

[image: image1]
Naringin Attenuates High Fat Diet Induced Non-alcoholic Fatty Liver Disease and Gut Bacterial Dysbiosis in Mice
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The incidence of non-alcoholic fatty liver disease (NAFLD) is rising annually, and emerging evidence suggests that the gut bacteria plays a causal role in NAFLD. Naringin, a natural flavanone enriched in citrus fruits, is reported to reduce hepatic lipid accumulation, but to date, no investigations have examined whether the benefits of naringin are associated with the gut bacteria. Thus, we investigated whether the antilipidemic effects of naringin are related to modulating the gut bacteria and metabolic functions. In this study, C57BL/6J mice were fed a high-fat diet (HFD) for 8 weeks, then fed an HFD with or without naringin administration for another 8 weeks. Naringin intervention reduced the body weight gain, liver lipid accumulation, and lipogenesis and attenuated plasma biochemical parameters in HFD-fed mice. Gut bacteria analysis showed that naringin altered the community compositional structure of the gut bacteria characterized by increased benefits and fewer harmful bacteria. Additionally, Spearman’s correlation analysis showed that at the genus level, Allobaculum, Alloprevotella, Butyricicoccus, Lachnospiraceae_NK4A136_group, Parasutterella and uncultured_bacterium_f_Muribaculaceae were negatively correlated and Campylobacter, Coriobacteriaceae_UCG-002, Faecalibaculum and Fusobacterium were positively correlated with serum lipid levels. These results strongly suggest that naringin may be used as a potential agent to prevent gut dysbiosis and alleviate NAFLD.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a common, multifactorial, and poorly understood liver disease whose incidence is rising globally. NAFLD is mainly involved with unhealthy dietary patterns and lifestyles (Aron-Wisnewsky et al., 2020). Accumulating evidence demonstrates that cardiovascular diseases and type II diabetes are closely associated with NAFLD progression, placing an increasing burden on society (Petta et al., 2015). Although often clinically silent, NAFLD can progress to non-alcoholic steatohepatitis, cirrhosis and end-stage liver disease over time (Pais et al., 2016). NAFLD-related liver failure has become the second leading cause of liver transplantation in western countries (Glass et al., 2020). Lifestyle modification is the mainstay of treatment, including dietary changes and exercise, with the primary goal being weight loss. Developing medicines and nutritional foods to prevent NAFLD remains a challenge for all scientists (Zhang et al., 2016).

Non-alcoholic fatty liver disease development and progression depends on pathologic accumulation of lipid droplets within hepatocytes (Yan et al., 2014; Lei et al., 2020). At the molecular level, sterol regulatory element binding protein 1 (Srebp1) is a key lipogenic transcription factor that directly regulates the expressions of lipid synthesis rate-limiting enzymes, including fatty acid synthase (Fas), acetyl-CoA carboxylase (Acc), and stearoyl-CoA desaturase 1 (Scd1), and lipid uptake-related genes, such as CD36, leading to hepatic lipid accumulation (Guo et al., 2018; Zhou et al., 2020). Importantly, expression levels of these genes in the liver are upregulated in NAFLD-model mice, suggesting a crucial role of lipid synthesis in hepatic steatosis (Fu et al., 2018; Zhang et al., 2020).

Scholars have recently begun studying the gut bacteria to understand NAFLD development and progression. The gut bacteria affects lipid metabolism and lipid levels in blood and tissues, both in mice and humans (Yin et al., 2018; Schoeler and Caesar, 2019). Transplanting the gut bacteria isolated from high-fat diet (HFD)-induced obese donors to germ-free animals led to increases in body weight and metabolic syndrome in the recipient mice (Turnbaugh et al., 2008). In addition, germ-free mice devoid of a gut bacteria are resistant to diet-induced obesity, steatosis, and insulin resistance (Le Roy et al., 2013). Therefore, determining the gut bacteria composition may help predict NAFLD severity and suggest novel therapeutic targets (Boursier et al., 2016).

Naringin (NAR), a principal flavanone enriched in citrus fruits, appears to reduce hepatic lipid accumulation (Raffoul-Orozco et al., 2018; Zhou et al., 2019), giving it great therapeutic potential for treating NAFLD. NAR is reported to exhibit antihyperglycemic and antioxidant properties (Ahmed et al., 2017; Rotimi et al., 2018). However, the mechanisms by which NAR acts on lipid accumulation remain unclear. Daily consumption of orange (which contains hesperidin and NAR) may positively affect the gut microbial and metabolic biomarkers in young women (Lima et al., 2019). Thus, using NAR to treat NAFLD might be a potential strategy to modulate the gut bacteria composition. However, no studies have reported evaluating the effect of NAR on the gut bacteria in NAFLD-model mice. This study assessed the effectiveness of treatment with NAR on the gut bacteria in NAFLD-model mice for the first time.



MATERIALS AND METHODS


Animals

Six-week-old male C57BL/6J mice were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and housed in polypropylene cages (n = 4 mice/cage). Animals were housed at 20 ± 2°C on a 12-h light/dark cycle and allowed free access to food and water. Throughout the experiment, the bedding and water were changed once weekly, and the HFD was changed twice weekly to prevent fat oxidation, which produced an odor that affected the eating habits of the mice.



Experimental Protocols and Groups

The normal chow diet (ND, 1025), the ND supplemented with 0.07% NAR (Sigma-Aldrich, St. Louis, MO, United States), the HFD (synthetic diet supplemented with 0.15% cholesterol, w/w and 41% energy from fat, H10141), and the HFD supplemented with 0.07% NAR were purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China). The dose of 0.07% NAR is based on previous studies (Wang et al., 2015; Sui and Xiao, 2018). After 1 week of acclimation on ND, the mice were randomly divided into the ND group (n = 20) and the HFD group (n = 20) and treated for 8 weeks. Mice in the ND group were then randomly divided into the ND and ND+NAR groups (n = 10 mice per group), and the mice in the HFD group were randomly divided into the HFD and HFD+NAR groups (n = 10 mice per group). The ND group was fed ND, and the ND+NAR group was fed ND containing 0.07% NAR. The HFD group was fed a normal HFD, and the HFD+NAR group was fed an HFD supplemented with 0.07% NAR. Body weight was measured every 2 weeks. After 8 weeks, the mice were sacrificed after collecting blood samples and liver tissues. Ileal, cecal, and colonic contents were aseptically collected and immediately stored at −80°C until use. The Peking University Biomedical Ethics Committee Experimental Animal Ethics Branch (LA2013-73) approved all protocols for the diets, the anesthesia, the blood and tissue sample collection, and disposal of the dead animals. The protocols conformed to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health).



Biochemical Assays

The blood samples were centrifuged at 3500 rpm for 10 min at 4°C to separate the serum. The serum total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), alanine aminotransferase (ALT), aspartate aminotransferase (AST), glucose and high-sensitivity C-reactive protein (hsCRP) contents were measured with a 7180 automatic biochemical analyzer (Hitachi Ltd., Tokyo, Japan).



Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) was conducted using specific kit to determine the levels of lipopolysaccharides (LPS, Cloud-Clone Corp, Houston, TX, United States) in serum.



Histological and Immunohistochemistry Analysis

Liver tissue samples were fixed in 4% paraformaldehyde, routinely processed, embedded in paraffin, sliced in 5-μm sections, and stained with hematoxylin and eosin (HE) for histological analysis. Frozen sections (8-μm) were stained with oil red O. Immunohistochemistry staining of myeloperoxidase (MPO, Thermo Scientific, Fremont, CA, United States) and F4/80 (Cell Signaling Technology, Beverly, MA, United States) were performed using standard procedures.



Western Blotting Assay

Total protein was extracted using a protein extraction kit (Applygen Technologies, Beijing, China). The protein concentration was determined with a BCA protein assay kit (Applygen Technologies, Beijing, China). Western blot analysis was performed routinely, with primary antibodies against β-actin, Acc, Fas (Cell Signaling Technology, Beverly, MA, United States), Scd1 and Srebp1 (Thermo Scientific, Fremont, CA, United States). 100 μg protein was loaded in each well. The bands were detected using an ECL detection kit (Applygen Technologies, Beijing, China). For quantification, band intensity was assessed by densitometry and expressed as the mean area density using Quantity One image analyzer software (Bio-Rad, Richmond, CA, United States).



PCR Amplification and Sequencing

To amplify the V3–V4 region of the 16S rRNA gene for Illumina deep sequencing, the universal primers, 338F: 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′, were used. PCR was performed in a total reaction volume of 20 μL: 13.25 μL H2O, 2.0 μL 10 × PCR Ex Taq Buffer, 0.5 μL DNA template (100 ng/mL), 1.0 μL primer 1 (10 mmol/L), 1.0 μL primer 2 (10 mmol/L), 2.0 μL dNTP and 0.25 μL Ex Taq (5 U/mL). After an initial denaturation at 95°C for 5 min, amplification was performed with 30 cycles of incubation for 30 s at 95°C, 20 s at 58°C, and 6 s at 72°C, followed by a final extension at 72°C for 7 min. The amplified products were purified and recovered using 1.0% agarose gel electrophoresis. Beijing Biomarker Technologies Co., Ltd. (Beijing, China) performed the library construction and sequencing.



Bioinformatics Analysis

Paired-end reads were merged using FLASH v1.2.7 (Magoč and Salzberg, 2011); tags with >6 mismatches were discarded. Merged tags with an average quality score <20 in a 50-bp sliding window were trimmed by Trimmomatic (Bolger et al., 2014), and those shorter than 350 bp were removed. Possible chimeras were further removed, and the denoised sequences were clustered into operational taxonomic units (OTUs) with 97% similarity using USEARCH (version 10.0). Taxonomy was assigned to all OTUs by searching against the Silva databases (Release 128) using QIIME software. The alpha diversity (i.e., ACE, Chao1, and Shannon diversity) and beta diversity (i.e., binary Jaccard distance-based principal coordinate analysis) were analyzed using QIIME.



Statistical Analysis

All data are expressed as the mean ± SEM. Statistical analysis was performed using one-way analysis of variance followed by Tukey’s post hoc test. Correlations between filtered fecal bacteria and serum lipid levels were calculated using the Spearman rank correlation. P < 0.05 was considered statistically significant.



RESULTS


NAR Supplementation Reduced HFD-Induced Lipid Accumulation in Mice

The livers in the HFD group displayed more lipid accumulation with an enlarged volume, yellow color and hard texture compared with the livers of the ND group, which exhibited a soft texture with a smooth, red-brown surface (Figure 1A). Administering NAR after the HFD greatly improved liver manifestations. HE and oil red O staining showed more hepatocytes with ballooning degeneration and more red-stained lipids in the HFD group; however, lipid accumulation in the liver tissue was reduced in the HFD+NAR group (Figures 1B,C). Additionally, HFD-fed mice gained more body weight, liver weight, and liver/body weight than did the ND-fed mice. NAR supplementation prevented this gain in the HFD-fed mice (Figures 1D–F). Thus, NAR ameliorated the HFD-induced liver lipid accumulation and weight gain.
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FIGURE 1. Effects of NAR on fat accumulation and body weight in HFD-fed mice. (A) Macroscopic view of livers from the different groups. Representative images of light microscopic (B) HE and (C) oil red O staining of liver tissues in the different groups, Bar = 50 μm. (D) Body weight, (E) liver weight, and (F) liver/body weight. Data are the mean ± SEM (n = 8). *P < 0.05 vs. ND group; #P < 0.05 vs. HFD group.




NAR Supplementation Ameliorated Blood Lipid Levels

Figure 2 shows the blood lipid results of the mice from all four groups. Compared with the control group, HFD-fed mice showed increased TC, HDL-C, and LDL-C levels, indicating that the HFD group had abnormal blood lipid metabolism. NAR supplementation protected against HFD-induced hyperlipidemia. Serum TG levels did not differ among the four groups.
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FIGURE 2. Effects of NAR on serum lipid levels in HFD-fed mice. Serum levels of (A) TC, (B) TG, (C) HDL-C, and (D) LDL-C. Data are the mean ± SEM (n = 8). *P < 0.05 vs. ND group; #P < 0.05 vs. HFD group.




NAR Supplementation Attenuated Liver Function, Serum Glucose, hsCRP and LPS and Liver Inflammation

ALT and AST are markers of liver injury. Compared with the ND group, serum ALT levels were increased, and ALT levels were decreased in the NAR-treated HFD-fed mice (Figure 3A). We next measured the serum glucose and hsCRP, and HFD feeding enhanced the serum glucose and hsCRP production, while NAR supplementation only restored glucose in the serum (Figures 3C,D). HFD induced an LPS release in the serum, and increased F4/80-positive and MPO-positive cells in the liver, and NAR- treated HFD-fed mice displayed decreased LPS release in the serum and inflammatory cells in the liver (Figures 3E–G). Serum AST levels did not differ among the groups (Figure 3B).
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FIGURE 3. Effects of NAR on serum ALT, AST, glucose, hsCRP and LPS levels, and liver F4/80 and MPO in HFD-fed mice. Serum levels of (A) ALT, (B) AST, (C) glucose, (D) hsCRP, and (E) LPS. Liver samples in four groups stained by (F) F4/80 and (G) MPO. Bar = 50 μm. The arrows in (F) indicate the F4/80-positive cells. The arrows in (G) indicate the MPO-positive cells. Data are the mean ± SEM (n = 8). *P < 0.05 vs. ND group; #P < 0.05 vs. HFD group.




NAR Supplementation Reduced Lipogenesis

To determine the mechanisms of the effects of NAR on lipid accumulation, we performed western blot analysis. HFD-fed mice had higher expression levels of key proteins involved in lipid metabolism (i.e., Srebp1, Fas, Acc, and Scd1) than did ND-fed mice (Figure 4). Notably, NAR treatment reduced the expressions of proteins involved in HFD-induced lipid metabolism in the liver tissue.
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FIGURE 4. Effects of NAR on liver lipogenesis-related protein expression in HFD-fed mice. (A) Srebp1, Fas, Acc, and Scd1 expressions determined by western blot. (B) Quantitative analysis of Srebp1. (C) Quantitative analysis of Fas. (D) Quantitative analysis of Acc. (E) Quantitative analysis of Scd1. The blot image is representative of the four groups. The densitometry is an averaged result for the five animals, normalized to β-actin. Data are the mean ± SEM. *P < 0.05 vs. ND group; #P < 0.05 vs. HFD group.




NAR Treatment Altered the Gut Bacteria Composition in HFD-Induced Mice

The gut bacteria is thought to play a causal role in the NAFLD pathogenesis. We assessed the effects of NAR on the bacteria compositions in the ileum, cecum and colon using high-throughput sequencing of the bacterial 16S rRNA V3+V4 region.

In total, 14,987,642 raw reads were produced by high-throughput pyrosequencing of the samples. After removing the low-quality sequences, 14,531,807 clean tags were analyzed. Based on a 97% similarity level, all effective reads were clustered into OTUs.

The rarefaction curves (Supplementary Figure S1) for all samples were flat with long tails, suggesting that most OTUs were included, and sufficient data were obtained. The observed OTUs and Chao1 and Shannon indices were used to show alpha diversities. The bacteria compositions from different parts of the gut showed varied performances in the mice even within the same group. The observed OTUs of the gut bacteria from different parts of the gut did not differ among the four groups, except that OTUs from the ileum, cecum and colon were decreased in the HFD group, compared with those of the ND group (Figure 5A). Interestingly, NAR supplementation decreased the cecal and colonic OTUs in ND-fed mice. ACE and Chao1 alpha diversity analyses revealed no differences in gut bacteria species richness between the groups (Supplementary Figures S2A,B). Shannon diversity results showed that HFD feeding decreased the colonic bacterial diversity, whereas NAR supplementation increased the diversity in the cecum and colon (Figure 5B). HFD feeding and NAR supplementation did not affect the ileal bacterial diversity.
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FIGURE 5. Effects of NAR on gut bacteria OTUs, diversity and similarity of species diversity. (A) OTU numbers of the gut bacteria from different parts of the gut in the four groups. (B) Alpha diversity of the gut bacteria assessed by the Shannon index for each group. PCoA analysis based on binary Jaccard distance algorithm of the gut bacteria in the (C) ileum, (D) cecum, and (E) colon. *P < 0.05 vs. ND group; #P < 0.05 vs. HFD group.


Beta diversity analysis by binary Jaccard distance-based principal coordinate analysis (PCoA), based on OTU abundance was conducted to provide an overview of the extent of the similarities among the gut bacteria compositions after the different treatments. PCoA indicated distinct clustering of bacteria compositions in the ileum, cecum and colon for each treatment group (Figures 5C–E).

We further assessed which gut microorganisms positively or negatively affected NAFLD development and progression. Although the different treatments showed no effects at the phylum level of the microflora (data not shown), HFD intervention increased the Firmicutes/Bacteroidetes ratio compared with that of the ND, while NAR increased this ratio in the HFD+NAR group (Figures 6A–C). Hence, NAR influenced the intestinal flora composition.
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FIGURE 6. Effects of NAR on gut bacteria composition. Relative abundances of Firmicutes/Bacteroidetes in the (A) ileum, (B) cecum, and (C) colon. *P < 0.05 vs. ND group. Heatmaps of the gut bacteria compositions (those with mean relative abundances ≥0.05%) and by comparison (ND vs. ND+NAR, ND vs. HFD, and HFD vs. HFD+NAR, q ≤ 0.05 after correcting for the p-value) in the (D) ileum, (E) cecum, and (F) colon at the genus level.


Heatmaps of dominant (mean relative abundance ≥0.05%) and different (ND vs. ND+NAR, ND vs. HFD, HFD vs. HFD+NAR, q ≤ 0.05 after correcting for the p-value, Supplementary Materials) genera strongly demonstrated that NAR supplementation reshaped HFD-induced changes in the gut bacteria profile (Figures 6D–F). The HFD group showed higher relative abundances of Coriobacteriaceae_UCG-002, Escherichia-Shigella, Faecalibaculum, Fusobacterium, Lachnospiraceae_XPB1014_group, Parvibacter, Ruminococcaceae_UCG-005 and Turicibacter in the cecum and Campylobacter, Dubosiella, Faecalibaculum and Fusobacterium in the colon and a lower relative abundance of Bacteroides in the cecum and Butyricicoccus in the colon, compared with those of the ND group. NAR treatment reversed all of these effects. In addition, the gut communities of the HFD-fed mice showed lower relative abundances of Butyricicoccus, Parasutterella and uncultured_bacterium_f_Muribaculaceae in the cecum and Allobaculum, Alloprevotella, Lachnospiraceae_NK4A136_group, Parasutterella and uncultured_bacterium_f_Muribaculaceae in the colon and a higher relative abundance of Faecalibaculum in the ileum compared with those in the ND group. Interestingly, NAR supplementation in the HFD group induced higher relative abundances of Bradyrhizobium, [Eubacterium]_nodatum_group, GCA-900066575, Jatrophihabitans, Massilia, Peptococcus, Sphingomonas, uncultured_bacterium_o_Acidobacteriales, uncultured_ bacterium_f_Micropepsaceae and uncultured_bacterium_f_ Xanthobacteraceae in the cecum and Bacteroides, Bradyrhizobium, Candidatus_Solibacter and uncultured_bacterium_ f_Xanthobacteraceae in the colon and a lower relative abundance of Fusobacterium in the ileum. Figure 7 shows the statistical results for the bacteria whose relative abundances were altered. These data show that NAR modulated the gut bacteria of HFD-fed mice.
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FIGURE 7. Effects of NAR on the relative abundances of several gut bacteria. Relative abundances of (A) Faecalibaculum and (B) Fusobacterium in the ileum, (C) Bacteroides, (D) Butyricicoccus, (E) Parasutterella, (F) uncultured_bacterium_f_Muribaculaceae, (G) Coriobacteriaceae_UCG-002, (H) Escherichia-Shigella, (I) Lachnospiraceae_XPB1014_group, (J) Faecalibaculum and (K) Fusobacterium in the cecum and (L) Allobaculum, (M) Alloprevotella, (N) Butyricicoccus, (O) Lachnospiraceae_NK4A136_group, (P) Parasutterella, (Q) uncultured_bacterium_f_Muribaculaceae, (R) Campylobacter, (S) Faecalibaculum and (T) Fusobacterium in the colon at the genus level, which in the HFD and HFD+NAR groups differed from ND group are presented. *P < 0.05 vs. ND group; #P < 0.05 vs. HFD group.




Correlation Between the Gut Bacteria and Lipid Profile

As NAR altered the gut bacteria compositions and improved serum lipid levels in HFD-fed mice, we analyzed the correlation between the above filtered fecal bacteria and serum lipid levels using Spearman rank correlation. Serum TC, HDL-C, and LDL-C levels were correlated with the relative abundances of the bacterial genera, among which Allobaculum, Alloprevotella, Butyricicoccus, Lachnospiraceae_NK4A136_group, Parasutterella and uncultured_bacterium_f_Muribaculaceae were negatively correlated with lipid levels, and Campylobacter, Coriobacteriaceae_UCG-002, Faecalibaculum and Fusobacterium were positively correlated with serum lipids (Figure 8).
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FIGURE 8. Correlation between the gut bacteria relative abundance and serum lipid level. Spearman rank correlations between altered gut bacteria and serum TG, TC, HDL-C, and LDL-C levels. Red indicates a positive correlation; blue indicates a negative correlation. Significant correlations are indicated by *P < 0.05 and marked with asterisks.




DISCUSSION

In this study, we investigated the effect of NAR on NAFLD in HFD-fed mice. NAR reduced HFD- induced obesity, ameliorated the serum lipids, ALT, AST, glucose, hsCRP, and LPS levels, attenuated liver inflammation, blunted lipogenesis, and altered the gut bacteria compositions in NAFLD-model mice. In addition, the relative abundances at the genus level of Allobaculum, Alloprevotella, Butyricicoccus, Lachnospiraceae_NK4A136_group, Parasutterella and uncultured_bacterium_f_Muribaculaceae were negatively correlated with serum TC, HDL-C, and LDL-C levels, and the relative abundances of Campylobacter, Coriobacteriaceae_UCG-002, Faecalibaculum, and Fusobacterium were positively correlated with serum lipids. Thus, NAR may be a potential therapeutic adjuvant to improve NAFLD outcomes.

Non-alcoholic fatty liver disease is defined by abnormal lipid metabolism in the liver and is the most common liver disease worldwide (Yan et al., 2014; Ipsen et al., 2018; Lei et al., 2020). NAFLD is closely associated with cardiovascular diseases, which are a main cause of NAFLD-related deaths (Petta et al., 2015; Chang et al., 2019). Treating NAFLD remains a challenge, with no effective drugs available. NAR, a Chinese herbal medicine, is widely found in citrus plants and possesses great health benefits (Liu et al., 2020). NAR may be a potential treatment for NAFLD because of its antilipidemic effects (Raffoul-Orozco et al., 2018; Zhou et al., 2019), but how NAR acts on lipid accumulation remains uncertain.

The regulation of lipogenic gene expression is mainly mediated by transcription factors, among which, Srebp1 is a master regulator to most hepatic lipid synthesis genes, including Fas, Acc, and Scd1 (Guo et al., 2018; Zhou et al., 2020). Fas, provides a non-esterified fatty-acid substrate for triacylglycerol, resulting in enhanced fatty acid synthesis and TG accumulation (Yang et al., 2020). Acc converts acetyl-CoA to malonyl CoA, which participates in the synthesis of fatty acids (Li et al., 2020). Scd1 contributes to fatty acid desaturation (Sheng et al., 2019). Srebp1 and its target genes including Fas, Acc, and Scd1 are up-regulated in NAFLD, and inhibiting Srebp1 activity impairs the induction of lipogenic Srebp1 target genes and TG accumulation (Bitter et al., 2015a, b). To investigate the role of NAR in regulating hepatic de novo fatty acid synthesis, we detected the expression of several key transcriptional regulators in liver tissue: Srebp1, Fas, Acc, and Scd1. As expected, Srebp1, Fas, Acc, and Scd1 expressions were increased in the HFD group, and NAR efficiently attenuated hepatic de novo fatty acid synthesis by downregulating these proteins (Figure 4). This finding was consistent with the results illustrated in the liver morphology, histology, and blood lipids. Body weight, liver weight, liver/body weight and serum ALT, glucose and hsCRP were decreased in the HFD group after NAR treatment (Figures 1, 2, 3A–D).

The gut bacteria plays an active role in human physiology (Chi et al., 2019). Imbalances in the gut bacteria are associated with many chronic diseases, including NAFLD, obesity, diabetes, and colon cancer (Ridaura et al., 2013). Long-term dietary habits shape the bacteria composition and function; therefore, diet modifications to the gut bacteria could be a new therapeutic approach for treating NAFLD (Wu et al., 2011). Despite accumulating studies revealing an association between gut bacteria dysbiosis and NAFLD, the mechanisms of the gut dysbiosis that result in NAFLD injury remain unclear. The potential pathophysiology can be summarized as follows. (1) In promoting hepatic inflammation, patients with NAFLD normally have impaired gut barrier integrity, bacterial overgrowth, and bacterial translocation, which can help release LPS through the gut-liver axis, thus resulting in an inflammatory cascade, lipid accumulation and hepatocyte death, further disrupting the intestinal barrier and benefiting bacterial translocation (Mouries et al., 2019). HFD induced an LPS release in the serum and increased F4/80-positive and MPO-positive cells in the liver. NAR-treated HFD-fed mice displayed decreased LPS release in the serum and inflammatory cells in the liver (Figures 3E–G). Gut bacteria dysbiosis also plays a critical role in weakening the mucosal immunity in NAFLD hosts (Xie and Halegoua-Demarzio, 2019). (2) Altered biochemistry metabolism and gut bacteria-related metabolites, such as bile acid, short-chain fatty acids, aromatic amino acid derivatives, branched-chain amino acids, choline and ethanol, as well as disordered metabolism, exert metabolic and immunologic effects that contribute to NAFLD (Leung et al., 2016). (3) Regarding disrupting the balance between energy harvesting and expenditure, the gut bacteria possesses an enriched phosphotransferase system and alters the levels of metabolic products. This is why the gut bacteria is involved in energy influx and expenditure, which may contribute to NAFLD development (Turnbaugh et al., 2009; Broeders et al., 2015).

Natural compounds in the diet, such as polyphenols, can reduce hepatic lipid accumulation and modify the gut microbial balance, thus presenting great therapeutic potential for treating NAFLD (Porras et al., 2017; Fraga et al., 2019). Because of the recently reported function of polyphenols in regulating lipid accumulation and gut microbes, we explored the likely involvement of NAR in modulating the intestinal bacterial composition. Although the OTUs and alpha diversity analyses, including the ACE, Chao1, and Shannon indices, revealed different statistical results, the richness and diversity of the gut bacteria were decreased in HFD-fed mice. NAR treatment partly reversed this phenomenon (Figures 5A,B and Supplementary Figure S2). PCoA indicated separate bacteria between the ND group and the other treatment groups (Figures 5C–E). These data imply that changes in the gut bacteria might be partially responsible for the effective intervention of NAR on lipid accumulation in NAFLD-model mice.

To further identify the fecal bacteria community which was different from the ND mice, we analyzed the bacteria at the phylum and genus levels. At the phylum level, NAR supplementation decreased the Firmicutes/Bacteroidetes ratio in HFD-fed mice (Figures 6A–C). Consistently, several reports revealed that polyphenols and Chinese herbal extracts, such as Nitzschia laevis extract (Guo et al., 2019), Citrus aurantium L. var. amara Engl. (Shen et al., 2019) and a combination of quercetin and resveratrol (Zhao et al., 2017), decreased the Firmicutes/Bacteroidetes ratio, thus shifting the gut bacteria toward a healthy composition. An increased Firmicutes/Bacteroidetes ratio is a typical characteristic in obese humans and mammals. Because Firmicutes can produce more harvestable energy than can Bacteroidetes, the relative higher abundance of Firmicutes leads to increased calorie absorption and promotes obesity (Komaroff, 2017). In the current study, NAR treatment helped maintain the Firmicutes/Bacteroidetes ratio at a lower level, which might contribute to its antilipidemic effect.

At the genus level, Allobaculum, Alloprevotella, Butyricicoccus, Lachnospiraceae_NK4A136_group, Parasutterella and uncultured_bacterium_f_Muribaculaceae were obviously negatively correlated with serum lipid levels, and Campylobacter, Coriobacteriaceae_UCG-002, Faecalibaculum and Fusobacterium were positively correlated with serum lipid levels (Figure 8). Consistently, HFD-fed mice exhibited fewer Allobaculum, Alloprevotella, Butyricicoccus, Lachnospiraceae_NK4A136_group, Parasutterella and uncultured_bacterium_f_Muribaculaceae than did the ND group, while NAR treatment only reversed the relative abundance of Butyricicoccus in the colons of HFD-fed mice. Relative abundances of Campylobacter, Coriobacteriaceae_UCG-002, Faecalibaculum and Fusobacterium were increased in the HFD group, and NAR treatment reduced the relative abundances of these intestinal flora. HFD-fed mice also presented more Dubosiella, Escherichia-Shigella, Lachnospiraceae_XPB1014_group, Parvibacter, Ruminococcaceae_UCG-005 and Turicibacter but fewer Bacteroides, which were mostly restored by NAR treatment. NAR supplementation in HFD-fed mice induced higher abundances of Bradyrhizobium, Candidatus _ Solibacter, [Eubacterium]_nodatum_group, GCA-900066575, Jatrophihabitans, Massilia, Peptococcus, Sphingomonas, uncultured_bacterium_o_Acidobacteriales, uncultured_bacterium_f_Micropepsaceae and uncultured_bacterium_f_Xanthobacteraceae (Figures 6D–F, 7). These altered bacteria may participate in NAFLD progression, and NAR intervention leads to structural modulation of the gut bacteria, which might help mitigate NAFLD.

Some bacteria, such as Allobaculum, Alloprevotella and Bacteroides, are reported to produce short-chain fatty acids and have potential anti-obesity activity (Berry et al., 2015; Fan et al., 2015; Wang et al., 2020b). The Lachnospiraceae family can produce or regulate butyrate to maintain the gut barrier integrity (Chen et al., 2019). Lachnospiraceae_XPB1014_group has been negatively correlated with body fat weight (Zhou et al., 2018), and Lachnospiraceae_NK4A316_group are harmful bacteria (Wang et al., 2020b). Escherichia-Shigella, Faecalibaculum, and Fusobacterium are proinflammatory bacteria that may impair the gut barrier (Yin et al., 2013; Neubauer et al., 2019; Cai et al., 2020) and are associated with exacerbated hepatic steatosis (Henao-Mejia et al., 2012). Campylobacter is an opportunistic pathogen that affects host health (Moon et al., 2018). Patients with NAFLD were reported to have increased levels of Bradyrhizobium (Del Chierico et al., 2017), and Turicibacter was positively correlated with lipid metabolism indicators (Li L. et al., 2019; Li T. T. et al., 2019); however, the detailed mechanism by which these bacteria are involved in NAFLD is unclear. Additionally, the effects on lipid metabolism of some bacteria with altered relative abundances, such as Butyricicoccus, Candidatus _ Solibacter, Coriobacteriaceae_UCG-002, Dubosiella, and GCA-900066575, are unclear, and these bacteria might also participate in lipid metabolism. Therefore, we conclude that NAR benefited the balance between lipid metabolism and prevention of NAFLD progression, likely by restoring specific gut microbes to a normal healthy baseline.

Naringin has low oral bioavailability and is poorly absorbed in the circulatory system. Therefore, orally administered NAR remains in the gastrointestinal tract for a relatively long time, and gut microbes would be a crucial target of NAR in vivo. Studies of the detailed metabolic processes of NAR have been conducted in humans (Chen et al., 2018), rats (Zeng et al., 2020), and mice (Orrego-Lagaron et al., 2015). Thirteen human microbial metabolites have been detected and identified (Chen et al., 2018). When orally administered, lactase-phlorizin hydrolase and the intestinal microflora hydrolyze NAR to its aglycon, naringenin (Chen et al., 2014). Naringenin is partly absorbed, then engaged in both phase I and phase II metabolism. Mediated by the gut bacteria, unabsorbed naringenin and metabolites from the bile are further catabolized into phenolic products such as 3-(4′-hydroxyphenyl)propionic acid (HPPA), 4′-hydroxybenzoic acid, and hippuric acid (Zeng et al., 2019, 2020). Naringenin and HPPA are the major microbial metabolites. Naringenin attenuates NAFLD by reducing inflammation, lipoprotein metabolism, and dyslipidemia (Mulvihill et al., 2016; Wang et al., 2020a). HPPA can effectively suppress influenza (Steed et al., 2017). Intestinal microbe-mediated metabolism may play an important role in regulating both the pharmacokinetics and bioactive properties of NAR; NAR simultaneously modulated the gut bacteria composition and influenced bacterial growth.

Goblet cells are specialized for mucus synthesis and secretion; hence, goblet cells play an important role in maintaining gut permeability (Birchenough et al., 2015), and gut permeability, endotoxemia, inflammation and gut bacteria dysbiosis are tightly connected. In HFD-fed rats, mucosal layer thickness is markedly reduced, goblet cells are overgrown, and the gut flora is dysregulated, leading to increased intestinal permeability, which eventually promotes the development of metabolic endotoxemia, inflammation and metabolic disorders. Thus, inhibition overgrown of goblet cells, may modulate gut permeability, microbial dysbiosis in HFD-fed rats and exert health benefits. In this study, we fed mice HFD supplemented with NAR and found that NAR supplementation attenuated NAFLD parameters in the HFD-fed mice. NAR also altered the community compositional structure of the gut bacteria characterized by increased beneficial bacteria and fewer harmful bacteria. Thus, NAR may help attenuate NAFLD by preventing gut dysbiosis; however, this was not confirmed. The present study lacked experimental evidence to confirm that NAR could attenuate NAFLD by directly modulating the gut bacteria. In addition, given the important role of goblet cells in controlling intestinal permeability, further experiments on mouse goblet cells are necessary to explore the NAR mechanism of action.



CONCLUSION

The present study demonstrated the effectiveness of treatment with NAR on gut bacteria in NAFLD mice for the first time. In this study, we found NAR altered the community compositional structure of gut bacteria, and attenuated NAFLD parameters, in addition, we demonstrated that the relative abundances of some bacteria were closely related to serum lipid levels, thus, NAR may protect against HFD-induced liver damage by modulating the gut bacteria composition via an unknown pathway (Figure 9).


[image: image]

FIGURE 9. Proposed mechanisms for protective effects of NAR on HFD-fed mice. NAR reduces lipid synthesis and attenuates NAFLD parameters, possibly by modulating the gut bacteria composition via an unknown pathway.
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