion

Our results highlight the complex interplay among FA, RNA methylation, and CYP2E1 expression, which appears to be a key factor in alleviating INH-induced liver injury. To our knowledge, this is the one of the first studies to explore the effects of FA on the DNA and RNA methylation and expression of CYP2E1 and investigate CYP2E1 as a potential mechanism behind FA’s protection on INH-induced liver injury. Specifically, the observed results confirmed the protective effect of FA on INH-induced liver injury and indicated that this protective effect of FA may be related to its inhibition on CYP2E1 expression via enhancing the liver SAM/SAH ratio and the m6A RNA methylation of Cyp2e1.

First, FA treatment alleviated INH-induced liver injury which may be related to its inhibition effect on CYP2E1 expressions. Our findings indicated that FA supplementation decreased the mRNA and protein expressions of CYP2E1, resulting in reduced liver MDA and F4/80 mRNA expression and alleviated INH-induced liver injury (Figure 7). Elevated CYP2E1 expression is a characteristic feature in tuberculosis-drug-induced liver injury (26). Animal experiments showed that the extracts from Rhus chinensis Mill. and Panax japonicus can inhibit the expression of CYP2E1 to reduce oxidative stress and prevent liver injury (27, 28). In ethanol-fed pigs, FA deficiency led to the activation of hepatic CYP2E1, which promoted liver steatosis and apoptosis (29).

[image: Figure 7]

FIGURE 7
 Diagram of the mechanism by which FA protects against INH-induced liver injury via the methylation of cytochrome P450 2E1. FA, folic acid; INH, isoniazid; SAM, S-adenosyl methionine; SAH, S-adenosyl homocysteine; CYP2E1, cytochrome P450 2E1; m6A: N6-methyladenosine; MDA, malondialdehyde; F4/80, mouse EGF-like module-containing mucin-like hormone receptor-like 1.


Second, FA supplementation may reduce the expression of CYP2E1 via enhancing RNA methylation. For RNA methylation, our results indicated that the m6A abundances of Cyp2e1 were markedly decreased after INH treatment and restored after FA treatment. RNA m6A modification plays a critical role in regulating RNA stability, splicing, and translation, involving in the epigenetic regulation of drug-metabolizing enzymes (30). Previous study showed that 3-deazaadenosine treatment inhibited RNA methylation and led to a significant increase in P450 enzyme mRNA levels in HepaRG cells (31). The m6A modification is co-regulated by its methyltransferase and demethylase (32). Knockdown of m6A demethylase Fat Mass and Obesity-associated Protein (FTO), which increased the overall m6A level, inhibited the colony-forming ability of hepatocellular carcinoma cells and improved disease prognosis (33). The genes regulated by m6A methylation were related to the poor prognosis of hepatocellular carcinoma and the immune microenvironment, which was expected to become a new tool for evaluating the prognosis of patients with hepatocellular carcinoma (34). For DNA methylation, the methylation level of CpG island is important critical in the regulation of gene transcriptions (35). However, no CpG island was predicted on the Cyp2e1 gene and the methylation level of five CpG sites were analyzed. Our results indicated no significant effect of FA on DNA methylation level of these CpG sites.

Third, FA supplementation may enhance RNA methylation levels via regulating the one-carbon cycle (Figure 7). Dietary and endogenous folate can regulate hepatic methionine metabolism and serve as a one-carbon source in DNA, RNA and protein methylation (36). In the liver, the elevation of SAH and the reductions of SAM and SAM/SAH were related with hypomethylation (37). In the current study, FA treatment increased the liver ratio of SAM/SAH and tend to increase the serum ratio of SAM/SAH. The liver and serum ratio tend to be positively correlated with the m6A abundance of Cyp2e1. Consistently, previous studies suggested that FA treatment significantly decreased the level of SAH and increased the level of SAM and the ratio of SAM/SAH in the ethanol-fed pig model to relieve liver injury (20). Another study indicated that folate deficiency significantly increased the level of SAH, decreased the level of SAM and SAM/SAH ratio, and aggravated the liver fibrosis in non-alcoholic liver injury mice (38).

In conclusion, FA treatment alleviated INH-induced liver injury which may be associated with its inhibition effect on CYP2E1 expressions through enhancing RNA methylation. Future study is warranted to further validate this mechanism.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by Experimental Animal Welfare Ethics Committee of Qingdao University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

LJ: Data curation, Investigation, Writing – original draft, Formal analysis. YN: Investigation, Writing – review & editing. CZ: Formal analysis, Validation, Writing – review & editing. DG: Investigation, Writing – review & editing. XG: Investigation, Writing – review & editing. KX: Funding acquisition, Supervision, Writing – review & editing. JW: Conceptualization, Funding acquisition, Supervision, Writing – review & editing, Formal analysis, Investigation.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (Nos. 82003446 and 82103847) and Young Elite Scientists Sponsorship Program by China Association for Science and Technology (No. 2020QNRC001).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer YJ declared a shared affiliation with the authors to the handling editor at the time of the review.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://www.ncbi.nlm.nih.gov/gene



References

 1. Saukkonen, JJ, Cohn, DL, Jasmer, RM, Schenker, S, Jereb, JA, Nolan, CM , et al. An official ATS statement: hepatotoxicity of antituberculosis therapy. Am J Respir Crit Care Med. (2006) 174:935–52. doi: 10.1164/rccm.200510-1666ST 

 2. Fu, YJ, Du, XF, Cui, YC, Xiong, K, and Wang, JY. Nutritional intervention is promising in alleviating liver injury during tuberculosis treatment: a review. Front Nutr. (2023) 10:1261148. doi: 10.3389/fnut.2023.1261148 

 3. Devarbhavi, H, Singh, R, Patil, M, Sheth, K, Adarsh, CK, and Balaraju, G. Outcome and determinants of mortality in 269 patients with combination anti-tuberculosis drug-induced liver injury. J Gastroenterol Hepatol. (2013) 28:161–7. doi: 10.1111/j.1440-1746.2012.07279.x 

 4. Wang, J, Xiong, K, Xu, L, Zhang, C, Zhao, S, Liu, Y , et al. Dietary intake of vegetables and cooking oil was associated with drug-induced liver injury during tuberculosis treatment: a preliminary cohort study. Front Nutr. (2021) 8:652311. doi: 10.3389/fnut.2021.652311 

 5. Purohit, V, Abdelmalek, MF, Barve, S, Benevenga, NJ, Halsted, CH, Kaplowitz, N , et al. Role of S-adenosylmethionine, folate, and betaine in the treatment of alcoholic liver disease: summary of a symposium. Am J Clin Nutr. (2007) 86:14–24. doi: 10.1093/ajcn/86.1.14 

 6. Sid, V, Shang, Y, Siow, YL, Hewage, SM, House, JD, and Karmin, O. Folic acid supplementation attenuates chronic hepatic inflammation in high-fat diet fed mice. Lipids. (2018) 53:709–16. doi: 10.1002/lipd.12084 

 7. Ebaid, H, Bashandy, SA, Alhazza, IM, Rady, A, and El-Shehry, S. Folic acid and melatonin ameliorate carbon tetrachloride-induced hepatic injury, oxidative stress and inflammation in rats. Nutr Metab. (2013) 10:20. doi: 10.1186/1743-7075-10-20 

 8. Abd Allah, ES, and Badary, DM. Folic acid protects against lead acetate-induced hepatotoxicity by decreasing Nf-Kappab, Il-1beta production and lipid peroxidation mediataed cell injury. Pathophysiology. (2017) 24:39–44. doi: 10.1016/j.pathophys.2017.02.002 

 9. Suzuki, A, Yuen, NA, Ilic, K, Miller, RT, Reese, MJ, Brown, HR , et al. Comedications Alter drug-induced liver injury reporting frequency: data mining in the WHO VigiBase™. Regul Toxicol Pharmacol. (2015) 72:481–90. doi: 10.1016/j.yrtph.2015.05.004 

 10. Jiang, L, Gai, X, Ni, Y, Qiang, T, Zhang, Y, Kang, X , et al. Folic acid protects against tuberculosis-drug-induced liver injury in rats and its potential mechanism by metabolomics. J Nutr Biochem. (2023) 112:109214. doi: 10.1016/j.jnutbio.2022.109214 

 11. Chen, J, Jiang, S, Wang, J, Renukuntla, J, Sirimulla, S, and Chen, J. A comprehensive review of cytochrome P450 2E1 for xenobiotic metabolism. Drug Metab Rev. (2019) 51:178–95. doi: 10.1080/03602532.2019.1632889 

 12. Metushi, IG, Cai, P, Zhu, X, Nakagawa, T, and Uetrecht, JP. A fresh look at the mechanism of isoniazid-induced hepatotoxicity. Clin Pharmacol Ther. (2011) 89:911–4. doi: 10.1038/clpt.2010.355 

 13. Gan, J, Zhang, H, and Humphreys, WG. Drug-protein adducts: chemistry, mechanisms of toxicity, and methods of characterization. Chem Res Toxicol. (2016) 29:2040–57. doi: 10.1021/acs.chemrestox.6b00274 

 14. Caro, AA, and Cederbaum, AI. Oxidative stress, toxicology, and pharmacology of Cyp2E1. Annu Rev Pharmacol Toxicol. (2004) 44:27–42. doi: 10.1146/annurev.pharmtox.44.101802.121704 

 15. Sheng, YJ, Wu, G, He, HY, Chen, W, Zou, YS, Li, Q , et al. The association between Cyp2E1 polymorphisms and hepatotoxicity due to anti-tuberculosis drugs: a meta-analysis. Infect Genet Evol. (2014) 24:34–40. doi: 10.1016/j.meegid.2014.01.034 

 16. Hassan, HM, Yousef, BA, Guo, H, Xiaoxin, L, Zhang, L, and Jiang, Z. Investigating the Cyp2E1 potential role in the mechanisms behind INH/LPS-induced hepatotoxicity. Front Pharmacol. (2018) 9:198. doi: 10.3389/fphar.2018.00198 

 17. Liu, A, Yang, Y, Guo, J, Gao, Y, Wu, Q, Zhao, L , et al. Cytochrome P450 enzymes mediated by DNA methylation is involved in deoxynivalenol-induced hepatoxicity in piglets. Anim Nutr. (2022) 9:269–79. doi: 10.1016/j.aninu.2021.11.009 

 18. Villanueva, JA, Esfandiari, F, White, ME, Devaraj, S, French, SW, and Halsted, CH. S-Adenosylmethionine attenuates oxidative liver injury in micropigs fed ethanol with a folate-deficient diet. Alcohol Clin Exp Res. (2007) 31:1934–43. doi: 10.1111/j.1530-0277.2007.00511.x 

 19. Crider, KS, Yang, TP, Berry, RJ, and Bailey, LB. Folate and DNA methylation: a review of molecular mechanisms and the evidence for Folate’s role. Adv Nutr. (2012) 3:21–38. doi: 10.3945/an.111.000992 

 20. Halsted, CH, Villanueva, JA, Devlin, AM, Niemela, O, Parkkila, S, Garrow, TA , et al. Folate deficiency disturbs hepatic methionine metabolism and promotes liver injury in the ethanol-fed micropig. Proc Natl Acad Sci USA. (2002) 99:10072–7. doi: 10.1073/pnas.112336399 

 21. Lenaerts, AJ, Johnson, CM, Marrieta, KS, Gruppo, V, and Orme, IM. Significant increases in the levels of liver enzymes in mice treated with anti-tuberculosis drugs. Int J Antimicrob Agents. (2005) 26:152–8. doi: 10.1016/j.ijantimicag.2005.04.011 

 22. Knodell, RG, Ishak, KG, Black, WC, Chen, TS, Craig, R, Kaplowitz, N , et al. Formulation and application of a numerical scoring system for assessing histological activity in asymptomatic chronic active hepatitis. Hepatology. (1981) 1:431–5. doi: 10.1002/hep.1840010511 

 23. Zhu, S, Wu, L, Zhang, M, Li, S, Xing, W, Zhao, Z , et al. Collagen peptides as a hypoxia-inducible factor-2alpha-stabilizing prolyl hydroxylase inhibitor to stimulate intestinal iron absorption by upregulating iron transport proteins. J Agric Food Chem. (2022) 70:15095–103. doi: 10.1021/acs.jafc.2c05411 

 24. Chen, X, Zhang, J, Ruan, W, Huang, M, Wang, C, Wang, H , et al. Urine DNA methylation assay enables early detection and recurrence monitoring for bladder cancer. J Clin Invest. (2020) 130:6278–89. doi: 10.1172/JCI139597 

 25. Dominissini, D, Moshitch-Moshkovitz, S, Salmon-Divon, M, Amariglio, N, and Rechavi, G. Transcriptome-wide mapping of N6-methyladenosine by m6A-seq based on immunocapturing and massively parallel sequencing. Nat Protoc. (2013) 8:176–89. doi: 10.1038/nprot.2012.148 

 26. Kotwal, P, Khajuria, P, Dhiman, S, Kour, D, Dhiman, SK, Kumar, A , et al. Molecular mechanism for the involvement of CYP2E1/NF-κB axis in bedaquiline-induced hepatotoxicity. Life Sci. (2023) 315:121375. doi: 10.1016/j.lfs.2023.121375

 27. Sun, Y, Zhang, Y, Ma, N, and Cai, S. Rhus chinensis Mill fruits alleviate liver injury induced by isoniazid and rifampicin through regulating oxidative stress, apoptosis, and bile acid transport. J Ethnopharmacol. (2023) 310:116387. doi: 10.1016/j.jep.2023.116387 

 28. Qiu, L, Feng, R, Wu, QS, Wan, JB, and Zhang, QW. Total saponins from Panax japonicus attenuate acute alcoholic liver oxidative stress and hepatosteatosis by P62-related Nrf2 pathway and AMPK-ACC/PPARα axis in vivo and in vitro. J Ethnopharmacol. (2023) 317:116785. doi: 10.1016/j.jep.2023.116785 

 29. Esfandiari, F, Villanueva, JA, Wong, DH, French, SW, and Halsted, CH. Chronic ethanol feeding and folate deficiency activate hepatic endoplasmic reticulum stress pathway in micropigs. Am J Physiol Gastrointest Liver Physiol. (2005) 289:G54–63. doi: 10.1152/ajpgi.00542.2004 

 30. Pan, H, Li, X, Chen, C, Fan, Y, and Zhou, Q. Research advances of m6A RNA methylation in non-small cell lung cancer. Zhongguo Fei Ai Za Zhi. (2020) 23:961–9. doi: 10.3779/j.issn.1009-3419.2020.102.35 

 31. Nakano, M, Ondo, K, Takemoto, S, Fukami, T, and Nakajima, M. Methylation of adenosine at the N6 position post-transcriptionally regulates hepatic P450s expression. Biochem Pharmacol. (2020) 171:113697. doi: 10.1016/j.bcp.2019.113697 

 32. Isono, M, Nakano, M, Fukami, T, and Nakajima, M. Adenosine N6-methylation upregulates the expression of human CYP2B6 by altering the chromatin status. Biochem Pharmacol. (2022) 205:115247. doi: 10.1016/j.bcp.2022.115247 

 33. Chen, M, and Wong, CM. The emerging roles of N6-methyladenosine (M6a) deregulation in liver carcinogenesis. Mol Cancer. (2020) 19:44. doi: 10.1186/s12943-020-01172-y 

 34. Li, D, Li, K, Zhang, W, Yang, KW, Mu, DA, Jiang, GJ , et al. The M6a/M5c/M1a regulated gene signature predicts the prognosis and correlates with the immune status of hepatocellular carcinoma. Front Immunol. (2022) 13:918140. doi: 10.3389/fimmu.2022.918140 

 35. Mok, A, Rhead, B, Holingue, C, Shao, X, Quach, HL, Quach, D , et al. Hypomethylation of CYP2E1 and DUSP22 promoters associated with disease activity and erosive disease among rheumatoid arthritis patients. Arthritis Rheumatol. (2018) 70:528–36. doi: 10.1002/art.40408 

 36. Patel, P, Selvaraju, V, Babu, JR, and Geetha, T. Association of the DNA methylation of obesity-related genes with the dietary nutrient intake in children. Nutrients. (2023) 15:2840. doi: 10.3390/nu15132840 

 37. James, SJ, Melnyk, S, Pogribna, M, Pogribny, IP, and Caudill, MA. Elevation in S-adenosylhomocysteine and dna hypomethylation: potential epigenetic mechanism for homocysteine-related pathology. J Nutr. (2002) 132:2361S–6S. doi: 10.1093/jn/132.8.2361S 

 38. Leclerc, D, Christensen, KE, Reagan, AM, Keser, V, Luan, Y, Malysheva, OV , et al. Folate deficiency and/or the genetic variant Mthfr677C>T can drive hepatic fibrosis or steatosis in mice, in a sex-specific manner. Mol Nutr Food Res. (2024) 68:e2300355. doi: 10.1002/mnfr.202300355


Copyright
 © 2024 Jiang, Ni, Zhao, Gao, Gai, Xiong and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Folic acid protects against isoniazid-induced liver injury via the m6A RNA methylation of cytochrome P450 2E1 in mice



		1 Introduction



		2 Methods



		2.1 Ethics



		2.2 Animal experiment



		2.3 Dosage information



		2.4 Biochemical analyses



		2.5 Liver histological analysis



		2.6 Western blotting



		2.7 Real-time polymerase chain reaction (real-time PCR)



		2.8 DNA and RNA methylation



		2.9 Statistical analysis









		3 Results



		3.1 Effects of FA treatment on INH-induced liver injury



		3.2 Effects of FA on oxidative stress and inflammation levels



		3.3 Effects of FA on CYP2E1 expressions



		3.4 Effects of FA on SAM and SAH



		3.5 Effect of FA on Cyp2e1 methylation



		3.6 Correlations among one-carbon metabolites, CYP2E1, DNA or RNA methylation and liver function indicators









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Folic acid protects against
isoniazid-induced liver injury via

the m®A RNA methylation of
cytochrome P450 2E1 in mice












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






OPS/images/fnut-11-1389684-g005.jpg
A B Do 100%

Total m°A methylation level  mPA abundances of Cyp2e1

15 0.010 *x

g 0008 2 3 oz 3 %
g 5 ooce —O0—00—0-0—
5 E ® -
i oo OO0
H @ 00O
2 A 000
: —O0—060—00—
* CON INH FA ga CON INH FA ¢ O o—@
c CON . . . .
- - -
g -
Few —O0— O o0 —
5 L e ———
5« g o OO
H e 0 0O
f. o 0 O o
: o 0 0O
con| —@ 0 0O
E o o 0 ®
» ° & & & e 0 0O
p P & K >—$—2
S o & & e o000






OPS/images/fnut-11-1389684-g006.jpg
anet [ ®os

Liver SAM 9
Liver SAH -0.5
iver A4
Liver SAM/SAH

Serum SAM
Serum SAH
Serum SAM/SAH.

CpG Position_73 . [
CpG Position_143 .
CpGPosition 19 || . | | .
CpG Position_180
CpG Position_195
Total m®A methylation level
m®A abundances of Cyp2el
ALT
AsT

+GT
‘Total Knodell Score

PSS PLES LS S
5 r&* SEEEEE
BRSO
< S
& S g{’y&ocb
St
&






OPS/images/fnut-11-1389684-g003.jpg
>

Relative mRNA expression

Cypze1

259 #x %

CON INH FA

Adjusted IntDen

CYP2E1
1% Qc CON INH FA CON INH FA
1o
I
os — -
BAC  —— — — — — —
00
CON INH FA





OPS/images/fnut-11-1389684-g004.jpg
12

ng/mL

ng/mg prot

o
kS

o
©

°
N

o

o
°

Serum SAM

CON INH FA

Liver SAM

CON INH FA

12

pmol/L

nmol/mg prot

0.6

o
kS

o
N

Serum SAH

CON INH FA

Liver SAH
*%

CON INH FA

Serum SAM/SAH
2.4

0.8

0.0
CON INH FA

Liver SAM/SAH
12 ks

0.8

0.4

0.0
CON INH FA





OPS/images/fnut-11-1389684-g007.jpg
FA

Liver SAMSAH  Serum SAMSAH ¥

h / Methionine 5-Methyltetrahydrofolate
b k& samt
o o N ¥ )/t
; [
i £
i. i methyl SA"\{

Homocysteine Tetrahydrofolate






OPS/images/fnut-11-1389684-t001.jpg
Target

genes

Cypael

Tfa

I3

b

F4/30

Gapdh

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Sequences

5-GCATCCAAAGAGAGGCACACTTCC-3

5-GCACAGCCAATCAGAAAGGTAGGG-3

5-CACCACGCTCTTCTGTCTACTGAAC-3'

AGATGATCTGAGTGTGAGGGTCTGG-3

5-CTTCTTGGGACTGATGCTGGTGAC-3'

5 TCTGTTGGGAGTGGTATCCTCTGTG-3

5-CACTACAGGCTCCGAGATGAACAAC-3'

5-TGTCGTTGCTTGGTTCTCCTTGTAC-Y

5-TTCCTGCTGTGTCGTGCTGTTC 3

5-GCCGTCTGGTTGTCAGTCTTGTC-3"

5-GACATGCCGCCTGGAGAAAC-3'

5-AGCCCAGGATGCCCTTTAGT-3





OPS/images/fnut-11-1389684-g001.jpg
-+ CoN
ALT AST Y67 - INH
200, L] 2% 2. Y

16
3

Weight (g)

o o
CON INH FA CON INH FA CON INH FA

Time (d)
D Knodell Score






OPS/images/fnut-11-1389684-g002.jpg
nmolimg prot

°
3

Liver MDA

CON INH FA

Relative mRNA expression

Tnfa

== CON
= INH
- A





