Name of Journal: World Journal of Gastroenterology
[bookmark: _Hlk5632321]Manuscript NO: 47797
Manuscript Type: ORIGINAL ARTICLE

Basic Study
Trimethylamine N-oxide attenuates high-fat high-cholesterol diet-induced steatohepatitis by reducing hepatic cholesterol overload in rats

Zhao ZH et al. TMAO attenuates steatohepatitis in rats

Ze-Hua Zhao, Feng-Zhi Xin, Da Zhou, Ya-Qian Xue, Xiao-Lin Liu, Rui-Xu Yang, Qin Pan, Jian-Gao Fan

Ze-Hua Zhao, Feng-Zhi Xin, Da Zhou, Xiao-Lin Liu, Rui-Xu Yang, Qin Pan, Jian-Gao Fan, Center for Fatty Liver, Department of Gastroenterology, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai 200092, China

Ya-Qian Xue, CAS Key Laboratory of Nutrition, Metabolism and Food Safety, Shanghai Institute of Nutrition and Health, Shanghai Institutes for Biological Sciences, University of Chinese Academy of Sciences, Chinese Academy of Sciences, Shanghai 200031, China

Jian-Gao Fan, Shanghai Key Lab of Pediatric Gastroenterology and Nutrition, Shanghai 200092, China

ORCID number: Ze-Hua Zhao (0000-0002-3708-8881); Feng-Zhi Xin (0000-0001-9674-0481); Da Zhou (0000-0001-8838-1351); Ya-Qian Xue (0000-0001-8641-8616); Xiao-Lin Liu (0000-0003-4560-7589); Rui-Xu Yang (0000-0001-9384-6408); Qin Pan (0000-0001-5855-4952); Jian-Gao Fan (0000-0001-7443-5056).

Author contributions: Zhao ZH, Pan Q, and Fan JG contributed to the experimental design; Zhao ZH, Xin FZ, Zhou D, Xue YQ, Liu XL, and Yang RX contributed to the acquisition and analysis of data; Fan JG and Zhou D obtained the funding; Zhao ZH and Fan JG wrote the manuscript.

Supported by National Key R and D Program of China, No. 2017YFC0908903; National Natural Science Foundation of China, No. 81873565, No. 81470840, and No. 81800510; and Shanghai Sailing Program, No. 18YF1415900.

Institutional review board statement: This study was approved by the institutional review board of Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine.

Institutional animal care and use committee statement: The study was approved by the Institutional Animal Care and Use Committee of Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine.

Conflict-of-interest statement: The authors declare that they have no conflict of interest.

Data sharing statement: No additional data are available.

ARRIVE guidelines statement: The ARRIVE Guidelines have been adopted.

Open-Access: This article is an open-access article which was selected by an in-house editor and fully peer-reviewed by external reviewers. It is distributed in accordance with the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/

Manuscript source: Unsolicited manuscript

Corresponding author: Jian-Gao Fan, MD, PhD, Chief Doctor, Professor, Center for Fatty Liver, Department of Gastroenterology, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai Key Lab of Pediatric Gastroenterology and Nutrition, 1665 Kong Jiang Road, Shanghai 200092, China. fanjiangao@xinhuamed.com.cn
Telephone: +86-21-2507-7340
Fax: +86-21-2507-7340

[bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK269][bookmark: OLE_LINK239]Received: March 28, 2019
Peer-review started: March 28, 2019
First decision: April 11, 2019
Revised: May 7, 2019
Accepted: May 8, 2019 
Article in press: May 8, 2019
Published online: May 28, 2019



Abstract
BACKGROUND
Trimethylamine N-oxide (TMAO) has been shown to be involved in cardiovascular disease (CVD). However, its role in nonalcoholic steatohepatitis (NASH) is unknown.

AIM
To determine the effect of TMAO on the progression of NASH.

METHODS
A rat model was induced by 16-wk high-fat high-cholesterol (HFHC) diet feeding and TMAO was administrated by daily oral gavage for 8 wk.

RESULTS
[bookmark: _Hlk5194913]Oral TMAO intervention attenuated HFHC diet-induced steatohepatitis in rats. Histological evaluation showed that TMAO treatment significantly alleviated lobular inflammation and hepatocyte ballooning in the livers of rats fed an HFHC diet. Serum levels of alanine aminotransferase and aspartate aminotransferase were also decreased by TMAO treatment. Moreover, hepatic endoplasmic reticulum (ER) stress and cell death were mitigated in HFHC diet-fed TMAO-treated rats. Hepatic and serum levels of cholesterol were both decreased by TMAO treatment in rats fed an HFHC diet. Furthermore, the expression levels of intestinal cholesterol transporters were detected. Interestingly, cholesterol influx-related Niemann-Pick C1-like 1 was downregulated and cholesterol efflux-related ABCG5/8 were upregulated by TMAO treatment in the small intestine. Gut microbiota analysis showed that TMAO could alter the gut microbial profile and restore the diversity of gut flora.

CONCLUSION
These data suggest that TMAO may modulate the gut microbiota, inhibit intestinal cholesterol absorption, and ameliorate hepatic ER stress and cell death under cholesterol overload, thereby attenuating HFHC diet-induced steatohepatitis in rats. Further studies are needed to evaluate the influence on CVD and define the safe does of TMAO treatment.
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Core tip: The function of trimethylamine N-oxide (TMAO) in nonalcoholic steatohepatitis (NASH) remains unexplored. We investigated the effect of oral TMAO administration on the progression of NASH in a rat model induced with a high-fat high-cholesterol (HFHC) diet. This study demonstrated for the first time that the gut microbial metabolite TMAO restores gut microbiota diversity, inhibits intestinal cholesterol absorption, and reduces hepatic cholesterol overload, thus attenuating cholesterol-induced endoplasmic reticulum stress and hepatocyte cell death. These functions facilitate the protection of TMAO against HFHC diet-induced steatohepatitis in rats. 
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) has emerged as a leading cause of chronic liver diseases worldwide, affecting about a quarter of the adult population[1,2]. Nonalcoholic steatohepatitis (NASH) is a serious subtype, which can progress to end-stage liver diseases such as cirrhosis and hepatocellular carcinoma without effective intervention. The pathogenesis of NASH is considered to be multifactorial, and the role of gut microbiota has attracted increasing attention over the past decade[3,4]. Evidence has accumulated suggesting that many effects of the gut microbiota are mediated by metabolites produced by the gut commensal bacteria utilizing dietary nutrients[5]. For example, short-chain fatty acids derived from dietary fibers are shown to regulate metabolic processes and the inflammatory response, and thus may exert a beneficial impact on NASH[4,6].
Trimethylamine N-oxide (TMAO) is a metabolite produced by the host in cooperation with the gut microbiota. Dietary choline and L-carnitine can serve as precursors and be degraded by gut commensal bacteria to produce trimethylamine which is absorbed and further metabolized into TMAO by hepatic flavin-containing monooxygenase 3[7]. Further, fish consumption also contributes to the presence and elevation of circulating TMAO as fish meat is enriched in TMAO. Recent studies have established a link between TMAO and cardiovascular disease (CVD). It has been shown that plasma levels of TMAO are positively associated with the risk of adverse cardiovascular events[8]. Moreover, several studies have found that TMAO can promote the initiation and progression of CVD[9-12]. On the other hand, beneficial roles of TMAO in diabetic peripheral neuropathy, glucose tolerance, and arterial hypertension have also been reported[13-15]. Despite the debate on the function of TMAO in CVD and diabetes, its role in NASH has not been determined.
In this study, we investigated the role of TMAO in a rat model of high-fat high-cholesterol (HFHC) diet-induced steatohepatitis. This in vivo study demonstrated that oral TMAO administration improved the histological alterations in HFHC diet-induced steatohepatitis. TMAO alleviated hepatic endoplasmic reticulum (ER) stress and cell death to attenuate liver injury in rats. The expression levels of intestinal cholesterol transporters were altered and hepatic cholesterol overload was reduced by TMAO intervention. TMAO treatment was sufficient to restore the depleted diversity of gut microbiota induced by an HFHC diet.

MATERIALS AND METHODS
Animal model and diets
Male Sprague-Dawley rats at six weeks of age were purchased from Shanghai Laboratory Animal Co. Ltd. (Shanghai, China). Rats were fed a standard chow diet or an HFHC diet[16,17] (fat 33 kcal%, carbohydrates 50 kcal%, protein 17 kcal%, and 2% cholesterol; TrophicDiet, Nantong, China) for 8 wk. Then, the rats fed with a chow diet or HFHC diet were randomly divided into two groups and treated with TMAO (120 mg/kg/day) (cat. 317594, Sigma-Aldrich, St. Louis, MO, United States) or vehicle (phosphate buffered saline, Corning, NYC, NY, United States) by gavage once daily for 8 wk. All rats were housed under a 12:12-h light/dark cycle at a controlled temperature. All animal experimental protocols were approved by the Institutional Animal Care and Use Committee of Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine.

Histological analysis
At the end of the 16th wk, the rats were fasted overnight and were euthanized with pentobarbital before the tissues were harvested in the morning. Livers were fixed in 10% phosphate-buffered formalin acetate at 4 °C overnight and embedded in paraffin wax. Paraffin sections were cut and mounted on glass slides for hematoxylin and eosin (H&E) staining. Histological alterations were evaluated based on the steatosis, activity, and fibrosis (SAF) scoring system[18].

Immunoblotting analysis
[bookmark: OLE_LINK857][bookmark: OLE_LINK858]Immunoblotting analysis was performed as previously described[6]. Briefly, rat liver tissues were homogenized and lysed at 4 °C in a lysis buffer (50 mM Tris-HCl, pH 8.0, 1% (v/v) Nonidet P-40, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 2 μg/mL aprotinin, 5 μg/mL leupeptin, and 1 μg/mL pepstatin), and the supernatant was used for immunoblotting. The protein concentrations in the cell lysates were measured using the BCA method. Protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electrophoretically transferred to polyvinylidene difluoride membranes (BIO-RAD, Hercules, CA, United States). The membranes were blocked with 5% nonfat milk in Tris-buffered saline with 0.1% Tween 20 (TBST) and incubated with specific primary antibodies, followed by incubation with horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, United States). Immunoblots were visualized with a LumiGLO chemiluminescence detection kit (Cell Signaling Technology, Beverly, MA, United States). The intensity of bands was quantified using ImageJ (National Institutes of Health, Bethesda, MD, United States). Antibodies against phospho-JNK (cat. 9251), C/EBP homologous protein (CHOP) (cat. 2895), cleaved Caspase-3 (cat. 9664), and binding immunoglobulin protein (BiP) (cat. 3177) were from Cell Signaling Technology (Beverly, MA). Antibody against JNK (cat. 610628) was from BD Biosciences (San Jose, CA, United States). Antibody against β-actin (cat. sc-69879) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, United States).

RNA isolation and quantitative RT-PCR analysis
Liver tissues were homogenized in TRIzol Reagent (Life Technologies, Carlsbad, CA, United States). The quantity and quality of extracted RNA were assessed using NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE, United States). The 260/280 and 260/230 ratios were used for RNA purity assessment[19]. The total RNA was then reverse transcribed to cDNA using SuperScript II reverse transcriptase (Life Technologies, Carlsbad, CA, United States) and Oligo dT. The resulting cDNA was subjected to real-time PCR with gene-specific primers in the presence of SYBR Green Master Mix (Yeasen, Shanghai, China) using the StepOnePlus Real-Time PCR System (Applied Biosystems, Waltham, MA, United States). The following primer sequences were used: CCCCAAACTCCCTCATAAGCA (forward) and TATCCCCCAACAGCAAGGAAG (reverse) for rat Niemann-Pick C1-like 1 (NPC1L1); AAAAGGCTGCTGATTGCCC (forward) and GCAGGACAATCTGAGCAAAGAA (reverse) for rat ATP-binding cassette transporter A1 (ABCA1); TTGGCCCCTCACTTAATTGGA (forward) and GGACCATACCAAGCAGCACAAG (reverse) for rat ABCG5; ACTGCCATGGACCTGAACTCA (forward) and GCTGATGCCAATGACGATGA (reverse) for rat ABCG8; GGGCAGCCCAGAACATCAT (forward) and CCAGTGAGCTTCCCGTTCAG (reverse) for rat GAPDH. The amplification procedure was as follows: The initial step was 95 °C for 5 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. Data were analyzed using the ΔΔCT threshold cycle method. The mRNA levels of genes were normalized to those of GAPDH and are presented as relative levels to the control.

Gut microbiota analysis
Fecal samples were collected immediately upon defecation and stored at - 80 °C. Fecal DNA was extracted from fecal samples using the TIANamp Stool DNA Kit (Tiangen, Beijing, China) according to the manufacturer’s protocols. The quality and quantity of DNA were verified with NanoDrop (Thermo Fisher Scientific, Wilmington, DE, United States) and by agarose gel electrophoresis. Extracted DNA was diluted to a concentration of 1 ng/μL and stored at - 20 °C until further processing. The V4-V5 region of the bacterial 16S ribosomal RNA gene was amplified by PCR. Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions and quantified using QuantiFluor™-ST (Promega, Wisconsin, USA). Purified amplicons were pooled at equimolar concentrations and sequenced on an Illumina MiSeq Platform (Illumina, San Diego, CA, United States) according to standard protocols. Raw sequencing data were in FASTQ format. Paired-end reads were then preprocessed using Trimmomatic software[20] to detect and cut off ambiguous bases. After trimming, paired-end reads were assembled using FLASH software[21]. Clean reads were subjected to primer sequence removal and clustering to generate operational taxonomic units using Vsearch software with a 97% similarity cutoff[22]. All representative reads were annotated and blasted against Silva database using RDP classifier (confidence threshold, 70%).

Statistical analysis
Data are expressed as the mean ± SE. Statistical significance was evaluated using the unpaired two-tailed Student's t-test or nonparametric tests and among more than two groups by analysis of two-way ANOVA. Differences were considered significant at a P value < 0.05.

RESULTS
TMAO attenuates histological alterations without affecting body weight in HFHC diet-induced steatohepatitis
We first examined the effect of TMAO on metabolic parameters in rats fed an HFHC diet. Food intake was similar in the four groups (data not shown) and the body weight curves showed that TMAO treatment had little effect on the body weight (Figure 1B). The body weight at sacrifice was greatly increased in HFHC diet-fed rats. However, there was no significant difference between the TMAO-treated and vehicle-treated groups (Figure 1C). The liver index (liver weight/body weight × 100%) and epididymal white adipose tissue (eWAT) index (eWAT weight/body weight × 100%) were measured. Compared to the Chow + Vehicle group, the liver index and eWAT index were both increased in the HFHC + Vehicle group. Although the liver index was decreased by TMAO treatment in HFHC diet-fed rats, the eWAT index was not significantly changed in the TMAO-treated groups (Figure 1D and E). We further evaluated the effect of TMAO intervention on hepatic histological alterations in rats. H&E staining results showed that TMAO treatment had no effect in the chow diet-fed rats. Steatohepatitis was induced by HFHC diet feeding for 16 wk, as manifested by the presence of moderate to severe hepatic steatosis with lobular inflammation and hepatocyte ballooning, and TMAO treatment significantly improved the hepatic histological alterations in HFHC diet-fed rats. The HFHC diet-induced hepatic steatosis was mildly attenuated and the hepatic inflammation and hepatocyte ballooning were greatly alleviated by TMAO intervention (Figure 1F). These results suggest that TMAO treatment can significantly attenuate the histological alterations of steatohepatitis, while hardly affecting body weight gain and adiposity in rats fed an HFHC diet.

TMAO leads to reduced activity and serological improvement in HFHC diet-induced steatohepatitis
To further elucidate the effect of TMAO on HFHC diet-induced steatohepatitis, we semiquantified the histological alterations utilizing the SAF scoring system[18]. As shown in Figure 2A, the SAF score was significantly decreased by TMAO intervention in HFHC diet-fed rats. The activity score, which comprises lobular inflammation and hepatocyte ballooning, was mostly improved by TMAO treatment (Figure 2C), while the improvements in steatosis and fibrosis were not significant (Figure 2B and D). Moreover, serum levels of liver enzymes were measured. In HFHC diet-fed rats, serum levels of alanine transaminase and aspartate transaminase were greatly decreased by TMAO treatment while alkaline phosphatase was not significantly changed (Figure 2B-D), suggesting that TMAO attenuates hepatic inflammation and liver injury caused by HFHC diet feeding.

TMAO improves liver injury by alleviating hepatic ER stress and cell death
Cell death under hyperactive ER stress is a major cause of liver injury in NASH[23]. Therefore, we explored the effect of TMAO on hepatic ER stress and cell death in rats fed an HFHC diet. The hepatic protein levels of BiP and CHOP were greatly induced in the HFHC + Vehicle group, and were significantly inhibited by TMAO treatment, suggesting that TMAO can mitigate hepatic ER stress in HFHC diet-fed rats (Figure 3A-C). Furthermore, HFHC diet-induced increase in hepatic phosphorylated c-Jun N-terminal kinase (JNK) and cleaved caspase-3 was also decreased by TMAO treatment (Figure 3A, D and E), indicating that cell death is alleviated by TMAO intervention. Taken together, these data show that TMAO can alleviate HFHC diet-induced liver injury by inhibiting hepatic ER stress and cell death.

TMAO reduces hepatic cholesterol overload and improves the serum lipid profile in HFHC-fed rats
The pathogenic role of cholesterol in liver injury and inflammation has been demonstrated in the context of NASH[24]. Therefore, hepatic and serum levels of cholesterol were detected in rats. As shown in Figure 4A, the hepatic level of cholesterol was strikingly induced by an HFHC diet and significantly decreased by TMAO intervention. Similarly, serum levels of cholesterol and low-density lipoprotein were greatly decreased by TMAO treatment in rats fed an HFHC diet (Figure 4B and C), while serum level of high-density lipoprotein was not significantly changed in the TMAO-treated groups (Figure 4D). Notably, serum levels of bile acids were also greatly deceased by TMAO treatment in HFHC diet-fed rats (Figure 4E), whereas serum level of triglycerides was not significantly altered by TMAO (Figure 4F). These results imply a decreased overall cholesterol pool in HFHC diet-fed TMAO-treated rats.

TMAO alters the expression of intestinal cholesterol transporters to inhibit cholesterol absorption
[bookmark: OLE_LINK8]We next determined the effect of TMAO on intestinal cholesterol absorption. The expression levels of cholesterol transporters in the small intestine were detected. The expression level of NPC1L1, which is a key protein mediating the transportation of cholesterol from the gut lumen into enterocytes, was downregulated in the small intestine of HFHC diet-fed rats (Figure 5A, E, and I) and further decreased by TMAO treatment in the jejunum (Figure 5E) and ileum (Figure 5I). Furthermore, the expression levels of ATP-binding cassette subfamily G member 5 (ABCG5) and ABCG8, which facilitate the excretion of intracellular cholesterol into the gut lumen, were upregulated in the small intestine of HFHC diet-fed rats and further increased by TMAO treatment (Figure 5C, D, G, H, K, and L). The expression level of ABCA1, which mediates the efflux of intracellular cholesterol into the bloodstream, was not significantly altered by an HFHC diet and TMAO treatment (Figure 5B, F and J). Taken together, these data demonstrate that TMAO treatment alters the expression of cholesterol transporters in the small intestine to inhibit intestinal cholesterol absorption, reducing hepatic cholesterol overload in rats fed an HFHC diet.

TMAO restores the diversity of the gut microbiota in rats fed an HFHC diet
[bookmark: OLE_LINK10]Gut microbiota dysbiosis is frequently observed in patients with NAFLD and is considered to contribute to the pathogenesis of NASH[25,26]. We collected fecal samples at the end of the study (i.e., week 16) and performed 16S rRNA sequencing to examine the effect of TMAO on the gut microbial profile. As shown in Figure 6A, principal coordinate analysis and nonmetric multidimensional scaling analysis revealed that oral TMAO administration caused a major shift in the overall structure of the gut microbiota in both chow diet-fed and HFHC diet-fed rats. The depleted alpha diversity of the gut flora is a hallmark in multiple metabolic diseases, including NAFLD[27,28]. Therefore, we determined the effect of TMAO on the alpha diversity of the gut microbiota based on the Shannon and Simpson measurements. The rarefaction curve (Figure 6B) and index bar (Figure 6C) of the Shannon measurement both showed a restoration of alpha diversity with TMAO intervention in HFHC-fed rats. Similar results were observed when applying the Simpson measurement (Figure 6D and E). Next, we performed linear discriminant analysis coupled with effect size measurements to discriminate the altered gut bacteria by TMAO treatment. Compared to the HFHC + Vehicle group, an increased abundance of several families such as Rikenellaceae and Porphyromonadaceae, and genera such as Alistipes and Turicibacter, and a decreased abundance of several families such as Aerococcaeae and Lachnospiraceae were observed in the HFHC + TMAO group (Figure 6F). Moreover, we applied the PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) method to predict functional alterations of the gut microbiota by an HFHC diet and TMAO treatment. As shown in Figure 6G, TMAO partially reversed the HFHC diet-induced alterations of pathways related to nutrient and energy metabolism, suggesting the improved microbial profile by TMAO may facilitate the restoration of energy homeostasis under nutrients overload conditions. Taken together, these findings suggest that TMAO can regulate the structure of the gut microbiota and restore the depleted diversity under HFHC diet feeding conditions.

DISCUSSION
Although TMAO has been shown to be involved in the pathogenesis of CVD, its role in NASH remains undetermined. We demonstrated, for the first time, that oral TMAO administration restored the diversity of gut flora, inhibited intestinal cholesterol absorption, reduced hepatic cholesterol overload, and attenuated ER stress and cell death induced liver injury, which contributed to the histological and serological improvements of NASH in HFHC diet-fed rats.
One of the most important finding of this study is the identification of an important role of TMAO in cholesterol metabolism and metabolic stress under cholesterol overload. ER is a major storage organelle of intracellular cholesterol. Disruption of cholesterol homeostasis and excess cholesterol challenge will disrupt the physiological function of ER to correctly fold and modify proteins, resulting in ER stress. Under this circumstance, the unfolded protein response is activated to protect against ER stress, and if the adaptive reactions fail to compensate, apoptosis will be induced[29]. Our data show that hepatic ER stress and cell death were decreased by TMAO intervention. This may be due to the reduction of hepatic cholesterol by TMAO treatment. TMAO may also serve as a chemical chaperone to facilitate protein folding and stabilize protein structure and directly alleviate ER stress. Several studies have proposed that the alleviation of ER stress by TMAO may mediate the beneficial roles of TMAO[13,14]. To further verify the direct effect of TMAO on ER stress in hepatocytes, in vitro assays will be needed in future studies.
Our study also showed that oral TMAO administration altered the expression levels of cholesterol transporters in the small intestine, especially in the jejunum and ileum. The downregulated NPC1L1 and upregulated ABCG5/8 in the TMAO-treated group could lead to decreased intestinal cholesterol absorption from the diet. It is interesting that the effect of TMAO on the expression of intestinal cholesterol transporters was magnified under HFHC-diet feeding conditions. A possible explanation is that activated adaptive regulation of intestinal cholesterol transporters under high cholesterol influx conditions synergizes with TMAO functions. Moreover, it has also been demonstrated that dietary TMAO supplementation can cause a 26% reduction in intestinal cholesterol absorption under normal chow diet feeding conditions[10], which partially supports our findings in the context of HFHC diet-induced steatohepatitis.
Another finding of our study is that TMAO restored the diversity of gut commensal bacteria in rats fed an HFHC diet. Gut dysbiosis is a hallmark of NAFLD and NASH, in which reduced diversity of gut bacteria is an important characteristic[25,30]. Gut dysbiosis leads to gut bacteria translocation due to the impaired intestinal barrier and increased production of harmful microbial metabolites such as lipopolysaccharide and endogenous ethanol, which contribute to the pathogenesis and progression of NAFLD and NASH[31]. The restoration of the gut microbiota diversity by TMAO may mediate its beneficial role in HFHC diet-induced steatohepatitis. It has been demonstrated that bile acids have a great impact on the composition of the gut microbiota[32,33]. Bile acids can directly impair membrane integrity, cause oxidative stress, damage DNA structure, and indirectly sabotage microbial growth via the intestinal farnesoid X receptor, leading to an overall negative effect on the gut bacteria[34,35]. On the other hand, TMAO has been shown to inhibit bile acid synthesis by downregulating Cyp7A1 and Cyp27A1, which results in a reduced total bile acid pool size[10]. In agreement with this finding, a decreased serum level of bile acids in TMAO-treated rats was also observed in our study. Taken together, these findings suggest that TMAO may restore gut microbial diversity by affecting bile acid metabolism. Nevertheless, further studies are needed to determine the direct and indirect effects of TMAO on the gut microbial profile.
There are some limitations to the present study. First, the potential harmful effect of TMAO on the cardiovascular system was not excluded in our study. However, it has been shown that TMAO treatment at lower doses may not exert negative effects on the circulatory system[15]. The minimal effective dose of TMAO in the NASH intervention will be defined in our further study. Second, the contribution of improved gut microbial profile to the attenuation of HFHC diet-induced steatohepatitis by TMAO treatment was not fully illuminated. More investigations concerning the effect of TMAO on gut microbiota and metabolic consequences are needed. Third, the direct targets and exact mechanism of the regulation of intestinal cholesterol absorption by TMAO need to be further explored.
In conclusion, the current study demonstrates that the gut microbial metabolite TMAO restores the diversity of gut flora, inhibits intestinal cholesterol absorption, and reduces hepatic cholesterol overload, leading to the attenuation of cholesterol-induced hepatic ER stress and cell death. These functions facilitate the protection of TMAO against HFHC diet-induced steatohepatitis in rats. Our data highlight the important role of TMAO in cholesterol metabolism and its beneficial effect on metabolic stress under cholesterol overload. The safety of TMAO treatment for CVD should be further evaluated and the effective dose of TMAO in the NASH intervention should be further defined.

[bookmark: _Hlk5627588]ARTICLE HIGHLIGHTS
Research background
The gut microbial metabolites have been shown to be mediators in the gut-liver axis and play important role in non-alcoholic fatty liver disease. Trimethylamine N-oxide (TMAO) is a gut microbial metabolite derived from dietary choline and L-carnitine and is implied to be involved in the pathogenesis of cardiovascular disease.

Research motivation
Although the gut microbiota has long been found to play important roles in maintaining health, its function and regulation pathways are largely unknown. The gut microbial metabolites are considered to mediate the interaction between the gut commensal bacteria and the host. Exploring the function of gut microbial metabolites may help develop novel therapeutic approaches.

Research objectives
The main objective of the present study was to explore the function of TMAO in the progression of NASH and identify the targets and mechanisms underlying the effect of TMAO.

Research methods
A rat model of NASH was induced by high-fat high-cholesterol (HFHC) diet feeding for 16 wk. TMAO was orally administrated daily for 8 wk. Histological analysis was performed to evaluate the effect of TMAO on steatohepatitis. Hepatic and serum lipid profiles were measured. Endoplasmic reticulum (ER) stress-related pathways were detected by Western blot and expression levels of intestinal cholesterol transporters were detected by qRT-PCR. 16s rDNA sequencing was preformed to examine the effect of TMAO on gut microbial profile.

Research results
Oral TMAO administration significantly improved the histological and serological alterations in HFHC diet-induced steatohepatitis. Hepatic ER stress and cell death were ameliorated by TMAO treatment. Both hepatic and serum levels of cholesterol were decreased by TMAO intervention. The expression levels of intestinal cholesterol transporters were altered by TMAO treatment. And the diversity of gut microbial profile was restored by TMAO treatment.

Research conclusions
Under HFHC diet feeding conditions, TMAO inhibits intestinal cholesterol absorption, attenuates hepatic cholesterol overload, and alleviates ER stress mediated liver injury, which leads to the protective role of TMAO in HFHC diet-induced steatohepatitis in rats.

Research perspectives
The minimal effective dose of TMAO treatment needs to be defined to avoid the potential harmful effect of TMAO on the cardiovascular system in future studies.
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Figure 1 Trimethylamine N-oxide attenuates histological alterations with little effect on body weight in high-fat high-cholesterol diet-induced steatohepatitis. Six-week-old male rats were fed a high-fat high-cholesterol diet for 8 wk and then gavaged with trimethylamine N-oxide (120 mg/kg/day) once daily for 8 wk. Rats were sacrificed at the end of the 16th wk. A: Schematic illustration showing the design of the in vivo experiment; B: The body weight curves; C: The body weight at the 16th wk before sacrifice; D: The liver index; E: Epididymal white adipose tissue index; F: Representative hematoxylin and eosin staining of liver tissue. The data are presented as the mean ± SE (n = 10-14). aP < 0.05, vs rats fed a chow diet; bP < 0.01, vs rats fed a chow diet; cP < 0.05, vs rats fed a high-fat high-cholesterol diet; dP < 0.01, vs rats fed a high-fat high-cholesterol diet. eWAT: Epididymal white adipose tissue; TMAO: Trimethylamine N-oxide; HFHC: High-fat high-cholesterol.
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Figure 2 Trimethylamine N-oxide reduces the activity of steatohepatitis and improves the serological alterations in rats fed a high-fat high-cholesterol diet. A: The steatosis, activity, and fibrosis scores; B: The scores of steatosis; C: The scores of activity; D: The scores of fibrosis; E: Serum levels of alanine transaminase; F: Serum levels of aspartate transaminase; G: Serum levels of alkaline phosphatase. The data are presented as the mean ± SE (n = 8-10). aP < 0.05, vs rats fed a chow diet; bP < 0.01, vs rats fed a chow diet; cP < 0.05, vs rats fed a high-fat high-cholesterol diet; dP < 0.01, vs rats fed a high-fat high-cholesterol diet. SAF: Steatosis, activity, and fibrosis; ALT: Alanine transaminase; AST: Aspartate transaminase; ALP: Alkaline phosphatase; TMAO: Trimethylamine N-oxide; HFHC: High-fat high-cholesterol.
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Figure 3 Trimethylamine N-oxide alleviates liver injury by mitigating hepatic endoplasmic reticulum stress and cell death in rats fed a high-fat high-cholesterol diet. A: Representative immunoblots from three rats in each group; B-E: Densitometric quantification from three rats in each group. Relative protein levels normalized to β-actin except for phosphorylated c-Jun N-terminal kinase (JNK), which was normalized to endogenous JNK. The data are presented as the mean ± SE (n = 3). aP < 0.05, vs rats fed a chow diet; bP < 0.01, vs rats fed a chow diet; cP < 0.05, vs rats fed a high-fat high-cholesterol diet; dP < 0.01, vs rats fed a high-fat high-cholesterol diet. JNK: c-Jun N-terminal kinase; TMAO: Trimethylamine N-oxide; HFHC: High-fat high-cholesterol.
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Figure 4 Trimethylamine N-oxide reduces hepatic cholesterol overload and improves serum lipid profile in rats fed a high-fat high-cholesterol diet. A: Hepatic levels of cholesterol; B: Serum levels of cholesterol; C: Serum levels of low-density lipoprotein; D: Serum levels of high-density lipoprotein; E: Serum levels of bile acids; F: Serum levels of triglycerides. The data are presented as the mean ± SE (n = 8-10). aP < 0.05, vs rats fed a chow diet; bP < 0.01, vs rats fed a chow diet; cP < 0.05, vs rats fed a high-fat high-cholesterol diet; dP < 0.01, vs rats fed a high-fat high-cholesterol diet. LDL: Low-density lipoprotein; HDL: High-density lipoprotein; TMAO: Trimethylamine N-oxide; HFHC: High-fat high-cholesterol.
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Figure 5 Trimethylamine N-oxide modulates the expression of intestinal cholesterol transporters to inhibit cholesterol absorption in rats fed a high-fat high-cholesterol diet.
A-D: Expression levels of cholesterol transporters in the duodenum; E-H: Expression levels of cholesterol transporters in the jejunum; I-L: Expression levels of cholesterol transporters in the ileum. The data are presented as the mean ± SE (n = 7-8). aP < 0.05, vs rats fed a chow diet; bP < 0.01, vs rats fed a chow diet; cP < 0.05, vs rats fed a high-fat high-cholesterol diet; dP < 0.01, vs rats fed a high-fat high-cholesterol diet. TMAO: Trimethylamine N-oxide; HFHC: High-fat high-cholesterol; NPC1L1: Niemann-Pick C1-Like 1; ABCA1: ATP-binding cassette transporter A1; ABCG: ATP-binding cassette subfamily G member.
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[bookmark: OLE_LINK9]Figure 6 Diversity of gut microbiota is restored by trimethylamine N-oxide treatment in rats fed a high-fat high-cholesterol diet. A: The beta diversity of the gut microbiota (n = 4); B: The rarefaction curve of the Shannon measurement (n = 4); C: Index bar of the Shannon measurement (n = 4); D: The rarefaction curve of the Simpson measurement (n = 4); E: Index bar of the Simpson measurement (n = 4); F: Linear discriminant analysis coupled with effect size measurements analysis (n = 4); G: Prediction of the functional genes in the sampled bacterial community using phylogenetic investigation of communities by reconstruction of unobserved states (n = 4). aP < 0.05, vs rats fed a chow diet; bP < 0.01, vs rats fed a chow diet; cP < 0.05, vs rats fed a high-fat high-cholesterol diet; dP < 0.01, vs rats fed a high-fat high-cholesterol diet. TMAO: Trimethylamine N-oxide; HFHC: High-fat high-cholesterol.
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