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Abstract 
γ-Polyglutamic acid (γ-PGA) is a major component of Natto. We hypothe-
sized that γ-PGA could reduce postprandial glucose rise and plasma glucose 
levels. Mice were fed a 0.1% γ-PGA—containing diet or control diet for 91 
days. Maltose and starch tolerance tests were performed, and plasma lipids, 
glucose levels, and caecal short chain fatty acids (SCFAs) were measured. 
Mice were co-administered γ-PGA and starch to suppress the initial rise in 
blood glucose levels. Blood glucose levels at 15 min were significantly lower in 
the PGA group than in the Con group (P < 0.05). The plasma glucose level 
and NEFA level were also significantly lower in the PGA group (P < 0.05), 
and caecal acetic acid/total caecal SCFAs ratio was significantly increased in 
the PGA group (P < 0.05). Significant negative correlations existed between 
the caecal acetic acid/propionic acid ratio and the weight of visceral fat/BW (r = 
−0.57, P = 0.0318). Our results suggest that γ-PGA may effectively prevent 
metabolic syndrome by lowering blood glucose levels. 
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1. Introduction 

Natto is a traditional Japanese fermented soy food. γ-Polyglutamic acid (γ-PGA) 
is one of the main components of Natto. γ-PGA is an anionic polyamide and 
glutamic acid is polymerized via γ-amide linkages. Figure 1 shows the chemical 
structure of γ-polyglutamic acid. γ-PGA is produced by some strains of Bacillus [1]. 
Natto contains γ-PGA produced by Bacillus subtilis (natto) during fermentation  
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Figure 1. Chemical structure of 
γ-polyglutamic acid. 

 
process [2]. High-performance liquid chromatography (HPLC), sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, and the cetyltrimethylammonium 
bromide (CTAB)-dependent spectrophotometric assay are used for quantifica-
tion of γ-PGA [3]. 

A number of beneficial effects of γ-PGA have been previously reported. In 
mice, high-fat diets containing 3% γ-PGA significantly increased the serum 
HDL-cholesterol and significantly decreased the serum TG as compared to levels 
observed in the mice fed a high-fat control diet [4]. Inhibition of intestinal 
high-fat absorption is one of the mechanisms of improved lipid metabolism of 
the mice fed the high-fat diet [4]. Diets containing high molecular weight γ-PGA 
were fed to rats, and their estimated adiposity and lipid metabolism were then 
measured. Findings from this research suggest that, in rats, dietary supplementa-
tion with high molecular weight γ-PGA may act as a hypocholesterolemic agent 
[5]. Experiments performed in vitro suggest that γ-PGA induces apoptosis in 
TPA-induced HT-29 human colorectal cancer cells and enhances apoptosis in 
colorectal cancer cells [6]. 

Cheonggukjang is a Korean food made from soy beans fermented by Bacillus, 
and it is known to contain γ-PGA. Frequent consumption of Cheonggukjang has 
been suggested to prevent several obesity-related factors [7]. It has been reported 
that soybeans fermented by Bacillus spp. possess high γ-PGA content that can 
improve insulin-sensitizing activity in adipocytes and neuronal cells [8]. From 
available reports, γ-PGA appears to be effective for improving lipid metabolism 
and glucose metabolism. In research using healthy male volunteers, Natto ad-
ministration significantly lowered blood glucose levels as compared to levels ob-
served after control meals [9]. Natto appears to reduce postprandial glucose rise, 
however, Natto contains a number of food components such as dietary fiber, soy 
isoflavones, and soy protein. Given these additional components, the main factor 
responsible for the blood glucose lowering effect observed after Natto intake re-
mains unknown. 

We hypothesized that γ-PGA, one of the main components of Natto, is re-
sponsible for the reduction in postprandial glucose rise and that dietary γ-PGA 
is responsible for the plasma glucose-lowering effects. In this study, we tested 
these effects in vivo using adult male mice. 
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2. Materials and Methods 
2.1. Materials 

γ-Polyglutamic acid (γ-PGA) was purchased from Meiji Food Materia Co. Ltd. 
(Tokyo, Japan). The molecular weight of γ-PGA ranged from 600 kDa to 1500 
kDa. The purity of γ-PGA was greater than 70%. 

2.2. Treatments of Animals 

Male Jcl:ICR mice (6 weeks old) were purchased from CLEA Japan, Inc. 
(Tokyo, Japan). All mice were specific pathogen-free (SPF) and were randomly 
subdivided into two groups of seven animals each. The mice were housed indi-
vidually in suspended stainless-steel cages with wire mesh bottoms in a room 
maintained at 24˚C ± 0.5˚C under a relative humidity of 65% with 12-h periods 
of light and darkness. The mice were fed the AIN-93G diet for 14 days. After 14 
days, the diet was replaced with a 0.1% γ-PGA—containing diet (PGA group) or 
a control diet (Con group) for 91 days. Table 1 presents the composition of each 
diet. The concentration (0.1%) of γ-PGA offered to the mice is compatible with 
human consumption. After 28 days from the start of the experimental diet, the 
maltose tolerance test was performed. After 56 days from start of feeding of the 
experiment diet, the starch tolerance test was performed. After the experimental 
diet period, the mice were euthanized by collecting blood from the heart during 
isoflurane anesthesia, and blood samples were taken from the heart and placed 
in heparinized tubes. The plasma was separated from whole blood by centrifuga-
tion and stored at −80˚C until analysis of plasma lipids. The liver, visceral fat, 
and caecal contents were collected. Caecal contents were stored at −80˚C until 
use in caecal short chain fatty acids analysis. The liver samples and visceral fat 
were weighed. All procedures involving mice in this study were approved by the  
 
Table 1. Composition of the experimental diet. 

Ingredient (g/kg diet) Con diet PGA diet 

Com starch 297.486 297.486 

Casein 200 199 

α-Corn starch 132 132 

Sucrose 200 200 

Soy bean oil 70 70 

Cellulose 50 50 

Mineral mix (AN-93G-Mix) 35 35 

Vitamin mix (AIN-93-Mix) 10 10 

L-Cystine 3 3 

Choline bitartrate 2.5 2.5 

Tert-butylhydroquinone 0.014 0.014 

γ-Polyglutamic acid  1 
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Animal Care Committee of Food Research Institute (Tsukuba, Japan) in accordance 
with the “Guidelines for Animal Care and Experimentation” of Food Research 
Institute, National Agriculture and Food Research Organization (Tsukuba, Ja-
pan). 

2.3. Maltose and Starch Tolerance Test 

After 28 days from the start of the experiment diet, the maltose tolerance test 
was performed. As the relatively high concentration of γ-PGA was expected to 
suppress the increase in blood glucose level, we used 8% γ-PGA in this experi-
ment. All mice have fasted for 12 hrs. Immediately after measurement of initial 
blood glucose levels, maltose solution (1 g/kg body weight) containing 8% γ-PGA 
was orally administered to the PGA group using a feeding needle. Maltose solution 
(1 g/kg body weight) was orally administered to the Con group using a feeding 
needle. The blood glucose levels were measured at 15 min, 30 min, 60 min, and 
120 min after maltose administration. The blood glucose levels were measured in 
blood collected from the tail vein using the One Touch Ultra View® blood glu-
cose monitoring system (Johnson & Johnson Lifescan, Inc., Milpitas, CA, USA). 
For measurements of blood glucose, the value obtained from the maltose toler-
ance test was subtracted from the initial blood glucose levels. After 56 days from 
the start of the experiment diet, the starch tolerance test was performed. All mice 
have fasted for 12 hrs. Immediately after measurement of initial blood glucose 
levels, starch solution (1 g/kg body weight) containing 8% γ-PGA was orally 
administered to the PGA group using a feeding needle. Starch solution (1 g/kg 
body weight) was orally administered to the Con group using a feeding needle. 
The blood glucose levels were measured using blood collected from the tail vein, 
by the One Touch Ultra View® blood glucose monitoring system (Johnson & 
Johnson Lifescan, Inc., Milpitas, CA, USA) at 15 min, 30 min, 60 min, and 120 
min after starch administration. For measurements of blood glucose, the value 
obtained from the starch tolerance test was subtracted from the initial blood 
glucose levels. 

2.4. Measurement of Plasma Cholesterol, Triglyceride,  
Nonesterified Fatty Acid, HDL-Cholesterol, and Glucose Levels 

The following tests were performed using kits obtained from FUJIFILM Wako 
Pure Chemical Corporation (Osaka, Japan). Total plasma cholesterol concentra-
tions were measured using a cholesterol E-test kit based on cholesterol oxidase. 
Plasma triglyceride concentrations were determined using a triglyceride E-test 
kit based on the glycerol-3-phosphate oxidase method. Plasma nonesterified fat-
ty acid (NEFA) concentrations were measured using a NEFA C-test kit utilizing 
acyl-coenzyme A (CoA) synthase, acyl-CoA oxidase, peroxidase. Plasma HDL- 
cholesterol concentrations were measured using a HDL-cholesterol E-test kit. 
Plasma glucose concentrations were quantified using a glucose CII-test kit in-
volving glucose oxidase and peroxidase. 
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2.5. Measurement of Caecal Short Chain Fatty Acids 

Caecal contents were diluted in distilled water, vortexed for 30 s, and then centri-
fuged. Supernatants were analyzed using the short chain fatty acid analysis kit 
(YMC Co. Ltd., Kyoto, Japan). This kit is based on the method of Miwa et al. 
[10] [11]. In this kit, by converting the carboxyl group of the short chain fatty 
acid to 2-nitrophenylhydrazine (2-NPH), high-sensitivity detection in the ultra-
violet and visible regions is possible. 

Crotonic acid was used as the internal standard. Crotonic acid was added di-
luted caecal contents. A total of 150 μL of diluted caecal contents was added to 
100 μL of 2-nitrophenylhydrazine hydrochloride (2-NPH∙HCl) solution and 100 
μL of working 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride 
(1-EDC∙HCl) solution. The mixture was incubated at 60˚C for 20 min. After ad-
dition of 100 μL of potassium hydroxide solution, the mixture further incubated 
for 15 min. After cooling in room temperature, 2 mL of phosphate buffer-0.5M 
hydrochloric acid was added to neutralize the solution. The mixture was washed 
with 2.5 mL of n-hexane to remove the long-chain fatty acid hydrazides and in-
terfering substances. About 1.5 mL of aliquot of the aqueous layer was taken. 
The short chain fatty acid hydrazides in aliquot of the aqueous layer were ex-
tracted with 2.5 mL of diethyl ether. The ether layer was taken. The ether layer 
was evaporated with a stream of nitrogen gas. The residue was dissolved in 200 
μL of methanol. For HPLC analysis, 20 μL of each preparation was injected into 
a 250 × 6.0 mm YMC-Pack FA (YMC, Kyoto, Japan). To detect the hydrazides of 
short chain fatty acids, a photodiode array detector (MD-1515; JASCO, Co., Ltd., 
Tokyo, Japan) was used to monitor the spectral data from 200 to 448 nm for 
each peak. Acetic acid, propionic acid, butyric acid, isovaleric acid, and valeric 
acid were used as standard samples. Crotonic acid was used as the internal standard. 
The spectral data at 400 nm was used to quantify the hydrazides of short chain 
fatty acid. The mobile phase consisted of acetonitrile/methanol/water (30:16:54, 
v/v/v, pH 4.5). The running conditions of HPLC were a column temperature of 
50˚C and a flow rate of 0.9 mL/min. HPLC chromatogram of acetic acid hydra-
zide, propionic acid hydrazide, butyric acid hydrazide, crotonic acid hydrazide, 
isovaleric acid hydrazide, and valeric acid hydrazide in standard sample obtained 
from at 400 nm is shown in Figure 2. 

2.6. Statistics 

Data are expressed as the mean ± standard error (SE). All data were analyzed 
using Sigma Plot 11 (Systat Software, Inc., San Jose, CA, USA). The data were 
analyzed by the Student’s t-test, Mann-Whitney rank sum test, and/or Pearson 
Product-Moment Correlation. Statistical significance was confirmed at p-value < 
0.05. 

3. Results 
3.1. General Observations 

No significant differences were observed between the PGA and Con groups in  
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Figure 2. HPLC chromatogram of acetic acid hydrazide, propionic acid hydrazide, bu-
tyric acid hydrazide, crotonic acid hydrazide, isovaleric acid hydrazide, and valeric acid 
hydrazide in standard sample obtained from at 400 nm. 

 

regard to final body weight (PGA [48.7 g ± 1.4], Con [50.3 g ± 2.0], liver weight 
(PGA [1.99 g ± 0.11], Con [2.25 g ± 0.13], and caecal contents (PGA [0.13 g ± 
0.02], Con [0.15 g ± 0.02]. The average visceral fat per final body weight in the 
PGA group (0.066 ± 0.004) was lesser than that in the Con group (0.081 ± 
0.010). The perigenital visceral fat per final body weight in the PGA group (0.034 
± 0.002) also tended to be lesser than that in the Con group (0.046 ± 0.006) (P = 
0.097). There were no significant differences in food consumption (g/day) be-
tween the PGA group (4.66 ± 0.06) and the Con group (4.67 ± 0.07). 

3.2. Measurement of Plasma Cholesterol, Triglyceride, NEFA, 
HDL-Cholesterol, and Glucose Levels 

The plasma concentrations of triglyceride, total cholesterol, and HDL-cholesterol 
were investigated, and are presented in Table 2. No significant differences were 
observed in the plasma concentrations of triglyceride, total cholesterol, and 
HDL-cholesterol between two groups. The plasma glucose levels (Figure 3) and 
the plasma nonesterified fatty acids (NEFA) levels (Figure 4), however, were 
significantly lower in the PGA group compared to those in the Con group (P < 
0.05). 

3.3. Maltose and Starch Tolerance Test 

The results of the maltose tolerance test are presented in Figure 5. All data are 
representative of values deducted from the blood glucose levels immediately 
prior to administration of maltose. In the PGA group, the average blood glucose 
levels measured at 15 min, 30 min, 60 min, and 120 min after maltose loading  
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Table 2. The concentrations of triglyceride (TG) (mg/dL), total cholesterol (Chol) 
(mg/dL) and HDL-cholesterol (HDL-Chol) (mg/dL) in plasma. 

 Chol (mg/dL) TG (mg/dL) HDL-Chol (mg/dL) 

Con group 133.7 ± 15.3 94.9 ± 13.2 97.7 ± 7.2 

PGA group 137.7 ± 17.1 82.3 ± 15.2 105.6 ± 7.7 

 

 
Figure 3. Plasma glucose concentrations in the PGA and the 
Con groups. *p < 0.05. Values are means ± SE (n = 7). 

 

 
Figure 4. Plasma nonesterified fatty acids (NEFA) concentra-
tions in the PGA and the Con groups. *p < 0.05. Values are 
means ± SE (n = 7). 

 
were lower than those in the Con group. Incremental AUC determined from 0 
min to 120 min was lower in the PGA group than in the Con group (P = 0.086). 
The results of starch tolerance test are provided in Figure 6. All data are repre-
sentative of values deducted from the blood glucose level immediately prior to 
administration of starch. Blood glucose levels at 15 min were significantly lower 
in the PGA group than in the Con group (P < 0.05). Co-administration of  
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Figure 5. Blood glucose levels at 15 min, 30 min, 60 min and 120 min after maltose load-
ing in the PGA group (blue line) and the Con group (red line). Values are means ± SE (n 
= 7). 

 

 
Figure 6. Blood glucose levels at 15 min, 30 min, 60 min and 120 min after starch loading 
in the PGA group (blue line) and the Con group (red line). Blood glucose levels at 15 min 
were significantly lower in the PGA group (*p < 0.05). Values are means ± SE (n = 7). 
Blood glucose levels tended to be low in the PGA group. 

 
γ-PGA and starch to mice is believed to suppress the initial rise in blood glucose 
levels. In the PGA group, the average blood glucose levels measured at 30 min, 
60 min, and 120 min after starch loading were lower than those observed in the 
Con group. Incremental AUC determined from 0 min to 15 min, 0 min to 30 
min, and 0 min to 60 min was significantly lower in the PGA group than in the 
Con group (P < 0.05). These results suggest that PGA decreases postprandial 
glucose rise in adult male mice. 
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3.4. Caecal Short Chain Fatty Acid Concentration 

The caecal short chain fatty acid concentrations observed in the two dietary 
groups are shown in Figure 7. The average caecal acetic acid concentration was 
higher in the PGA group than in the Con group. The average total caecal short 
chain fatty acid concentration (acetic acid+ butyric acid + propionic acid + va-
leric acid + isovaleric acid) was higher in the PGA group than in the Con group. 
The ratio of caecal acetic acid/total caecal short chain fatty acids was significant-
ly greater in the PGA group (P < 0.05) than in the Con group (Figure 8). In 
contrast, the ratio of caecal butyric acid/total caecal short chain fatty acids was 
significantly lower in the PGA group (P < 0.05) (Figure 8). These results suggest 
that the production rates of each of the short chain fatty acids differ between the 
two groups. The ratio of caecal acetic acid/propionic acid was related to the 
weight of visceral fat/BW. From the Pearson Product-Moment Correlation anal-
ysis, significant negative correlations were observed between the ratio of caecal 
acetic acid/propionic acid and the weight of visceral fat/BW (r = −0.57) (Figure 
9). 

4. Discussion 

Starch administration in combination with γ-PGA significantly decreased blood 
glucose levels 15 min at post-administration when compared to the control 
group. Co-administration of γ-PGA and starch to mice is thought to suppress 
the initial rise in blood glucose levels. Blood glucose levels tended to be low in 
the PGA groups after co-administration of γ-PGA and maltose to mice, howev-
er, no significant difference was observed in the blood glucose levels at 15 min 
post-administration when compared to levels observed in the control group 
(P = 0.216). It has been reported that in vitro, 3-hydroxy-3-methylglutaryl 
 

 
Figure 7. Caecal short chain fatty acids (SCFAs) concentration in the PGA and Con 
groups. Average total caecal short chain fatty acids concentration (acetic acid + butyric 
acid + propionic acid + valeric acid + isovaleric acid) was higher in the PGA group than 
in the Con group. VFA means short chain fatty acids. 
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Figure 8. The ratio of caecal acetic acid/total SCFAs, caecal butyric acid/total SCFAs, 
caecal propionic acid/total SCFAs, caecal valeric acid/total SCFAs, caecal isovaleric ac-
id/total SCFAs in the PGA and Con groups. The ratio of caecal acetic acid/total caecal 
SCFAs is significantly greater in the PGA group (*P < 0.05). The ratio of caecal butyric 
acid/total caecal SCFAs is significantly lower in the PGA group (*P < 0.05). SCFAs means 
short chain fatty acids. 

 

 
Figure 9. Correlation between the ratio of caecal acetic acid/propionic acid and the 
weight of visceral fat/BW. Pearson product-moment correlation coefficient between the 
ratio of caecal acetic acid/propionic acid and the weight of visceral fat/BW were analyzed. 
Significant negative correlations were observed between the ratio of caecal acetic ac-
id/propionic acid and the weight of visceral fat/BW (r = −0.57) (P = 0.0318). Closed circle 
is the Con group. Closed triangle is the PGA group. 

 
coenzyme-A (HMG-CoA) reductase activity can be suppressed by the addition 
of high molecular weight γ-PGA [5]. γ-PGA appears to exert inhibitory effects 
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on enzyme activity. Inhibitory effects of γ-PGA targeting digestive enzymes may 
occur and partially contribute to the weak initial rise in blood glucose levels ob-
served in the PGA group. 

The viscosity of dietary fiber has been suggested to be important for improv-
ing glucose homeostasis [12]. It has been reported that intake of viscous ß-glucan 
can delay gastro emptying, and attenuation of the postprandial glucose response 
after ß-glucan intake has been reported in healthy volunteers [13]. Additionally, 
administration of viscous sodium-alginate with meals can reduce postprandial 
glucose and insulin concentrations in patients with Type 2 diabetes mellitus. 
Gastric emptying rates were lower in patients administered viscous sodium-alginate 
with meals than in patients provided with fiber-free meals, and glucose levels 
correlated with lower gastric emptying rates [14]. It has been reported that a 
high gastric emptying rate is related to higher blood glucose after meal intake 
[15]. Lower rates of gastric emptying correlated with lower postprandial blood 
glucose levels. In our results, plasma glucose levels were significantly lower in 
the PGA groups than in the Con groups as assessed by oral starch tolerance tests. 
Similar to dietary fiber, γ-PGA is also a viscous polymer. Given this, gastric 
emptying rates in the PGA group may be lower than in the Con group, and these 
slower gastric emptying rates may result in the reduced glucose levels detected 
by the oral starch administration test. Postprandial glucose levels are known to 
be related to chronic metabolic diseases such as obesity and type 2 diabetes mel-
litus [16]. Proper control of gastric emptying rates may allow for control of 
postprandial glycemia, and in turn, this may help to prevent obesity and the de-
velopment of Type 2 diabetes mellitus. γ-PGA is a candidate food component 
that may aid in regulating postprandial glycemia. γ-PGA is a major component 
of Natto, and administration of this food significantly lowered blood glucose le-
vels compared to control meals in the healthy male volunteers [9]. Our results 
suggest that the glucose-lowering effects of Natto can mainly be attributed to the 
γ-PGA present in Natto. 

Plasma NEFA concentrations were significantly lower in the PGA group than 
in the Con group. Obesity is a risk factor for the development of Type 2 diabetes, 
and circulating non-esterified fatty acids (NEFA) chronically increases this risk 
[17]. In adipose tissue, NEFA are produced by the hydrolysis of triglycerides de-
rived from the adipose tissue [18]. It has been suggested that plasma FFA levels 
are elevated in most obese subjects [19]. A positive association between NEFA 
and type 2 diabetes in adults has been reported [20] [21]. Lower plasma NEFA 
concentrations in the PGA group may reflect the lower visceral fat found in this 
group. It has been reported that the development of diabetes is increased with 
absolute and/or relative increases in visceral fat [22]. Type 2 diabetes and viscer-
al fat are directly related to the presence of metabolic syndrome [23]. To reduce 
the risk of developing metabolic syndrome, it is important to reduce visceral fat 
and, in turn, reduce the incidence of Type 2 diabetes. Blood glucose levels are one 
of the diagnostic criteria for metabolic syndrome [24] and Type 2 diabetes. Ac-
cording to our results, plasma glucose levels were significantly lower in the PGA 
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groups than in the Con group. Our results suggest that γ-PGA may be an im-
portant food component that can help prevent the incidence of the metabolic 
syndrome. 

Short chain fatty acids are major end products of intestinal bacterial fermen-
tation. Our results suggest that the production rates of each of the short chain 
fatty acids differ between the two groups. 0.1% γ-PGA might affect the caecal 
short chain fatty acids production in mice. The cell membrane receptors GPR41 
and GPR43 are short chain fatty acid receptors. GPR41 is primarily activated by 
propionic acid and butyric acid, and GPR43 is typically activated by acetic acid 
and propionic acid [25]. It has been reported that GPR 43 recognizes excess 
energy by directly detecting short chain fatty acids, and this receptor also func-
tions to suppress excess energy accumulation in adipose tissue, induce energy 
consumption in the direction of energy consumption, and maintain energy inte-
grity within the body [26]. Our results indicate significant negative correlations 
between the ratio of caecal acetic acid/propionic acid and weight of visceral 
fat/BW (r = −0.57, P = 0.0318). Negative correlations were also observed be-
tween the ratio of caecal acetic acid/total SCFAs and the weight of visceral 
fat/BW (r = −0.44, P = 0.110) and the weight of genital visceral fat/BW (r = 
−0.49, P = 0.075). Our results suggest that the production ratio of individual 
caecal SCFAs is related to visceral fat accumulation in mice. The visceral fat 
masses and perigenital visceral fat masses were lower in the PGA group com-
pared to those of the Con group, and the ratio of caecal acetic acid/total SCFAs 
was significantly higher in the PGA group. These results suggest that the visceral 
fat-lowering effects of dietary PGA may partially occur through the modification 
of caecal short chain fatty acids. 

5. Conclusion 

Dietary γ-PGA reduces plasma glucose and NEFA levels. Based on the starch to-
lerance test, co-administration of γ-PGA and starch to mice suppressed the ini-
tial rise in blood glucose levels. Blood glucose levels at 15 min were significantly 
lower in the PGA group compared to those in the Con group (P < 0.05). The 
amount of perigenital fat per body weight tended to be lower in the PGA group 
than in the Con group. The production rates of each short chain fatty acid differ 
between the two groups, and significant negative correlations were observed 
between the ratio of caecal acetic acid/propionic acid and weight of visceral 
fat/BW (r = −0.57, P = 0.0318). Our results suggest that γ-PGA demonstrates the 
ability to prevent metabolic syndrome. 
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