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Abstract: It was examined whether undigested protein, namely resistant protein, affects glucagon-like peptide-1 (GLP-1) 

secretion in rats fed high amylose corn starch (HACS). Rats were fed one of three experimental diets for 28 d: casein 

without HACS, casein with HACS or dashigara with HACS. Dashigara is produced from Katsuobushi (smoke-dried 

skipjack tuna) treated with microbial protease. The apparent digestibilities of casein and dashigara are 96.0% and 84.5%, 

respectively. The amount of rat cecal butyric acid and propionic acid were as follows: the dashigara with HACS group > 

the casein with HACS group > the casein without HACS group. The dashigara with HACS group had significantly 

greater cecal butyric acid and lower cecal succinic acid than the casein with HACS group. The GLP-1 concentration in 

portal vein blood increased as the amount of butyric acid and propionic acid in the cecal contents increased. Denaturing 

gradient gel electrophoresis of PCR-amplified 16S rRNA gene fragments showed that the composition of cecal 

microbiota differed among the three groups. These results suggest that resistant protein contained in dashigara promotes 

GLP-1 secretion by controlling fermentation efficiency as well as the fermentation profile of HACS through the changes 

in cecal microbiota in rats fed HACS. 

Keywords: Glucagon-Like Peptide-1, High Amylose Corn Starch, Resistant Protein, Short Chain Fatty Acids,  

Cecal Microbiota, Cecal Fermentation 

 

1. Introduction 

Katsuobushi is an essential ingredient in Japanese 

cuisine. It is processed by boiling slivered skipjack tuna, 

removing the bones and skins, smoking and drying the 

muscle parts, and then applying a fine mold to the surface. 

The most fundamental use of Katsuobushi is in dashi stock 

which forms the basis of many Japanese soups and sauces. 

Within the home, dashi is also prepared using a more 

traditional method of heating flakes of Katsuobushi in 

near-boiling water, and then straining off the liquid. The 

demand for instant dashi powder or granules 

(dashi-no-moto) has been rapidly increasing over recent 

years. During the manufacturing process, Dashi-no-moto 

is obtained by digesting Katsuobushi flakes with endo- 

and exo-type microbial proteases. Katsuobushi flakes 

change to grounds called “dashigara” in which the taste 

components are lost. Dashigara contains protein that 

resists protease digestion, and is known as resistant 

protein. 

High amylose corn starch (HACS), resistant starch type 

2, is resistant to amylase digestion in the small intestine 

and is passed to the large intestine, where it is fermented 

by microbiota, resulting in the production of short-chain 

fatty acids (SCFA: acetic, propionic and n-butyric acid) 

that stimulate the secretion of glucagon-like peptide 1 
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(GLP-1) in rodents [1]. The amount and profile of SCFA 

produced by microbial fermentation of indigestible 

carbohydrate might be affected by other indigestible food 

ingredients passed to the large intestine [2, 3]. Undigested 

protein, namely resistant protein, can alter the amount and 

profile of SCFA in the cecal contents of rats fed HACS by 

changing the ratio of carbohydrate and nitrogen as 

fermentative substrates for microbiota in the cecum [4]. 

The aim of this study was to examine whether the 

microbial protease-undigested fraction of smoke-dried 

skipjack tuna (dashigara), namely resistant protein, 

modulates GLP-1 secretion by controlling cecal fermentation 

in rats fed HACS. 

2. Materials and Methods 

2.1. Preparation of Dashigara 

Powdered Katsuobushi (520 g) was suspended in 2 L of 

distilled water before 52 g of endo-type protease and endo- 

and exo-type protease mixture was added (Alcalase and 

Flavourzyme, Novoenzymes, Chiba, Japan). The solution 

was incubated at 52°C for 17 h. The enzymatic reaction 

was stopped by heat inactivation at 85°C for 20 min. The 

resulting solution was filtered through a two-sheet pile 

filter cloth (pore size 100 µm: Lion Co., Ltd., Tokyo, 

Japan) before drying the residue at 80°C for 5 h. The dried 

residue was defined as dashigara. The yield of dashigara 

from Katsuobushi was 42.3%. 

The composition of dashigara was (g/kg): 738 g protein, 

149 g lipids, 34 g ash, 33 g water and 46 g others. Protein 

content was determined using the Kieldahl method [5], 

using a nitrogen-to-protein conversion factor of 6.25. 

Lipid content was determined using the AOAC Soxhlet 

method 991.36 [6]. The ash content was determined using 

the direct ignition method (550°C overnight). The amount 

of moisture was determined as the loss in weight after 

drying at 105°C for 24 h. The results are shown as the 

means of two observations. The concentrations of protein, 

lipids, ash and moisture in dashigara were analyzed in 

duplicate. 

The amino acid composition of casein and dashigara 

(Table 1) were determined using an amino acid analyzer 

(model JLC-555/V, Japan Electron Optics Laboratory Co., 

Ltd. Tokyo, Japan). The fatty acid compositions of 

soybean oil and oil extracted from dashigara (Table 2) 

were determined using a gas chromatography (model 

GC-14B, Shimadzu, Kyoto, Japan) equipped with a 30 

m×0.25 mm DB-WAX capillary column. The injector and 

detector temperatures were set at 200°C and 230°C, 

respectively. The initial column temperature was 50°C and 

was increased to 230°C at a rate of 4°C/min. The final 

temperature was held for 10 min. Column flow rate was 

5.0 mL/min. Peak area was quantified using a Shimadzu 

CR501 integrator. 

 

Table 1. Apparent digestibilities and amino acid compositions of casein and 

dashigara (Experiment 1). 

Apparent digestibility1 

Casein Dashigara 

% 

96.0 84.5 

Amino acid composition2 g/kg 

Tau 0.0 0.3 

Asp 57.7 75.2 

Thr 35.3 28.1 

Ser 50.8 21.9 

Glu 203.8 104.4 

Pro 87.6 22.7 

Gly 16.2 35.2 

Ala 24.9 44.8 

Val 56.3 53.1 

Met 25.9 11.6 

Cys 2.1 8.6 

Ile 39.3 40.7 

Leu 74.8 65.2 

Tyr 38.1 26.0 

Phe 45.7 42.8 

His 18.4 21.7 

Lys 72.1 39.0 

Arg 29.0 26.0 

1Rats were randomly divided into two groups (n=6), and allowed free access 

to the casein diet or dashigara diet for 14 d. Feces were collected over the last 

3 d of the experimental period. The following equation was used to determine 

the apparent digestibility of dietary protein (D): D= (I-F) ×100/I, where I is 

nitrogen intake and F is fecal nitrogen. The level of nitrogen in the diet and 

feces was analyzed in duplicate using the Kjeldahl method [5]. 

2.2. Animals and Diets 

This study was approved by the Laboratory Animal Care 
Committee of Osaka-Aoyama University (#17-29, #17-30). 

Rats were maintained in accordance with the Guidelines 

for the Care and Use of Laboratory Animals of 

Osaka-Aoyama University. 

Male Wistar rats (Shizuoka Laboratory Animal Center, 

Shizuoka, Japan), at 7 weeks old, were used throughout this 

study. The rats were housed individually in screen-bottomed, 

stainless steel cages in a room maintained at 23 ± 1°C with a 

12 h light: dark cycle (light on, 0700–1900 h). The 

compositions of test diets used in this study are shown in Table 

3 [7]. Gelatinized common corn starch (26% amylose) and 

high-amylose corn starch (HACS, 68% amylose) were donated 

by Matsutani Chemical Industry Co., Ltd. (Itami, Japan). The 

protein content of all test diets was adjusted to that of the 

casein diet. The rats were acclimated by feeding a commercial 

solid diet (Roden Lab Diet EQ, PMI, USA) for 7 d. 

2.3. Experiment1: Measurement of the Apparent 

Digestibilities of Casein and Dashigara 

The apparent digestibilities of casein and dashigara were 

determined under isonitrogenous conditions. After 

acclimation, the rats were randomly divided into two groups 

(n=6), and allowed free access to the casein diet or dashigara 

diet for 14 d. Body weight and food intake were recorded 

daily for each rat in the morning before the food was 

replaced. Feces were collected over the last 3 d of the 

experimental period and were freeze-dried, weighed and 
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milled. The concentrations of nitrogen (N) in the diet and 

feces of each rat were analyzed in duplicate using the 

Kjeldahl method [5]. Rats were euthanized by decapitation. 

The following equation was used to determine the apparent 

digestibilities of casein and dashigara: Apparent digestibility 

= (nitrogen intake - fecal nitrogen) / (nitrogen intake) × 100. 

2.4. Experiment 2: Effects of Dashigara on GLP-1 

Concentration and the Profile of Cecal Short Chain 

Fatty Acid in Rats Fed High-amylose Corn Starch 

After acclimation, the rats were randomly divided into 

three groups (n=6): casein, casein+HACS and dashigara+ 

HACS, and allowed free access to the casein, casein+HACS 

or dashigara+HACS diet, respectively, for 28 d. Body weight 

and food intake were recorded daily for each rat in the 

morning before the food was replaced. 

2.4.1. Sampling and Analytical Procedures 

Before the rats were killed, feces were collected from each 

rat over the final 3 d of the experimental period; they were 

freeze-dried, weighed and milled. 

At the end of the experiment, the rats were anesthetized 

with pentobarbital (40 mg/kg body weight, Nembutal, Abbot 

Laboratories, North Chicago, IL, USA) 3 h after lights off. 

Portal vein blood was collected into cooled EDTA tubes 

containing aprotinin (NP-EA0205, NIPRO, Osaka, Japan) 

and dipeptidyl peptidase-4 (DPP-4) inhibitor (EMD Millipore 

Co., Ltd. Germany) to measure plasma GLP-1 concentrations. 

Plasma was separated by centrifugation at 1400×g at 4°C for 

15 min, and stored at –80°C until analysis. 

After blood collection, the cecum was then removed and 

weighed. The cecal contents were then transferred into 

pre-weighed tubes and homogenized under CO2 gas. The 

cecal wall was flushed clean with ice-cold saline, blotted dry 

on filter paper, and weighed. Rats were euthanized by 

bleeding from the abdominal aorta. 

Table 2. Composition of fatty acids in soybean oil and fat extracted from 

dashigara. 

Common name Shorthand 

Oil 

Soybean Oil 
Oil extracted 

from dashigara 

% 

Saturated fatty acids 

Myristic acid 14:0 ND 3.5 

Pentadecanoic acid 15:0 ND 1.3 

Palmitic acid 16:0 10.6 28.5 

Margaric acid 17:0 ND 2.1 

Stearic acid 18:0 3.9 9.8 

Monounsaturated fatty acids 

Palmitoleic acid 16:1 n-7 ND 5.5 

Heptadecenoic acid 17:1 ND 0.7 

Oleic acid 18:1 n-9 24.1 13.8 

Polyunsaturated fatty acids 

Linoleic acid 18:2 n-6 53.4 2.1 

Linolenic acid 18:3 n-3 6.8 ND 

Mead acid 20:3 n-9 ND 0.7 

Arachidonic acid 20:4 n-6 ND 1.8 

Icosapentenoic acid 20:5 n-3 0.2 4.1 

Docosapentaenoic 22:5 ND 1.0 

Common name Shorthand 

Oil 

Soybean Oil 
Oil extracted 

from dashigara 

% 

acid 

Docosahexaenoic 

acid 
22:6 n-3 ND 19.3 

Others 
 

1.0 5.8 

Fatty acid composition analyses of soybean oil and oil extracted from 

dashigara were performed in duplicate using capillary gas chromatography. 

Fatty acid composition is presented as the percentage share of each individual 

fatty acid in the total pool of all fatty acids (%). ND: not detected. 

2.4.2. Plasma Glucose, Insulin and Active Glucagon-like 

Peptide-1 Concentration 

GLP-1 concentration in portal vein plasma was measured 

using a commercially available ELISA kit (Linco Research, 

Millipore, St. Charles, MO, USA). Plasma glucose 

concentration was measured spectrophotometrically using a 

commercially available kit (Glucose CII Test Wako, Wako 

Pure Chemical Industry, Osaka, Japan). Plasma insulin 

concentration was measured using the sandwich ELISA 

method (Rat Insulin Kit, Morinaga Institute of Biological 

Science, Yokohama, Japan).  

2.4.3. pH, Water Content and Short Chain Fatty Acids in 

the Cecal Contents 

The water content of the cecal contents was determined as 

the difference between the wet and dry mass of the cecum 

after freeze-drying. The pH of the cecal contents was 

measured immediately after removal using a compact pH 

meter and a sampling sheet (Model C-1, Horiba, Tokyo, 

Japan) calibrated at 20°C. SCFA (acetic, propionic, and 

n-butyric acid) in the cecal contents were measured using the 

internal standard method and HPLC (LC-6A, Shimadzu, 

Kyoto, Japan) equipped with a Shim-pack SCR-102H 

column (8 mm i. d. × 30 cm long, Shimadzu) with an 

electroconductivity detector (CDD-6A, Shimadzu) [8]. 

2.4.4. Profile Analysis of Cecal Microbiota by 

PCR-denaturing Gradient Gel Electrophoresis 

DNA was extracted from the cecal contents using a fecal 

DNA isolation kit (ISOFECAL for Beads Beating, Nippon 

Gene Co., Ltd. Tokyo, Japan) according to the 

manufacturer's instructions. DNA samples were used as a 

template to amplify the fragments of the 16S rRNA gene 

with the universal primers HDA1-GC (5’-CGC CCG GGG 

CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG 

GAC TCC TAC GGG AGG CAG T-3’; the GC clamp is in 

boldface) and HDA2 (5’-GTA TTA CCG CGG CTG GCA 

C-3’) [9]. PCR and denaturing-gradient gel electrophoresis 

(DGGE) using the DCode universal mutation detection 

system (Bio-Rad) were performed as described by Walter et 

al. [9]. DGGE profiles were compared with Quantity One 

version 4.6.0 software (Bio-Rad, Hercules, CA, USA), and 

similarities were expressed with Dice’s similarity coefficient. 

2.5. Statistical Analyses 

Data were expressed as means ± SEM. Statistical analyses 
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were performed using StatView 5.0 software (SAS Institute). 

Data were analyzed by one-way ANOVA, and significant 

differences among means were determined by the 

Tukey-Kramer test. Variance homogeneity was examined 

with the Bartlett test. When variances were not homogeneous, 

the data were analyzed by Kruskal-Wallis ANOVA and 

followed by a Steel-Dwass test. Linear regression analyses 

were performed using the Excel Statistics software, version 

6.0 (Esumi Co., Ltd., Tokyo, Japan). Statistical significance 

was accepted at p<0.05. 

Table 3. Composition of the experimental diets1. 

Component 

Experiment 1 Experiment 2 

Casein Dashigara Casein Casein+HACS Dashigara+HACS 

g% g% 

Protein 17.8 17.8 17.8 17.8 17.8 

Carbohydrate 63.2 62.7 63.2 63.2 62.7 

Fat 7.0 7.0 7.0 7.0 7.0 

Ingredient g/kg g/kg 

Casein (CA)2 200.0 0.0 200.0 200.0 0.0 

Gelatinized corn starch3 532.0 526.8 532.0 382.0 376.8 

Sucrose 100.0 100.0 100.0 100.0 100.0 

Soybean oil 70.0 34.1 70.0 70.0 34.1 

Cellulose4 50.0 50.0 50.0 50.0 50.0 

Mineral Mix5 35.0 35.0 35.0 35.0 35.0 

Vitamin Mix5,6 10.0 10.0 10.0 10.0 10.0 

L-cystine 3.0 3.0 3.0 3.0 3.0 

High-amylose corn starch (HACS)7 0.0 0.0 0.0 150.0 150.0 

Microbial protease-undigested fraction of smoke-dried bonito (Dashigara)8 0.0 241.1 0.0 0.0 241.1 

1 The protein content of all test diets was adjusted to that of the casein diet. 
2 Acid-precipitated lactic casein, 30 mesh (New Zealand Dairy Board, Willington, New Zealand). The amount of nitrogen-to-protein conversion factor of 6.25. 
3 Gelatinized corn starch (Matsunorin-CM, 26% amylose) was provided by Matsutani Chemical Industry Co., Ltd. (Itami, Japan). 
4 Cellulose powder, PC200 (Danisco Japan Ltd, Tokyo, Japan) 
5 Mineral and Vitamin Mix - Based on AIN-93G vitamin and mineral mixes [7] (Oriental Yeast Co., Ltd. Tokyo, Japan) 
6 The vitamin mix contained 2.5 g choline bitartrate per 10 g. 
7 High-amylose corn starch (HA-7, 68% amylose), provided by Matsutani Chemical Industry Co., Ltd. (Itami, Japan). 
8 The amount of protein and fat in dashigara was 738 g/kg and 149 g/kg, respectively. Protein content was determined by the Kieldahl method [5], using a 

nitrogen-to-protein conversion factor of 6.25. Lipid content was determined using the AOAC Soxhlet method 991.36 [6]. 

3. Results 

3.1. Apparent Digestibilities of Casein and Dashigara 

The apparent digestibilities of casein and dashigara 

were 96.0 and 84.5%, respectively (Table 1). 

3.2. Body Weight Gain, and Food Intake, Blood Glucose 

and Insulin 

Body weight gain and food intake were not affected by the 

diets (Table 4). The concentrations of glucose and insulin in 

abdominal aorta plasma were not affected by the diets. 

3.3. Glucagon-like Peptide-1 Concentration in Portal Vein 

Blood 

The GLP-1 concentration in portal vein blood was 

significantly higher in the casein+HACS group compared 

with the casein group, and the concentration was 

significantly lower in the casein+HACS group compared 

with the dashigara+HACS group (Table 4). The GLP-1 

concentration in portal vein blood significantly correlated 

with the amount of total SCFAs (r=0.999, P=0.002) and 

propionic acid (r=0.995, P=0.023) in the cecal contents. 

3.4. Wet Weight and pH Value of the Cecal Contents 

The wet weight of the cecal contents did not significantly 

differ between the casein+HACS group and the casein group, 

but was significantly heavier in the dashigara+HACS group 

compared with the casein and casein+HACS groups (Table 

4). The moisture content of the cecal contents was not 

affected by diet. The pH value of the cecal contents was 

significantly lower in the casein+HACS group compared 

with both the casein group and dashigara+HACS group, 

which also differed (P<0.05) from each other. 

Table 4. Body weight gain, food intake, portal vein plasma GLP-1 concentration, and wet weight, moisture, pH, short chain fatty acids in the cecal contents, and 

fecal output in rats fed either the casein, casein+HACS or dashigara+HACS diet. 

 
Casein Casein+HACS Dashigara+HACS 

Body weight gain, g/28 d 94 ± 2 90 ± 7 99 ± 2 

Food intake, g/28 d 449 ± 6 456 ± 13 446 ± 7 

Abdominal aorta plasma 

Glucose, mmol/L 12.9 ± 0.5 12.6 ± 0.7 12.0 ± 0.5 

Insulin, ng/mL 6.04 ± 0.52 5.69 ± 0.51 6.39 ± 0.79 

Portal vein plasma 
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Casein Casein+HACS Dashigara+HACS 

GLP-1, pmol/L 9.85 ± 0.25a 35.65 ± 3.36b 48.36 ± 3.21c 

Cecal content 

Wet weight, g 1.42 ± 0.02a 1.68 ± 0.11a 2.39 ± 0.11b 

Moisture, % 21.3 ± 2.8 25.4 ± 4.3 23.4 ± 1.7 

pH 7.86 ± 0.02c 6.59 ± 0.06a 7.37 ± 0.03b 

Organic acids, mmol/cecum 

Short chain fatty acid 

Acetic acid 46.1 ± 2.4a 311.9 ± 22.8b 360.7 ± 23.8b 

Propionic acid 18.4 ± 0.6a 86.7 ± 9.8b 125.4 ± 12.3c 

n-Butyric acid 14.0 ± 1.2a 38.6 ± 1.7b 133.9 ± 13.0c 

Total* 75.5 ± 1.5a 438.5 ± 11.9b 619.8 ± 16.8c 

Succinic acid 1.7 ± 0.3a 345.7 ± 66.9c 33.5 ± 5.7b 

Fecal output 

Wet weight, g/day 1.42 ± 0.02a 1.68 ± 0.11a 2.39 ± 0.11b 

Dry weight, g/day 1.11 ± 0.10a 1.23 ± 0.06a 1.83 ± 0.14b 

Bile acids, µmol/day 8.6 ± 2.3a 16.4 ± 1.5b 23.8 ± 2.7c 

Data are presented as the mean ± SEM; n=6. Mean values in each row with different superscript letters are significantly different (P<0.05). Means values in each 

row without superscript letters are not significantly different (p > 0.05). The data were analyzed using one-way ANOVA followed by the Tukey-Kramer test to 

evaluate comparisons a mong groups. 
＊
Total = Acetic acid + Propionic acid + n-Butyric acid 

3.5. Amounts and Profile of Short Chain Fatty Acid in the 

Cecal Contents 

The amounts of acetic acid in the cecal contents were 

significantly greater in the casein+HACS and dashigara+ 

HACS groups compared with the casein group (Table 4). The 

amount of propionic acid and n-butyric acid in the cecal 

contents were in the cecal contents was significantly greater 

in the casein+HACS group compared with the casein group, 

but the amount was significantly smaller in the 

casein+HACS group compared with the dashigara+HACS 

group. The amount of succinic acid in the cecal contents was 

significantly greater in the casein+HACS group compared 

with the casein group, but the amount was significantly 

smaller in the dashigara+HACS group compared with the 

casein+HACS group. 

3.6. Fecal Weights and Amounts of Bile Acid in Feces 

The wet and dry weights of feces were significantly higher in 

the dashigara+HACS group compared with the casein and 

casein+HACS groups (Table 4). The amount of bile acids which 

were excreted via the feces was as follows: the dashigara+HACS 

group>the casein+HACS group>the casein group. 

3.7. PCR-denaturing Gradient Gel Electrophoresis Analysis 

of the Cecal Contents 

The 16S rRNA gene profiles of the microbial collections in 

the cecal samples were generated by PCR coupled with 

DGGE (Figure 1A). The dendrogram had a clustering pattern 

with three visibly distinct clusters, suggesting the microbiota 

in cecal contents was modulated by feeding HACS and 

dashigara (Figure 1B). 

 

Figure 1. PCR-denaturing gradient gel electrophoresis (DGGE) analysis of cecal microbiota based on 16S rRNA gene sequences in rats fed one of three different 

diets for 4 weeks: the casein diet, casein+HACS diet or dashigara+HACS diet. Dashigara is an undigested fraction after treating Katsuobushi (smoke-dried 

skipjack tuna) with microbial protease. 

(A) SYBR green staining of PCR products separated by DGGE. (B) Similarities among DGGE band profiles of cecal bacteria of rats were calculated based on the 

position and intensity of bands, and the dendrogram of DGGE band profiles was constructed by the unweighted pair-group method with arithmetic mean 

(UPGMA) clustering method. Distances are measured in arbitrary units. 
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4. Discussion 

This study examined whether resistant protein affects 

blood GLP-1 concentration and SCFA profile by controlling 

the cecum fermentation in rats fed HACS. Dashigara was 

used as a resistant protein source. Dashigara was produced by 

drying at 80°C for 5 h after digesting Katsuobushi flake with 

microbial. The main components of dashigara are proteins 

and lipids. The apparent protein digestibility was lower in 

dashigara when compared with casein; this may be due to the 

preparing process that involves complex chemical reactions, 

such as protein-protein interactions and protein-fat reactions. 

These reactions would have occurred especially in the drying 

process preparing dashigara, which would bring the lower 

apparent digestibility of dashigara. Generally, the main end 

products of microbial fermentation of indigestible 

carbohydrate such as dietary fiber and resistant starch are 

SCFA such as acetic, propionic and n-butyric acids. The 

primary site of SCFA production in rats is the cecum. In this 

study, HACS ingestion increased the amount of SCFA in the 

cecal contents. The addition of dashigara to the diet further 

increased the amount of SCFA in the cecal contents. Shimada 

et al. previously reported that rats fed resistant starch showed 

an increase in GLP-1 secretion in lower gut through increase 

SCFA production [10]. In this study, the concentration of 

GLP-1 in portal vein blood and total amount of SCFA in the 

cecal contents were increased in rats fed a diet containing 

HACS: the concentration of GLP-1 in portal vein blood 

increased as the amount of total SCFA in the cecal contents 

increased. This was consistent with the result of our previous 

study in rats fed 10 kinds of dietary fiber with different 

properties [10]. 

SCFA stimulate GLP-1 secretion from L cells by 

stimulating the free fatty acid receptor 2 (FFAR2/GPR43) 

and the free fatty acid receptor 3 (FFAR3/GPR41) [11, 12]. 

FFAR3 is predominantly expressed in small intestine L cells 

whereas FFAR2 is predominantly expressed in colonic L 

cells [11]. A previous study showed that FFAR2 more 

activated by acetate and propionate than butyrate [13]. In this 

study, the amounts of propionic acid and butyric acid in the 

cecal contents were as followed: the dashigara+HACS 

group>the casein+HACS group>the casein group. Of the 

SCFA produced by colonic fermentation of available 

carbohydrates, propionate has been shown to have the 

highest affinity for FFAR2 [14]. Intra-colonic administration 

of propionate stimulates the concurrent release of GLP-1 in 

rats and mice [15]. In this study, the concentration of GLP-1 

in portal vein blood increased with the increase in propionic 

acid and butyric acid in the cecal contents. 

It has been reported that the amount of succinic acid in the 

cecal contents increased markedly in rats fed HACS with 

casein as the protein source, but the increase in succinic acid 

was decreased in rats fed HACS with potato protein 

containing resistant protein as the protein source, suggesting 

that the ratio of starch to nitrogen in the cecum controls the 

efficiency of fermentation as well as the profile of fermented 

products of HACS, possibly as a result of a change in 

microbial composition [4, 16]. In this study, the amount of 

succinic acid in the cecal contents was significantly increased 

in rats fed the casein+HACS diet; however, there was a 

significant decrease in succinic acid in rats fed the 

dashigara+HACS diet compared with the casein+HACS diet. 

The pH value of the cecal contents in rats fed the 

casein+HACS diet was significantly lower than the pH value 

in rats fed the dashigara+HACS diet. An influx of large 

amounts of easily fermented substrate such as HACS into the 

large intestine often leads to the accumulation of lactic and 

succinic acids [17]. Succinic acid is suggested likely to be 

slowly absorbed [17]; therefore, the lower pH value of the 

cecal contents in the casein+HACS group might be due to the 

accumulation of succinic acid. The luminal pH value imposes 

selective pressure on microbial growth and metabolism, and 

is an important determinant of the distribution of the major 

end products of fermentation. 

The results of PCR-DGGE analyses suggested differences 

of microbial community composition in the cecal contents 

among the three groups, which could affect cecal 

fermentation. 

Fecal bile acid excretion was greater in rats fed the 

dashigara+HACS diet compared with those fed the 

casein+HACS diet, suggesting that dashigara interrupted the 

enterohepatic circulation of bile acids. When the 

enterohepatic circulation of bile acids is interrupted, primary 

bile acids enter the large intestine in increased concentration, 

and those are then metabolized into secondary bile acids by 

intestinal microbiota. G-protein-coupled bile acid receptor 1 

(GPBAR-1) mainly binds secondary bile acids and promotes 

secretion of GLP-1 [18, 19]. Bile acid sequestrants can bind 

bile acids, interrupting the enterohepatic circulation of bile 

acids; this may divert bile acids from the enterohepatic 

circulation, increasing their fecal excretion [20] and 

potentially enlarging the cecal bile acid pool, producing an 

elevated secondary/primary bile acid ratio. Bile acid 

sequestrants such as cholestyramine and colesevelam 

improved insulin resistance in diabetic rats by increasing 

GLP-1 secretion [21, 22]. Dashigara with resistant protein 

might interrupt the enterohepatic circulation of bile acids by 

acting as a bile acid sequestrant. 

The fermented protein products include potentially toxic 

substances such as ammonia, phenols, thiols and indoles; 

suggesting that large intake of resistant protein might cause 

health problem. Therefore it would be better to avoid a large 

intake of resistant protein. The balance between carbohydrate 

and protein as fermentative substrates for microbiota in the 

large intestine would be a critical issue. 

Dashigara contains two major components: proteins and 

lipids. The oil extracted from dashigara was rich in 

docosahexaenoic acid (DHA). Docosahexaenoic acid is an 

agonist of the free fatty acid receptor 4 (FFAR4/GPR120) in 

the lower ileum and large intestine [23], and a potent 

stimulator of GLP-1 secretion [24, 25]. DHA is the most 

potent FFAR4 agonist [26]. In addition to the resistant 
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protein, DHA might be involved in the effect of dashigara to 

increase the concentration of GLP-1 in portal vein blood. 

5. Conclusion 

The rats fed HACS with resistant protein had significantly 

higher portal vein blood GLP-1 concentration and had 

significantly greater cecal total SCFA, n-butyric acid and 

propionic acid when compared with rats fed HACS without 

resistant protein. The results suggest that resistant protein 

promotes GLP-1 secretion by controlling the fermentation 

efficiency and the fermentation profile of HACS in the 

cecum, and supports our experimental hypothesis that 

resistant protein modulates GLP-1 secretion by controlling 

the cecal fermentation of HACS in the rats fed HACS. 

However, since dashigara contains DHA, an FFAR4 agonist, 

DHA may also be involved in the modulation in GLP-1 

secretion in rats fed dashigara. The effects of resistant protein 

and DHA on the modulation in GLP-1 secretion should be 

examined individually. Since it is unclear how dashigara 

promote GLP-1 secretion, further studies are needed to 

clarify the mechanism. 
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