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In the present study, we investigated the glucose-decreasing action of lactic acid bacteria (LAB). The finding of 
this study could be helpful for people in controlling their blood sugar levels. The LAB candidate was isolated 
from a Japanese fermented food and identified as Pediococcus pentosaceus by an analysis of its genome sequence. 
Postprandial blood glucose elevation was investigated using oral starch tolerance tests in mice. Normal mice 
were fed starch and lyophilized cells of P. pentosaceus QU 19 at the same time. Even without pre-administration 
of P. pentosaceus QU 19, elevation of the blood glucose level was significantly suppressed by the intake of P. 
pentosaceus QU 19 at the same time as oral administration of starch. According to the results for its survival 
in simulated digestive juice and the reduction of blood glucose level in mice, P. pentosaceus QU 19 has potential 
hypoglycemic activity. In vitro measurements revealed that the glucose-decreasing action of P. pentosaceus QU 19 
is probably caused by the glucose assimilation of the strain, not the inhibition of carbohydrate-splitting enzymes 
which has been reported for other LABs previously. These findings indicate that specific strains of LAB, especially 
P. pentosaceus QU 19, and foods fermented by LAB may be beneficial for people who must manage glucose 
ingestion.
Key words: lactic acid bacteria, functional foods, fermented foods, mechanism of action, diabetes

INTRODUCTION

Lactic acid bacteria (LAB) microorganisms, most of which are 
generally regarded as safe, have been involved in human diets 
for a long time. They belong to the phylum Firmicutes and are 
characterized by the production of lactic acid as the main end 
product of carbohydrate metabolism. LAB microorganisms have 
been used extensively for long-term preservation. For example, 
milk has been made into cheese or yogurt by using Lactococcus 
strains and preserved for a long-term. Lactococcus strains are used 
in the production of cheese and yogurt. Fermented vegetables 
such as kimchi and nukazuke are prepared using Lactobacillus 
and Pediococcus strains.

Functions of LAB in the human body are not limited to 
intestine conditioning [1–3]. According to the literature, LAB 
also has functions such as immunostimulation [4–6], cholesterol 
reduction [7, 8], reduction of high blood pressure [9, 10], and 
reduction of carcinogenic risks [11–13].

Changing cultural habits have led to an increase in the incidence 

of diabetes mellitus. Diabetes is classified into two main forms. 
Type 1 diabetes mellitus (T1DM) results from destruction of the 
insulin-producing beta cells. Type 2 diabetes mellitus (T2DM) 
involves abnormally high blood glucose levels and is one of the 
most common chronic diseases. Almost 90% of diabetic patients 
suffer from T2DM [14]. Blood sugar control is recommended for 
T2DM patients and pre-T2DM people.

Several studies have reported that LAB lowers the blood sugar 
level, but the mechanisms are poorly understood. Tabuchi et al. 
[15] reported that the continuous administration of Lactobacillus 
rhamnosus strain GG ATCC53103 (L. rhamnosus GG) cells 
lowered the blood HbA1C levels and improved glucose tolerance 
in T2DM rats. Viable L. rhamnosus GG cells were also found to 
improve hyperinsulinemia in T2DM mice and decrease the blood 
glucose levels of normal and T2DM mice [16]. Dahi, an Indian 
yogurt containing Lactobacillus acidophilus and Lactobacillus 
casei, was reported to significantly delay the progression of 
diabetes in high fructose-induced T2DM rats [17]. Yun et al. 
[18] reported that Lactobacillus gasseri BNR17 decreased blood 
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glucose levels gradually in T2DM mice. Lactobacillus strains 
were also found to have inhibitory activity against carbohydrate-
splitting enzymes and to show anti-diabetic effects in T2DM mice 
[19] and normal SD rats [20]. Maintaining blood glucose levels is 
effective for not only treating diabetic patients but also preventing 
healthy people from developing diabetes.

Although there have been reports that the symptoms of diabetes 
are improved by ingesting LABs as probiotics, further studies are 
needed to identify the LAB strains involved and to determine the 
underlying mechanisms [21].

In this study, we focused on the use of LAB to prevent healthy 
people from developing diabetes. The LAB were isolated from 
a traditional fermented pickled turnip (Tsuda-Kabu Zuke), from 
which the cholesterol-lowering probiotic Lactobacillus brevis has 
previously been obtained [22]. After survival tests of the isolate in 
simulated digestive juices, the strain was administered to normal 
mice, with the aim of searching for new LAB that can suppress 
the rise in postprandial blood glucose level without requiring 
long-term administration. We investigated the mechanism of 
action under the conditions in which a significant difference was 
obtained.

MATERIALS AND METHODS

Isolation and identification of LAB strains
LAB candidates were isolated from a traditional fermented 

pickled turnip, Tsuda-Kabu Zuke, which is a specialty product 
of Shimane Prefecture, Japan. It is made by pickling turnips in 
rice-bran paste and salt for one week at room temperature in late 
fall and early winter. A diluted solution of the pickle juice was 
spread on MRS agar (BD, Franklin Lakes, NJ, USA) containing 
5 ppm sodium azide and 50 ppm cycloheximide. A single colony 
was isolated and investigated using Gram staining, catalase, 
and oxidase tests. The isolate was identified to genus level 
using 16S-rDNA (1,600 bp), and DNA sequencing analysis was 
performed by FASMAC Corporation (Kanagawa, Japan).

Preparation of lyophilized cells
Each strain was cultured in MRS broth (BD) and incubated 

for 18 hr at 30°C. After cultivation, the cells were harvested by 
centrifugation at 18,000 g for 10 min and washed twice with 
distilled water. The cells were lyophilized at −40°C overnight.

Survival in simulated digestive juice
The experiments were performed as described in a previous 

report with minor modifications [23–25].
The simulated gastric juice tolerance test was performed as 

follows: MRS broth was transferred into sterile tubes, and the 
broth pH was adjusted to 3.0 using 1N-HCl. After the addition of 
0.04% pepsin from the porcine stomach mucosa (10,000 U/mg, 
FUJIFILM Wako Pure Chemical, Osaka, Japan), we added 1% 
(v/v) of lyophilized cells of each strain. The cells were incubated 
at 37°C for 2 hr, and the viable cell count was measured over time.

To evaluate the simulated intestinal juice tolerance, cells treated 
for 2 hr with acid-pepsin as previously described were added to 
MRS medium containing a 3% bile concentration using oxgall 
powder (BD). The pH was adjusted to 7.0 using 5N-NaOH. The 
cells were cultured at 37°C under anaerobic conditions for 18 hr. 
The growth rate of viable cells was calculated from the increase 
in the number of viable bacteria after the two-hour treatment with 

acid-pepsin.
In the survival test, six strains were examined. A Pediococcus 

strain (P. pentosaceus QU 19) and Weissella strain were 
isolated from the Tsuda-Kabu pickle. Pediococcus pentosaceus 
NBRC107768T, Pediococcus acidilactici NBRC109619T, and 
Weissella confusa NBRC106469T were used as the type strains 
for comparisons with the above strains. Also, Lactococcus lactis 
subsp. lactis NBRC100933T was selected as a control, since it is 
often used well for lactic acid fermentation.

Species identification of the Pediococcus strain
The species identification of the Pediococcus strain from 

the 16S rDNA was conducted using an API 50 CHL test 
kit (bioMérieux, Marcy l´Etoile, France) according to the 
manufacturer’s instructions. Next, we used whole-genomic 
sequence analysis, which was carried out by Takara Bio Inc. 
(Shiga, Japan). Briefly, the sequence was analyzed by using 
a PacBio RS II (Pacific Biosciences, Menlo Park, CA, USA), 
and the obtained reads were assembled by a genome assemble 
algorithm, SMRT Analysis v2.3.0 (Pacific Biosciences, Menlo 
Park, CA, USA). The obtained contig sequences including the 
16S rRNA gene sequence were further analyzed by NCBI BLAST 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Single administration of the carbohydrate tolerance test in 
normal mice

Approximately 100 six-week-old male ICR normal mice (SLC 
Japan, Shizuoka, Japan) were obtained for the animal tests. The 
mice were housed in a special room with constant temperature 
conditions (23 ± 3°C) and 55 ± 5% humidity on a 12 hr light and 
dark cycle. Drinking water and a standard rodent maintenance 
diet (Labo MR Stock, Nosan Corp., Yokohama, Japan) were 
freely available to the mice.

After a week of acclimatization, the mice could be used 
in testing without any difficulties. Mice that had been fasted 
overnight for 20 hr were divided into two groups (n=10), a 
control group and a lyophilized cell group. The control group 
was administrated 0.2 mL of carbohydrate solution (2 g/kg 
body weight), and the lyophilized cells group was administrated 
0.2 mL of a mixture of a carbohydrate (2 g/kg body weight) and 
lyophilized cells. Soluble starch was used as the carbohydrate. 
Lyophilized cells were fed at 0 (control), 62.5, 125, 250, or 
500 mg/kg body weight. The effect of heat-treated cells was 
tested in the same way as lyophilized cells. Heat-treated cells 
were made from viable cells that were heated at 80°C for 10 min. 
Blood samples were collected from the tail vein at 0, 30, 60, 90, 
and 120 min after administration, and the glucose levels were 
determined by a glucose analyzer (DKK-TOA, Tokyo, Japan).

Differences were considered significant at p<0.01 and p<0.05, 
compared with the control group, by Dunnett’s test. The area 
under the curve for glucose (AUCglucose) was determined using 
the trapezoidal rule.

This study was performed in strict accordance with the ethics 
code for animal experiments at the Tama Laboratory of Japan 
Food Research Laboratories (JFRL, Tokyo, Japan), which is 
based on The Standard for Care and Management of Laboratory 
Animals and Alleviation of Pain (Notice No. 88 of Ministry of the 
Environment, 2006). All animal experiments were approved by 
the Animal Experiments Ethics Committee of Tama Laboratory, 
JFRL, Japan.
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In vitro measurement of α-glucosidase and α-amylase 
inhibition

The inhibitory activity on α-glucosidase was assessed by the 
amount of glucose released through maltose hydrolysis. It is 
known that Caco-2 cells derived from human colon carcinoma 
differentiate into intestinal epithelium-like cultures and express 
α-glucosidase. Using such features, the assay was carried out 
using the enzymes expressed on cells, as previously described 
[26, 27]. In addition to the viable cells of the isolated strain, Guava 
Tea Leaf Extract (GTLEx), which is known to be a glucosidase 
inhibitor [28], was used as a positive control. Caco-2 cells were 
seeded in 96-well plates and cultured for 15 days.

The inhibitory effect was investigated in detail using lyophilized 
cells of the isolated strain. The lyophilized cells were suspended 
in 0.025 M sodium phosphate buffer (pH 6.86) and added to the 
wells at final concentrations of 250, 125, and 62.5 µg/mL. Buffer 
solution without cells was used as a control. Maltose was added to 
the wells at a final concentration of 20 mmol/L and incubated at 
37°C for 2 hr. The cell supernatant was then separated. The glucose 
concentration in the cell supernatant was measured using CII-Test 
Wako (Wako Pure Chemical Industries, Tokyo, Japan). Respective 
inhibitory activities were expressed relative to the control.

The maltose concentration of the substrate was measured 
before and after the α-glucosidase inhibitory activity test. Three 
hundred microliters of cell suspension (6 mg/mL) was prepared 
with the lyophilized LAB and 0.025 M sodium phosphate buffer 
(pH 6.86). The cell suspension was supplemented with 300 µL 
of rat intestinal acetone powder extract containing α-glucosidase 
and 300 µL of 2% maltose and incubated at 37°C for 60 min. Part 
of the reaction solution was removed, inactivated by treatment 
at 105°C for 10 min, and centrifuged at 18,000 g for 10 min. 
The supernatant was analyzed using a glucose analyzer (DKK-
TOA). Subsequently, the maltose concentration in the supernatant 
was analyzed using a high-performance liquid chromatography 
system (Shimadzu, Kyoto, Japan) with a KS-802 column (Showa 
Denko Tokyo, Japan) and RID-10A differential refractometer 
(Shimadzu) under the following conditions: column temperature, 
80°C; mobile phase, distilled water; and mobile phase flow rate, 
1.0 mL/min. On the same day, viable LAB cells were counted to 
be used for the measurement of inhibition.

Determination of the activity of α-amylase inhibition was carried 
out according to a previously published previous method [29, 30] 
based on starch-iodine color changes, with minor modifications 
[31, 32]. One hundred and fifty microliters of α-amylase 
suspension (final concentration at 500 U/L in 0.025 M sodium 
phosphate buffer, pH 6.86) was added to a mixture of 150 µL of 
1.5% soluble starch solution and 150 µL of 6 g/L LAB suspension. 
The enzyme reaction was performed at 37°C for 60 min. The 
same conditions were used for α-amylase blank determinations. 
One normal HCl was added to inactivate the enzyme. The enzyme 
mixture was centrifuged at 18,000 g for 10 min, after addition of 
iodine solution. Starch amylolysis was calculated at an absorbance 
of 595 nm before and after the reaction.

Glucose assimilation by LAB
Examination of glucose assimilation was performed in 

accordance with a previously published method [33], with minor 
modifications. LAB (5 mg/mL) was added to phosphate buffer 
containing 0.5% glucose, incubated at 37°C for 30 min, and then 
heat sterilized. After centrifugation at 18,000 g for 10 min, residual 

sugar was measured with a glucose analyzer. Specific glucose 
consumption was calculated with viable LAB cells (g/L•CFU). 
In the glucose assimilation assay, six strains were examined. 
Five strains, including P. pentosaceus QU 19, P. pentosaceus 
NBRC107768T, P. acidilactici NBRC109619T, W. confusa 
NBRC106469T, and L. lactis subsp. lactis NBRC100933T, were 
the same as described earlier in Survival in simulated digestive 
juice. Another one, Lactobacillus rhamnosus GG ATCC53103, 
was also selected, as it had been reported to suppress the rise in 
postprandial blood glucose levels in animal tests [16].

RESULTS

Isolation and identification of LAB strains
Many bacterial isolates were obtained from Tsuda-Kabu Zuke, 

and some of them were catalase negative on the MRS agar plate. 
From the catalase negative isolates, six colonies, including three 
white ones and three gray ones, were picked. White colonies 
were oxidase negative, and gray ones were oxidase positive. Both 
white and gray colonies were found to be Gram positive.

The white colonies showed more than 99.9% identity to 
Pediococcus acidilactici and Pediococcus pentosaceus using 16S 
rDNA (1,600 bp), while the strain comprising the gray colonies 
showed more than 99.4% identity to Weissella confusa.

Survival in simulated digestive juice
To understand the behavior of cells in the stomach and 

intestine, growth assays using simulated digestive juices were 
conducted. Human gastric juice was simulated using MRS broth 
containing 0.04% pepsin at pH 3.0. As shown in Fig. 1, the viable 
cells of most strains decreased to the same level, approximately 
1–10%, at the end of the assay, while Lactococcus lactis subsp. 

Fig. 1. Survival of cells at pH 3.0 in MRS broth containing 0.04% 
pepsin.
MRS broth was transferred into sterile tubes, and the broth was 
adjusted to pH 3.0 using 1N-HCl. After the addition of 0.04% pepsin 
from the porcine stomach mucosa (10,000 U/mg, FUJIFILM Wako 
Pure Chemical, Osaka, Japan), 1% (v/v) lyophilized cells of each 
strain was added. The cells were incubated at 37°C for 2 hr, and the 
viable cell count was measured over time.
○, Pediococcus strain (later identified as P. pentosaceus QU 19); 
●, Weissella strain; Δ, Pediococcus pentosaceus NBRC107768T; 
▲, Pediococcus acidilactici NBRC109619T; □, Weissella confusa 
NBRC106469T; ■, L. lactis NBRC100933T.
Each value represents the mean ± SD of triplicate determinations.
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lactis NBRC100933T decreased to less than 0.01%.
Human intestinal juice was simulated using MRS broth 

containing 0.3% of bile powder at pH 7.0. As shown in Fig. 
2, the growths of the Weissella strain and Weissella confusa 
NBRC106469T were lower than those of the Pediococcus strain, 
Pediococcus pentosaceus NBRC107768T, and Pediococcus 
acidilactici NBRC109619T. In particular, there was a significant 
difference in the growth of the Weissella strain and the 
Pediococcus strain. The growth of the Pediococcus strain was the 
highest, at approximately 21%, while that of Weissella strain was 
the lowest, at approximately 0.1%.

Species identification of the Pediococcus strain
Various identification tests were performed on the Pediococcus 

sp. strains that were highly resistant to digestive fluids. According 
to the identification using API50, the isolated strain was predicted 
to be Pediococcus subsp. (data not shown). In addition, whole-

genome sequence analysis revealed that the bit score against 
the complete genome of P. pentosaceus strain wikim 20 was the 
highest (Table 1). As shown in Fig. 3, the strain formed pairs 
or tetrads. Considering all these characteristics, the strain was 
determined to be P. pentosaceus and named P. pentosaceus QU 
19 (NTE No. BP-02595).

Single administration of the carbohydrate tolerance tests in 
normal mice

The results of the starch tolerance test are shown in Fig. 4. The 
blood glucose level at 30 min and the AUCglucose of the group 
administered 500 mg/kg of viable cells were markedly lower 
than those of the control group, whereas there was no significant 
difference for the values of the lower dosage groups at any time 
point in the time course or for AUCglucose (Fig. 4A). On the other 
hand, heat-treated cells tended to elevate the blood glucose 
levels, particularly after 60 min at the higher dose, and the group 
administered 500 mg/kg showed significantly higher AUCglucose 
than the control group (Fig. 4B, p<0.01).

Fig. 2. Growth of viable cells in artificial intestinal juice.
Cells treated for 2 hr with acid-pepsin as previously described were 
added to MRS medium containing 0.3% oxgall powder. The pH was 
adjusted to 7.0 using 5N-NaOH. The cells were cultured at 37°C under 
anaerobic conditions for 18 hr. The growth rate of viable cells was 
calculated from the increase in the number of viable bacteria after 2 
hr treatment with acid-pepsin. Straight lines above bars indicate the 
standard deviation (n=3). Pediococcus strain was later identified as P. 
pentosaceus QU 19.

Table 1. Genome information and bit scores of Pediococcus strains against strain QU 19

Rank Accession number Definition Bit score
1 CP015918 Pediococcus pentosaceus strain wikim 20, complete genome 432,100
2 CP006854 Pediococcus pentosaceus strain SL4, complete genome 414,500
3 CP000422 Pediococcus pentosaceus strain ATCC25745, complete genome 369,300
4 CP018763 Pediococcus acidilactici strain BCC1, complete genome 18,750
5 CP015206 Pediococcus acidilactici strain ZPA017, complete genome 18,660

The chromosome of each strain was deposited in NCBI/GenBank under the accession number indicated.

Fig. 3. Scanning electron microscope image of Pediococcus 
pentosaceus QU 19.
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In vitro measurement of α-glucosidase and α-amylase inhibition
Based on the results of the α-glucosidase inhibition assay using 

human Caco-2 cells, half maximal inhibitory concentration (IC50) 
values were calculated. The IC50 values revealed that the inhibitory 
effect of viable cells of P. pentosaceus QU 19 on the α-glucosidase 
activity (IC50 of 138.0 ± 16.8 mg/L) was significantly higher than 
that of GTLEx (IC50 of 200.0 ± 9.2 mg/L).

As shown in Table 2, the glucose concentration of the test 
solution without lyophilized cells of P. pentosaceus QU 19 was 
0.148 mg/mL, whereas that of the solution with the cells was 0 mg/
mL. However, Table 2 also shows that the maltose concentration 
of the test solution decreased to about 35% after incubation for 
60 min, regardless of the addition of P. pentosaceus QU 19. In 
addition, after incubation, the pH of the solution with QU 19 was 
4.75, lower than that without the cells (6.95). It had shifted largely 
to being acidic. Glucosidase inhibition was dependent on the 
number of viable cells in the lyophilized QU 19 sample (Table 3).

In the assay of α-amylase inhibition, there was no significant 
difference in amylolysis rates between the solutions with viable 
cells, heat-treated cells, and no cells (Fig. 5).

Glucose assimilation by LAB
Table 4 shows the glucose assimilation ability of LAB. L. 

rhamnosus GG, which has been reported to be a strain capable of 
reducing postprandial blood glucose levels [33] and was used for 
comparison in this study. P. pentosaceus QU 19 showed higher 
glucose assimilation ability than the other LAB, including L. 
rhamnosus GG.

DISCUSSION

In this study, P. pentosaceus QU 19, which was able to grow in 
the simulated digestive juice, was isolated from a Japanese Tsuda-
Kabu pickle. We found a reduction in the blood glucose level 
of mice after a meal with viable P. pentosaceus QU 19, without 
requiring long-term administration. Thus, it was suggested that a 
single administration of P. pentosaceus QU 19 after a meal can 
reduce the blood glucose level.

Several previous studies have focused on preventing or 
treating T2DM and its complications using LAB [15–18]. There 
are several theories concerning the mechanism of action of LAB 

Fig. 4. Effects of viable P. pentosaceus QU 19 cells (A) and heat-treated cells (B) on the oral starch tolerance test and AUCglucose (mean ± SEM).
Blood samples were taken at 0, 30, 60, 90, and 120 min after the starch and cell loading. Symbols: ○, control; ●, 62.5 mg/kg; Δ, 125 mg/kg; 
▲, 250 mg/kg; □, 500 mg/kg. Values with asterisks are significantly different from those of the control (0 mg/kg) group by Dunnett’s test (n=8). 
*p<0.01; ** p<0.05. The area under the curve for glucose (AUCglucose) was determined using the trapezoidal rule.
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with regard to the reduction of blood glucose after a meal, and 
one of them is the concept of a carbohydrate-splitting enzyme 
inhibitor produced by LAB [18]. To confirm whether the addition 
of P. pentosaceus QU 19 causes inhibition of carbohydrate-
splitting enzymes, we evaluated the inhibitory effect of the strain 
toward α-amylase and α-glucosidase. In the assay of α-amylase 
inhibition, the addition of P. pentosaceus QU 19 cells did not 
delay starch degradation, regardless of whether the cells were 
viable or not (Fig. 5), indicating that P. pentosaceus QU 19 had 
no inhibitory activity toward α-amylase. In contrast, in the assay 
of α-glucosidase inhibition, there was a significant difference 
in the concentration of glucose between the solutions with and 
without viable P. pentosaceus QU 19 cells (Table 2). Since a 
certain amount of glucose remained in the solution without 
viable cells, but not in the solution with viable cells, it seemed 
that the addition of the viable cells delayed maltose hydrolysis by 
α-glucosidase. However, the maltose concentration was almost 
the same regardless of whether viable cells were added or not 
(Table 2). The degree of glucosidase inhibition was dependent 
on the number of viable P. pentosaceus QU 19 cells (Table 3). 
As P. pentosaceus QU 19 showed no ability to assimilate maltose 
(data not shown), it was suggested that the addition of the viable 

cells did not cause inhibitory activity toward α-glucosidase and 
α-amylase. With viable cells added to the solution, the pH was 
largely shifted to being acidic after 60 min (Table 2). Actually, 
lactic acid was detected in the solution (data not shown). 
These observations suggested that P. pentosaceus QU 19 had 
assimilated glucose to produce lactic acid but did not inhibit 
carbohydrate-splitting enzymes. It appears that P. pentosaceus 
QU 19 assimilated glucose, the final product of carbohydrate 
hydrolysis, in mouse gastrointestinal tracts immediately after a 
meal. As a result, glucose absorption from the intestine of mice 
was decreased in mice, which suppressed the elevation of the 
blood glucose level.

If the hypothesis that the reduction of blood glucose is caused 
by glucose assimilation by P. pentosaceus QU 19 is true, the 
reduction occurs only when the cells are viable. To confirm 
whether the life or death of the cells affects the changes in the 
blood glucose level, we administered viable or heat-treated P. 
pentosaceus QU 19 cells to fasted mice simultaneously with a 
carbohydrate solution. In previous studies, a monosaccharide 
such as glucose was often administered to mice when conducting 
the tolerance test. However, we employed a starch solution 
in this study because it is more similar to the actual meals we 
eat than monosaccharide. The heat-killed cells showed a trend 
of AUCglucose elevation at the higher dose (Fig. 4B). Some 
components of P. pentosaceus QU 19 cells may promote glucose 
transfer into the blood and increase AUCglucose, although the 
mechanism is unclear. Nevertheless, despite the counter action, 
the viable P. pentosaceus QU 19 cells clearly suppressed the rise 
in blood glucose level at the high dose.

To investigate the detailed mechanisms of P. pentosaceus QU 

Table 2. α-Glucosidase inhibitory activities of viable P. pentosaceus QU 19 cells

Strain Reaction time 
(min)

Glucose 
(mg/mL)

Maltose 
(mg/mL)

Maltose 
hydrolysis (%)

pH after 
reaction

QU 19   0 0.007 0.751 ND 6.86
QU 19 60 0.000 0.496 34.0 4.75

−   0 0.006 0.746 ND 6.96
− 60 0.248 0.480 35.6 6.95

The inhibitory effect of viable P. pentosaceus QU 19 cells (2 mg/mL) on maltose hydroly-
sis was determined with or without strain QU 19 added to the corresponding enzyme reac-
tion mixture. Maltose and glucose concentrations were measured by HPLC. The hydrolysis 
rate of maltose was calculated by the decrease in maltose concentration. ND: not detected.

Fig. 5. Effects of P. pentosaceus QU 19 cells on amylolysis.
The rates of soluble starch hydrolysis by α-amylase and 
P. pentosaceus QU 19 cells were calculated from the 
absorbance (595 nm) of the solutions before and after the 
reaction. Symbols: ○, control; ●, viable cells; Δ, heat-treated 
cells.

Table 3. Relation between α-glucosidase inhibitory 
activity and the number of viable cells

Lot α-Glucosidase 
inhibitory activity (%)

Viable cells 
(CFU/mg)

A batch 47 1.40E + 08
B batch 24 3.00E + 07
C batch 97 4.00E + 08

Inhibitory activities are expressed as relative to those 
without the substance, which was taken as 100%. On 
the same day, viable LAB cells were counted and used 
for the measurement of inhibition.

Table 4. Specific glucose consumption by viable LAB cells

Specific glucose 
consumption (g/L•CFU)

Pediococcus pentosaceus QU 19 5.46E–10
Pediococcus pentosaceus NBRC107768T 7.96E–11
Pediococcus acidilactici NBRC109619T 3.29E–10
Wissella confusa NBRC106469T 4.34E–10
Lactococcus lactis subsp. lactis NBRC100933T 3.26E–10
Lactobacillus rhamnosus strain GG ATCC53103 1.92E–10

One milliliter of 0.5% glucose solution was incubated with various LAB at 
37°C for 30 min. The residual sugar concentration was measured with a glu-
cose meter, and the specific glucose consumption was calculated (g/L•CFU). 
The number of viable cells was counted using the plate count method.
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19 in the suppression of the rise in the blood glucose level, we 
conducted survival tests in simulated digestive juices. Generally, 
the pH in the fasted human stomach is maintained at 1.0–2.0 by 
gastric acid and is highly bactericidal. However, after ingesting 
180 mL of milk, the pH rises to 3.0–4.0, and in the case of 
ingesting a normal meal, such as meat and vegetables, it can 
rise to 4.0–5.0. In addition, since it usually takes about 2 hr for 
digested food to be completely transferred to the duodenum from 
the stomach, the treatment time was limited to 2 hr in the present 
study [24]. Furthermore, the survival test in artificial gastric juice 
was examined under conditions of pH 3.0. In the human intestine, 
the amount of bile secretion is dependent on the type of food 
ingested, and the concentration of bile varies according to the part 
of the intestinal tract. Generally, it is difficult to estimate the bile 
concentration in the intestinal tract. However, a previous study 
reported that the maximum bile concentration in the intestinal 
tract is 2% [34]. Thus, the survival test was conducted under 
concentrations of 3% bile (1.5 times the maximum concentration 
in the intestinal tract) in this study.

In the survival tests, P. pentosaceus QU 19 showed good 
tolerance both in the artificial gastric juice and the artificial 
intestinal juice. In the artificial gastric juice, the viable cells of 
most strains decreased to the same level, approximately 1–10% 
at the end of the assay (Fig. 1). P. pentosaceus QU 19 grew faster 
in the artificial intestinal juice than any other strains, including 
P. pentosaceus NBRC107768T, other strains of the same species, 
and Pediococcus acidilactici NBRC109619T, which is known 
for its acid tolerance (Fig. 2). These results suggested that P. 
pentosaceus QU 19 survived passage through the stomach to reach 
the intestine in a viable condition at the same time as foods and 
assimilated glucose rapidly inside the animal body, moderating 
glucose absorption from the intestine and the subsequent rise 
in blood glucose level. The growth of the Weissella strain was 
very poor in the artificial intestinal juice despite the fact that its 
origin was the same as that of P. pentosaceus QU 19 (Fig. 2). 
Animal tests were also conducted with the Weissella strain, but 
as expected, there was no significant difference from the results 
of the control group (data not shown), which were fed without 
lyophilized cells.

In a previous study, it was reported that L. rhamnosus 
GG suppressed the rise in postprandial blood glucose levels 
in animal tests [16]. There is also a report indicating that 
continuous administration of lyophilized cells of L. rhamnosus 
GG suppressed the rise in blood glucose level, which suggested 
glucose assimilation by the strain [33]. However, these studies 
did not include actual data from in vitro tests showing a decrease 
in the glucose concentration of the test solution with the cells. 
We compared the glucose assimilation ability of P. pentosaceus 
QU 19 with that of other LAB, including L. rhamnosus GG. The 
glucose assimilation rate of P. pentosaceus QU 19 was the highest 
among all six LAB evaluated (Table 4). P. pentosaceus QU 19 has 
a greater ability to assimilate glucose and is expected to suppress 
the rise in blood glucose level more rapidly than L. rhamnosus 
GG. Since P. pentosaceus QU 19 grows well in the intestine, it is 
not necessary to administer the cells continuously. The lyophilized 
L. rhamnosus GG cells needed to be administered continuously 
for 14 days to suppress the rise in the blood glucose level [33]. P. 
pentosaceus QU 19 is a spherical LAB, not a rod-shaped one like 
L. rhamnosus GG. The present study suggests that even spherical 
LAB may show a suppression effect on the rise of blood glucose 

level based on carbohydrate assimilation if they are tolerant to the 
digestive juices.

Whole-genome sequence analysis revealed that the number of 
genes related to sugar metabolism in the P. pentosaceus QU 19 
genome is larger than that in other sequenced Pediococcus strains 
(data not shown). Therefore, P. pentosaceus QU 19 appears to 
be a novel strain, showing a superior ability to assimilate sugars, 
especially glucose.

In this study, we successfully isolated a novel LAB, P. 
pentosaceus QU 19, from a Japanese Tsuda-Kabu pickle. 
Administering viable cells with a meal showed a suppressive 
effect on the rise of blood glucose in mice. It is notable that even 
a single administration of the strain can reduce blood glucose, 
since P. pentosaceus QU 19 is tolerant of digestive juices and 
able to grow by assimilating glucose rapidly in the intestine. 
Although in vivo tests were conducted using mice, the same 
effect is expected in the human body based on the results of the 
survival tests in artificial digestive juices. Thus, P. pentosaceus 
QU 19 has potential as an effective means of maintaining 
blood glucose levels for preventing diabetes in healthy people. 
This study has potential limitations. Although the effects in the 
model were estimated based on previous studies, the data for 
metabolites during glucose assimilation was lacking. The number 
of viable P. pentosaceus QU 19 cells in the intestine should be 
determined. The mechanism of the rise in glucose level induced 
by the administration of a small amount of viable P. pentosaceus 
QU 19 cells also needs to be studied with reference to the data 
above. To demonstrate the effect of lowering the blood glucose 
level via P. pentosaceus QU 19 for not only healthy subjects but 
also for diabetics, further testing using a diabetic model mouse 
should be conducted. We believe that further study of this strain 
will contribute to human health in the future.
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