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Abstract

Diabetes, a chronic metabolic disorder, is characterized by persistent hyperglycemia. This study aimed to evaluate the
hypoglycemic and antioxidant activities of lactic acid bacteria strains isolated from humans and food products and investi-
gate the probiotic properties of the selected four strains. The hypoglycemic activity of the isolated strains was examined by
evaluating the a-glucosidase and a-amylase inhibitory activities. The antioxidant activity was measured using the DPPH,
ABTS, and FRAP assays. Four strains (Lactiplantibacillus plantarum MG4229, MG4296, MG5025, and Lacticaseibacillus
paracasei MG5012) exhibited potent a-glucosidase inhibitory (>75%) and a-amylase inhibitory (>85%) activities, which
were comparable to those of acarbose (>50%; 1000 pg/mL). Similarly, the radical scavenging and antioxidant activities
of the four strains were comparable to those of ascorbic acid (50 pg/mL). Additionally, the probiotic properties of the four
selected strains were examined based on acid and bile salt tolerance, auto-aggregation ability, and antibiotic resistance. The
four strains were resistant to pH 2 (>50% of survivability) and 0.5% bile salt (>80% of survivability). Therefore, we suggest

that the selected strains with hypoglycemic, antioxidant, probiotic properties can potentially prevent diabetes.

Introduction

The World Health Organization (WHO) has defined probi-
otics as live microorganisms that provide health benefits to
the host when administered in appropriate amounts. Lactic
acid bacteria (LAB), which are generally regarded as safe
(GRAS) bacteria, are widely used to develop products with
functional and probiotic properties because of their resist-
ance to low pH and bile salts in the intestine [1]. Probiot-
ics are reported to alleviate lactose intolerance, diarrhea, or
peptic ulcers and exhibit anti-allergic, antifungal, antican-
cer, and immunomodulatory properties [2]. Short-chain fatty
acids (SCFAs), such as acetate, propionate, and butyrate, are
produced during the intestinal microbial metabolization of
carbohydrates. Additionally, SCFAs can be an energy source
for the intestinal epithelial cells, strengthen the immune
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system, mitigate inflammation, and regulate metabolism
[3]. The demand for probiotics is rapidly increasing owing
to the enhanced consumer awareness of gut health and the
beneficial effects of probiotics.

Diabetes mellitus (DM) is a chronic metabolic disease
characterized by persistent hyperglycemia caused due to
decreased insulin production or impaired insulin activity.
In patients with diabetes, glucose homeostasis is dysregu-
lated due to impaired insulin secretion and activity. Type 2
diabetes mellitus (T2DM), the most common type of insulin
resistance, is caused by genetic factors, obesity, western-
ized eating habits, and lack of exercise [4]. T2DM is usually
treated with drugs, but modulation of gut microbial compo-
sition using probiotics could be an essential factor in neu-
tralizing metabolic diseases, including obesity and diabetes
[5]. Recent studies have reported that probiotics improve the
symptoms of diabetes by regulating the intestinal microbiota
composition, increasing insulin sensitivity, and mitigating
autoimmune responses [6]. Some studies have also demon-
strated that beneficial gut bacteria decrease blood glucose
levels by regulating the release of enzymes and hormones
[7].

Glucosidase enzymes are expressed at the intestinal brush
border and degrade complex oligosaccharides and disac-
charides into glucose, which is subsequently absorbed in
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the intestine [8]. The concentration and activity of intesti-
nal glucosidases determine the postprandial blood glucose
levels [9, 10]. Inhibition of a-glucosidase, which catalyzes
the final stage of the process of polysaccharides digestion,
decreases postprandial glucose levels by delaying the release
and absorption of glucose and consequently inhibits post-
prandial hyperglycemia, delays carbohydrate metabolism,
and prevents excessive glucose absorption. Therefore, the
inhibition of carbohydrate hydrolases, such as a-glucosidase,
is an effective strategy for mitigating postprandial hyper-
glycemia in T2DM [11]. Acarbose, voglibose, and miglitol,
which are commercially available a-glucosidase targeting
inhibitors, competitively bind to enzymes and inhibit their
activity. However, these inhibitors are associated with the
development of gastrointestinal complications, such as
abdominal distension and diarrhea, which has limited their
clinical application [12].

In our preliminary study, the a-glucosidase inhibi-
tory activities of 253 LAB strains isolated from humans
or food products were screened. In total, 17 strains with
a-glucosidase inhibitory activity were identified. The find-
ings of this study indicated that four strains (Lactiplanti-
bacillus plantarum and Lacticaseibacillus paracasei) with
potential a-glucosidase inhibitory, a-amylase inhibitory,
antioxidant, and probiotic activities could be potential novel
probiotics to treat diabetes.

Materials and Methods
Experimental Materials

The probiotic candidates (235 strains) used in this study
were supplied by MEDIOGEN Co., Ltd. (Jecheon, Korea).
Lactobacilli de Man, Rogosa, and Sharpe (MRS) agar broth,
brain heart infusion agar (BHI), tryptic soy agar (TSA),
and phosphate-buffered saline (PBS) were purchased from
Difco Co. (MI, USA). The API 50 CHL and API ZYM Kkits
used to identify the LAB were purchased from BioMérieux
(Marcy-I’Etoile, France). a-Glucosidase, p-nitrophenyl
a-D-glucopyranoside (PNPG), a-amylase, 3,5-dinitrosali-
cylic acid (DNS), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), 2,4,6-tripyridyl-S-triazine (TPTZ), iron (III) chlo-
ride (FeCl,), bile salts (Oxgall), and other reagents were
purchased from Sigma-Aldrich Chemical Co. (MO, USA).

Identification of Strains
The selected strains were identified using 16S rRNA gene
sequencing, which was performed at Sol Gent Co. (Dae-

jeon, Korea) using universal rRNA gene primers (27F and
1492R). The 16S rRNA gene sequencing data were retrieved
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from the EzBioCloud database (http://www.ezbiocloud.net/).
A phylogenetic tree was constructed using MEGA-X with
the neighbor-joining method [13].

Evaluation of In Vitro Antidiabetic and Antioxidant
Activities

Preparation of Culture Supernatant (CS) and Intact Cells
(1Cs)

The a-glucosidase and a-amylase inhibitory activities of the
isolated strains were measured using CS. To prepare CS,
each strain was cultured in MRS broth at 37 °C for 15 h,
centrifuged at 800 X g for 15 min at 4 °C, and the supernatant
was filtered through a 0.2-pm syringe filter. To measure the
antioxidant activity of the strains, the ICs were prepared fol-
lowing the methods of Lin and Chang [14]. The strains were
cultured at 37 °C for 18 h and centrifuged at 7000 x g for
20 min at 4 °C. The recovered pellet (ICs) was washed three
times with PBS and resuspended in PBS. The ICs samples
were stored at — 80 °C until use. In addition, appropriate cell
types (washed cell pellets or colonies) were used to assess
probiotic properties, including acid and bile salt resistance.

a-Glucosidase Inhibitory Activity

a-glucosidase inhibitory activity of the strains was meas-
ured according to the methods described by Chen et al.
[15]. Briefly, 25 pL of CS was added to a reaction mix-
ture containing 150 pL of 0.01 M PBS (pH 7.0) and 75 pL
of 0.02 M PNPG solution, and pre-incubated at 37 °C for
10 min. The reaction was initiated with the addition of 50
pL a-glucosidase (0.17 units/mL) and the sample was incu-
bated at 37 °C for 10 min. Next, the reaction was terminated
with the addition of 1 mL of 0.1 M Na,CO;. The amount
of p-nitrophenol released was determined by measuring
the absorbance at 405 nm. The inhibition was calculated
as follows:

1-(C-D)

Inhibition(%) = [ =

] x 100, (1)
where A is the absorbance with a-glucosidase but without
sample, B is the absorbance without a-glucosidase and
sample, C is the absorbance with a-glucosidase and sam-

ple, and D is the absorbance without a-glucosidase but with
the sample.

a-Amylase Inhibitory Activity
a-amylase inhibitory activity of the strains was evaluated

as described by Vankudre et al. [16]. Briefly, 250 pL of CS
was added to 250 pL of a-amylase solution (0.5 mg/mL) and
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pre-incubated at 25 °C for 10 min. The reaction mixture was
then incubated with 250 pL of starch solution (1% w/v in
0.02 M sodium phosphate buffer) at 25 °C for 10 min. Next,
the reaction was terminated with the addition of 500 pL of
DNS color reagent (96 mM DNS and 5.31 M sodium potas-
sium tartrate in 2 M sodium hydroxide solution). The reac-
tion mixture was then boiled for 5 min, allowed to cool, and
diluted four-fold with water. The absorbance was measured
at 540 nm. The inhibition was calculated as follows:

(A-B)

Inhibition (%) = [ ] x 100, )
where A is the absorbance of the control and B is the absorb-
ance of the sample.

DPPH Radical Scavenging Assay

The DPPH radical scavenging ability of the strains was
determined following the protocols of Lim [17]. Briefly, 100
pL of ICs and 100 pL of 0.4 mM DPPH solution were added
to a 96-well plate and reacted in the dark for 30 min at 20 °C.
The sample buffer alone in the reaction mixture served as the
control. DPPH radical scavenging (%) was measured based
on the decrease in absorbance at 540 nm as follows:
DPPH radical scavenging ability (%) = [1 - (g)] x 100,
3)
where A is the absorbance of the control and B is the absorb-
ance of the sample.

ABTS Radical Scavenging Assay

The ABTS radical scavenging ability of the strains was per-
formed according to Re et al. [18]. Briefly, 7.4 mM ABTS
was reacted with 2.6 mM potassium persulfate for 24 h in
the dark at room temperature. The solution was diluted with
PBS t0 0.70+0.03 at 734 nm, immediately before the assay.
ICs (20 pL) were added into a 96-well plate containing 180
pL. ABTS radical solution and incubated in the dark for
10 min. The ABTS radical scavenging (%) was monitored
by measuring absorption at 734 nm, as follows:

ABTS radical scavenging activity (%) = [1 - (g)] x 100,

€]
where A is the absorbance of the control and B is the absorb-
ance of the sample.

Ferric Reducing Antioxidant Power (FRAP) Assay

FRAP assay of the strains was performed following the
method described by Benzie and Strain with modifications

[19]. To prepare FRAP reagent, a solution comprising 0.3 M
sodium acetate buffer (pH 3.6), 10 mM TPTZ, and 0.02 M
FeCl;-6H,0 in the ratio of 10:1:1 (v/v/v) was prepared
and incubated for 15 min at 37 °C. ICs (50 pL) were incu-
bated with 150 pL of FRAP reagent for 20 min in a 96-well
plate in the dark. The absorbance was measured at 593 nm.
FRAP values were converted using the standard curve of the
FeSO,-7H,0 solution.

In Vitro Characterization of Probiotic Properties
Acid and Bile Salt Tolerance

The acid and bile salt tolerance of the selected strains was
evaluated as previously described by Guo et al. [20]. To
measure acid tolerance, 1 mL of the strain suspension
(adjusted to ODg, value of 1.0) was incubated with PBS
(pH 2) at 37 °C for 3 h.

To measure bile salt tolerance, the strains were suspended
in MRS broth containing 0-0.5% (w/v) bile salts (Oxgall)
and incubated at 37 °C for 24 h. After incubation, the num-
ber of viable cells was counted. Cell viability was deter-
mined based on the cell counts on MRS agar plates and
expressed as colony-forming units per mL (CFU/mL).

Hemolytic Activity

To determine hemolytic activity, the strains were streaked
onto TSA medium containing 5% sheep blood and incu-
bated at 37 °C for 48 h. The formation of a clear zone
(B-hemolysis), a greenish zone (a-hemolysis), or no zone
(y-hemolysis) around the colonies was observed.

Auto-aggregation Assay

Auto-aggregation for the selected strains was conducted
using the method described by Kos et al. [21]. Briefly, the
strain cultures were inoculated (2%, v/v) into fresh MRS
broth and incubated at 37 °C for 18 h. The suspension was
centrifuged at 4000 X g for 15 min at 4 °C and washed twice
with PBS. After resuspending the strains to a final concen-
tration of ODg, 1.0, 4 mL of aliquots of the suspensions was
shaken for 10 s, and auto-aggregation was measured for 5 h.
Auto-aggregation (%) was calculated as follows:

(A-B
A

Auto - aggregation (%) = [ ] x 100, S

where A is the absorbance at 0 h of incubation and B is the
absorbance after incubation for 1, 2, 3, 4, or 5 h.
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Antibiotic Susceptibility

The antibiotic susceptibility of the selected strains was eval-
uated using the minimum inhibitory concentration (MIC)
test strip method. The susceptibility of the selected strains to
the following 9 antimicrobial agents were tested: ampicillin,
chloramphenicol, clindamycin, erythromycin, gentamicin,
kanamycin, streptomycin, tetracycline, and vancomycin. The
bacterial cells were incubated aerobically at 37 °C for 18 h
in MRS medium. Next, cells were harvested by centrifuga-
tion at 3750 X g for 5 min, washed thrice with PBS, and
resuspended in PBS to a McFarland standard of 0.5. The cell
suspension was inoculated onto BHI agar with swabs. The
plates were allowed to dry for 10 to 15 min, and the MIC test
strips (Liofilchem, Italy) were placed on the agar surface.
The plates were incubated at 37 °C, and MICs were analyzed
after 48 h of incubation. MICs were determined based on the
intersection of the elliptical zone of growth inhibition with
the MIC scale on the test strip. The cut-off values for differ-
ent antibiotics were evaluated according to European Food
Safety Authority (EFSA) guidelines 2018 [22].

Enzyme Production and Biochemical Profile
Characterization

The enzyme activity and carbohydrate utilization of the
selected strains were assayed using API ZYM and API
50CHL kit according to the manufacturer’s instructions
(BioMérieux, France). Evaluation of enzyme activity was
performed on a five-grade scale according to coloration
intensity from 0 (no activity) to 5 (maximum activity) with
10 nM intervals. API strip reactions were evaluated using
identification tables (+/—) according to color change.

Statistical Analysis

Results are presented as the means + standard deviation (SD)
of experiments performed in triplicate. Graphical represen-
tation was generated using Prism software 9.0 (GraphPad
Software, CA, USA). Statistical analysis was conducted
using one-way analysis of variance (ANOVA) using SPSS
(IBM Corp., USA). Significant differences between the
groups were evaluated using Tukey’s multiple comparison
test. Statistical significance was accepted for P values <0.05.

Results

a-Glucosidase and a-Amylase Inhibitory Activities
of LAB Strains

The inhibitions of a-glucosidase and a-amylase delay glu-
cose absorption and reduce postprandial blood glucose levels

@ Springer

[23]. In this study, the a-glucosidase inhibitory activities of
235 strains were investigated to identify strains with poten-
tial hypoglycemic activity. Acarbose (an antidiabetic drug)
and Lacticaseibacillus (Lcb.) rhamnosus GG (LGG), known
to have an antidiabetic effect, were used as positive con-
trols [24]. In total, 17 strains showed a-glucosidase inhibi-
tory activity by more than 60% similar to those of acarbose
(1000 pg/ mL) (Table 1). The four selected strains showed
a high a-glucosidase inhibitory activity of more than 75%,

Table 1 Inhibitory effects of the LAB strains against a-glucosidase
and a-amylase

Origin Strains Inhibition (%)
a-glucosidase o-amylase
Control Acarbose (1,000 pg/ 50.9+2.0 86.0+0.6
mL)
Lcb. rhamnosus GG 36.7+7.3 86.3+0.8
Human vagina  Lpb. plantarum 79.1+6.0 85.6+0.7
MG4229
Lac. gasseri MG4238  68.0+2.5 84.7+0.8
Lsb. fermentum 64.8+2.5 86.6+0.5
MG4290
Lsb. fermentum 71.8+4.8 88.7+0.6
MG4294
Lsb. fermentum 70.6+5.4 83.7+1.5
MG4295
Lpb. plantarum 90.6+1.6 86.2+0.4
MG4296
Lsb. fermentum 67.2+6.0 81.7+0.4
MG4302
Lpb. plantarum 66.1+.4 57.0+£1.3
MG4306
Infant Lcb. rhamnosus 71.1+6.2 62.6+2.0
MG4501
Lcb. rhamnosus 63.4+4.7 62.2+0.7
MG4502
Shellfish Lcb. paracasei 70.7+2.3 76.3+0.6
MGS5004
Lcb. paracasei 82.8+3.4 87.4+0.1
MG5012
Lpb. plantarum 77.3+0.3 85.4+0.2
MG5025
Fermented food Lc. lactis MG5127 64.7+2.5 87.7+0.2
Lpb. plantarum 69.6+3.1 83.2+0.1
MG5144
Lcb. paracasei 62.5+8.0 65.6+2.8
MG5172
Lcb. paracasei 65.8+3.8 79.7+0.8
MG5178

Results are presented as means +SD from three independent experi-
ments

Lcb. Lacticaseibacillus, Lpb. Lactiplantibacillus, Lac. Lactobacillus,
Lsb. Limosilactobacillus, Lc. Lactococcus
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which was approximately two times higher than that of LGG
(36.7%).

Additionally, the a-amylase inhibitory activities of 17
strains ranged from 57.0 to 88.7%. MG4294 exhibited the
highest a-amylase inhibitory activity, followed by MG5012.
The a-amylase inhibitory activities of these two strains were
similar to those of LGG (>85%) and acarbose (>86%).

In Vitro Antioxidant Properties of the LAB Strains

The antioxidant capacity of the ICs of the eight selected
strains exhibiting a high a-glucosidase inhibitory activity
was compared with that of ascorbic acid (50 pg/mL) and
LGG (Table 2). The highest DPPH radical scavenging activ-
ity was exhibited by MG4296 (75.8%). The DPPH radical
scavenging activity of MG4229, MG4294, MG4501, and
MG5004 were more than 60%. The ABTS radical scav-
enging activity of all eight strains was higher than that of
ascorbic acid. MG4501 exhibited the highest ABTS radi-
cal scavenging activity. MG4229, MG4294, and MG5025
were also showed more than 50% activity. The highest FRAP
value was exhibited by MG5012, which was similar to that
of ascorbic acid.

Identification of Selected LAB Strains

Among the strains with potent biological activities, four
strains (MG4229, MG4296, MG5012, and MG5025) were
selected based on their a-glucosidase inhibitory and anti-
oxidant activities. A phylogenetic tree constructed using
16S rRNA gene sequences revealed that the selected strains
belonged to the cluster comprising Lactobacillus plantarum
(recently reclassified as Lactiplantibacillus plantarum)
and Lactobacillus paracasei (reclassified as Lacticasei-
bacillus paracasei) (Fig. 1) [25]. The GenBank accession

numbers for the 16S rRNA gene sequences of the strains
MG4229, MG4296, MG5012, and MG5025 are MN060991,
MNO060993, MN060994, and MN060995, respectively.

Survival of the Selected Strains Under Simulated
Gastrointestinal Conditions

Gastric tolerance of the selected four strains was expressed
as the number of viable cells after exposure to simulated
gastric juice (pH 2) for 0-3 h (Table 3). All strains exhibited
similar viable cell counts, ranging from 5.0 to 5.7 log CFU/
mL, under simulated gastric fluid conditions. The viability
of all strains was higher than 57%.

In addition, the cell viability of the selected strain
was measured under bile salt stress conditions of 0-0.5%
(Table 4). All strains exhibited a survival rate of more than
82% at a bile salt condition of 0.5%.

Auto-aggregation of Selected Strains

To be classified as probiotics, LAB must reach the intestine
through the stomach and duodenum and attach to the intes-
tinal epithelial cells. In this study, the adherence ability of
the four selected strains was tested by measuring auto-aggre-
gation after 5 h of incubation (Fig. 2). The decreasing order
of auto-aggregation of the strains was as follows: MG4296
(93.9+10.5%) > MG5025 (89.1 £2.7%) > MG4229
(70.6 £3.1%) > MG5012 (46.2+6.7%).

Antibiotic Susceptibility of Selected Strains

Probiotics should be validated for their permeability, patho-
genicity, and antibiotic resistance [26]. In this study, the anti-
biotic resistance of the selected strain was evaluated using
the MIC test (Table S1). All strains were sensitive to most

Table 2 Antioxidant activities
of the selected strains

Strains DPPH radical scaveng-  ABTS radical Scaveng- FRAP reducing
ing (%) ing (%) power (pg/mL)
Ascorbic acid (50 pg/mL) 68.1+2.7 30.1+2.4 292.1+4.4
Lcb. rhamnosus GG 44.3+0.7 544+1.8 263.7+5.9
Lpb. plantarum MG4229 63.4+0.9 534+1.3 2479+6.4
Lsb. fermentum MG4294 66.7+4.8 50.8+0.9 279.9+5.9
Lsb. fermentum MG4295 47.0+19 46.8+04 243.3+10.1
Lpb. plantarum MG4296 75.8+1.9 413+1.5 220.0+4.4
Lcb. rhamnosus MG4501 66.0+1.3 60.4+1.8 246.5+9.5
Lcb. paracasei MG5004 60.8+0.8 43.1+09 241.7+6.7
Lcb. paracasei MG5012 32.6+6.1 47.1+2.0 297.0+3.3
Lpb. plantarum MG5025 25.0+3.2 50.7+1.1 2474452

Results are presented as means + SD from three independent experiments

DPPH 2,2-diphenyl-1-picrylhydrazyl, ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), FRAP
ferric reducing/antioxidant power, Lcb. Lacticaseibacillus, Lpb. Lactiplantibacillus, Lsb. Limosilactobacil-

lus
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Fig. 1 Phylogenetic tree
constructed using the neighbor-
joining, method with the 16S
rRNA gene sequences. The cor-
relation between the test strains
(MG4229, MG4296, MG5025,
and MG5012) and members

of the genus Lactiplantibacil-
lus and Lacticaseibacillus.
Accession numbers are shown 100
in parentheses. The sequence

of Bifidobacterium bifidum

ATCC 29521 T (KE993182)

and Escherichia coli ATCC

11775 T (X80725) were used as 100 |
outgroup. Bar, 0.04 nucleotide
substitutions per site

96

0.04

antibiotics and resistant to vancomycin. The MIC values
were within the epidemiological cut-off values suggested
by EFSA (2018). In addition to vancomycin, MG5012 was
resistant to kanamycin.

Carbohydrate Utilization and Enzyme Activity
Profiles of Selected Strains

Carbohydrate utilization properties of the four strains were
investigated using the API 50 CHL system (Table S2).
All strains metabolized common carbohydrates, including
p-ribose, p-galactose, D-glucose, p-fructose, and p-man-
nose. However, glycerol, erythritol, p-arabinose, b-xylose,
L-xylose, methyl-p-p-xylopyranoside, L-rhamnose, dulcitol,
inositol, starch, glycogen, xylitol, p-fucose, L-fucose, p-ara-
bitol, L-arabitol, potassium 2-keto-gluconate, and potassium
5-keto-gluconate were not metabolized by these strains.

In addition, the enzyme activities of the four strains were
assessed using the API ZYM system (Table S3). MG4296
and MG5025 exhibited the highest B-galactosidase and
N-acetyl-p-glycosaminidase activities. MG4229 exhibited
the highest leucine arylamidase activities. f-glucuronidase,
a carcinogenic enzyme, hydrolyzes glucuronides into
harmful carcinogenic substances, such as glucuronic acid

@ Springer

Strain MG4296

Strain MGS025

Strain MG4229

Lactiplantibacillus plantarum ATCC 149177 (ACGZ01000098)

Lactiplantibacillus plantarum subsp. argentoratensis DSM 163657 (CP032751)

Lacticaseibacillus chiayiensis NCYUAST (MF446960)

100 Lacticaseibacillus paracasei subsp. paracasei ATCC 253027 (ACGY01000162)

Strain MGS012

Bifidobacterium bifidum ATCC 295217 (KE993182)

Escherichia coli ATCC 117757 (X80725)

and aglycone in the gut. The four strains did not produce
B-glucuronidase, a-fucosidase, or a-mannosidase.

Discussion

DM is characterized by hyperglycemia and insulin resist-
ance, which result from dysregulated blood glucose homeo-
stasis. The therapeutic strategies for T2DM include stimu-
lating insulin secretion, increasing the activity of insulin in
the target tissues, oral hypoglycemic agents, and inhibition
of a-glucosidase [27]. Numerous studies have demonstrated
that the a-glucosidase inhibitory and a-amylase inhibitory
activities of probiotics may be beneficial for glycemic regu-
lation [28, 29]. Probiotics have been reported to alleviate
T2DM by regulating glucose metabolism and improving
insulin sensitivity through several mechanisms, includ-
ing the production of metabolites, such as SCFAs [30,
31]. Some probiotic strains have been reported to produce
bioactive components capable of inhibiting a-glucosidase
activity [15, 32]. Therefore, this study was aimed to identify
functional probiotic candidate strains for improving diabe-
tes by evaluating hypoglycemic and antioxidant activities.
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Table 3 Tolerance of the selected strains to simulated gastric juice
conditions

Strains Exposure  Gastric tolerance (at pH 2)

time (h) - -

Viable cells Survival
(log CFU/mL)  rate (%)

Lpb. plantarum MG4229 0 8.6+0.30 100

1 6.0+0.12 69.8

2 52+0.18 60.5

3 53+0.26 61.6
Lpb. plantarum MG4296 0 8.5+0.14 100

1 49+0.13 57.6

2 4.8+0.02 56.5

3 5.0+0.24 58.8
Lpb. plantarum MG5025 0 8.2+0.05 100

1 6.1+0.06 74.4

2 5.8+0.07 70.7

3 5.7+0.81 69.5
Lcb. paracasei MG5012 0 8.7+0.06 100

1 52+0.04 59.8

2 5.1+0.11 58.6

3 5.0+0.26 57.5

Results are presented as means+ SD from three independent experi-
ments. Simulated gastric tolerance was evaluated based on the viable
cell counts (log CFU/mL) of each strain at pH 2 at 1 h intervals till
3h

Lcb. Lacticaseibacillus, Lpb. Lactiplantibacillus

Additionally, the probiotic properties of the selected strains
were evaluated.

a-glucosidase inhibitors reduce postprandial hyperglyce-
mia by interfering with the activity of carbohydrate digestive
enzymes and delaying the absorption of glucose [10]. Acar-
bose, an antidiabetic, is the most widely used a-glucosidase
inhibitor to treat diabetes and acts by delaying the release
of glucose from polysaccharides by biding to a-glucosidase
[33]. In this study, a-glycosidase and a-amylase inhibi-
tory activities of four selected strains (MG4229, MG4296,
MG5012, and MG5025) were similar to those of acarbose

(1000 pg/mL). In particular, MG4296 showed the highest
inhibition on a-glycosidase (Table 1). In a previous study,
Kim et al. [34] demonstrated that Lactiplantibacillus (Lpb.)
plantarum K10 effectively inhibited a-amylase activity by
94.6%. Koh et al. [35] reported that the a-glucosidase inhibi-
tory activities of culture supernatant of LGG and Liquori-
lactobacillus mali K8 were 37.9% and 39.0%, respectively.
Ramchandran et al. [36] reported that exopolysaccharides
produced by LAB strains inhibited a-glucosidase. These
findings demonstrated that the selected strains exhibit hypo-
glycemic activity by inhibiting carbohydrate-metabolizing
enzymes.

Oxidative stress is caused by an imbalance between
reactive oxygen species (ROS) production and antioxi-
dant defense mechanisms [37]. Previous studies have
reported that oxidative stress induces DM complications
[38, 39]. The antioxidant systems scavenge oxidizing com-
pounds during the metabolic activity of probiotic bacteria
or inhibit the production of oxidizing compounds in the
intestine [40]. Biologically active peptides released from
digested food proteins are reported to exhibit antioxidant
activity and protect against peroxidation of lipids or fatty
acids [41]. Some probiotics produce bioactive compounds
that can reduce oxidative stress by preventing ROS forma-
tion through specific molecular mechanisms [42]. Simi-
lar to teichoic acid in the cell membrane and peptidogly-
can in the cell wall, LAB exhibits antioxidant activity
by chelating metal ions and exhibiting reducing activity
[43]. Lpb. plantarum AS1 inhibited linoleic acid peroxi-
dation by 50.9% [44]. Lacticaseibacillus (Lcb.) paracasei
F19 alleviated oxidative and hepatic metabolic injuries
in a rat model [45]. This study comparatively analyzed
the free radical scavenging activities of ICs of selected
eight strains, ascorbic acid, and LGG. The ABTS radi-
cal scavenging activity and FRAP values of these strains
were similar to those of ascorbic acid (50 pg/mL). In a
previous study, ICs of Lactobacillus (Lac.) acidophilus
and Lcb. paracasei showed the DPPH radical scavenging
activities range of 31-48% [8]. Limosilactobacillus reuteri

Table 4 Survival of the selected

. . Strains
strains under bile salt stress

Viable cells (log CFU/mL)

Survival rate at

o - 0.5% bile salt (%)
conditions Bile salt (%)
0 0.1 0.3 0.5
Lpb. plantarum MG4229 9.1+0.11 8.6+0.09 7.9+0.10 7.8+0.03 85.7
Lpb. plantarum MG4296 8.2+0.26 7.0+£0.03 7.0+£0.20 7.0+£0.10 854
Lpb. plantarum MG5025 8.8+0.15 8.2+0.09 7.3+0.11 7.2+0.15 81.8
Lcb. paracasei MG5012 9.0+0.21 9.0+0.09 8.0+0.13 7.4+0.14 82.2

Results are presented as means + SD from three independent experiments. Tolerance to simulated bile salt
stress conditions was evaluated based on the viable cell counts (log CFU/mL) of each strain after 24 h of

incubation at 37 °C

Lcb. Lacticaseibacillus, Lpb. Lactiplantibacillus
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Fig.2 Auto-aggregation abilities of the selected strains resuspended
in phosphate-buffered saline (pH 7) after 5 h. Results are presented as
means +SD from three independent experiments. Different letters at
each time point indicate a significant difference (P <0.05) using Tuk-
ey’s multiple comparison test following a one-way ANOVA

and Bifidobacterium breve are reported to exhibit ABTS
radical scavenging activities. Afify et al. [46] reported
that Lpb. plantarum C88 showed high hydroxyl radical
(44.3%) and DPPH scavenging (53.1%) activities. There-
fore, these findings demonstrate that the selected strains
exhibit potential antioxidant activity.

Probiotics should survive in the human gastrointestinal
environment. Ingested LAB is exposed to gastric fluid, bile,
and digestive enzymes and subsequently attaches to the
intestine [47]. Thus, the function of the ingested probiot-
ics is dependent on their growth in an environment with
higher bile concentrations and lower pH (pH of gastric
juice is <3) than those in the intestine [48]. In this study,
the viable counts of selected strains were more than 5.0 log
CFU/mL in simulated gastric fluid. MG5025 exhibited the
highest viability, approximately 70%. The high acid resist-
ance of lactobacilli strains has been reported to be associated
with changes in glycolytic flux, intracellular pH, and cell
membrane ATPase [49]. The viable count of several strains
used as probiotics was less than 10* CFU/mL at pH 2 [50].
Therefore, these results suggest that the selected strains are
resistant to acidic conditions.

Probiotics are exposed to various stress conditions,
including heat, oxidative, osmotic, and bile salt stresses [51].
Generally, microbes that can survive at bile salt concentra-
tions of up to 0.3% are reported to exhibit bile salt tolerance
[52]. Various species of LAB exhibit bile salt tolerance as
they produce bile salt hydrolase, which hydrolyzes bile acids
[53]. In this study, all selected strains showed a high num-
ber of viable cells at bile salt concentrations of 0.3% (>8.0
log CFU/mL) and 0.5% bile salt (>6.86 log CFU/mL) in an
artificial intestinal environment. Therefore, these findings

@ Springer

suggest that the selected strains can survive in the human
intestinal environment.

Auto-aggregation is a prerequisite for colony forma-
tion and probiotic strain persistence in the gastrointestinal
system. LAB is attached to specific and non-specific tis-
sues in the gut. Proteins, glycoproteins, teichoic acid, and
lipoteichoic acid on bacterial cell wall surfaces are known to
play important roles in auto-aggregation and hydrophobicity
[54]. In this study, the auto-aggregation rates of MG4296
and MG5025 were as high as 90% (Fig. 2). In a previous
study, Al et al. [55] reported that the auto-aggregation rate
of human-derived Lac. acidophilus CMULG67 was 76.2%.
Garcia-Cayuela et al. [56] reported the auto-aggregation
rate of four species of Lpb. plantarum was more than 50%.
Therefore, the strains selected in this study can adhere to the
intestinal epithelial cells and exhibited a high survival rate
in the simulated intestinal environment.

Probiotics are inherently resistant to various antibiotics.
The survival, proliferation, and functions of the bacterial
cells are dependent on their resistance to antibiotics [57].
In this study, the four selected strains of Lpb. plantarum
and Lcb. paracasei were resistant to vancomycin. Previous
studies have demonstrated that Lpb. plantarum, Lcb. para-
casei, Lcb. rhamnosus, and Lac. acidophilus are resistant
to vancomycin.

Microorganisms produce and inhibit enzyme activity
through unique mechanisms [58]. In this study, MG4229,
MG4296, and MG5025 were found to contain more than
40 nM f-galactosidase (Table 4). The production of some
enzymes in probiotics should be evaluated to prevent the
synthesis of potentially toxic substances or harmful metab-
olites, such as indole and amines [59]. p-glucuronidase, a
carcinogenic enzyme, hydrolyzes glucuronides into harmful
carcinogenic substances, such as glucuronic acid and agly-
cone in the gut [60]. In this study, the selected strains did not
produce B-glucuronidase. Therefore, these findings indicated
the safety of the selected strain.

Conclusion

The present study was conducted to select the probiotic
strains for industrial applicability as a functional agent
with antidiabetic and antioxidant activities. We identi-
fied four strains (Lpb. plantarum MG4229, MG4296,
MG5025, and Leb. paracasei MG5012) exhibiting potent
a-glucosidase inhibitory, a-amylase inhibitory, and antioxi-
dant activities. The probiotic properties and safety of these
strains were also demonstrated. Further studies are needed
to determine the efficacy of these strains in an in vivo T2DM
model. However, these results of this study demonstrated
that the selected strains were potential probiotic candidates
with antidiabetic activity.
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