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ABSTRACT

Resistant starch (RS) has been reported to improve steatosis as well as obesity. Type 4
resistant starch (RS4), a chemically modified starch, is particularly hard to digest and
suggesting higher efficacy. However, because the effects of RS4 on steatosis are not yet
fully understood, the effects of RS4 on steatosis were examined using a murine high-fat
diet model. Seven-week-old male mice were divided into three groups and fed a normal
diet, a high-fat diet (HFD), or a high-fat diet with added RS (HFD+RS). Amylofiber SH®
produced from acid-treated corn starch was used as the dietary RS. At 22 weeks old,
hepatic steatosis and short chain fatty acid (SCFA) content and gut microbiota in cecum
stool samples were analyzed. The ratio of body weight to 7 weeks was significantly
suppressed in the HFD+RS group compared to the HFD group (132.2 £+ 1.4 % vs. 167.2 +
3.9 %, p = 0.0076). Macroscopic and microscopic steatosis was also suppressed in the
HFD+RS group. Analysis of cecum stool samples revealed elevated SCFA levels in the
HFD+RS group compared with the HFD group. Metagenome analysis revealed that
Bifidobacterium (17.9 £ 1.9 % vs. 3.6 £ 0.7 %, p = 0.0019) and Lactobacillus (14.8 £ 3.4 %
vs. 0.72 £ 0.23 %, p = 0.0045), which degrade RS to SCFA, were more prevalent in the
HFD+RS group than the HFD group. In conclusion, RS4 suppressed steatosis, and
increased Bifidobacterium and Lactobacillus, and SCFAs. RS4 may prevent steatosis by
modulating the intestinal environment.

(Word count: 247)

Kew words: RS4, steatosis, SCFA, microbiota, high fat diet
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1. INTRODUCTION

Obesity and related diseases, such as type 2 diabetes, hypertension, cardiovascular
disease, and some cancers, have been common problems worldwide because Western-
style meals have become more popular and the calorie intake from food is increasing
(Bleich et al., 2008). Steatosis is a condition in which fat (triglycerides) is deposited in
hepatocytes, and fatty liver disease is a general term for liver damage caused by steatosis.
This fatty liver disease is largely classified into alcoholic and non-alcoholic. And non-
alcoholic fatty liver disease (NAFLD) is the liver's expression of an obesity-related disease
(Marchesini et al., 2003). NAFLD is strongly related to liver cirrhosis and cancer and is
becoming the leading cause of liver cancer in Western countries. NAFLD is expected to
become the most frequent indication for liver transplantation by 2030 (Byrne & Targher,
2015). Therefore, efforts to suppress the development of fatty liver is a major issue
worldwide.

It has been reported that the gut microbiota in patients with obesity and NAFLD was
changed from that of healthy individuals, and the changes in the gut microbiota can
cause various obesity-related diseases and make steatosis worse (Ley et al., 2006, Miele
et al., 2009). Low dietary fiber intake is associated with higher rates of obesity, and
dietary fiber supplementation has been reported to change the gut microbiota and
improve obesity (Mayengbam et al., 2019).

Short-chain fatty acids (SCFAs) such as acetic acid, propionic acid, and butyric acid are
produced from dietary fiber decomposed by the gut microflora. Then, SCFAs are
absorbed in the small intestine and used as an energy source (Wolever et al., 1989). It
has been also reported that obesity and fatty liver caused by HFD can be suppressed by

oral intake of SCFA (Lu et al., 2016, Shimizu et al., 2019). Resistant starch (RS) is a type of
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starch that is not easily digested or absorbed in the small intestine. RS is a starch, but like
dietary fiber, it is decomposed by the gut microflora into SCFA (Pelpolage et al., 2020).
Amylofiber SH® (J-Oil Mills Inc., Tokyo, Japan) is one of the RS, and is extracted from corn
with a high amylose content and is acid-treated to further increase the RS content. It is
a type of chemically modified starch subgrouped into type 4 resistant starch (RS4). Many
studies have reported inhibitory effect of RS on obesity and steatosis, but most of studies
evaluating the effects of RS on suppressing fatty liver are using type 2 resistant starch
(RS2). In addition, although limited reports have shown that RS4 is more effective than
RS2 in suppressing high-fat diet (HFD)-induced obesity (31.0 + 0.4g vs. 33.1 £ 1.0g, p
<0.05) after 24 weeks of treatment (Shimotoyodome et al., 2010), there are very few
studies using RS4, which has a higher resistant starch content and is less digestible than
RS2. That is the reason, the inhibitory effects of RS4 on fatty liver are still not fully
understood. Therefore, in this study, we examined the inhibitory effects of RS4 on fatty

liver using a murine HFD-induced fatty liver model.

2. Materials and Methods
2.1. Diet preparation

Amylofiber SH®, which is extracted from corn with a high amylose content (about 50%—
70%) and is acid-treated to increase the RS content, was kindly provided by J-Oil Mills
Inc. Amylofiber SH® is an acid-treated high amylose corn starch of the RS4 type
(Nagahata et al., 2013). It was prepared by hydrolyzing high amylose corn starch, which
is originally RS2 extracted from corn with very high amylose content (the RS content is
about 50%), in a hydrochloric acid solution with a concentration of 1.5% for 24 hours at

50°C. The yield from performing this hydrolysis is over 100% (about 120-160%), and the
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RS content is increased to about 70%. The degree of polymerization (DP) of this
Amylofiber SH® is about 60. The control diet was AIN93G, and the diet of high-fat diet
with resistant starch (HFD+RS) was made to contain as much RS as possible. It is usually
that fatty liver model mice are administered with 60% lipid content HDF for 8 weeks.
However, the HFD was prepared by reducing the amount of B-corn starch in AIN93G and
adding lard instead in this study. The lipid content that causes steatosis was set at 45%,
because previous report showed the steatosis even after 12 weeks of treatment with
HDF containing 45% lipid (Duan et al., 2018). Using this HFD as a base, we further
reduced the amount of B-corn starch and replaced it with RS to prepare the HFD+RS. The
HFD+RS matched the HDF in terms of the total calories and calories of the three
macronutrients, which included RS (21.5%). The composition of each diet is shown in

Table 1. The diets were prepared by Oriental Yeast Co. Ltd. (Tokyo, Japan).

2.2. Animal experiments

Five-week-old male C57BL/6J mice were purchased from CLEA Japan Inc. (Tokyo,
Japan). After 2 weeks of maintenance on a normal diet (CE2), the mice were grouped
into three groups with similar weights. Mice in each group (n = 10, 2 or 3 mice per cage)
were fed the HFD, HFD+RS, or control AIN93G diets from 7 to 22 weeks of age. The mice
were weighed weekly. Food intake and stool weight were measured over 3 days at 21
weeks of age. To determine stool weight, stools were collected during the same 2-hour
period on 3 days and the weight was measured. At 22 weeks, the mice were killed, and
the body weight, white adipose tissue weight, and liver weight were measured. Plasma,
liver, and cecum stool samples were collected and stored at =80 °C for further analysis.

The plasma alanine aminotransferase (ALT), aspartate aminotransferase (AST), total
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cholesterol (TC), low density lipoprotein cholesterol (LDL-C), high density lipoprotein
cholesterol (HDL-C), and triglyceride (TG) levels were measured using an ALT, AST, TC,
LDL-C, HDL-C, and TG kits, respectively (Wako Pure Chemical, Osaka, Japan). This study
was approved by the Institutional Animal Care and Use Committee of Kobe University

(approval numbers: P160505 and P210309).

2.3. Liver histology

Liver tissues were fixed overnight at 4 °C in 10% formaldehyde and embedded in
paraffin wax. The paraffin sections were cut (5 um thick), mounted on glass slides, and
stained with hematoxylin and eosin (HE). Steatosis was evaluated as the approximate

percentage of hepatocytes with fatty cells labeled with HE staining in a blinded manner.

2.4. Liver RNA extraction and quantitative PCR

Liver tissues were placed in RNAlater (Qiagen, CA, USA) and stored at -80 °C until use.
Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, MA, USA), and
cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, CA, USA). Real-time PCR was performed using SYBR Green (Applied
Biosystems) and ABI 7500 real-time PCR system (Applied Biosystems). The following
primers (forward and reverse, respectively) were used: acetyl-CoA carboxylase (ACC), 5’-
CTCCCGATTCATAATTGGGTCTG-3’, and 5’-TCGACCTTGTTTTACTAGGTGC-3’; fatty acid
synthase (FAS), 5-GCGGGTTCGTGAAACTGATAA-3’, and 5'-GCAAAATGGGCCTCCTTGATA-
3’; sterol regulatory element-binding protein 1 (SREBP1), 5'-GCAGCCACCATCTAGCCTG-3’,
and 5’-CAGCAGTGAGTCTGCCTTGAT-3’; peroxisome proliferator-activated receptor

gamma (PPARy), 5’-GGAAGACCACTCGCATTCCTT-3’, and 5’-
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GTAATCAGCAACCATTGGGTCA-3’; and hypoxanthine phosphoribosyltransferase (HPRT),
5-GTTGGATACAGGCCAGACTTTGTTG-3’, and 5'-CCAGTTTCACTAATGACACAAACG-3'. And

the relative expression to HPRT, a housekeeping gene, was calculated.

2.5. Immunohistochemistry

Paraffin-embedded liver tissues were deparaffinized with xylene and washed with
graded ethanol. The inactivation of endogenous peroxidase was achieved using
Peroxidase-Blocking Solution (Dako North America, Inc.,, CA, USA) for 10 min. These
tissue sections were washed with phosphate-buffered saline (PBS) and incubated
overnight with anti-Ppary (1:100; Proteintech, IL, USA) at 4 °C. Following incubation with
the secondary antibody, staining with 3,3-diaminobenzidine (DAB; Dako North America,

Inc.) was used for visualization and images were captured using a microscope.

2.6. Measurement of SCFA

The fecal SCFA levels were measured by a modified method originally reported by
Garcia-Villalba et al. (2012). The sample (0.1 g) was placed in a bead tube and 0.9 ml of
0.5% phosphoric acid solution was added. The tube was mixed and then heat-treated at
85 °C for 15 min. The sample was cooled after grinding, centrifuged (14,000 x g for 10
min), and the supernatant was transferred to a new tube, mixed with an equal volume
of ethyl acetate, and centrifuged again (14,000 x g, 10 min). The ethyl acetate layer was
transferred to a vial and the internal standard (4-methylvaleric acid) was added to
generate the sample solution. After extraction the concentration of SCFA in each sample
was measured by gas chromatography using the 7890B Gas Chromatography System

(Agilent Technologies Inc., CA, USA). Helium was used as the carrier gas at 1.2 mL/min.
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The detector temperature was kept at 250°C. The oven temperature program was as
follows: 50°C; then 10°C/min to 90°C; 15°C /min to 150°C; 5°C /min to 170°C; 20°C/min
to a final temperature of 250°C, held for 4 min. One microliter of extract was injected in
the splitless mode. In this study, butyric acid, acetic acid, and propionic acid were

detected as the major cecum SFCAs.

2.7. DNA extraction from feces and analysis of microbiota

DNA extraction and amplification of the V3-V4 region of 16S rRNA was performed as
previously reported (Takahashi et al., 2014, Muyzer et al., 1993, Caporaso et al., 2011,
Hisada et al., 2015). The barcoded amplicons were paired-end sequenced using the
MiSeq system (lllumina, CA, USA). Chimeric sequences were removed by usearch 6.1.
Sequence reads were identified using the RDP Web site (Wang et al., 2007). Taxonomic
assignment of sequence reads was performed using Metagenome @ KIN Ver 2.2.1

analysis software (World Fusion, Tokyo, Japan).

2.8. Statistical analysis

Data are presented as mean * standard error of the mean (SEM) and were evaluated
by one-way analysis of variance followed by Tukey’s test to evaluate differences between
two groups. Values of p < 0.05 were considered statistically significant. Analyses were

performed using Prism 8 (GraphPad Software Inc., CA, USA),

3. Results
3.1. Body weight and liver weight

We first tested the effects of the RS on obesity by feeding mice with the HFD, HFD+RS,
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or control diet, starting at 7 weeks of age. Body weight was recorded weekly. The mean
body weights in each groups are plotted in Figure 1A. A difference in body weight was
apparent at about 12 weeks of age and became greater over time. At 22 weeks, the
percent change in body weight was greater in both the HFD (167.2% + 3.87%) and
HFD+RS (148.8% + 5.66%) groups than in the control group (132.2% + 1.43%; both p <
0.05). Comparing the HDF+RS and HDF groups, the percent change in body weight was
lower in the HDF+RS group than that in the HDF group (p = 0.0076; Figure 1B). At 22
weeks of age, the liver weight of the HFD+RS group (1.37 + 0.047 g) was lower than that
of the HFD group (1.62 £ 0.053 g, p =0.0112; Figure 1C). Furthermore, the weight of the
epididymal fat, the main fat-storing white adipose tissue, was also lower in the HFD+RS
group than in the HFD group (1.06 £ 0.11 g vs. 1.73 + 0.14 g, p = 0.0003; Figure 1D).
Overall, these data suggest that RS could reduce HFD-induced obesity.

To exclude the possibility that the effects of the HFD+RS on body weight, liver weight,
and adipose tissue weight were due to changes in appetite and increased stool weight
due to the addition of RS to the diet, we measured the total food intake and stool weight.
We found no differences in either food intake (3.15 + 0.15 vs. 3.13 + 0.11 g/mouse/day,
p =0.996) or stool weight (0.19 + 0.021 vs. 0.20 + 0.02 g/mouse/2hour, p =0.983)
between the HFD and HFD+RS groups (Figure 1E,F). However, food intake was
significantly different between the control and HFD groups (2.32 £ 0.21 vs. 3.15 + 0.15
g/mouse/day, p = 0.0029) and between the control and HFD+RS groups (2.32 + 0.21
g/mouse/day vs. 3.13 + 0.11 g/mouse/day, p = 0.0037). These results suggest that the
reduction in body weight and fat accumulation in the HFD+RS group is not simply due to

changes in food ingestion or defecation.



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

3.2. Gross and microscopic findings of the liver

To further investigate the effects of RS, we performed histological evaluations of liver
tissue. Macroscopically, several specimens in HFD group had whitish areas—suspected
steatosis (Figure 2A). However, no such findings were found in the livers of the HFD+RS
and control groups. Microscopic observations confirmed the presence of steatosis in the
whitish regions of the livers in the HFD group (Figure 2B). When we evaluated the
percentage of hepatocytes with fatty deposits by HE staining, moderate fatty liver
(defined as 50%—80% of cells containing fatty deposits) was detected in 5 of the 10 liver
specimens from the HFD group (Figure 2C). However, fatty liver was not observed in the
HFD+RS or control groups. There was a significant difference between the HFD and
HFD+RS groups in terms of cells containing fatty deposits (32.5% + 10.1% vs. 2.5% + 1.1%,
p = 0.0035). These results indicate that that RS may suppress the development of fatty

liver in mice fed an HFD.

3.3. Blood examinations

Comparing the HFD and HFD+RS groups, we found no significant difference in the AST
level (58.3 + 9.99 vs. 44.8 + 3.30 IU/L, p = 0.63; Figure 3A), but there were significant
differences in the ALT (19.1 + 2.46 vs. 12.0 + 0.69 IU/L, p = 0.0115; Figure 3B). As for
cholesterol, the HFD+RS group had significantly lower than the HFD group in the TC level
(99.9+7.88 vs. 165.5 +9.45 mg/dL, p < 0.0001; Figure 3C), in the LDL-C level (6.5 + 0.93
vs. 10.2 £ 0.96 mg/dL, p < 0.0001; Figure 3D), and in the HDL-C level (58.0 + 2.81 vs. 76.4
+ 2.15 mg/dL, p < 0.0001; Figure 3E). As for TG (Figure 3F), the HFD+RS group was also
significantly lower than the HFD group (29.1 + 5.27 vs. 61.0 + 8.80 mg/dL, p = 0.0303)

and even lower than the control group, but not significantly different from the control
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group (29.1 £ 5.27 vs. 47.8 + 9.44 mg/dL, p = 0.4904). Consistent with the histological
findings, these blood test data suggest that RS suppresses liver damage associated with

steatosis.

3.4. Expression of genes related to fatty acid synthesis and TG accumulation

To investigate the mechanism by which RS reduced obesity and steatosis in mice, we
assessed the expression levels of several genes involved in fat accumulation. Real-time
PCR was performed using liver tissue samples to examine the gene expression levels of
ACC, FAS and SREBP1, which are involved in fatty acid synthesis in the liver (Horton et al.,
2002), and PPARy, which is involved in TG accumulation in the fatty liver (Matsusue et
al., 2003). Although there were no significant differences in the mRNA expression levels
of ACC (Figure 4A), FAS (Figure 4B) and SREBP1 (Figure 4C), the relative expression level
of PPARy tended to be greater in the HFD group than in the control group (0.99 + 0.087
vs. 0.66 + 0.13, p = 0.076; Figure 4D). This suggests that PPARy may play an important
role in the development of fatty liver in our experimental setting. Consistent with this
role, the gene expression of PPARy tended to be lower in the HFD+RS group than in the
HFD group, although the difference was not statistically significant (0.73 + 0.069 vs. 0.99

+0.087, p = 0.1915; Figure 4D).

3.5. Expression of the PPARy protein

Next, to examine the protein expression of PPARy among three groups,
immunohistochemical analysis was carried out. Nuclear staining of PPARy was detected
in most of hepatocytes with fatty liver as well as normal liver. No significant difference

was shown among three groups (Figure 4E).
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3.6. Gut microbiota

Because the gut microbiota can influence obesity of the host (Ley et al., 2006,
Turnbaugh et al., 2006), we compared the gut microenvironment between the three
groups using stools samples. Four samples were randomly selected in each group. First,
the components of the gut microbiota were analyzed by 16S rRNA sequencing. There
were no significant differences in the alpha diversity among the three groups in terms of
species richness (Chaol) and evenness (Shannon) (Figure 5A,B). In B-diversity, the
distance between the data points for each group is an indicator of the similarity in gut
microbiota composition. The data points for each group formed clusters with the data
points in roughly equivalent locations, suggesting comparable compositions (Figure 5C).
We also analyzed the composition of bacteria at the genus level (Figure 5D).
Bifidobacterium and Lactobacillus, which are known to produce SCFA (LeBlanc et al.,
2017), were both present in control group but they were markedly reduced in HFD group
but had recovered in the HFD+RS group to a level exceeding that of the control group.
The HFD+RS group had significantly greater proportions of Bifidobacterium (17.99% +
1.94% vs. 3.59% + 0.69%, p = 0.0019) and Lactobacillus (14.79% + 3.44% vs. 0.72% +
0.23%, p = 0.0045) compared with the HFD group. Moreover, the HFD+RS group tended
to have higher proportions of Bifidobacterium (17.99% * 1.94% vs. 14.65% + 3.30%, p =
0.5613) and Lactobacillus (14.79% + 3.44% vs. 7.54% + 2.57%, p = 0.1385) compared with
the control group, although the differences were not statistically significant (Figure 5E,F).
Overall, our data suggest that dietary RS dramatically alters the components of gut

microbiota and that RS preferentially increased Bifidobacterium and Lactobacillus.
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3.7. Cecum stool SCFA content

RS is decomposed into SCFAs by gut microbiota (Pelpolage et al., 2020), such as
Bifidobacterium and Lactobacillus, and SCFAs are known to reduce obesity (Shimizu et
al., 2019). Six samples were randomly selected in each group. We found that caecum
content in the HFD+RS group had significantly greater acetic acid (18.83 + 1.10 vs. 13.28
+ 1.20 umol/g, p = 0.0027) and propionic acid (3.50 + 0.45 vs. 1.77 + 0.16 umol/g, p =
0.0159) levels compared with those in the HFD group (Figure 6A,B). Although butyric
acid tended to be greater in the HFD+RS group than in the HFD group (4.00 + 0.60 vs.
2.98 £ 0.31 umol/g, p = 0.5978), although the difference was not statistically significant

(Figure 6C).

4. Discussion

RS is a general term for starch that is not easily digested or absorbed in the small
intestine. It was reported that RS improves blood glucose levels by reducing postprandial
hyperglycemia and improving insulin responsiveness and promotes weight loss in obese
individuals (Hasjim et al., 2010, Kendall et al., 2010). In a recent meta-analysis, RS
improved fasting glucose, fasting insulin, insulin resistance, insulin sensitivity, and type
2 diabetes associated with obesity (Wang et al., 2019). Regarding steatosis, RS derived
from potato and banana (RS2) decreased hepatic fat accumulation and improved fatty
liver (Klingbeil et al., 2019, Rosado et al., 2020).

Amylofiber SH® used in this study is an acid-treated high amylose corn starch of the
RS4 type (Nagahata et al., 2013). RS is classified into four categories (RS1-4) based on its
chemical properties. Type 1 resistant starch (RS1) is starch that is difficult for digestive

enzymes to act on due to the starchy material being encased in an outer skin or shell;
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RS2 is starch particles that are themselves resistant to digestion, such as high-amylose
corn starch with high amylose content; type 3 resistant starch (RS3) is aged starch that
has recrystallized after cooking, such as mashed potatoes; RS4 is a processed starch
produced by several different methods, including the addition of ester cross-links
between starch molecules using chemical reagents, the addition of chemical constituent
groups, and acid hydrolysis and heat treatment (Sajilata et al, 2006). To date, most of
studies evaluating the effects of RS on suppressing fatty liver are using type 2 resistant
starch (RS2), there are many references showing inhibitory effects of RS2 on obesity and
fatty liver. RS4, which is less digestible than RS2, was also shown to elicit greater
inhibitory effect on HFD-induced obesity than RS2 (31.0 + 0.4g vs. 33.1 + 1.0g, p <0.05)
after 24 weeks of treatment (Shimotoyodome et al. 2010). Thus, we investigated the
inhibitory effect of RS4 on fatty liver. This study revealed that the fatty liver was less
frequent in the HFD+RS group than the HFD group, which is indicative of an inhibitory
effect of RS4 on fatty liver.

There are several possible mechanisms for the suppression of fatty liver by RS. Si et al.
(2017) performed real-time PCR of liver tissue and reported that RS4 significantly
suppressed the expression of genes associated with fatty acid synthesis (ACC, Fads1, and
SREBP1) and genes associated with fat accumulation (PPARy), and cholesterol synthesis-
related genes (HMGCR) compared with RS2. In our study, the expression of PPARy tended
to be greaterin the HFD group than in the HFD+RS and control groups, but the expression
levels of ACC, FAS, and SREBP1 did not differ among the three groups. PPARy, which is
expressed mainly in adipocytes, is required for the differentiation of pre-adipocytes to
mature adipocytes and is involved in adipocyte fat accumulation (Matsusue et al., 2008).

In addition, the gene expression of PPARy is increased in fatty liver, and it is faintly
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expressed in the normal liver (Matsusue et al., 2003). In our study, PPARy expression was
histologically confirmed in normal liver, and the expression was not significantly different
in fatty liver treated with HFD or in liver treated with HFD+RS. These results suggested
that RS4 did not directly affect the genes related to fatty acid synthesis and TG
accumulation.

The improvement in gut dysbiosis is an important mechanism by which RS inhibits
fatty liver. In fact, RS4 was previously reported to improve gut dysbiosis (Martinez et al.,
2010). Interestingly, in our study, the composition of bacteria in the stool showed an
increase in Bifidobacterium from an average of 3.59% in the HFD group to 17.99% in the
HFD+RS group, and an increase in Lactobacillus from 0.72% to 14.79%. As a result, SCFA
which was produced by gut bacteria such as Bifidobacterium and Lactobacillus was
increased from an average of 13.28% to 18.83% for acetic acid, from 1.77% to 3.5% for
propionic acid, and from 2.98% to 4.00% for butyric acid, respectively. In general, SCFA
receptors, such as GPR41 and GPR43, are involved in the mechanisms of SCFA. It was
reported that SCFAs increased energy expenditure via GPR41 in sympathetic ganglia
(Kimura et al.,, 2011). Furthermore, SCFA produced by gut bacteria inhibited fat
accumulation in white adipocytes via GPR43 (Kimura et al., 2013). Butyric acid, an SCFA,
was reported to promote hepatic glycogen metabolism via GPR43 (Zhang et al., 2019).
In a fasting glycogen deficient state, the body uses more fat instead of glycogen (lzumida
et al., 2013). Based on these findings, it seems that SCFAs might suppress weight gain
and fatty liver via GPR43 in white adipocytes, GPR41 in sympathetic ganglia, and GPR43
in the liver. Taken together, the evidence suggests that dietary RS4 alters the gut
microbiota, favoring the production of SCFAs in the intestine, which helped suppress the

development of steatosis in HFD-fed mice. Further studies will be required to confirm
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these mechanisms.

NAFLD has become a major cause of chronic liver diseases worldwide, including
cirrhosis and liver cancer. Liver disease is also strongly related to the intestine. Recent
studies have shown that the microbiota is closely related to fatty liver (Safari & Gérard,
2019). It is clear that adequate diet and exercise are necessary to improve NAFLD. Our
study has revealed that dietary Amylofiber SH® is effective for the suppression of fatty
liver, at least in a mouse model.

There are several limitations of this study. First, we did not investigate whether
physical activity or metabolic rate were altered by RS ingestion due to the limitations of
the facility. Considering that the amount of food intake and stool weights were not
significantly different between the HFD and HFD+RS groups, it is possible that energy
expenditure through exercise and metabolism was greater in the HFD+RS group. Second,
we were not able to examine steatosis by the amount of RS. In this study, the diet was
21.5% RS, which is the maximum amount that can be included in HFD-RS, but the effect
of whether steatosis is improved by a smaller content such as 10% or 15% needs to be
examined in the future. Third, we cannot exclude the possibility that different effects of
RS4 may be observed in different facilities, perhaps by use of a different base diet or
caused by host factors. We observed dramatic increases in Bifidobacterium and
Lactobacillus, but hosts lacking Bifidobacterium and Lactobacillus should not show
expansion of those bacteria. We tried to reduce gut microflora by treatment with
antibiotics in HFD-fed mice, but this was unsuccessful because antibiotics suppressed
the development of obesity in these mice. Antibiotics resulted in an enlargement of the
cecum, which occupied the abdominal cavity, and we assume that the mice showed a

loss in appetite, which prevented the development of obesity. It would be interesting to
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investigate whether the suppression of fatty liver by RS4 can be recapitulated using
gnotobiotic mice lacking Bifidobacterium and Lactobacillus. Fourth, the long-term course
of RS4 feeding is unknown. Additionally, TG in the liver is not considered to be a major
factor in lipotoxity; instead, free fatty acids such as palmitic acid, cholesterol,
lysophosphatidylcholine, and ceramides are thought to be important mediators of
chronic hepatitis caused by fatty liver (Marra & Svegliati-Baroni, 2018). However, we
have not tested these factors. Further studies are needed to elucidate the effects of RS4

and answer these questions.

5. Conclusion

RS4, a type of RS, reduced fat accumulation and prevented steatosis in HFD-fed mice.
Our results suggest this was mediated by increases in Bifidobacterium and Lactobacillus,
and consequently SCFA, in the intestinal environment. Further investigations are

warranted to confirm these findings.

Funding
This study was supported by Grants-in-Aid from the Ministry of Education, Culture,

Sports, Science and Technology, Japan (19K07539, 21K15950, and 21K15532).

Acknowledgements
We would like to thank to J-Oil Mills Inc. for kindly providing the resistant starch. We also
thank TechnoSuruga Laboratory Co., Ltd. for help with measuring short chain fatty acids

and for DNA extraction from feces, and for the microbiota analyses.



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

Conflicts of Interest

The authors have no conflicts of interest to declare.

Availability of data and materials

Full data sets are available from the corresponding author: yanoyo@med.kobe-u.ac.jp

List of abbreviations

ACC: acetyl-CoA carboxylase; AST: aspartate aminotransferase; ALT: alanine
aminotransferase; DP: degree of polymerization; FAS: fatty acid synthase; HE:
hematoxylin and eosin; HFD: high-fat diet; HFD+RS: high-fat diet with added resistant
starch; HDL-C: high density lipoprotein cholesterol; HPRT: hypoxanthine
phosphoribosyltransferase; LDL-C: low density lipoprotein cholesterol; NAFLD:
nonalcoholic fatty liver disease; PPARy: peroxisome proliferator-activated receptor
gamma; RS: resistant starch; RS1: type 1 resistant starch; RS2: type 2 resistant starch;
RS3: type 3 resistant starch; RS4: type 4 resistant starch; SCFA: short chain fatty acid;
SEM: standard error of the mean; SREBP1: sterol regulatory element-binding protein 1;

TC: total cholesterol; TG: triglyceride

References
Bleich, S., Cutler, D., Murray, C., Adams, A. (2008). Why is the developed world obese?
Annual Reviews Public Health, 29, 273-295. https://doi.org/10.1016/].jri.2007.09.003.
Byrne, C. D., Targher, G. (2015). NAFLD: A multisystem disease. Journal of Hepatology,

62(1 Suppl), S47-64. https://doi.org/10.1016/j.jhep.2014.12.012.


about:blank

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

Caporaso, J. G., Lauber, C. L., Walters, W. A,, Berg-Lyons, D., Lozupone, C. A., Turnbaugh,
P. J., Fierer, N., Knight, R. (2011). Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample. Proceedings of the National Academy of Sciences of
the United States of  America, 15, 108(Suppl 1), 4516-4522.
https://doi.org/10.1073/pnas.1000080107.

Duan, X., Meng, Q., Wang, C,, Liu, Z., Sun, H., Huo, X., Sun, P., Ma, X., Peng, J., Liu, K.
(2018). Effects of calycosin against high-fat diet-induced nonalcoholic fatty liver disease
in mice. Journal of Gastroenterology and Hepatology, 33(2).533-534. https://doi.org/
10.1111/jgh.13884.

Garcia-Villalba, R., Giménez-Bastida, J. A, Garcia-Conesa, M. T, Tomas-Barberan, F. A,
Espin, J. C., Larrosa, M. (2012). Alternative method for gas chromatography-mass
spectrometry analysis of short-chain fatty acids in faecal samples. Journal of Separation
Science, 35(15), 1906-1913. https://doi.org/10.1002/jssc.201101121.

Hasjim, J., Lee, S.-0., Hendrich, S., Setiawan, S., Ai, Y., Jane, J.-I. (2010). Characterization
of a Novel Resistant-Starch and Its Effects on Postprandial Plasma-Glucose and Insulin
Responses. Cereal Chemmistry, 87(4), 257-262. https://doi.org/10.1094/CCHEM-87-4-
0257.

Hisada, T., Endoh, K., Kuriki, K. (2015). Inter- and intra-individual variations in seasonal
and daily stabilities of the human gut microbiota in Japanese. Archives of Microbiology,
197(7), 919-934. https://doi.org/10.1007/s00203-015-1125-0.

Horton, J. D., Goldstein, J. L., Brown, M. (2002). SREBPs: activators of the complete
program of cholesterol and fatty acid synthesis in the liver. The Journal of Clinical

Investigation, 109(9), 1125-1131. https://doi.org/10.1172/JCI15593.


about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
https://doi.org/10.1073/pnas.1000080107
about:blank
about:blank
about:blank
about:blank

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

lzumida, Y., Yahagi, N., Takeuchi, Y., Nishi, M., Shikama, A., Takarada, A., Masuda, Y.,
Kubota, M., Matsuzaka, T., Nakagawa, Y., lizuka, Y., Itaka, K., Kataoka, K., Shioda, S.,
Niijima, A., Yamada, T., Katagiri, H., Nagai, R., Yamada, N., Kadowaki, T., Shimano, H.
(2013). Glycogen shortage during fasting triggers liver—brain—adipose neurocircuitry to
facilitate fat utilization. Nature Communications, 4, 2316.
https://doi.org/10.1038/ncomms3316.

Kendall, C. W. C., Esfahani, A., Sanders, L. M., Potter, S. M., Vidgen, E. (2010). The Effect
of a Pre-Load Meal Containing Resistant Starch on Spontaneous Food Intake and Glucose
and Insulin  Responses. Journal of Food Technology, 8, 67-73.
https://doi.org/10.3923/jftech.2010.67.73

Kimura, 1., Inoue, D., Maeda, T., Hara, T., Ichimura, A., Miyauchi, S., Kobayashi, M.,
Hirasawa, A., Tsujimoto, G. (2011). Short-chain fatty acids and ketones directly regulate
sympathetic nervous system via G protein-coupled receptor 41 (GPR41). Proceeding of
the National Academy of Sciences of the United States of America, 108(19), 8030-8035.
https://doi.org/10.1073/pnas.1016088108.

Kimura, I, Ozawa, K., Inoue, D., Imamura, T., Kimura, K., Maeda, T., Terasawa, K.,
Kashihara, D., Hirano, K., Tani, T., Takahashi, T., Miyauchi, S., Shioi, G., Inoue, H.,
Tsujimoto, G. (2013). The gut microbiota suppresses insulin-mediated fat accumulation
via the short-chain fatty acid receptor GPR43. Nature Communications, 4, 1829.
https://doi.org/10.1038/ncomms2852.

Klingbeil, E. A., Cawthon, C., Kirkland, R., de La Serre, C. B. (2019). Potato-Resistant
Starch Supplementation Improves Microbiota Dysbiosis, Inflammation, and Gut-Brain
Signaling in High Fat-Fed Rats. Nutrients, 11(11), 2710.

https://doi.org/10.3390/nu11112710.



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

LeBlang, J. G., Chain, F., Martin, R., Bermudez-Humaran, L. G., Courau, S., Langella, P.
(2017). Beneficial effects on host energy metabolism of short-chain fatty acids and
vitamins produced by commensal and probiotic bacteria. Microbial Cell Factories, 16(1),
79. https://doi.org/10.1186/s12934-017-0691-z.

Ley, R. E., Turnbaugh, P. J., Klein, S., Gordon, J. I. (2006). Microbial ecology: human gut
microbes associated with obesity. Nature, 444, 1022-1023.
https://doi.org/10.1038/4441022a

Lu, Y., Fan, C, Li, P, Lu, Y., Chang, X., Qj, K. (2016). Short Chain Fatty Acids Prevent High-
fat-diet-induced Obesity in Mice by Regulating G Protein-coupled Receptors and Gut
Microbiota. Scientific Reports, 6, 37589. https://doi.org/ 10.1038/srep37589.

Marchesini, G., Bugianesi, E., Forlani, G., Cerrelli, F., Lenzi, M., Manini, R., Natale, S.,
Vanni, E., Villanova, N., Melchionda, N., Rizzetto, M. (2003). Nonalcoholic fatty liver,
steatohepatitis, and the metabolic syndrome. Hepatology, 37(4), 917-923.
https://doi.org/ 10.1053/jhep.2003.50161.

Martinez, I., Kim, J., Duffy, P. R., Schlegel, V. L., Walter, J. (2010). Resistant starches
types 2 and 4 have differential effects on the composition of the fecal microbiota in
human subjects. PLoS One, 5(11):e15046.
https://doi.org/10.1371/journal.pone.0015046

Marra, F., Svegliati-Baroni, G. (2018). Lipotoxicity and the gut-liver axis in NASH
pathogenesis. Journal of Hepatology, 68(2), 280-295.
https://doi.org/10.1016/j.jhep.2017.11.014

Matsusue, K., Haluzik, M., Lambert, G., Yim, S.-H., Gavrilova, O., Ward, J. M., Brewer, B.

Jr., Reitman, M. L., Gonzalez, F. J. (2003). Liver-specific disruption of PPARy in leptin-



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

deficient mice improves fatty liver but aggravates diabetic phenotypes. The Journal of
Clinical Investigation, 111(5), 737-747. https://doi.org/10.1172/1C117223.

Matsusue, K., Kusakabe, T., Noguchi, T., Takiguchi, S., Suzuki, T., Yamano, S., Gonzalez,
F. J. (2008). Hepatic steatosis in leptin-deficient mice is promoted by the PPARgamma
target gene Fsp27. Cell Metabolism, 7(4), 302-311.
https://doi.org/10.1016/j.cmet.2008.03.003.

Mayengbam, S., Lambert, J., Parnell, J., Tunnicliffe, J., Nicolucci, A., Han, J., Sturzenegger,
T., Shearer, J., Mickiewicz, B., Vogel, H., Madsen, K., Reimer, R. (2019). Impact of dietary
fiber supplementation on modulating microbiota-host-metabolic axes in obesity. The
Journal of Nutritional Biochemistry, 64, 228-236. https://doi.org/
10.1016/j.jnutbio.2018.11.003.

Miele, L., Valenza, V., Toore, G., Montalto, M., Cammarota, G., Ricci, R., Masciana, R.,
Forgione, A., Gabrieli, M., Perotti, G., Vecchio, F., Rapaccini, G., Gasbarrini, G., Day, C.,
Grieco, A. (2009). Increased intestinal permeability and tight junction alterations in
nonalcoholic fatty liver disease. Hepatology, 49(6), 1877-1887. https://doi.org/
10.1002/hep.22848.

Muyzer, G., de Waal, E. C., Uitterlinden, A. G. (1993). Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of polymerase chain
reaction-amplified genes coding for 16S rRNA. Applied and Environmental Microbiology,
59(3), 695-700. https://doi.org/10.1128/aem.59.3.695-700.1993.

Nagahata, Y., Kobayashi, |., Goto, M., Nakaura, Y., Inouchi, N. (2013). The Formation of
Resistant Starch during Acid Hydrolysis of High-amylose Corn Starch. The Japanese
Society of Applied Glycosciense, 60, 123-130. https://doi.org/10.5458/jag.jag.JAG-

2012_008



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

Pelpolage, S. W., Yoshida, A., Nagata, R., Shimada, K., Fukuma, N., Bochimoto, H.,
Hamamoto, T., Hoshizawa, K., Nakano, K., Han, K.-H., Fukushima, M. (2020). Frozen
Autoclaved Sorghum Enhanced Colonic Fermentation and Lower Visceral Fat
Accumulation in Rats. Nutrients, 12(8), 2412. https://doi.org/10.3390/nu12082412.

Rosado, C. P., Rosa, V. H. C., Martins, B. C., Soares, A. C., Santos, |. B., Monteiro, B. C.,
Moura-Nunes, N., da Costa, C. A., Mulder, A. da R. P, Daleprane, J. B. (2020). Resistant
starch from green banana (Musa sp.) attenuates non-alcoholic fat liver accumulation and
increases short-chain fatty acids production in high-fat diet-induced obesity in mice.
International  Journal of  Biological Macromolecules, 145, 1066-1072.
https://doi.org/10.1016/j.ijbiomac.2019.09.199.

Safari, Z., Gérard, P. (2019). The links between the gut microbiome and non-alcoholic
fatty liver disease (NAFLD). Cellular and Molecular Life Sciense, 76(8), 1541-1558.
https://doi.org/10.1007/s00018-019-03011-w.

Sajilata, M. G., Singhal, R. S., Kulkarni, P. R. (2006). Resistant Starch—A Review.
Comprehensive Reviews in Food Science and Food Safety, 5, 1-17.
https://doi.org/10.1111/j.1541-4337.2006.tb00076.x

Shimizu, H., Masujima, Y., Ushiroda, C., Mizushima, R., Taira, S., Ohue-Kitano, R., Kimura,
I. (2019). Dietary short-chain fatty acid intake improves the hepatic metabolic condition
via FFAR3. Scientific Reports, 9(1), 16574. https://doi.org/10.1038/s41598-019-53242-x.

Shimotoyodome, A., Suzuki, J., Fukuoka, D., Tokimitsu, I., Hase, T. (2010). RS4-type
resistant starch prevents high-fat diet-induced obesity via increased hepatic fatty acid
oxidation and decreased postprandial GIP in C57BL/6J mice. American Journal of
Physiology Endocrinology and Metabolism, 298(3), 652-662.

https://doi.org/10.1152/ajpendo.00468.2009.


https://doi.org/10.1007/s00018-019-03011-w

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

Si, X., Zhou, Z., Strappe, P., Blanchard, C. (2017). A comparison of RS4-type resistant
starch to RS2-type resistant starch in suppressing oxidative stress in high-fat-diet-
induced obese rats. Food & Function, 8(1), 232-240. https://doi.org/10.1039/c6fo01225f.

Takahashi, S., Tomita, J., Nishioka, K., Hisada, T., Nishijima, M. (2014). Development of
a Prokaryotic Universal Primer for Simultaneous Analysis of Bacteria and Archaea Using
Next-Generation Sequencing. Plos One, 21, 9(8), e105592.
https://doi.org/10.1371/journal.pone.0105592

Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., Gordon, J. I.
(2006). An obesity-associated gut microbiome with increased capacity for energy harvest.
Nature, 444, 1027-1031. https://doi.org/10.1038/nature05414.

Wang, Q., Garrity, G. M., Tiedje, J. M., Cole, J. R. (2007). Naive Bayesian classifier for
rapid assignment of rRNA sequences into the new bacterial taxonomy. Applied and
Environmental Microbiology, 73(16), 5261-5267. https://doi.org/10.1128/AEM.00062-
07.

Wang, Y., Chen, J., Song, Y.-H., Zhao, R., Xia, L., Chen, Y., Cui, Y.-P., Rao, Z.-Y., Zhou, Y.,
Zhuang, W., Wu, X.-T. (2019). Effects of the resistant starch on glucose, insulin, insulin
resistance, and lipid parameters in overweight or obese adults: a systematic review and
meta-analysis. Nutrition & Diabetes, 5, 9(1), 19. https://doi.org/10.1038/s41387-019-
0086-9.

Wolever, TM., Brighenti, F., Jenkins, AL., Jenkins, DJ. (1989). Effect of rectal infusion of
short chain fatty acids in human subjects. American Journal of Gastroenterology, 84(9),
1027-1033.

Zhang, W.-Q., Zhao, T.-T., Gui, D.-K,, Gao, C.-L., Gu, J.-L., Gan, W.-J., Huang, W., Xu, Y.,

Zhou, H., Chen, W.-N,, Liu, Z.-L., Xu, Y.-H. (2019). Sodium Butyrate Improves Liver



576

577

578

579

580

581

Glycogen Metabolism in Type 2 Diabetes Mellitus. Journal of Agricultural and Food

Chemistry, 67(27), 7694-7705. https://doi.org/10.1021/acs.jafc.9b02083.



582

583

584

585

586

Table 1. Composition of the experimental diets

unit Control HFD HFD+RS

Casein g/100 g 20 14 14
Cystine g/100 g 0.3 0.21 0.21
B-corn starch g/100 g 39.7 10 3.5
a-corn starch g/100 g 13.2 26 26
Sucrose g/100 g 10 10 10
Cellulose g/100 g 5 15 0
Resistant starch g/100 g 0 0 21.5
Soybean oil g/100 g 7 2 2
Lard g/100 g 0 18 18
Mineral mix g/100 g 3.5 3.5 3.5
Vitamin mix g/100 g 1 1 1
Total calorie kcal/100 g 368 391.3 390.7
Protein kcal/100 g 19.6 12.5 12.5
Lipid kcal/100 g 17.8 44 .4 44
Carbohydrate kcal/100 g 62.6 43.1 43.6
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Figure legends

Figure 1. (A) Percent changes in body weight plotted in each group from 7 to 22 weeks
of age. (B) Percent changes in body weight, (C) liver weights, and (D) white adipose tissue
weights at 22 weeks of age. (E) Food intake. The amount of food ingested per day was
measured at 21 weeks of age and repeated three times. Because 2—3 mice were housed
in each cage, the data are calculated as g/mouse/day. Total plots of three repeated
measurements are shown. (F) Stool weights. Individual mice were placed in a cage for 2
hours and the stools were collected and weighed. This was repeated three times over 3
days at 21 weeks of age, and the total weights for three repeated measurements are
shown. Values are shown as the mean * standard error of the mean. Control, mice fed
with the normal chow; HFD, mice fed with the high-fat diet; HFD+RS, mice fed with high-
fat diet supplemented with resistant starch. Asterisks indicate statistical significance (p <

0.05).

Figure 2. (A) Macroscopic finding of the liver. (B) Microscopic findings with hematoxylin
and eosin (HE) staining. (C) Approximate percentages of hepatocytes containing fatty
deposits. HE-stained sections from each sample were evaluated in a blinded manner.
Values are shown as the mean = standard error of the mean. Control, mice fed with the
normal chow; HFD, mice fed with the high-fat diet; HFD+RS, mice fed with high-fat diet

supplemented with resistant starch. Asterisks indicate statistical significance (p < 0.05).

Figure 3. Blood examinations. (A) No significant difference among groups was shown in

AST levels. (B) ALT, (C) TC, (D) LDL-C, and (E) HDL-C levels in HFD+RS and control groups
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were significantly lower than that of HFD group. (F) TG level in HFD+RS was also
significantly lower than that of HFD group. Values are shown as the mean + standard
error of the mean. Control, mice fed with the normal chow; HFD, mice fed with the high-
fat diet; HFD+RS, mice fed with high-fat diet supplemented with resistant starch.

Asterisks indicate statistical significance (p < 0.05).

Figure 4. Real-time PCR analysis of the hepatic expression levels of genes related to fatty
acid synthesis (ACC [A], FAS [B], and SREBP1 [C]) and triglyceride accumulation in fatty
liver (PPARy [D]). Values are shown as the mean # standard error of the mean. Control,
mice fed with the normal chow; HFD, mice fed with the high-fat diet; HFD+RS, mice fed
with high-fat diet supplemented with resistant starch. (E) Immunostaining of PPARy.

Cleary positive staining in the nucleus of hepatocytes was detected in all groups.

Figure 5. Analysis of intestinal microbiota by 16S rRNA sequencing. (A) Chaol, (B)
Shannon, and (C) B-diversity. (D) Microbiota composition at the genus level. The names
of major bacteria were indicated under the graph. (E,F) Percentages of Bifidobacterium
(E) and Lactobacillus (F). Values in A, B, E and F are shown as the mean + standard error
of the mean. Control, mice fed with the normal chow; HFD, mice fed with the high-fat
diet; HFD+RS, mice fed with high-fat diet supplemented with resistant starch. Asterisks

indicate statistical significance (p < 0.05).

Figure 6. Short-chain fatty acid levels in cecum stool samples. Values are shown as the

mean * standard error of the mean. Control, mice fed with the normal chow; HFD, mice
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