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Abstract

:

Nonalcoholic steatohepatitis (NASH) progresses from nonalcoholic fatty liver disease (NAFLD); however, efficacious drugs for NASH treatment are lacking. Sodium alginate (SA), a soluble dietary fiber extracted from brown algae, could protect the small intestine from enterobacterial invasion. NASH pathogenesis has been suggested to be associated with enterobacterial invasion, so we examined the effect of SA on methionine- and choline-deficient (MCD) diet-induced steatohepatitis in mice (the most widely-used model of NASH). The mice (n = 31) were divided into three groups (mice fed with regular chow, MCD diet, and MCD diet premixed with 5% SA) for 4 and 8 weeks. The MCD diet increased lipid accumulation and inflammation in the liver, the NAFLD Activity Score and hepatic mRNA expression of tumor necrosis factor-α and collagen 1α1, and induced macrophage infiltration. Villus shortening, disruption of zonula occludens-1 localization and depletion of mucus production were observed in the small intestine of the MCD-group mice. SA administration improved lipid accumulation and inflammation in the liver, and impaired barrier function in the small intestine. Collectively, these results suggest that SA is useful for NASH treatment because it can prevent hepatic inflammation and fatty degeneration by maintaining intestinal barrier function.
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1. Introduction


The number of patients with nonalcoholic fatty liver disease (NAFLD) has increased worldwide, possibly in accordance with the global increase in obesity. Nonalcoholic steatohepatitis (NASH) is a disease state that progresses from NAFLD. NASH is characterized by steatosis, inflammation, and ballooning degeneration of hepatocytes [1].



Recently, NASH has received considerable attention because it can progress to liver cirrhosis and hepatocellular carcinoma [2]. The pathogenesis of NASH is not known, but genetic factors, changes in intestinal bacterial flora, inflammation, and oxidative stress have been implicated [3,4]. The development of therapeutic agents for NASH has been studied, targeting the inhibition of inflammation and lipid accumulation in the liver. In particular, agonists of farnesoid X receptor (FXR), a nuclear receptor associated with the transport of bile acids, that reduce liver fat and fibrosis in animal models, are currently in the clinical trial stage [5]. Therefore, efficacious drugs that can be used to treat NASH are not available, but their development is awaited eagerly.



The liver and the small intestine are closely related via the enterohepatic circulation. Through the latter, damage to the small intestine is likely to influence the action of the liver. In recent years, several studies using clinical and animal models have reported that small-intestinal bacterial overgrowth and intestinal permeability are present in NASH [6,7]. Those results suggest that NASH progression is likely associated with the disruption of small intestinal barrier function (SIBF). Thus, it is thought that intestinal homeostasis could be a new therapeutic target for NASH.



Sodium alginate (SA) is a heteropolymer of d-mannuronic acid and l-guluronic acid. It is a soluble dietary fiber extracted from brown algae [8]. SA is in widespread clinical use as a hemostatic agent to treat gastrointestinal tract (GIT) bleeding caused by gastric and duodenal ulcers, erosion of the gastric mucosa, or reflux esophagitis [9]. SA has been reported to reduce mucosal damage and inflammation in animal models of inflammatory bowel disease [8].



Previously, we reported that pretreatment with SA can prevent indomethacin-induced small-intestinal injury and inflammation in mice, presumably through prevention of the infiltration of intestinal bacteria [10]. Studies have shown that small-intestinal bacterial overgrowth and increase of intestinal permeability occur in patients with NASH [6,7]. Thus, it is thought that the hepatic inflammatory response in NASH is induced through the delivery of intestinal bacteria-derived endotoxins and/or inflammatory cytokines via the portal vein. Those results suggest that SA may have a beneficial effect against NASH by reducing the SIBF impairments caused by intestinal bacteria. However, the effect of SA on NASH has yet to be reported.



Intestinal homeostasis may be a new potential therapeutic target for NASH; we therefore would like to investigate the effect of SA on NASH. Our results reveal the new effects of SA that were not previously characterized. We created a mouse model of methionine- and choline-deficient (MCD) diet-induced steatohepatitis. In this way, we investigated the effects of SA on lipid accumulation in the liver, liver injury-related parameters, expression of pro-inflammatory cytokines and macrophage infiltration in the liver, and SIBF.




2. Results


2.1. Inhibitory Effects of SA on MCD Diet-Induced Steatohepatitis and Liver Injury


We examined the effects of SA on MCD diet-induced steatohepatitis. At 4 weeks, the Nonalcoholic Fatty Liver Disease Activity Score (NAS) with hepatocellular ballooning was increased significantly in the liver in the MCD group (p < 0.05, Figure 1A,B). In the MCD + SA group, the NAS tended to decrease, but there were no significant differences compared with the MCD group (Figure 1A,B). At 8 weeks, steatosis and infiltration of inflammatory cells was observed in the liver in the MCD group (Figure 1A,B).



The NAS were significantly higher in the MCD group than that in the control group (p < 0.01), and the NAS was significantly lower in the MCD + SA group than that in the MCD group (p < 0.01, Figure 1B). At 4 and 8 weeks, the liver weight in the MCD group was significantly lower than that in the control group (p < 0.01 and p < 0.05, Figure 2). At 4 weeks, the decreased liver weight was improved significantly in the MCD + SA group (p < 0.05, Figure 2). At 4 and 8 weeks, plasma levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in the MCD group were significantly higher than those in the control group (p < 0.05 and p < 0.01, Figure 2). In the MCD + SA group, plasma levels of AST and ALT tended to decrease, and the difference in plasma levels of AST at 8 weeks between the MCD group and MCD + SA group reached significance (p < 0.05, Figure 2). These results suggested that SA could slow or prevent the progression of MCD diet-induced steatohepatitis.




2.2. Effects of SA on Expression of Tumor Necrosis Factor-alpha (Tnf-α) and Collagen 1α1 mRNA and Macrophage Infiltration in the Liver of Mice with MCD Diet-Induced Steatohepatitis


TNF-α is implicated in the pathogenesis of steatohepatitis [11]. Therefore, we measured the mRNA expression of Tnf-α in the liver of mice with MCD diet-induced steatohepatitis. Expression of Tnf-α mRNA was significantly higher at 4 and 8 weeks in the MCD group than that in the control group (p < 0.01 and p < 0.05, Figure 3A). Expression of Tnf-α mRNA was significantly lower in the MCD + SA group than that in the MCD group (p < 0.01 and p < 0.05, Figure 3A). The mRNA expression of collagen 1α1, a fibrosis marker was higher at 4 and 8 weeks in the MCD group than that in the control group. At 8 weeks, expression of collagen 1α1 mRNA was significantly lower in the MCD + SA group than that in the MCD group (p < 0.05, Figure 3A). Immunofluorescence staining for F4/80-positive macrophages was significantly more intense at 8 weeks in the MCD group than that in the control group (p < 0.01), and fewer F4/80-positive macrophages were documented in the MCD + SA group than those in the MCD group (p < 0.01, Figure 3B). These results suggested that SA had preventative effects on expression of Tnf-α mRNA because it inhibited macrophage infiltration into the liver of mice with MCD diet-induced steatohepatitis.




2.3. Effects of SA on Small-Intestinal Injury in Mice with MCD Diet-Induced Steatohepatitis


NASH is associated with small-intestinal bacterial overgrowth and intestinal permeability [6,7]. Therefore, we examined SIBF by evaluating villus height, mucus production, and the architecture of tight junctions (TJs) in mice with MCD diet-induced steatohepatitis.



At 8 weeks, atrophy and shortening of villi were observed in the small intestine in the MCD group (Figure 4A). In the MCD + SA group, such damage to villi was improved significantly (p < 0.01, Figure 4A). Depletion of periodic acid-Schiff (PAS)-positive mucus production was detected in the MCD group, and this depletion was improved in the MCD + SA group (Figure 4B). The barrier function of the small-intestinal epithelium is controlled by TJs. Zonula occludens (ZO)-1 is a well-characterized TJ protein [12]. Concentrated localization of the immunofluorescence signal for ZO-1 at villi epithelia in the small intestine was detected in the control and MCD + SA groups. In contrast, concentrated localization of a ZO-1 signal at villi epithelia was lost in the MCD group (Figure 4C). These results suggested that SA prevents SIBF impairments in mice with MCD diet-induced steatohepatitis.





3. Discussion


The present study showed that SA administration could slow or prevent steatohepatitis progression in mice with MCD diet-induced steatohepatitis through a mechanism involving protection against SIBF impairments.



Choline and methionine are essential components for very-low-density lipoproteins. The MCD diet, which lacks these components, can induce lipid accumulation in the liver caused by reduced lipid transport out of hepatocytes [13]. MCD diet-induced steatohepatitis is accompanied by oxidative stress, increased levels of TNF-α in the liver, and increased levels of lipids to induce a form of NASH that is very similar to that observed in humans [13]. The high fat diets (HFD) have also been widely used to induce steatohepatitis in animals [14,15]. In methionine- and choline-deficient (MCD) diets, inflammation, fibrosis and hepatocyte apoptosis develop faster and more severely than mice fed HFD. Therefore, MCD diet-induced steatohepatitis is a useful experimental model to examine the mechanism of NASH progression such as inflammation and fibrosis [16].



SA is a polysaccharide found in brown algae. It is in widespread clinical use as a hemostatic agent to treat GIT bleeding (i.e., gastric and duodenal ulcers, erosion of the gastric mucosa, and reflux esophagitis) [9]. In the present study, histology revealed that the NAS with steatosis and infiltration of inflammatory cells were significantly higher in the MCD group than those in the control group, and that this increase was reduced significantly upon SA treatment. Furthermore, plasma levels of AST in the MCD group were significantly higher than those in the control group, and this increase was reduced significantly by SA treatment.



Deficiency of TNF receptors 1 and 2 prevents the progression of lipid accumulation and fibrosis in the livers of mice with MCD diet-induced steatohepatitis [11,17]. Thus, TNF-α plays a central part in the mechanism of action of NASH. We showed that infiltration of F4/80-positive macrophages (the major sources of TNF-α) and expression of Tnf-α mRNA were increased in the livers of MCD-group mice, and that these features were prevented significantly in the MCD + SA group.



It has been reported that small-intestinal bacterial overgrowth, increased intestinal permeability and increased serum levels of TNF-α occur in NASH patients and experimental animals [6,7]. Ethanol production by intestinal bacteria is increased in obesity [18], which may contribute to increased small-intestinal permeability. In the NAFLD model, the probiotic Lactobacillus rhamnosus GG not only regulates intestinal flora but also limits the concentrations of intestinal bacteria-derived endotoxins in the portal vein, inflammation, and lipid accumulation in the liver [19]. Those studies suggest that alterations in the composition of intestinal microbiota and intestinal permeability lead to enhanced translocation of bacterial endotoxins into the portal vein [20]. Moreover, increasing sensitivity to endotoxins by the liver has been observed in obese mice because steatohepatitis and liver injury are induced by administration of low-dose lipopolysaccharide [21]. Therefore, in the hepatic inflammation and fatty degeneration observed in NASH, it is hypothesized that endotoxins that reach the liver via the portal vein activate hepatic macrophages (Kupffer cells) and induce the production of pro-inflammatory cytokines such as TNF-α.



The barrier function of the intestinal epithelium is regulated by TJs. ZO-1 is an important protein constituting TJs [12]. We showed disruption of ZO-1 localization and villi shortening in the small intestine of MCD-group mice, and that these SIBF impairments were improved upon SA treatment. Pathologic changes in villi and down-regulation of TJ expression are associated with steatohepatitis progression [22], which is in accordance with our findings.



SA undergoes very little absorption by the GIT, so its anti-ulcer action is thought to be exerted locally in ulcerative lesions [23,24]. SA-induced mucin production can inhibit enterobacterial invasion from sites of small-intestinal injury caused by non-steroidal anti-inflammatory drugs [25]. In the present study, depletion of PAS-positive mucus production was detected in the MCD group compared with the control group, and such depletion was improved upon SA treatment.



Collectively, our data suggest that SA prevents the hepatic inflammation and fatty degeneration observed in mice with MCD diet-induced steatohepatitis by maintaining SIBF (Figure 5). However, further studies are needed to determine the exact mechanism of the inhibitory effects of SA on steatohepatitis progression.



It is thought that the hepatic inflammatory response in NASH is induced through the delivery of intestinal bacteria-derived endotoxins and/or inflammatory cytokines via the portal vein. The MCD diet induced not only macrophage infiltration, increase in expression of Tnf-α mRNA, and increase in the NAS in the liver, but also villus shortening, depletion of mucus production and disruption of localization of TJ proteins in the small intestine. SA prevented hepatic inflammation and fatty degeneration in mice with MCD diet-induced steatohepatitis by maintaining intestinal barrier function.




4. Materials and Methods


4.1. Induction of Steatohepatitis Using a MCD Diet


Animal experiments were approved by the Animal Care Committee of Kobe Pharmaceutical University (Kobe, Japan).



Male C57BL/6 mice (6 weeks) were purchased from CLEA Japan (Shizuoka, Japan). Mice were maintained under an artificial 12-h dark-light cycle (lights on at 08:30) at a constant temperature of 24 ± 1 °C and 55% humidity under specific pathogen-free conditions. They were provided with CE-2 laboratory chow (CLEA Japan) and water ad libitum for 1 week.



Then, mice were divided into three groups, in which they were fed: (i) regular CE-2 chow (control group, n = 10), (ii) a diet deficient in methionine and choline (Oriental Yeast Company, Tokyo, Japan) (MCD group, n = 10) or (iii) the MCD diet premixed with 5% SA (a kind gift from Kaigen Pharma (Osaka, Japan)) (MCD + SA group, n = 11).



After 4 or 8 weeks, the mice were deeply anesthetized, and then the liver was excised rapidly and used for experimentation.




4.2. Histology


Samples of liver tissue were fixed using neutral-buffered 10% formaldehyde and then embedded in paraffin to form a tissue block. Sections (thickness, 4 µm) were prepared, stained using hematoxylin and eosin (H&E), and then evaluated microscopically for hepatic lipid accumulation. Hepatic pathology was assessed by the NAS comprising three factors: steatosis (0 to 3); lobular inflammation (0 to 3); hepatocellular ballooning (0 to 2) [1].



The samples of small-intestinal tissue were embedded in OCT compound (Sakura Finetek, Tokyo, Japan) to form a tissue block. Sections of thickness 10 µm were stained using H&E. Villus height was measured as reported previously, with modifications [26].



Five intact and well-oriented villi, from the top of the villus to the villus-crypt junction, were measured and averaged for each sample using a light microscope (BX50; Olympus Corporation, Tokyo, Japan). Mucus production in the small intestine was detected using PAS staining.




4.3. Real-Time Reverse-Transcription Polymerase Chain Reaction (RT-PCR)


Total RNA was extracted from the liver with TRIzol™ Reagent according to the manufacturer’s (Life Technologies, Carlsbad, CA, USA) instructions. The quantity of extracted RNA was determined using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). A total of 200 ng of RNA was subjected to a RT reaction. Purified total RNA was reverse-transcribed using a ReverTra Ace® qPCR RT kit (Toyobo, Osaka, Japan) in a total volume of 20 µL. For real-time PCR amplification, 2 µL of cDNA was used as a template. PCR amplification was done using a Thermal Cycler Dice Real Time System (Takara Bio, Otsu, Japan) with Thunderbird SYBR qPCR Mix (Toyobo). PCR conditions were: 40 cycles of 15 s at 95 °C and 45 s at 60 °C. The PCR primer sequences (forward and reverse, respectively) used for detecting expression of Tnf-α, Collagen 1α1, and Actb were 5′-CCACCACGCTCTTCTGTCTAC-3′ and 5′-AGGGTCTGGGCCATAGAACT-3′, 5′- GAGAGAGCATGACCGATGGATT-3′ and 5′-TGTAGGCTACGCTGTTCTTGCA-3′, and 5′-AGAGGGAAATCGTGCGTGAC-3′ and 5′- CAATAGTGATGACCTGGCCGT-3′, respectively [27,28,29].




4.4. Analyses of Biochemical Data


Blood samples were collected from the inferior vena cava. Plasma was isolated through centrifugation at 3500× g for 5 min at room temperature. Levels of AST and ALT in plasma were analyzed according to standard biochemical methods at LSI Medience Company (Tokyo, Japan).




4.5. Immunofluorescence Microscopy


Sections of OCT compound-embedded liver and small-intestine tissue (10 µm) were incubated with 1% bovine serum albumin, 10% normal goat serum, and 0.5% Triton X-100 in phosphate-buffered saline for 60 min at room temperature. Sections of liver and small-intestine tissue were stained, respectively, with the primary antibodies anti-F4/80-Alexa Fluor® 488 conjugate (1:100 dilution; Abcam, Cambridge, UK; ab6640, RRID:AB_1140040) or anti-rabbit polyclonal ZO-1 antibody (1:100 dilution; Thermo Fisher Scientific, Waltham, MA, USA; 40-2300, AB_2533457) at room temperature overnight. Then, sections of small-intestine tissue were stained with secondary antibodies (goat anti-rabbit Alexa Fluor 488; 1:200 dilution; Thermo Fisher Scientific; A-11034, AB_2576217) for 7 h at room temperature. Sections were mounted in Prolong® Diamond Antifade Reagent with 4′,6-diamidino-2-phenylindole (Thermo Fisher Scientific) and the slide protected with cover glass. Image analyses of immunofluorescent staining were done on a confocal laser scanning microscope (LSM700; Carl Zeiss, Oberkochen, Germany). Images captured on the confocal laser scanning microscope were analyzed using ZEN acquisition software (ZEN 2.3 SP1 (black); Carl Zeiss, Oberkochen, Germany).




4.6. Statistical Analyses


Data represent the mean ± standard error of independent determinations for each experiment. Significance was analyzed using one-way analysis of variance, followed by the Tukey-Kramer test or Dunnett’s T3 test using SPSS v20.0 (IBM, Armonk, NY, USA) when the data were normally distributed. If the data were not distributed normally, then the Kruskal-Wallis test was used for analysis. p < 0.05 was considered significant.





5. Conclusions


SA could slow or prevent lipid accumulation and inflammation in the liver of mice with MCD diet-induced steatohepatitis. Our results suggest that intestinal homeostasis could be a new therapeutic target for NASH, in addition to inhibition of liver inflammation and lipid accumulation. In addition, it is important in terms of drug repositioning that new uses for existing drugs are found. Therefore, we propose SA as a potential therapeutic agent for NASH, for which an effective therapeutic agent is lacking.
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Figure 1. Inhibitory effects of sodium alginate (SA) on MCD diet-induced steatohepatitis in the mouse liver. (A) Hepatic steatosis was induced using the MCD diet for 4 and 8 weeks. In the MCD + SA group, mice were fed with the MCD diet premixed with 5% SA. Histology was undertaken using H&E staining (magnification, 100× and 200×), and representative images are shown. (B) The NAS was calculated as a sum of the scores of three parameters (steatosis, lobular inflammation, and hepatocellular ballooning). Data are the mean ± SEM for 5–6 mice per group. * p < 0.05, † p < 0.01, NS: not significant. 
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Figure 2. Effects of SA on liver injury-related parameters in mice with MCD diet-induced steatohepatitis. Liver weight was indicated by the liver weight:body weight ratio. Plasma levels of AST and ALT were measured according to standard biochemical methods at LSI Medience Company. Data are the mean ± SEM for 4–6 mice per group. * p < 0.05, † p < 0.01, NS: not significant. 
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Figure 3. Effects of SA on expression of Tnf-α and collagen 1α1 mRNA and macrophage infiltration in the liver of mice with MCD diet-induced steatohepatitis. (A) Expression of Tnf-α and collagen 1α1 mRNA was determined using real-time PCR. Data are the mean ± SEM for 4–5 mice per group. * p < 0.05, † p < 0.01, NS: not significant. (B) Liver sections were stained with F4/80 (green) and DAPI (blue). Representative immunofluorescence images are shown. The F4/80-positive area per field was analyzed using ImageJ. Data are the mean ± SEM for 3 mice per group. † p < 0.01. 
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Figure 4. Effects of SA on small-intestinal injury in mice with MCD diet-induced steatohepatitis. (A) Histology was carried out using H&E staining (magnification, 100× and 200×), and representative images are shown. The height of five intact and well-oriented villi per sample was measured using ImageJ and the average value used as data. Results are the mean ± SEM for 4–6 mice per group. † p < 0.01. (B) Mucus production in the small intestine was detected using PAS staining (magnification, 100× and 200×), and representative images are shown. (C) Small-intestine sections were stained with ZO-1 (green) and DAPI (blue). Representative immunofluorescence images are shown. Magnified images represent high-magnification images of the boxed area. 
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Figure 5. Model for the mechanisms of protective effects of SA on MCD diet-induced steatohepatitis in the mouse liver. 
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