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Abstract

:

Oxidative stress and inflammation play a central role in the progression of nonalcoholic steatohepatitis (NASH), which can lead to liver cirrhosis. Barley bran has potential bioactivities due to its high content of functional substances, such as anthocyanins, with anti-inflammatory and anti-oxidative properties. Here, we investigated whether barley bran polyphenol-rich extracts (BP) can prevent NASH in Sprague–Dawley rats fed a high-fat and high-cholesterol diet including 1.25% or 2.5% cholesterol for 9 weeks. In the rat model of NASH with advanced hepatic fibrosis, BP prevented NASH development by ameliorating the histopathological findings of lobular inflammation. The BP also tended to attenuate serum aspartate aminotransferase level in this model. In the rat model of NASH with mild-to-moderate hepatic fibrosis, BP tended to attenuate the serum levels of transaminases. BP-dose-dependent effects were revealed for several parameters, including monocyte chemoattractant protein-1, transforming growth factor-β, and manganese superoxide dismutase gene expressions in the liver. These results suggest that BP may prevent NASH development or progression, presumably due to its anti-inflammatory and anti-oxidative properties.
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1. Introduction


Nonalcoholic fatty liver disease (NAFLD) is recognized as the most common cause of chronic liver diseases in many countries, and it affects more than 30% of the global population [1]. A nomenclature change has been proposed for the term NAFLD to be replaced by metabolic dysfunction-associated steatotic liver disease (MAFLD) [2]. Nonalcoholic steatohepatitis (NASH) is the inflammatory subtype of NAFLD with the accumulation of fat in the liver, necroinflammation, hepatocellular injury, and fibrosis. A nomenclature change has also been proposed for the term NASH to be replaced by metabolic dysfunction-associated steatohepatitis (MASH) [2]. NASH can progress to cirrhosis, liver failure, and occasionally hepatocellular carcinoma [3]. The pathogenesis of NASH is thought to be multifactorial, and oxidative stress and the activation of inflammatory cytokines may play an important role in the progression of NASH [4,5]. Although effective treatments for preventing NASH development and/or progression have been anticipated, there are currently no approved drugs for treating the condition [6].



Barley, which was domesticated around 8000 BCE, is one of the first grains to be cultivated by humans [7]. It has been widely used as a staple food, in beer, and in animal feed, and it has been reported to alleviate both lipid peroxidation and oxidative stress induced by hypercholesterolemia [8,9]. Barley contains large amounts of soluble fiber β-glucan, and has also been reported to ameliorate liver function, hepatic fat accumulation, and hepatic fibrosis in human and animal studies, presumably due to its beneficial effects on glucose metabolism, energy expenditure, and the gut microbiota [10,11,12,13]. In humans, barley bran, which is a byproduct of barley processing, has been reported to have a better protective effect against cardiovascular diseases and atherosclerosis than whole grains, because barley bran has a high content of functional substances, including polyphenols, such as anthocyanins, with potential bioactivities [14,15,16]. Due to these functional substances and their anti-oxidative properties, barley bran may provide a potential dietary strategy for the prevention of NASH.



We previously reported that the administration of a high-fat and high-cholesterol (HFC) diet containing 1.25% or 2.5% cholesterol to Sprague–Dawley (SD) rats induced NASH with mild-to-moderate hepatic fibrosis or advanced fibrosis, respectively, within the relatively short period of 9 weeks, although this rat model did not show obesity with an increased visceral fat volume [17]. In the present study, we evaluated whether polyphenol-rich extracts of barley bran (barley polyphenol; BP), which was refined by Ito Barley Processing Co., Ltd., Isahaya City, Nagasaki, Japan, had protective effects against NASH progression in SD rats fed an HFC diet containing 1.25% or 2.5% cholesterol. The mechanisms underlying the effects of BP, specifically in relation to lipid and cholesterol metabolism, inflammation, fibrogenesis, and oxidative stress in the liver, were also investigated.




2. Materials and Methods


2.1. Preparation of BP


Barley (Hordeum vulgare) was ground with a stamping machine, and the polyphenol-rich fraction containing the outer layer of bran was obtained with a 90–98% (w/w) yield ratio. The extracts were concentrated with ethanol and sterilized, then dissolved with dextrin, and dried. The resulting powder was used as the BP. The BP contained 5.2 g of water, 12.2 g of protein, 2.3 g of lipid, 4.0 g of ash, 76.3 g of carbohydrate (including 2.0 g of dietary fiber), 47.1 mg of sodium, 1200 mg of polyphenol, and 371 kcal of energy per 100 g.




2.2. Animals and Experimental Design


Eight-week-old male SD rats were purchased from Japan SLC (Hamamatsu, Japan), and housed individually in a temperature- and humidity-controlled room (22–24 °C, 50–60% relative humidity) with a 12 h light/dark cycle. After 1 week of acclimatization with standard rodent chow (MF; Oriental Yeast, Tokyo, Japan) and water ad libitum the rats were randomly divided into seven groups: the control group (n = 5) was fed MF as a normal diet for 9 weeks; the mild-to-moderate NASH model without BP (MO) group (n = 5) was fed an HFC1.25% diet (69.5% MF, 28.75% palm oil, 1.25% cholesterol, and 0.5% sodium cholate) for 9 weeks; the mild-to-moderate NASH model with a low amount of BP (ML) group (n = 5) was fed an HFC1.25% diet supplemented with 0.7% (w/w) BP for 9 weeks; the mild-to-moderate NASH model with a high amount of BP (MH) group (n = 6) was fed an HFC1.25% diet supplemented with 2.0% (w/w) BP for 9 weeks; the progressed NASH model without BP (PO) group (n = 5) was fed an HFC2.5% diet (68.0% MF, 27.5% palm oil, 2.5% cholesterol, and 2% sodium cholate) for 9 weeks; the progressed NASH model with a low amount of BP (PL) group (n = 5) was fed an HFC2.5% diet supplemented with 0.7% (w/w) BP for 9 weeks; and the progressed NASH model with a high amount of BP (PH) group (n = 6) was fed an HFC2.5% diet supplemented with 2.0% (w/w) BP for 9 weeks. The number of rats per group was set as follows: In our previous study, hepatic triglyceride (TG) concentration, which is frequently accumulated in NAFLD/NASH liver, was 68.7 ± 22.6 mg/g liver in the rat model of NASH with mild-to-moderate hepatic fibrosis and 12.0 ± 7.0 mg/g liver in the control group [18]. When an α-error of 0.05 and a power of 80% were set, minimum required rat number was estimated to be three. In our present study, the number of rats per group was set to be 5 or 6 in order to deal with unexpected death during the rearing period.



The daily doses of BP in this study were determined based on the human dose provided from the manufacturer of the BP, i.e., 3.5 g of BP per day for 60 kg of human body weight (approximately 58.3 mg/kg). Based on the dose conversion rate between rats and humans of 6.2 [19], dose of BP was set as 362 mg/kg body weight of the rats. Because the body weight of the rats between 9 and 18 weeks of age was expected to be 300–500 g, 109–181 mg/day of BP was given to each rat. The daily food intake was expected to be 20–25 g/day during rearing period. Therefore, the supplementation of approximately 0.7% (w/w) BP in the HFC diets would be equivalent to the daily dose in humans. In addition to the 0.7% (w/w) BP dose, we also used a 2.0% (w/w) BP dose as a dose that is roughly threefold that of the human equivalent dose. The proximate composition of each diet fed to the rats is shown in Table 1. The daily energy intake and body weight of the rats were monitored throughout the study. The food efficacy of each rat was calculated as the body weight gain (g)/cumulative energy intake (kcal) during the rearing period. At 18 weeks of age, the rats were fasted for at least 9 h, then euthanized under inhalation anesthesia with isoflurane (approximately 0.6 mL of liquid isoflurane per liter of chamber volume, but there were considerable individual differences). Blood was collected from the inferior vena cava or heart of the rats, then centrifuged at 1000× g for 10 min at 4 °C, and the supernatant was collected as a serum sample. The epididymal fat pad and liver were removed, washed in cold saline, and weighed. Liver tissues were either placed in 10% neutral buffered formalin or snap-frozen in liquid nitrogen and stored at −80 °C until further analysis.



All animal procedures were approved by the Animal Use Committee of University of Nagasaki (approval number: R04-12), and the animals were maintained in accordance with the University of Nagasaki guidelines for the care and use of laboratory animals.




2.3. Serum Biochemical and Hepatic Lipid Analyses


The serum levels of TG, total cholesterol (TC), and free fatty acid (FFA) were determined using the Triglyceride E-test Wako, Cholesterol E-test Wako, and NEFA C-test Wako (FUJIFILM Wako Pure Chemical Co., Osaka, Japan), respectively. The serum leptin and adiponectin levels were measured using a mouse/rat leptin enzyme-linked immunosorbent assay kit (Morinaga Institute of Biological Science Inc., Yokohama, Japan) and a mouse/rat adiponectin enzyme-linked immunosorbent assay kit (Otsuka Pharmaceuticals Co., Ltd., Tokyo, Japan), respectively. The serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities were determined using the Transaminase C II-test Wako (FUJIFILM Wako Pure Chemical Co.). Hepatic lipids were extracted from frozen liver samples using the method of Folch et al. [20]. The extracts were dissolved in isopropanol and analyzed for hepatic TG and TC contents using kits, as described above.




2.4. Histopathological Assessment of the Liver


Liver tissues stored in 10% neutral-buffered formalin were embedded in paraffin, sectioned at 4 μm, and processed for hematoxylin and eosin staining for histopathological examination. Histological steatosis (scored from 0 to 3), lobular inflammation (scored from 0 to 3), and hepatocyte ballooning (scored from 0 to 2) were assessed semi-quantitatively to determine the NAFLD activity score (NAS) according to the criteria of Kleiner et al. [21]. The final NAS ranged from 0 to 8. A NAS ≥ 5 and a NAS ≤ 2 were considered to be diagnostic and not diagnostic, respectively, of steatohepatitis. Liver fibrosis (scored from 0 to 4) was also assessed by Azan staining. For the immunohistochemical analysis of thioredoxin (TRX), which plays a key role in the defense against oxidative stress [22], an enhanced immunostaining method was performed using deparaffinized liver sections. After blocking the endogenous peroxidase with a hydrogen peroxide solution, the antigen was activated by incubation in Immunosaver (Nisshin EM Co., Ltd., Tokyo, Japan), a solution for antigen retrieval, with heating in a microwave oven. TRX polyclonal antibody (1:200 dilution; Proteintech Group Inc., Rosemont, IL, USA) was used as the primary antibody. For the subsequent reactions, Envision-PO for rabbit polyclonal antibodies (Agilent Technologies, Santa Clara, CA, USA) was used as the secondary antibody, and 3,3′-diaminobenzidine (Agilent Technologies) was used for color development. The intensity of TRX staining in the liver was classified into five categories: negative staining (score of 0); positive staining in the cytoplasm of a single neutrophil (score of 1); mild staining in the cytoplasm of neutrophils or monocytes in the inflammatory foci (score of 2); apparent positive staining in the cytoplasm of neutrophils or monocytes in the inflammatory foci (score of 3); and positive staining in the Kupffer cells in sinusoids with a score 3 appearance (score of 4). All histopathological findings were evaluated by a pathologist (K.T.) in a blinded manner.




2.5. Quantification of mRNA Using Real-Time Reverse Transcription Polymerase Chain Reaction (PCR)


Total RNA was extracted from the liver using RNAiso Plus (Takara Bio Inc., Otsu, Japan) according to the manufacturer’s instructions. RNA was reverse transcribed to cDNA templates using a commercial kit (PrimeScript RT Master Mix; Takara Bio Inc.). Real-time reverse transcription PCR analysis was performed as described previously [17]. Specific primers were designed using the primer-designing tool Primer-BLAST (National Center for Biotechnology Information, Bethesda, MD, USA) and synthesized by Greiner Bio-One Japan (Tokyo, Japan). The levels of mRNA relative to those of internal control acidic ribosomal phosphoprotein (36B4) mRNA (Rplp0) were determined using the 2−ΔΔCt method.



For the rat studies, the hepatic expression levels of genes involved in lipid metabolism [Mttp encoding microsomal triglyceride transfer protein (MTP); Fasn encoding fatty acid synthase (FAS); Cpt1a encoding carnitine palmitoyltransferase-1 (CPT-1); and Srebf1 encoding sterol regulatory element-binding protein-1c (SREBP-1c)], cholesterol metabolism [Nr1h3 encoding liver X receptor-α (LXR-α); and Nr1h4 encoding farnesoid X receptor (FXR)], inflammation [Ccl2 encoding monocyte chemoattractant protein-1 (MCP-1); Il6 encoding interleukin-6 (Il-6); and Nfkb1 encoding nuclear factor-κB (NF-κB)], fibrosis [Col1a1 encoding collagen type I alpha 1 (COL1A1); Tgfb1 encoding transforming growth factor-β (TGF-β); and Acta2 encoding α-smooth muscle actin (α-SMA)], and oxidative stress [Cyp2e1 encoding cytochrome P450 family 2 subfamily E polypeptide 1 (CYP2E1); Gpx1 encoding glutathione peroxidase-1 (GPX-1); and Sod2 encoding manganese superoxide dismutase (Mn-SOD)] were quantified. The primers are listed in Table 2. All data are expressed as the fold-change relative to the control group.




2.6. Statistical Analysis


All values are expressed as the mean ± standard error (SE). The statistical significance of differences between groups was tested using one-way analysis of variance followed by Bonferroni’s post-hoc test, chi-square test, or Fisher’s exact probability test. All analyses were performed using the IBM SPSS statistics software program, version 29 (IBM, Chicago, IL, USA) on a Windows computer. p values less than 0.05 were considered to be statistically significant.





3. Results


3.1. The Final Body Weight, Body Weight Gain, Cumulative Energy Intake, Food Efficacy, and Relative Organ Weights


The final body weight at 18 weeks of age, the body weight gain and food efficacy during the 9-week rearing period, and the epididymal fat pad weight-to-body weight ratio at 18 weeks of age did not differ significantly among the control, MO, ML, and MH groups. The cumulative energy intake during the rearing period was significantly higher in the MO and MH groups than in the control group (p = 0.003 and p = 0.010, respectively). The liver weight-to-body weight ratio at 18 weeks of age was significantly higher in the MO, ML, and MH groups than in the control group (p < 0.001 each).



The final body weight at 18 weeks of age and the body weight gain during the 9-week rearing period were significantly lower in the PH group than in the control group (p = 0.003 and p = 0.004, respectively). The cumulative energy intake during the rearing period did not differ significantly among the control, PO, PL, and PH groups. The food efficacy during the 9-week rearing period was significantly lower in the PO, PL, and PH groups than in the control group (p = 0.042, p = 0.028, and p = 0.002, respectively). At 18 weeks of age, the liver weight-to-body weight ratio was significantly higher, and the epididymal fat pad weight-to-body weight ratio was significantly lower in the PO, PL, and PH groups than in the control group (p < 0.001 each).



Overall, there were no significant differences among the MO, ML, and MH groups, or among the PO, PL, and PH groups in the final body weight, body weight gain, cumulative energy intake, food efficacy, and relative organ weights (Figure 1).




3.2. Serum Biochemical Parameters and Hepatic Lipid Concentrations


The serum TG, FFA, leptin, and adiponectin levels did not differ significantly among the control, MO, ML, and MH groups. The serum AST and ALT levels were significantly higher in the MO group than in the control group (p = 0.020 and p = 0.016, respectively). The serum TC level was significantly higher in the MO, ML, and MH groups than in the control group (p < 0.001, p = 0.029, and p = 0.015, respectively). The hepatic TG and TC concentrations were also significantly higher in the MO, ML, and MH groups than in the control group (p < 0.001 each). Overall, there were no significant differences among the MO, ML, and MH groups in these serum biochemical parameters and hepatic lipid concentrations. Among the control, PO, PL, and PH groups, the serum TG, FFA, and adiponectin levels did not differ significantly. The serum TC level was significantly higher in the PO and PL groups than in the control group (p = 0.010 and p = 0.004, respectively), and was significantly lower in the PH group than in the PL group (p = 0.024). The serum leptin level was significantly lower in the PO and PH groups than in the control group (p = 0.019 and p = 0.002, respectively). The serum AST and ALT levels were significantly higher in the PO and PH groups than in the control group (p = 0.005 and p = 0.044, respectively, for the serum AST; p = 0.014 and p = 0.013, respectively, for the serum ALT). The hepatic TG and TC concentrations were significantly higher in the PO, PL, and PH groups than in the control group (p < 0.001, p = 0.004, and p = 0.004, respectively, for the hepatic TG; p < 0.001, p = 0.014, and p = 0.002, respectively, for the hepatic TC). Overall, there were no significant differences among the PO, PL, and PH groups in these serum biochemical parameters and hepatic lipid concentrations, except for the serum TC level between the PL and PH groups (Figure 2).




3.3. Histopathological Findings of the Liver


Table 3 shows the liver assessments according to the NASH Clinical Research Network Scoring System [21] and the immunohistochemical assessments of TRX staining. Figure 3 shows representative histopathological images of rat livers from the control, MO, ML, MH, PO, PL, and PH groups. No obvious findings of hepatic steatosis, lobular inflammation, hepatocyte ballooning, or fibrosis were seen in any of the five rats in the control group, and all of them showed score 1 TRX staining. Severe steatosis (score 3) was observed in 31 of the 32 rats in the MO, ML, MH, PO, PL, and PH groups; in the remaining rat that was in the ML group, moderate steatosis (score 2) was observed. Moderate to severe lobular inflammation (score 2 or 3) was observed in 27 (84.4%) of the 32 rats in the MO, ML, MH, PO, PL, and PH groups; among the remaining 5 rats, mild lobular inflammation (score 1) was observed in 1 (20%) of the 5 rats in the PL group, and in 4 (66.7%) of the 6 rats in the PH group. Lobular inflammation score was significantly lower in the PH group than in the PO group (p = 0.046). In the MO, ML, PO, and PL groups, a few ballooned hepatocytes (score 1) or many ballooned hepatocytes (score 2) were observed in two or three rats (40% or 60%) of the five rats in each group. In contrast, a few ballooned hepatocytes (score 1) or many ballooned hepatocytes (score 2) were observed in only one (16.7%) of the six rats in each of the MH and PH groups. As a result, all five rats in the control group had an NAS of 0 (not diagnostic for NASH), and all 10 rats in the MO and PO groups had an NAS of 5 to 8 (diagnostic for NASH). All 11 rats in the ML and MH groups also had an NAS of 5 to 7 (diagnostic for NASH). In contrast, four (80%) of the five rats in the PL group and two (33.3%) of the six rats in the PH group had an NAS of 6 to 8 (diagnostic for NASH); the remaining one (20%) rat in the PL group and four (66.7%) rats in the PH group had an NAS of 4, which indicated borderline NASH, and they were not diagnosed with definite NASH. The rats that were diagnosed with definite NASH were significantly fewer in the PH group than in the PO group (p = 0.022). Score 1 or 2 hepatic fibrosis was seen in all five rats in the MO group. In the ML and MH groups, 6 (54.5%) of the 11 rats had score 1 or 2 hepatic fibrosis, and no hepatic fibrosis was observed among the remaining 5 rats (2 rats in the ML group, and 3 rats in the MH group). Bridging fibrosis or cirrhosis was observed in four (80%) of the five rats in the PO group, three (60%) of five the rats in the PL group, and four (66.7%) of the six rats in the PH group. In the TRX immunohistochemical analysis, apparent positive staining (score 3 or 4) was observed in two (40%) of the five rats in the MO group, two (40%) of the five rats in the ML group, none (0%) of the six rats in the MH group, four (0%) of the five rats in the PO group, three (60%) of the five rats in the PL group, and five (83.3%) of the six rats in the PH group.




3.4. Hepatic mRNA Expression


The level of mRNA encoding MTP (Mttp), which is involved in lipid metabolism, was significantly lower in the MO group than in the control group (p = 0.025), and it was also significantly lower in the PO, PL, and PH groups than in the control group (p < 0.001, p = 0.002, and p = 0.002, respectively). Regarding the levels of mRNA encoding FAS (Fasn), CPT-1 (Cpt1a), and SREBP-1c (Srebf1), which are also involved in lipid metabolism, the MO and PO groups showed inconsistent results in comparison to the control group. However, the levels of mRNA encoding FAS (Fasn) and CPT-1 (Cpt1a) were lower in the ML and MH groups than in the MO group, and these levels were also lower in the PL and PH groups than in the PO group, but not always at a statistically significant level. The level of mRNA encoding LXR-α (Nr1h3), which is involved in cholesterol metabolism, was significantly lower in the MH group than in the control group (p = 0.012), and it was also significantly lower in the PH group than in the control group (p = 0.028). The level of mRNA encoding FXR (Nr1h4), which is also involved in cholesterol metabolism, was significantly lower in the MO, ML, and MH groups than in the control group (p = 0.001, p = 0.009, and p = 0.010, respectively), and it was also significantly lower in the PO, PL, and PH groups than in the control group (p < 0.001 each). The level of mRNA encoding MCP-1 (Ccl2), which is involved in inflammation, was significantly higher in the MO group than in the control group (p = 0.016), and it was also significantly higher in the PO group than in the control group (p = 0.006). The level of mRNA encoding IL-6 (Il6), which is also involved in inflammation, was significantly higher in the ML group than in the control group (p = 0.041), and it was also significantly higher in the PO, PL, and PH groups than in the control group (p = 0.035, p < 0.001, and p < 0.001, respectively). The levels of mRNA encoding COL1A1 (Col1a1) and TGF-β (Tgfb1), which are responsible for fibrogenesis, were significantly higher in the MO group than in the control group (p = 0.008 each), and they were also significantly higher in the PO, PL, and PH groups than in the control group (p < 0.001, p < 0.001, and p = 0.005, respectively, for COL1A1; p < 0.001, p = 0.003, and p < 0.001, respectively, for TGF-β). The level of mRNA encoding α-SMA (Acta2), which is also responsible for fibrogenesis, was significantly higher in the MO, ML, and MH groups than in the control group (p = 0.002 each). The level of mRNA encoding CYP2E1 (Cyp2e1), which is a marker of oxidative stress, was significantly lower in the MO, ML, and MH groups than in the control group (p < 0.001 each), and it was also significantly lower in the PO, PL, and PH groups than in the control group (p < 0.001 each). The level of mRNA encoding GPX-1 (Gpx1), which is also a marker of oxidative stress, was significantly lower in the MO and ML groups than in the control group (p = 0.008 and p = 0.024, respectively), and it was also significantly lower in the PO, PL, and PH groups than in the control group (p < 0.001 each). The level of mRNA encoding Mn-SOD (Sod2), which is also a marker of oxidative stress, was significantly higher in the MO, ML, and MH groups than in the control group (p = 0.024, p < 0.001, and p = 0.004, respectively), and it was also significantly higher in the PO group than in the control group (p = 0.006). Overall, there were no significant differences among the MO, ML, and MH groups, or among the PO, PL, and PH groups in these hepatic mRNA expression levels (Figure 4).





4. Discussion


Barley contains more bioactive components than wheat, and these physiologically active substances including β-glucan, arabinoxylans, phenols, anthocyanins, flavonoids, and selenium in barley are expected to confer anti-inflammatory and anti-atherosclerotic effects [8,23]. Most anthocyanins (anthocyanidins with sugar moieties) are localized in the outer parts of grains and are distributed with bran during the pearling process [24]. In the present study, barley was ground with a stamping machine, and we obtained the polyphenol-rich fraction of the outer layer of bran (the BP) with a 90–98% (w/w) yield ratio. The major polyphenols in barley are proanthocyanidins, which are high molecular weight polymers or complex flavan-3-ol polymers that consist mainly of catechins and epicatechins. Proanthocyanidins have a wide range of health benefits, including anti-oxidant, anti-bacterial, anti-viral, anti-carcinogenic, anti-inflammatory, anti-allergic, and vasodilatory actions [16,25,26]. Procyanidins (PAs) are members of the proanthocyanidin class of flavonoids [27]. Barley is rich in polyphenols such as PAs, which are the oligomeric or polymeric forms of catechin and epicatechin [28,29,30]. Phenolic compounds are important bioactive substances since they have strong anti-oxidant activities, which can reduce the risk of cardiovascular disease, glucose intolerance, obesity, and cancer, and slow the aging process [31,32,33].



In the present study, BP did not have a lowering effect on the body weight gain, cumulative energy intake, food efficacy, or relative organ weights. Also, there were no significant differences among the PO, PL, and PH groups in the serum biochemical parameters and hepatic lipid concentrations, except for the serum TC level between the PL and PH groups. However, the final body weight, food efficacy, and epididymal fat pad weight-to-body weight ratio were lowest in the PH group. This suggests that a high dose of BP may have a lowering effect on these parameters in advanced NASH. In addition, high-dose BP tended to suppress the serum AST level, and low-dose BP tended to suppress the serum AST and ALT levels, although there were no significant differences. Histopathologically, BP did not have a reducing effect on hepatic steatosis, but high-dose BP significantly reduced lobular inflammation score in advanced NASH, and as a result, the rats that were diagnosed with definite NASH were significantly fewer in the PH group than in the PO group. These results suggest that high-dose BP prevented NASH development by ameliorating the histopathological findings of lobular inflammation in the rat model of NASH with advanced hepatic fibrosis. The BP may also attenuate serum AST level in this model. In the rat model of NASH with mild-to-moderate hepatic fibrosis, BP may attenuate the serum levels of transaminases, although there were no significant differences.



Regarding the hepatic mRNA expression levels of genes involved in inflammation, BP may have a reducing effect on the gene expression of MCP-1, which is a chemokine that regulates the migration and infiltration of monocytes/macrophages—in the MO, ML, and MH groups as well as the PO, PL, and PH groups—although the differences were not statistically significant. NASH is characterized by the presence of inflammatory cells in the liver including monocyte-derived macrophages. These macrophages may be attributed by increased expression of MCP-1. Indeed, serum MCP-1 is associated with NASH severity and the risk of progression to cirrhosis [34]. Therefore, MCP-1 attenuation is one of the possible properties of BP, which ameliorates the histopathological findings of lobular inflammation and serum levels of transaminases.



BP may also have a reducing effect on the gene expression of TGF-β in the MO, ML, and MH groups, although the differences were not statistically significant. TGF-β signaling participates in fibrogenic response through hepatic stellate cell activation. In NASH, this signaling plays an important role in the progression of fibrosis [35]. Therefore, BP can ameliorate the histopathological severity of fibrosis by reducing the gene expression of TGF-β in the rat model of NASH with mild-to-moderate hepatic fibrosis.



Oxidative stress causes NASH liver injury [36]. The activity of Mn-SOD, which is a member of the iron/manganese superoxide dismutase family for scavenging reactive oxygen species, has been reported to be impaired in NAFLD in several studies. However, other studies described raised levels of this enzyme in NAFLD. These discrepant results may be due to a response to increased reactive oxygen species [37]. In the present study, BP may have a reducing effect on the gene expression of Mn-SOD in the rat model of NASH with advanced hepatic fibrosis, although the differences were not statistically significant. Yang et al. reported that procyanidin B2 (PA-B2) significantly decreased the histopathological hepatic abnormalities in a mouse model of CCL4-induced hepatic injury, and they concluded that PA-B2 had a protective effect on hepatic injury by elevating the anti-oxidative defense potential, and consequently suppressing the inflammatory response of liver tissue [38]. Guan et al. also demonstrated the potential beneficial effects of fermented black barley on ameliorating oxidative stress in SD rats that were fed a high-fat diet for 12 weeks [26]. Our results are in line with these observations; BP may have a protective effect on NASH liver injury due to its anti-inflammatory and anti-oxidative properties.



There were several limitations to the present study. First, there was no positive control group of rats fed a drug or phytoproduct with hepatoprotective and anti-oxidant properties. Because there are currently no approved drugs or phytoproducts for NASH treatment, it would be difficult to make strict comparison between BP and other known hepatoprotective or anti-oxidant agents. Second, the BP prepared is crude, and therefore, the exact amounts of the effective ingredients, such as proanthocyanidins and PAs, included in the BP were not confirmed. Proanthocyanidin has been reported to have extremely low bioavailability due to its chemical instability in gastrointestinal fluids [16]. In addition, PAs are classified into monomers, dimers, trimers, or tetramers, according to the degree of polymerization (DP). PAs with a DP > 4 are considered to be oligomers, and those with a DP > 10 are considered to be polymers. Although PA polymers and oligomers are not directly absorbed in vivo, it has been reported that small amounts of methylated and glucuronidated PA monomers and dimers can be detected in plasma [39]. Therefore, further studies are necessary to clarify which chemical compound in BP has a beneficial effect against NASH. Third, we did not examine the serum glucose levels, insulin levels, and insulin resistance in the present study, because our NASH model rats (the MO and PO groups) did not show any glucose metabolism abnormality, including insulin resistance [17]. In addition, anesthesia with isoflurane can raise the serum glucose level [40]. A better method of anesthesia or euthanasia by decapitation, which does not affect blood glucose metabolism, should be used in future studies.



In conclusion, there is no significant difference among MO, ML, and MH groups and among PO, PL, and PH groups in almost all tested parameters in the present study. However, in the rat model of NASH with advanced hepatic fibrosis, high-dose BP prevented NASH development by ameliorating the histopathological findings of lobular inflammation. Also, BP tended to attenuate serum aspartate aminotransferase level in this model. In the rat model of NASH with mild-to-moderate hepatic fibrosis, BP tended to attenuate the serum levels of transaminases and ameliorated hepatic fibrosis, although there were no statistical differences. Also, BP-dose-dependent effects were revealed for several parameters, including MCP-1, TGF-β, and Mn-SOD gene expressions in the liver, although there were no statistical differences. Therefore, BP may prevent NASH development or progression, presumably due to its anti-inflammatory and anti-oxidative properties (Figure 5).
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Figure 1. Comparisons of the final body weight at 18 weeks of age, the body weight gain, cumulative energy intake, and food efficacy during the rearing period, and the liver weight-to-body weight ratio and epididymal fat pad weight-to-body weight ratio at 18 weeks of age among the control, MO, ML, and MH groups, and among the control, PO, PL, and PH groups. * p < 0.05; ** p < 0.01. 
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Figure 2. Comparison of the serum biochemical parameters and hepatic lipid concentrations at 18 weeks of age among the control, MO, ML, and MH groups, and among the control, PO, PL, and PH groups. * p < 0.05; ** p < 0.01. 
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Figure 3. Representative histopathological findings of the livers in the control, MO, ML, MH, PO, PL, and PH groups. Arrows show inflammatory foci, and arrow heads show hepatocyte ballooning. In a rat of the control group, liver steatosis, lobular inflammation, hepatocyte ballooning, and fibrosis were not observed; the NAS was 0; and the TRX staining score was 1. In a rat of the MO group, severe steatosis (score 3), moderate lobular inflammation (score 2), a few ballooned hepatocytes (score 1), and mild fibrosis (score 1) were observed; the NAS was 6; and the TRX staining score was 4. In a rat of the ML group, moderate steatosis (score 2), moderate lobular inflammation (score 2), a few ballooned hepatocytes (score 1), and no fibrosis (score 0) were observed; the NAS was 5; and the TRX staining score was 3. In a rat of the MH group, severe steatosis (score 3), moderate lobular inflammation (score 2), no ballooned hepatocytes (score 0), and no fibrosis (score 0) were observed; the NAS was 5; and the TRX staining score was 2. In a rat of the PO group, severe steatosis (score 3), moderate lobular inflammation (score 2), no ballooned hepatocytes (score 0), and cirrhosis (score 4) were observed; the NAS was 5; and the TRX staining score was 3. In a rat of the PL group, severe steatosis (score 3), mild lobular inflammation (score 1), no ballooned hepatocytes (score 0), and bridging fibrosis (score 3) were observed; the NAS was 4; and the TRX staining score was 2. In a rat of the PH group, severe steatosis (score 3), severe lobular inflammation (score 3), no ballooned hepatocytes (score 0), and cirrhosis (score 4) were observed; the NAS was 6; and the TRX staining score was 3. The steatosis, lobular inflammation, hepatocyte ballooning, and fibrosis scores were determined according to the NASH Clinical Research Network Scoring System [21]. The TRX staining scores are expressed as described in the Materials and Methods section. HE (×200): hematoxylin and eosin-stained sections (original magnification, 200×; scale bars, 100 μm); Azan (×200): Azan-stained sections (original magnification, 200×; scale bars, 100 μm); TRX (×200): thioredoxin-stained sections (original magnification, 200×; scale bars, 100 μm). 
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Figure 4. Comparisons of the hepatic mRNA expression levels of genes involved in lipid metabolism, cholesterol metabolism, inflammation, fibrosis and oxidative stress among the control, MO, ML, and MH groups, and among the control, PO, PL, and PH groups. The mRNA levels are expressed relative to the levels of the control group (means ± SE). * p < 0.05; ** p < 0.01. 
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Figure 5. The presumed mechanism of BP against NASH development in the rat model. Downward arrow represents a decrease. MCP-1: monocyte chemoattractant protein-1; TGF-β: transforming growth factor-β; Mn-SOD: manganese superoxide dismutase; NAS: the NAFLD activity score; BP: barley bran polyphenol-rich extracts. 
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Table 1. Proximate compositions of the diets.
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	Constituents/Group
	Control
	MO
	ML
	MH
	PO
	PL
	PH





	Water (g)
	7.90
	5.49
	5.49
	5.48
	5.37
	5.37
	5.37



	Crude protein (g)
	23.10
	16.05
	16.02
	15.97
	15.71
	15.69
	15.64



	Crude lipid (g)
	5.10
	3.54
	3.53
	3.52
	3.47
	3.46
	3.45



	Crude ash (g)
	5.80
	4.03
	4.03
	4.03
	3.94
	3.94
	3.94



	Crude fiber (g)
	2.80
	1.95
	1.95
	1.95
	1.90
	1.90
	1.90



	Nitrogen-free extract (g)
	55.30
	38.43
	38.68
	39.15
	37.60
	37.86
	38.33



	Palm oil (g)
	0.00
	28.75
	28.55
	28.18
	27.50
	27.31
	26.95



	Cholesterol (g)
	0.00
	1.25
	1.24
	1.23
	2.50
	2.48
	2.45



	Sodium cholate (g)
	0.00
	0.50
	0.50
	0.49
	2.00
	1.99
	1.96



	Total (g)
	100.00
	100.00
	100.00
	100.00
	100.00
	100.00
	100.00



	Protein energy ratio (%)
	25.70
	12.62
	12.62
	12.63
	12.77
	12.78
	12.82



	Lipid energy ratio (%)
	12.77
	57.15
	56.87
	56.40
	56.66
	56.39
	55.89



	Carbohydrate energy ratio (%)
	61.53
	30.23
	30.51
	30.97
	30.57
	30.83
	31.29



	Energy (kcal/100 g)
	359.50
	508.60
	507.64
	505.85
	491.96
	491.11
	489.54










 





Table 2. Primer sequences for real-time reverse transcription polymerase chain reaction.
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Primer

	
Sequence (5′ to 3′)






	
Mttp

	
Forward:

	
CAAGCTCAAGGCAGTGGTTG




	

	
Reverse:

	
AGCAGGTACATCGTGGTGTC




	
Fasn

	
Forward:

	
CAACATTGACGCCAGTTCC




	

	
Reverse:

	
TTCGAGCCAGTGTCTTCCAC




	
Cpt1a

	
Forward:

	
AACCTCGGACCCAAATTGC




	

	
Reverse:

	
GGCCCCGCAGGTAGATATATT




	
Srebf1

	
Forward:

	
CATGGACGAGCTACCCTTCG




	

	
Reverse:

	
GAAGCATGTCTTCGATGTCGG




	
Nr1h3

	
Forward:

	
CAGGACCAGCTCCAAGTAGA




	

	
Reverse:

	
GAACATCAGTCGGTCGTGG




	
Nr1h4

	
Forward:

	
TGGGAATGTTGGCTGAATGTTTG




	

	
Reverse:

	
TGCTAGCTTGGTCGTGGAG




	
Ccl2

	
Forward:

	
TCTGTCACGCTTCTGGGCCTGT




	

	
Reverse:

	
GGGGCATTAACTGCATCTGGCTGAG




	
Il6

	
Forward:

	
GATACCACCCACAACAGACCAGTA




	

	
Reverse:

	
TGCACAACTCTTTTCTCATTTCCA




	
Nfkb1

	
Forward:

	
TGACATCATCAACATGAGAACGA




	

	
Reverse:

	
CCCCAACCCTCAGCAAGTC




	
Col1a1

	
Forward:

	
GCGTAGCCTACATGGACCAA




	

	
Reverse:

	
AAGTTCCGGTGTGACTCGTG




	
Tgfb1

	
Forward:

	
CTTTGTACAACAGCACCCGC




	

	
Reverse:

	
TAGATTGCGTTGTTGCGGTC




	
Acta2

	
Forward:

	
GCCAAGAAGACATCCCTGAAGT




	

	
Reverse:

	
TGTGGCAGATACAGATCAAGCAT




	
Cyp2e1

	
Forward:

	
CCCATCCTTGGGAACATTTTT




	

	
Reverse:

	
GCCAAGGTGCAGTGTGAACA




	
Gpx1

	
Forward:

	
GCTGCTCATTGAGAATGTCG




	

	
Reverse:

	
GAATCTCTTCATTCTTGCCATT




	
Sod2

	
Forward:

	
GACCTGCCTTACGACTATG




	

	
Reverse:

	
TACTTCTCCTCGGTGACG




	
Rplp0

	
Forward:

	
ATTGCGGACACCCTCTAGGA




	

	
Reverse:

	
GGTGTTTGACAATGGCAGCAT











 





Table 3. Histopathological assessment of the livers.
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Item/Group

	
Score

	
Control

(n = 5)

	
MO

(n = 5)

	
ML

(n = 5)

	
MH

(n = 6)

	
PO

(n = 5)

	
PL

(n = 5)

	
PH

(n = 6)






	
Steatosis *

	
0

	
5

	
0

	
0

	
0

	
0

	
0

	
0




	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
2

	
0

	
0

	
1

	
0

	
0

	
0

	
0




	
3

	
0

	
5

	
4

	
6

	
5

	
5

	
6




	
Lobular inflammation *

	
0

	
5

	
0

	
0

	
0

	
0

	
0

	
0




	
1

	
0

	
0

	
0

	
0

	
0

	
1

	
4




	
2

	
0

	
1

	
3

	
2

	
2

	
2

	
0




	
3

	
0

	
4

	
2

	
4

	
3

	
2

	
2




	
Hepatocyte ballooning *

	
0

	
5

	
2

	
2

	
5

	
3

	
2

	
5




	
1

	
0
