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Abstract: Taking lactic acid bacteria is an important strategy to alleviate or prevent diabetes, but the
candidate strains with good genetic stability and excellent functions still need to be supplemented. In
this study, the hypoglycemic ability (α-amylase, α-glucosidase and dipeptidyl peptidase 4), probiotic
property and antioxidant activity of lactic acid bacteria were comprehensively evaluated by a principal
component analysis (PCA) and analytic hierarchy process (AHP). The results showed that Lactobacillus
paracasei (L. paracasei) had a higher survival rate (82.78%) in gastric juice and good tolerance to bile
salt, and can be colonized in HT-29 cells. L. paracasei had a remarkable inhibitive activity of α-
amylase (82.21%), α-glucosidase (84.29%) and dipeptidyl peptidase 4 (42.51%). L. paracasei had better
scavenging activity of free radicals, total antioxidant activity (FRAP) and superoxide dismutase
activity. According to the scores of the PCA, L. paracasei had the best hypoglycemic ability, and
Lactococcus lactis (L. lactis) had the highest probiotic property. According to AHP, L. paracasei was
the best potential hypoglycemic probiotic; furthermore, L. lactis showed the highest comprehensive
performance except Lactobacillus. All lactic acid bacteria in this test had good safety. L. paracasei is
expected to become a new potential hypoglycemic strain.

Keywords: probiotic property; hypoglycemic ability; antioxidant activity; lactic acid bacteria; com-
prehensive evaluation

1. Introduction

Diabetes is one of the most common chronic diseases due to inadequate (or relative)
systemic endocrine insulin, which is predicted to rise to 642 million by 2040 [1]. Type
2 diabetes (T2D), also known as “non insulin dependent diabetes”, accounts for about
90–95% of all diabetes [2]. Patients suffer from persistent hyperglycemia and diabetes-
related complications, such as diabetic foot, retinopathy, nephropathy, neuropathy and
macrovascular diseases [3–5]. Drug therapy is the main way to deal with diabetes at present,
which may lead to complications such as hyperglycemia and cardiovascular disease and
side effects such as flatulence, abdominal pain and diarrhea [6–8]. So, there is an urgent
need for a more healthy and effective method.

Lactic acid bacteria (LAB) fall into the category of generally regarded as safe (GRAS)
bacteria, and are a kind of commonly used probiotic [9]. Studies have shown that LAB can
alleviate diabetes by regulating intestinal microbiota, reducing intestinal leakage, reducing
insulin resistance, alleviating oxidative stress, improving insulin secretion and protecting β

cells [10–13]. Many LAB strains have been proven to have potential hypoglycemic abilities
in vitro, such as the inhibition of α-amylase, α-glucosidase and dipeptidyl peptidase 4 [14–17].
It is worth noting that reactive oxygen species (ROS) were proven to be related to disorders
of glucose metabolism [18], and oxidative stress is considered to be an important factor
leading to T2D [19]. Therefore, the antioxidant activity of lactic acid bacteria is one of the
important abilities for alleviating diabetes. According to previous studies [14–17], LAB
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had great potential in the treatment of T2D, but the strains with good genetic stability and
excellent functions are still very limited; therefore, it is necessary to screen more optional
hypoglycemic probiotics.

The purpose of this study was to screen potential hypoglycemic LAB by comprehen-
sively analyzing the probiotic properties, hypoglycemic ability and antioxidant activity of
LAB. The evaluation mainly included the inhibition of related enzyme activities (α-amylase,
α-glucosidase and dipeptidyl peptidase 4), antioxidant activity and probiotic properties.
The analytic hierarchy process (AHP) and principal component analysis (PCA) were used
to comprehensively evaluate the properties of hypoglycemic probiotics.

2. Materials and Methods
2.1. Strains

The strains used in this study were Lactobacillus plantarum (L. plantarum), Lactobacillus
rhamnosus (L. rhamnosus), Lactobacillus acidophilus (L. acidophilus), Lactobacillus delbrueckii
(L. delbrueckii), Lactobacillus paracasei (L. paracasei), Lactobacillus casei (L. casei), Streptococcus
thermophilus (S. thermophilus), Leuconostoc mesenteroides (L. mesenteroides) and Lactococcus
lactis (L. lactis). The strains were isolated from traditional Chinese dairy foods, and identi-
fied by high-throughput sequencing and stored in the Food Science College of Northeast
Agricultural University.

2.2. Materials

Pepsin (1:10,000), oxgall, porcine α-amylase and acarbose were purchased from Shang-
hai yuanye Bio-Technology Co., Ltd. (Shanghai, China). Sodium thioglycolate (THIO)
and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) were purchased from Shanghai Macklin Bio-
chemical Co., Ltd. (Shanghai, China). Dulbecco’s modified eagle medium (DMEM) with
high-glucose, fetal bovine serum and Penicillin-Streptomycin were purchased from Hy-
clone (Thermo, Beijing, China). α-Glucosidase, pNPG and DPP4 inhibitor screening kits
were purchased from Sigma-Aldrich (St. Louis, MO, USA). In addition, 3,5-dinitrosalicylic
acid (DNS) was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). A Total Antioxidant Capacity Assay Kit and Total Superoxide Dismutase Assay Kit
were purchased from Beyotime Institute of Biotechnology (Shanghai, China). A Hydroxyl
Free Radical assay kit was purchased from the Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Antibiotic discs were purchased from Hangzhou Binhe Microorgan-
ism Reagent Co., Ltd. (Hangzhou, China). The HT-29 human colon adenocarcinoma cell
line was purchased from the type culture cell bank of the Chinese Academy of Sciences
(Shanghai, China).

2.3. Cell Free Supernatant (CFS), Intact Cell (IC) and Intracellular Cell Free Extraction
(CFE) Preparation

The preparations of cell-free supernatant (CFS), intact cells (IC) and intracellular cell-
free extract (CFE) were performed according to the method of Ragul et al. [15] with slight
modifications.

LAB cultures were incubated in de Man Rogosa and Sharpe (MRS) broth (3% v/v) at
37 ◦C for 18 h and centrifugated at 3600× g for 10 min at 4 ◦C, and the collected supernatant
was sterilized with 0.22 µm filter to obtain the cell-free supernatant (CFS).

The harvested cells were washed three times with sterile phosphate buffer solution
(PBS, pH 7.4), then resuspended in PBS and adjusted to about 1×109 CFU/mL to obtain
the intact cell (IC).

For the preparation of intracellular cell free extract (CFE), cells were disrupted by
VCX750 ultrasonic processor (Sonics&Material, Inc., Newtown, CT, USA) and performed
at 5 s pulse on/3 s pulse off for 10 min in an ice bath. Cell fraction was removed by
centrifugation (10,000× g, 20 min, 4 ◦C), and the supernatant was sterilized with 0.22 µm
filter and kept at −20 ◦C.
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2.4. Probiotic Property
2.4.1. Tolerance to Artificial Gastric Juice

Artificial gastric juice contains 0.24 g/L of KH2PO4, 1.44 g/L of Na2HPO4, 8.00 g/L
of NaCl, 0.20 g/L of KCl and 3.00 g/L of pepsin (adjust to pH 2.0). Cells were resuspended
in artificial gastric juice to 109 CFU/mL and incubated at 37 ◦C for 2 h. The viable bacterial
number was detected by plate colony counting method with MRS agar [20]. The MRS agar
plate was incubated at 37 ◦C for 24 h. The survival rate was calculated according to the
following formula.

Survival rate (%) = log CFU N/log CFU N0, (1)

N0: colony count of LAB before incubation; N: colony count of LAB after incubated
2 h.

2.4.2. Tolerance to Artificial Bile Salt

The LAB strains (1%, v/v) were incubated in MRS-THIO broth (MRS broth supple-
mented with 0.20% sodium thioglycolate) with or without 0.30% (w/v) bile salt (oxgall)
for 9 h or the absorbance reached 0.3 unit at 600 nm. The time required for the absorbance
increased to 0.3 unit at 600 nm was calculated, and the time difference between two media
was regarded as lag time (LT) [21].

2.4.3. Cell Adhesion Activity

Auto aggregation, cell surface hydrophobicity and adhesion to HT-29 cells were tested
to evaluate cell adhesion activity.

Auto aggregation of LAB was evaluated according to Vasiee et al.’s method with a
modification [22]. Cells were collected by centrifugation at 3600× g for 10 min at 4 ◦C,
washed twice with PBS (pH 7.4) and resuspended in PBS to ODinitial = 0.50 ± 0.05. Cell
suspension was vortexed and incubated at 37 ◦C for 2 h. Absorbance at 600 nm of the
suspension was measured (ODfinal).

Auto aggregation(%) = 100 × (ODinitial − ODfinal)/ODinitial, (2)

The cell surface hydrophobicity of LAB was evaluated according to a modified method
of Mohanty et al. [23]. Cells were resuspended in PBS (ODinitial = 0.7). In total, 3 mL cell
suspension was mixed with 1 mL xylene and the mixture was rotated for 3 min and
incubated at 37 ◦C for 60 min to separate two phases. The water phase was collected
carefully and absorbance at 600 nm (ODfinal) was measured.

Cell surface hydrophobicity(%) = 100 × (ODinitial − ODfinal)/ODinitial, (3)

HT-29 cells were grown in a high-glucose DMEM supplemented with 10% fetal bovine
serum and 1% antibiotics (Penicillin-Streptomycin Solution) at 37 ◦C in a 5% CO2 atmo-
sphere. The HT-29 cells were cultured in a 6-well cell culture plate for 48 h to obtain a
monolayer of HT-29 cells. The LAB were resuspended in DMEM (without antibiotics
and serum) and adjusted to 108 CFU/mL to prepare an intact cell-DMEM suspension
(IC-DMEM). The monolayers of HT-29 cells were washed three times with PBS, and then 1
mL IC-DMEM was added to each well. After incubating for 1 h, unattached bacteria were
removed by washing three times with PBS. Then, the cells were fixed with 1 mL methanol,
and an air-dry and Gram staining were performed after 30 min; the cells were observed
under oil immersion. The number of LAB adhered to 100 HT-29 cells in 20 microscope fields
was counted (5 cells were randomly selected from each microscope field). Non-adhesive
was scored when less than 100 LAB cells adhered, medium adhesion when 100–1000 LAB
cells adhered and strong adhesion when more than 1000 LAB cells adhered [24].
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2.5. Hypoglycemic Ability
2.5.1. Inhibition of α-Amylase

The inhibition of α-amylase was evaluated according to the method modified from
Lee et al. [25]. The mixture contained 500 µL PBS (pH 7.4), 500 µL α-amylase solution
(0.5 mg/mL) and 500 µL sample (CFS, IC or CFE). The mixture was incubated at 37 ◦C for
10 min, then 500 µL starch solution (1% w/v) was added and incubated at 37 ◦C for 3 min.
Then, 1 mL DNS was added into the mixture, and was incubated in boiling water bath for
5 min, followed by the addition of 5 mL distilled water prior to cooling to room temperature.
Absorbance was measured at 540 nm (acarbose was used as a positive control).

α-amylase inhibition rate(%) = 1 − [(A − B)/C], (4)

A: absorbance of the experimental sample (samples and α-amylase); B: absorbance of
the blank (samples without α-amylase); C: absorbance of the control (with α-amylase and
without samples).

2.5.2. Inhibition of α-Glucosidase

According to the method of Yang et al. [26] with slight modification, the α-glucosidase
inhibitory activity was evaluated. The reaction mixture contained 25µL sample, 50 µL
glucosidase solution (0.2 U/mL) and 150 µL phosphate buffer solution (0.1 mol/L, pH 7.4).
After pre-incubation, 75µL p-nitrophenyl-α-d-glucopyranoside (pNPG) solution (dissolved
in phosphate buffer solution, 20 mmol/L) was added to the mixture and incubated at 37 ◦C
for 10 min. The reaction was terminated by adding 1 mL 0.1 mol/L Na2CO3 solution. The
amount of p-nitrophenol (pNP) was evaluated by measuring the absorbance at 405 nm.
Acarbose was used as a positive control. The α-glucosidase inhibition rate was calculated
according to the following formula:

α-glucosidase inhibition rate(%) = 1 − [(C − D)/(A − B)], (5)

A: with α-glucosidase and without samples; B: without α-glucosidase and samples; C:
with samples and α-glucosidase; D: with samples but without α-glucosidase.

2.5.3. Inhibition of DPP4

DPP4 enzyme inhibitory activity was evaluated using the DPP4 inhibitor screening
kit by the method of the manufacturer (Sigma-Aldrich). The DPP4 enzyme cleaved the
non-fluorescent substrate (H-Gly-Pro-AMC) and released the 7-amino-4-methyl coumarin
(AMC) which was fluorescent. The fluorescence emissions (λex = 360 nm, λem = 460 nm)
were collected in kinetic mode from 15 to 30 min on black clear-bottomed 96-well plates
by SpectraMax i3X Microplate Reader (Molecular Devices China, Shanghai, China). The
formula was used to calculate relative inhibition, where ∆F/∆T represented the change in
fluorescence concerning the chosen time interval:

Relative Inhibition(%) =
∆F
∆T Enzyme − ∆F

∆T Enzyme Inhibitor complex
∆F
∆T Enzyme

× 100, (6)

2.6. Antioxidant Activity
2.6.1. DPPH Radical Scavenging Activity

DPPH radical scavenging activity was measured by the method of Jung et al. [27]
with a slight modification. Briefly, 500 µL sample was mixed with 500 µL DPPH solution
(100 µmol/L), and the reaction was carried out at 25 ◦C in a dark condition. After 30 min,
the mixture was centrifugated at 6000× g for 10 min and the absorbance of the supernatant
was measured at 517 nm by a UV–Visible spectrophotometer (Beijing Persee General
Instrument Co., Ltd., Beijing, China). DPPH radical scavenging activity was calculated
as follows:
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DPPH radical scavenging activity (%) =

(
1 − A − B

C

)
× 100, (7)

A: absorbance of sample; B: absorbance of the blank group; C: absorbance of the
control group.

2.6.2. Hydroxyl Radical Scavenging Activity

The hydroxyl radical (·OH) scavenging activity was investigated by a Hydroxyl Free
Radical assay kit. The amount of H2O2 is directly proportional to the amount of OH
produced by the Fenton reaction. When the electron acceptor is given, it is colored with
the Griess reagent to form a red substance, and its color is positively proportional to the
amount of OH. The reaction mixture contained 0.2 mL samples, 0.2 mL substrate applica-
tion solution and 0.4 mL application solution. The mixture added with the chromogenic
agent was placed at room temperature for 20 min, and then the absorbance at 550 nm
was measured. The hydroxyl radical scavenging activity was calculated according to the
following formula.

Hydroxyl radical scavenging activity (%) =

(
1 − A − B

C

)
× 100 (8)

A: absorbance of sample; B: absorbance of the blank group (without sample and
substrate application solution instead of double distilled water); C: absorbance of the
control group (without sample and instead of double distilled water).

2.6.3. Superoxide Dismutase Activity

The superoxide dismutase (SOD) activity was investigated by the Total Superoxide
Dismutase Assay Kit according to the manufacturer’s instruction. The SOD catalyzed the
disproportionation of superoxide anion (O2

−); the reaction between WST-8 and superoxide
anion catalyzed by xanthine oxidase to produce the formazan dye (absorbance at 450 nm),
and the result was expressed as the inhibition rate. The reaction mixture contained a 20 µL
sample, 160 µL WST-8/enzyme working solution and 20 µL reaction starting working
solution. After incubation at 37 ◦C for 30 min, the absorbance was measured at 450 nm.

Inhibiton rate (%) =
(B − C)− (A − D))

B − C
× 100 (9)

A: absorbance of sample; B: absorbance of the blank group (without sample); C:
absorbance of the control group (without sample and reaction starting working solution);
D: absorbance of the control group (without reaction starting working solution).

2.6.4. Ferric-Reducing Antioxidant Power (FRAP)

The ferric reducing antioxidant power (FRAP) assay was based on the activity of
antioxidants to reduce Fe3+ into Fe2+ in the presence of tripyridyltriazine (TPTZ), forming
an intense blue Fe2+–TPTZ complex with the absorption maximum at 593 nm [28]. The
FRAP assay was performed using the Total Antioxidant Capacity Assay Kit with the FRAP
method. The 5 µL sample was mixed with 180 µL FRAP working solution and kept at 37 ◦C
for 5 min. The absorbance of the reaction mixture was recorded at 593 nm. The standard
curve was prepared using FeSO4 in the range of 0.15 to 1.5 mmol/L. The amount of FeSO4
equivalent to the sample was used to express the antioxidant activity of the sample.

2.7. Antibiotic Susceptibility

The antibiotic susceptibility was evaluated by the disc diffusion method [29]. Eight
kind of antibiotics susceptibility discs contained kanamycin (30 µg), gentamicin (10 µg),
tetracycline (30 µg), chloramphenicol (30 µg), streptomycin (25 µg), ampicillin (10 µg),
erythromycin (15 µg) and penicillin (10IU), respectively. The LAB suspension was diluted
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to 1.5 × 108 CFU/mL and coated on the entire surface of the MRS plate. The antibiotic
susceptibility discs were placed on the surface of the MRS plate and incubated at 37 ◦C for
24 h. The diameter of the growth inhibition zone (mm) was noted.

2.8. Statistics Analysis

All experiments were repeated three times and data were shown as means ± standard
deviation. The statistical analysis was completed using SPSS 22.0 (SPSS Inc., Chicago,
IL, USA). Statistical significances were analyzed using a one-way analysis of variance
(ANOVA) followed by Tukey’s HSD multiple comparison tests (p < 0.05).

3. Result and Discussion
3.1. Tolerance to Artificial Gastric Juice and Bile Salt
3.1.1. Tolerance to Artificial Gastric Juice

LAB are inhibited or even killed in gastric juice [30]. The tolerance of LAB to gastric
juice was measured by the survival rate of LAB after incubation in simulated gastric juice.
The results are shown in Figure 1. After incubation for 2 h, the survival rate of LAB ranged
from 60.40% to 88.81%. L. casei had the highest survival rate. L. paracasei (82.78%) and L.
delbrueckii (82.68%) also had higher survival rates than L. plantarum AM3 (81.1%) and L.
plantarum NG13 (82.0%), as reported by Fadare OS et al. [31]; however, L. plantarum(70.91%)
in this study was lower than L. plantarum AM3 and L. plantarum NG13. This result may be
caused by the difference of cell size of LAB, because long strains had the worst tolerance to
artificial gastric juice [32].

Foods 2021, 10, x FOR PEER REVIEW 6 of 15 
 

 

method. The 5 μL sample was mixed with 180 μL FRAP working solution and kept at 37 

°C for 5 min. The absorbance of the reaction mixture was recorded at 593 nm. The standard 

curve was prepared using FeSO4 in the range of 0.15 to 1.5 mmol/L. The amount of FeSO4 

equivalent to the sample was used to express the antioxidant activity of the sample. 

2.7. Antibiotic Susceptibility 

The antibiotic susceptibility was evaluated by the disc diffusion method [29]. Eight 

kind of antibiotics susceptibility discs contained kanamycin (30 µg), gentamicin (10 µg), 

tetracycline (30 µg), chloramphenicol (30 µg), streptomycin (25 µg), ampicillin (10 µg), 

erythromycin (15 µg) and penicillin (10IU), respectively. The LAB suspension was diluted 

to 1.5 × 108 CFU/mL and coated on the entire surface of the MRS plate. The antibiotic sus-

ceptibility discs were placed on the surface of the MRS plate and incubated at 37 °C for 24 

h. The diameter of the growth inhibition zone (mm) was noted. 

2.8. Statistics Analysis 

All experiments were repeated three times and data were shown as means ± standard 

deviation. The statistical analysis was completed using SPSS 22.0 (SPSS Inc., Chicago, IL, 

USA). Statistical significances were analyzed using a one-way analysis of variance 

(ANOVA) followed by Tukey’s HSD multiple comparison tests (p < 0.05). 

3. Result and Discussion 

3.1. Tolerance to Artificial Gastric Juice and Bile Salt 

3.1.1. Tolerance to Artificial Gastric Juice 

LAB are inhibited or even killed in gastric juice [30]. The tolerance of LAB to gastric 

juice was measured by the survival rate of LAB after incubation in simulated gastric juice. 

The results are shown in Figure 1. After incubation for 2 h, the survival rate of LAB ranged 

from 60.40% to 88.81%. L.casei had the highest survival rate. L.paracasei (82.78%) and L.del-

brueckii (82.68%) also had higher survival rates than L.plantarum AM3 (81.1%) and L.planta-

rum NG13 (82.0%), as reported by Fadare OS et al. [31]; however, L.plantarum(70.91%) in 

this study was lower than L.plantarum AM3 and L.plantarum NG13. This result may be 

caused by the difference of cell size of LAB, because long strains had the worst tolerance 

to artificial gastric juice [32]. 

 

Figure 1. Tolerance to artificial gastric juice and bile salt of LAB.

3.1.2. Tolerance to Artificial Bile Salt

Tolerance to bile salt can be used to evaluate the viability of LAB in the intestine. LAB
can maintain cell membrane by activating surface proteins, so as to resist bile salts [33]. As
shown in Figure 1, the tolerance to bile salt was expressed by lag time. The lag time of nine
kinds of LAB ranged from 1.81 h to 3.63 h. L. casei (1.81 h) showed the shortest lag time.
L. lactis (1.98 h) and L. mesenteroides (2.16 h) had lower lag times than L. lactis 100 (6.35 h)
and L. mesenteroides 153 (4.61 h) in a previous study [34]. Chen et al. [35] reported the lag
time of S. thermophilus S28, S. thermophilus 200711y1 and L. plantarum S3 were more than
24 h, which was much higher than LAB in this study. In addition, the bile tolerances of L.
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acidophilus (3.49 h) and L. plantarum (3.05 h) were better than those of L. acidophilus AD1
(>24 h) and L. plantarum KLDS1.0391 (5.75 h) in the research of Han et al. [36]. Research
showed that the lag time of LAB may be lower than 0.20 h (0.14 h for S. thermophilus 129,
0.16 h for L. plantarum 140) or higher than 24 h (S. thermophilus S28, S. thermophilus 200711y1,
L. plantarums 3 and L. acidophilus AD1) [34–36]. The lactic acid bacteria in this study had
relatively good tolerance to bile salt. The difference between LTs of LAB may be due to the
ability to maintain the cell membrane by activating surface proteins.

3.2. Cell Adhesion Ability
3.2.1. Auto Aggregation and Cell Surface Hydrophobicity

Auto aggregation and cell surface hydrophobicity are directly related to the adhesion
ability of probiotics, which make them better adhere to the intestinal surface and form
biofilm [37–39]. The results of auto aggregation and cell surface hydrophobicity are shown
in Figure 2.
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The absorbance of bacterial suspension decreased (4.38% to 12.23%) due to auto aggre-
gation; this result was consistent with the report of Zhao et al. [40]. The auto aggregation
ability of L. lactis (12.23%) was significantly higher than other strains (p < 0.05). The results
showed that the cell surface hydrophobicity of LAB had great differences (ranged from
7.11% to 56.63%), as in the result of Abushelaibi et al. [41], which ranged from 2.7% to 67.0%.
L. plantarum (56.63%) and L. rhamnosus (51.94%) had higher cell surface hydrophobicity than
other strains. The surface hydrophobicity of LAB may be related to the glycoproteins on
the cell surface [42]. In this study, the auto aggregation activity of Lactobacillus was lower or
had no significant difference compared with other strains (p < 0.05), but the hydrophobicity
of LAB had the opposite trend (Figure 2).

3.2.2. HT-29 Cell Adhesion Activity

The adhesion activity of HT-29 cells in vitro is an important index to evaluate the
probiotic characteristics of LAB. The HT-29 cell adhesion activity was shown in Figure 2.
The highest adhesion index was L. lactis (390.67/100 cell), and the lowest was L. delbrueckii
(18.67/100 cell). L. plantarum, L. acidophilus, L. paracasei, S. thermophilus and L. lactis had
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medium adhesion activity (>100 bacteria/100 cell). However, L. rhamnosus, L. delbrueckii, L.
casei and L. mesenteroides showed non-adhesiveness (<100 bacteria/100 cell).

3.3. Hypoglycemic Ability
3.3.1. Inhibition of α-Amylase

The inhibition of α-amylase activity may help to reduce postprandial blood glu-
cose rise. As shown in Table 1, all CFS showed good inhibition of α-amylase activity
(62.28%–83.36%). L. plantarum, L. delbrueckii, L. paracasei and L. casei had significantly higher
inhibition activity (p < 0.05), and L. plantarum had the highest inhibition rate (83.36%). The
inhibitory activities of L. lactis and L. mesenteroides were higher than S. thermophilus. The
results showed that the α-amylase inhibitory activity of LAB mainly depended on the
CFS (fermentation products); however, IC and CFE (intracellular substances) showed little
α-amylase inhibitory activity. It is similar to the result reported by Lee et al. [25]. Among all
LAB, L. plantarum (83.36%), L. delbrueckii (82.83%), L. paracasei (82.21%), L. casei (79.27%) and
L. lactis (78.83%) had better inhibitory activity, and their inhibitory activity on α-amylase
were higher than 1 mg/mL acarbose (78.65%).

Table 1. Hypoglycemic ability of LAB.

Hypoglycemic
Ability Strain L. plan-

tarum
L. rham-

nosus
L. aci-

dophilus
L. del-

brueckii
L.

paracasei L. casei S. ther-
mophilus

L. mesen-
teroides L. lactis Acarbose

α-amylase
inhibitory

activities(%)

CFS 83.36 ±
0.77 a

62.28 ±
0.67 e

72.51 ±
1.73 d

82.83 ±
0.55 ab

82.21 ±
1.12 abc

79.27 ±
1.45 abc

71.09 ±
1.81 d

78.47 ±
0.88 c

78.83 ±
0.77 bc 78.65 ±

1.78IC ND ND ND ND ND ND ND ND ND

CFE ND ND 7.77 ±
0.21 ND ND ND ND ND ND

α-glucosidase
inhibitory

activities (%)

CFS 85.16 ±
0.32 a

82.55 ±
1.76 a

29.04 ±
2.79 e

56.90 ±
1.64 c

44.53 ±
2.49 d

69.66 ±
1.21 b

52.86 ±
2.67 c

83.20 ±
1.15 a

51.95 ±
3.68 cd 91.90 ±

2.94IC 83.81 ±
1.78 a

73.81 ±
5.26 c

82.86 ±
2.33 ab

78.10 ±
3.37 bc

84.29 ±
1.17 a

81.90 ±
3.56 a

78.10 ±
1.78 abc

81.43 ±
1.17 abc

78.57 ±
2.33 abc

CFE 5.21 ±
1.44 d

9.38 ±
1.69 cd

17.84 ±
1.61 b

4.56 ±
2.08 d

26.17 ±
1.94 a

28.78 ±
1.81 a

16.15 ±
2.26 bc

8.07 ±
1.61 d

29.17 ±
3.81 a

DPP4 inhibitory
activities (%)

CFS ND ND ND ND ND ND ND ND ND

IC 14.91 ±
1.84 d

7.22 ±
2.01 e

27.30 ±
1.58 b ND 42.51 ±

1.25 a
25.55 ±
1.61 bc

36.69 ±
1.37 a

6.13 ±
2.04 e

20.61 ±
1.72 cd

CFE 11.31 ±
5.43 b

10.56 ±
5.48 b

23.44 ±
4.69 ab

12.83 ±
5.34 b

32.66 ±
4.12 a ND ND ND ND

Note: ND: not detected; CFS: Cell-free supernatant; IC: Intact cell; CFE: Cell-free extracts. Different letters in same
column indicate significant differences (p < 0.05).

3.3.2. Inhibition of α-Glucosidase

α-glucosidase located in the intestine could hydrolyze a variety of sugars to glucose,
and the inhibition of α-glucosidase could reduce the blood glucose level [43]. α-glucosidase
inhibitory activities of LAB were shown in Table 1. In this study, inhibitory activities were
detected in the CFS, IC and CFE of LAB, but the CFE was lower. The CFS of L. plantarum
(85.16%) had shown the highest α-glucosidase inhibitory activity, while the α-glucosidase
inhibitory activity of the IC of L. paracasei (84.29%) was higher than other strains. The
highest (p < 0.05) α-glucosidase inhibitory activity of the CFE was founded in L. lactis
(29.17%), L. casei (28.78%) and L. paracasei (26.17%). In a previous study, the α-glucosidase
inhibitory activities of the CFS of L. plantarum T34 (10.24%) and L. rhamnosus GG (14.58%)
were determined, which were lower than the LAB in this study [44].

3.3.3. Inhibition of Dipeptidyl Peptidase 4

Dipeptidyl peptidase 4 (DPP4) is a new target for the treatment of type 2 diabetes
and plays an important role in the immune system, nervous system and endocrine system.
DPP4 can hydrolyze glucagon like peptide-1 (GLP-1), resulting in the increase in blood
glucose [45]. In this study, DPP4 inhibitory activity was not found in the CFS of LAB
(Table 1). Comprehensively, L. paracasei had the best DPP4 inhibitory activity, and its IC
(42.51%) and CFE (32.66%) had the highest DPP4 inhibitory rate (p < 0.05); this result is
higher than L. paracasei KLDS 1.0351 (8.8%) reported by Yan et al. [44]. Zhang et al. [5]
found that the inhibition of DPP4 may be related to some functional peptides produced by
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LAB. The higher DPP4 inhibitory activity of L. paracasei may be due to the production of
more DPP4 inhibitory peptides. Furthermore, this may be because the gene coding peptides
that inhibited DPP4 had higher expressions, or enzymes involved in related pathways had
higher activity, but its real mechanism and effect need to be further studied.

3.4. Antioxidant Activity
3.4.1. DPPH Radical Scavenging Activity

The scavenging activity of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical could
be used to evaluate antioxidant capacity [46]. The DPPH radical scavenging activity of
the CFS, IC and CFE of LAB is shown in Table 2. The results show that the DPPH radical
scavenging rates of the CFS were higher than CFE and IC; this result was consistent with L.
plantarum MA2 tested by Tang et al. [47]. The scavenging rates of the CFS of L. rhamnosus
(73.02%) and L. plantarum (71.37%) were significantly (p < 0.05) higher than other samples.
L. mesenteroides showed better scavenging activity of the DPPH radical than S. thermophilus
and L. lactis.

Table 2. Antioxidant activities of LAB.

Antioxidant
activities Strain L.

plantarum
L.

rhamnosus
L. aci-

dophilus
L.

delbrueckii
L.

paracasei L. casei S. ther-
mophilus

L. mesen-
teroides L. lactis

Scavenging rate of
DPPH radical (%)

CFS 71.37 ±
0.53 a

73.02 ±
0.24 a

60.08 ±
0.81 e

66.01 ±
0.45 bc

62.56 ±
0.30 d

64.64 ±
0.40 c

57.43 ±
0.29 f

67.28 ±
0.11 b

59.04 ±
0.67 ef

IC 8.15 ±
1.71 de

6.06 ±
0.31 ef

11.81 ±
0.66 c

7.13 ±
0.56 e

9.77 ±
0.42 cd

4.50 ±
0.25 f

9.77 ±
0.59 cd

19.66 ±
0.08 a

15.41 ±
0.37 b

CFE 18.46 ±
2.33 b

26.37 ±
1.42 a

10.65 ±
1.66 c

11.08 ±
1.61 c

8.44 ±
1.76 c

8.23 ±
2.11 c

14.35 ±
2.15 bc

19.62 ±
2.37 ab

14.35 ±
1.72 bc

Total antioxidant
activity(FeSO4·7H2O

eq mmol/L)

CFS 1.19 ±
0.06 a

1.00 ±
0.04 c

1.21 ±
0.05 a

1.14 ±
0.01 ab

1.15 ±
0.01 ab

1.15 ±
0.02 ab

0.98 ±
0.02 cd

0.85 ±
0.03 d

1.06 ±
0.04 bc

IC ND ND ND ND ND ND ND ND ND

CFE 1.25 ±
0.01 a

1.24 ±
0.05 a

1.19 ±
0.02 a

1.28 ±
0.05 a

1.03 ±
0.01 b

1.30 ±
0.06 a

1.28 ±
0.01 a

1.19 ±
0.02 a

1.29 ±
0.02 a

Hydroxyl radical
scavenging
activity(%)

CFS 41.12 ±
0.51 e

39.12 ±
0.49 f

64.81 ±
0.10 a

52.96 ±
0.26 c

60.40 ±
0.26 b

49.86 ±
0.68 d

61.43 ±
0.42 b

41.74 ±
0.44 e

51.79 ±
1.09 c

IC 22.24 ±
1.12 b

21.07 ±
0.94 b

13.09 ±
0.39 cd

8.75 ±
0.49 e

14.05 ±
0.51 c

11.43 ±
0.52 d

11.09 ±
0.83 de

21.01 ±
0.19 b

30.58 ±
0.73 a

CFE 45.45 ±
0.77 b

45.73 ±
0.83 b

41.94 ±
0.45 c

40.91 ±
0.51 c

45.94 ±
0.49 b

50.69 ±
0.85 a

50.14 ±
0.35 a

46.97 ±
0.35 b

46.49 ±
0.58 b

SOD activity (%)
CFS 35.01 ±

0.78 a
28.60 ±
1.56 e

33.35 ±
0.61 ab

32.36 ±
1.18 bc

32.75 ±
0.25 b

32.00 ±
0.26 bcd

29.91 ±
0.25 de

32.59 ±
0.96 bc

30.42 ±
0.85 cde

IC ND ND ND ND ND ND ND ND ND

CFE 22.27 ±
0.3 a

17.53 ±
0.36 b

23.45 ±
0.57 a

15.57 ±
0.84 b

17.30 ±
1.23 b

22.09 ±
1.81 a

17.62 ±
0.67 b

15.85 ±
1.06 b

18.03 ±
0.39 b

Note: ND: Not detected; CFS: Cell-free supernatant; IC: Intact cell; CFE: Cell-free extracts. Different letters in
same column indicate significant differences (p < 0.05).

3.4.2. Total Antioxidant Activity (FRAP)

Total antioxidant activity measured by ferric-reducing antioxidant power (FRAP) was
shown in Table 2. The CFE and CFS of LAB were detected to have total antioxidant activity,
but the IC was not detected. The CFS of L. plantarum (1.19 FeSO4·7H2O eq mmol/L) and
L. acidophilus (1.21 FeSO4·7H2O eq mmol/L) showed higher FRAP activity. The CFE of
strains, except L. paracasei, had significantly higher total antioxidant activity (p < 0.05).

3.4.3. Hydroxyl Radical Scavenging Activity

Hydroxyl radical (·OH) is a reactive oxygen species, which can lead to DNA damage
and lipid peroxidation [48]. In this study, hydroxyl radical scavenging activity was detected
(Table 2). The hydroxyl radical scavenging rate of the IC was lower than that of the CFE and
CFS. Among the CFS, IC and CFE, of all strains, the highest hydroxyl radical scavenging
rates were L. acidophilus (64.81%), L. lactis (30.58%) and L. casei (50.69%), respectively.
The hydroxyl radical scavenging rate of L. rhamnosus (21.07%) in the IC was similar to L.
rhamnosus (23.55%) in a previous study [44].
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3.4.4. SOD Activity

Superoxide dismutase (SOD) activity plays an important role in alleviating oxidative
stress [49]. The results of SOD activity were shown in Table 2. The SOD activity of CFS was
higher than CFE, but could not be detected in the IC. The CFS of L. plantarum (35.01%) and
L. acidophilus (33.35%) had the highest SOD activity. The CFE of L. acidophilus (23.45%), L.
plantarum (22.27%) and L. casei (22.09%) had the best SOD activity. According to the results
of the CFS and CFE, L. plantarum and L. acidophilus may have had the best superoxide
dismutase activity among all the strains. (p < 0.05)

3.5. Antibiotics Susceptibility

Studies had shown that probiotics with antibiotic resistance may transfer related an-
tibiotic resistance genes to other intestinal bacteria [50]. Therefore, in order to evaluate
the safety of lactic acid bacteria, antibiotic susceptibility was tested. The results (Table 3)
showed that all LAB were sensitive to four common antibiotics (ampicillin, chlorampheni-
col, erythromycin and tetracycline). In addition, L. plantarum, L. rhamnosus, L. acidophilus,
L. delbrueckii, L. paracasei, S. thermophilus and L. mesenteroides were sensitive to penicillin
G, and S. thermophilus and L. mesenteroides were sensitive to streptomycin. Some LAB
in this study showed resistance to gentamicin, kanamycin and streptomycin. However,
according to the previous studies [34], some LAB had instinct or natural resistance to some
antibiotics (such as gentamicin, kanamycin and streptomycin), and this resistance gene
is non-transmissible. LAB resistant to gentamicin, kanamycin and streptomycin are not
necessarily unsafe, and further studies are needed to verify whether resistance genes of
LAB were non-transmissible.

Table 3. Antibiotic susceptibility.

Strain AMP CHL ERY TET PEN STR GEN KAN
L. plan-
tarum S S S S S R R R

L. rham-
nosus S S S S S R R R

L. aci-
dophilus S S S S S R R R

L. del-
brueckii S S S S S R I R

L. para-
casei S S S S S R R R

L. casei S S S S R R R R
S. ther-

mophilus S S S S S S R R

L.
mesen-
teroides

S S S S S S R R

L. lactis S S S S R R R R
Note: S: Susceptible (Red); I: Intermediate (Yellow); R: Resistance (Blue); AMP: Ampicillin; CHL: Chloramphenicol;
ERY: Erythromycin; TET: Tetracycline; PEN: Penicillin; STR: Streptomycin; GEN: Gentamicin; KAN: Kanamyci.

3.6. Principal Component Analysis (PCA) and Analytic Hierarchy Process (AHP)

A principal component analysis (PCA), which focuses on replacing multiple possibly
related variables with less uncorrelated comprehensive variables, is a very useful analysis
method in screening functional probiotics [35]. The analytic hierarchy process (AHP) is
a method to divide a complex problem into several orderly levels, and then analyze and
compare these levels. The two methods determine the weight of factors in different ways
(PCA is an objective weight method, AHP is a subjective weight method). There are many
factors that need to be considered in the screening of hypoglycemic probiotics; therefore, the
combination of PCA and AHP was used for screening of hypoglycemic LAB in this study.
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The indicators in the PCA were divided into probiotic property, hypoglycemic ability
and antioxidant activity. Antibiotic susceptibility was used to evaluate the safety of lactic
acid bacteria, so it was not included in the PCA. Results of the PCA are shown in Figure 3.
Three independent principal components (PCs) of the hypoglycemic ability were extracted.
As shown in Figure 3A, PC1 accounted for 41.90% of the total variance, PC2 accounted for
22.45% and PC3 accounted for 18.34%. Four principal components were extracted from the
PCA of antioxidant activity: PC1 accounted for 34.12%, PC2 accounted for 20.87%, PC3
accounted for 15.93% and PC4 accounted for 11.80% (only PC1, PC2 and PC3 are included
in Figure 3B). Two PCs were extracted from the PCA of probiotic properties (Figure 3C):
PC1 accounted for 44.93% and PC2 accounted for 30.66%. According to the scores of the
PCA, L. rhamnosus (0.948) had the best antioxidant activity, L. paracasei (1.555) had the best
hypoglycemic ability and L. lactis (1.308) had the highest probiotic property.
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In the AHP, hypoglycemic ability, antioxidant activity and probiotic property were
compared through Santy’s scaling method and the judgment matrix was established (hypo-
glycemic ability: antioxidant activity = 2:1; hypoglycemic ability: probiotic property = 3:1;
antioxidant activity: probiotic property = 2:1). The weights of hypoglycemic ability, antioxi-
dant activity and probiotic property were 53.896%, 29.726% and 16.378%, respectively. In
further calculation, the consistency ratio (CR) was 0.009, which showed that the judgment
matrix met the consistency test, and the calculated weights were consistent (CR < 0.1). Ac-
cording to the comprehensive score of the PCA with weight, L. paracasei (0.657) was the best
potential hypoglycemic probiotic, followed by L. acidophilus (0.387) and L. plantarum (0.256).
Additionally, L. lactis (0.160) showed a higher comprehensive score than L.mesenteroides and
S. thermophilus.

4. Conclusions

In this study, the hypoglycemic ability, antioxidant activity and probiotic property of
LAB were comprehensively analyzed by combining the analytic hierarchy process (AHP)
and principal component analysis (PCA). The results showed that L. paracasei, L. rhamnosus
and L. lactis had the best comprehensive score in hypoglycemic ability, antioxidant activity
and probiotic property, respectively. According to the comprehensive score of the PCA and
AHP, L. paracasei showed very prominent hypoglycemic potential, and L. lactis showed a
higher comprehensive score than L.mesenteroides and S. thermophilus. All strains showed
good safety in antibiotic susceptibility and can be used as probiotics for food. In the future,
the verification of the hypoglycemic potential of the strains in vivo experiments, and the
molecular mechanism of hypoglycemic ability, are needed before commercial exploitation.
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