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Abstract: Momordica charantia (MC; commonly known as bitter melon) was fermented with Leu-
conostoc mesenteroides MKJW, MKSR, and KCTC 3719 (LM), and Leuconosoc citreum KCTC 3526 (LC),
and their anti-diabetic, anti-dementia, and antioxidant activities were evaluated. The fermentation
was performed for 24 h at 30 ◦C, and non-fermented MCs (CON1 and CON2) were included for
comparison. All fermented MCs produced lactic acids, mannitol, dextran, and oligosaccharides.
The highest amount of mannitol (34.76 mg/mL) and lactic acids (10.42 mg/mL) were produced
in MKSR-MC, and the highest amount of dextran (22.37%) was produced in MKJW-MC. MKSR-
MC showed complete α-glucosidase inhibition (99.91%), but it did not show a significant change
in α-amylase inhibition (24.43%) compared to non-fermented MC (20.14%) (p > 0.05). It was also
high in acetylcholinesterase inhibition (55.24%) compared to other fermented MCs (31.21–44.46%).
Fermentation increased butyrylcholinesterase inhibition, but no significant differences were observed
among the groups. Therefore, our results indicated that MKSR-fermented MC might be used as a
non-dairy probiotic plant extract to achieve multi-health functional activities such as anti-diabetic,
anti-dementia, and antioxidant activities.

Keywords: Momordica charantia; anti-diabetic; anti-dementia; antioxidant; Leuconostoc strains; dextran

1. Introduction

Diabetes mellitus is the ninth leading cause of death, with an estimated 1.5 million
mortalities directly caused by diabetes [1]. More than 90% of all diabetes cases are clas-
sified into type 2 diabetes mellitus (T2DM), which can be prevented and managed by
lifestyle changes, such as diet and exercise, and medical treatment [2]. Epidemiological
investigation has found that patients with T2DM are closely associated with dementia and
cognitive impairment by some possible mechanisms such as insulin resistance, oxidative
stress, and inflammatory cytokines [3–5]. Oxidative stress is also a crucial characteristic
of T2DM and Alzheimer’s disease (AD), which is a type of dementia in pathology. Ex-
cessive oxidative stress promotes insulin resistance, β-amyloid plaque accumulation, and
neurofibrillary entanglement in the brain, leading to occasional T2DM and AD [6,7]. There-
fore, multi-targeted approaches, including anti-diabetic, anti-dementia, and antioxidant
activity, might be necessary instead of treating each disease separately. In treating T2DM
and AD, inhibitors against carbohydrate-hydrolyzing enzymes, and cholinesterase are
individually used.

The probiotic administration to treat chronic diseases such as T2DM and AD have been
promising according to several successive results such as improved hemoglobin A1C in
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patients with T2DM and increased serum kynurenine levels in patients with AD [8,9]. Previ-
ous studies have shown that Leuconostoc mesenteroides MKJW and Leuconostoc mesenteroides
MKSR isolated from kimchi show probiotic effects with α-glucosidase inhibitory (AGI; 98%
for MKJW and 87% for MKSR) and antioxidant (46% for MKJW and 82% for MKSR) or
anti-dementia activity (51% for MKJW) [10,11]. Several studies have reported that fruits
or plants fermented by probiotic strains activate various health functionalities such as the
presence of GABA (γ-aminobutyric acid), high nutrition value, antioxidant activity, poten-
tial immunomodulatory properties related to proline content, and so on, in addition to their
probiotic effects [12–16]. In a study of Demarinis et al. [17], the fermentation of legume-
based water extract using probiotic Lactobacillus acidophuilus, Limosilactobacillus fermentum,
or Lacticaseibacillus paracasei positively affected the nutrition value by increasing the total
amino acid content and survivability of probiotic culture during cold storage, as well as the
organoleptic profile. Tomato pastes fermented with Lactobacillus plantarum increased the
total polyphenol and glutamine content and possessed antioxidant activity [15].

Momordica charantia L. (MC), which is commonly known as bitter melon, is a tropical and
subtropical vine of the family Cucurbitaceae. It has been widely used as an edible or healthy
functional fruit and oriental medicine. Its extracts using various solvents have been studied for
health functionalities such as anti-diabetic, antioxidant, antibacterial, and anticancer activity
due to various phytochemicals including phenolic compounds such as gallic acid, tannic acid,
catechin, caffeic acid, flavonoids, glycoside, and carbohydrates [18–20]. In particular, it is
known to be effective for diabetes because of its charantin content, which promotes insulin
secretion and lowers blood sugar levels by activating the β-cells of the pancreas [21] However,
it is a mixture of fat-soluble stigmasterol glucoside and beta-sitosterol glucoside, which is
hardly soluble in water and ethanol. Therefore, the effective extraction of charantin from MC
is sometimes challengeable for health functional food products [22]. Shu et al. [23] increased
the charantin content by the fermentation of 10% soymilk-supplemented MC by Lactobacil-
lus plantarum. They also reported that co-culture fermentation of MC using Lac. plantarum,
Saccharomyces cerevisiae, and Gluconobacer for 6 days enhanced xanthin oxidase inhibition for
potentially treating hyperuricemia. The fermentation of fresh MC juice by Lac. plantarum
improved flavor profile by increasing alcohols and acids and reducing aldehydes and ke-
tones, and it also enhanced antioxidant activity by increasing total phenolic and flavonoid
content [24]. In a study of Gao et al. [25], Lactobacillus plantarum-fermented MC juice im-
proved serum glucose and insulin and regulated lipid metabolism and gut microbiota in
streptozotocin-induced diabetic rats. Wen et al. [26] reported that polysaccharides from
Lactobacillus plantarum-fermented MC promoted the growth of beneficial bacteria such as
Bifidobacterium spp. and Lactobacillus spp. but inhibited the growth of harmful bacteria such
as Helicobacter.

Herein, a more acceptable fermentation strategy using water-extracted MC was at-
tempted to develop a multi-target health functional product. MC was fermented by
probiotic Leu. mesenteroides MKJW (MKJW) and Leu. mesenteroides MKSR (MKSR), and the
distributed strains, Leu. mesenteroides KCTC 3719 (LM), and Leu. citreum KCTC 3526 (LC)
for the comparison, as well as their anti-diabetic, anti-dementia, and antioxidant activities,
were evaluated.

2. Materials and Methods
2.1. Raw Materials and Chemicals

The hot-water-extracted MC was provided by Jeju farm Agriculture Association Crop
(Jeju, Korea). Briefly, MC was extracted with a MC/water ratio of 1:10 (w/v) for 2 h at
107 ◦C. After extraction, the extract was concentrated to 33.7◦ brix by heating at 60 ◦C. The
crude MC extract was stored at –18 ◦C until use. Leu. mesenteroides MKJW KCTC 14459BP
and Leu. mesenteroides MKSR KCTC 18665P were used from our laboratory stocks, and
Leu. mesenteroides KCTC 3719 and Leu. citreum KCTC 3526 were distributed from KCTC
(Jeongeup-si, Korea). Yeast extract and peptone were purchased from Becton, Dickison and
Co. (Bergen County, NJ, USA).
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2.2. Preparation of Fermentation

The stock solutions such as MC extract, sucrose, and maltose were separately sterilized
at 121 ◦C and 15 psi for 15 min. Starter cultures such as MKJW, MKSR, LM, and LC were sub-
cultured three times for 24 h at 30 ◦C and centrifuged to obtain the cells before fermentation.
MC extract (5.0◦brix) was mixed with 394 mmol of sucrose, 143 mmol of maltose in the
fermentation medium containing 5 g·L−1 yeast extract, 5 g·L−1 peptone, 20 g·L−1 K2HPO4,
0.2 g·L−1 MgSO4, 0.13 g·L−1 CaCl2·2H2O, 0.01 g·L−1 FeH14O11S, 0.01 g·L−1 MnSO4·H2O,
and 0.1 g·L−1 NaCl and fermented by 6.7 log CFU/mL of MKJW, MKSR, LM, and LC at
30 ◦C for 72 h. CON1 and CON2 were included to compare the fermented MCs. CON1
contains only MC extract, and CON2 contains MC extract solubilized in the fermentation
medium same as the fermentation groups. Control groups were carried out without
a starter.

2.3. Measurement of Free Sugar, Organic Acid, and Alcohol

A high-performance liquid chromatography system (Dionex Ultimate 3000, Thermo
Fisher Scientific, Waltham, MA, USA) was used for the analysis of free sugar, organic acid,
and alcohol according to the modified method of Ilaslan et al. [27] and da Costa et al. [28].
In measuring free sugar and mannitol, the sample was homogenized using distilled water
and filtered through a 0.45 µm filter, and 10 µL of the sample was injected using a Waters
Sugar-Pak (300 × 6.5 mm, 10 µm, Milford, MA, USA). Distilled water was used as a mobile
phase, and peaks were detected using shodex RI-101 operated at 70 ◦C with a flow rate of
0.5 mL/min. When measuring organic acid contents and ethanol, the fermentation broth
was homogenized using distilled water and filtered through a 0.45 µm filter, and 10 µL
of the sample was injected into an Aminex 87H column (300 × 10 mm, 9 µm, Bio-Rad,
Hercules, CA, USA). A total of 0.01 N sulfuric acid was used as the mobile phase, and the
peak at 210 nm was detected using a refractive index detector (ERC Refracto MAX520, ERC
Inc., Saitama, Japan) operated at 40 ◦C with a flow rate of 0.5 mL/min.

2.4. Measurement of Dextran Contents

In measuring dextran contents, the methods of Diana. et al. [29] were modified. The
fermented MC was centrifuged at 6000 rpm and 4 ◦C for 10 min to collect the supernatant.
The collected supernatant was diluted 1:1 with 99.5% ethanol in a cold state and incubated
at 4 ◦C overnight. Then, the ethanol-diluted solution was centrifuged at 6000 rpm and 4 ◦C
for 20 min to collect dextran. The collected dextran was freeze-dried and weighed, and
dextran production was calculated by substituting the following equation.

Dextran contents (%) = {(W1/A) − (W2/A)} ×100

W1: weight of dextran produced of fermented sample (g);
W2: weight of dextran produced of non-fermented sample (g);
A: amount of sucrose added to the medium (g).

2.5. Measurement of Carbohydrate Pattern

Thin-layer chromatography (TLC) was performed as described by Oshima et al. [30]
and used for carbohydrate analysis of fermented MC. Samples (1 µL) fermented at 0, 12,
and 24 h were loaded onto TLC silica gel (60 f254, Merck) at 1 cm intervals. The plate
was developed by using 2:5:1.5 (v/v/v) nitromethane/1-propanol/water, and it was used
three times for developing solvent. After development, drying was repeated three times.
Then, the TLC plate was visualized by using a methanol solution consisting of 0.3% (w/v)
N-(1-naphthyl) ethylenediamine and 5% (v/v) sulfuric acid and dried at 105 ◦C for 10 min.
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2.6. Measurement of Carbohydrate-Hydrolyzing Enzyme Inhibitory Activity
2.6.1. α-Glucosidase Inhibitory Activity

The assay of the AGI activity was performed as described by Chen et al. [31] and
Sarmadi et al. [32]. The substrate solution (ρ-nitrophenyl-α-d-glucopyranoside, 2 mM)
was prepared in 0.02 M phosphate buffer (pH 6.8, to simulate an intestinal fluid model).
A total of 50 µL of the sample was added to 50 µL of 0.02 M sodium phosphate buffer
(pH 6.8), 200 µL of 2 mM pNPG (4-nitrophenyl α-D-glucopyranoside) solution, and 50 µL
of α-glucosidase enzyme, followed by reaction at 37 ◦C for 40 min. Then, 1.5 mL of 0.1 M
Na2CO3 was added, and absorbance was measured at 405 nm. In blank, distilled water
was used, and dispensed instead of the sample and enzyme. It was also used instead of the
sample for the control group, and acarbose was used instead of the sample for the positive
control. α-Glucosidase inhibition activity was calculated using the following equation:

Inhibition (%) = {1 − (ABSsample − ABSsample blank)/(ABScontrol − ABSblank)} × 100

ABSsample: absorbance of the experimental sample;
ABSsample blank: absorbance of the sample blank;
ABScontrol: absorbance of the control;
ABSblank: absorbance of the blank.

2.6.2. α-Amylase Inhibitory Activity

α-Amylase inhibitory activity was measured using the method of Rana et al. [33]
with slight modifications. After adding 50 µL of a sample to 150 µL of 0.02 M sodium
phosphate buffer (pH 7.0), 100 µL of 1% starch solution, and 50 µL of the α-amylase
enzyme, the mixture was reacted at 37 ◦C for 20 min. Then, 2 mL of 3,5-dinitrosalicylic acid
reagent (DNS) was added, and the mixture was boiled at 95 ◦C for 5 min, and then 2 mL
of distilled water was added to terminate the reaction. The sample after completing the
reaction was calculated by measuring the absorbance at 540 nm and substituting it in the
following equation:

Inhibition (%) = {1 − (ABSsample − ABSsample blank)/(ABScontrol − ABSblank)} × 100

2.7. Measurement of Acetylcholinesterase (AChE) Inhibitory Activity and Butyrylcholinesterase
(BuChE) Inhibitory Activity

Acetylcholinesterase inhibitory (AChEI) activity and butyrylcholinesterase inhibitory
(BuChEI) activity measurements were performed as described by Sharififar et al. [34].
In brief, when measuring the AChE inhibitory activity, 125 µL of the sample, 40 µL of
sodium phosphate buffer (pH 7.7) containing 369 mg·L−1 of 5,5′-dithiobis (2-nitrobenzoic
acid) (DTNB) and 150 mg·L−1 of sodium bicarbonate, and 5 µL of AChE (Sigma Aldrich,
St. Louis, MO, USA) were mixed and left at room temperature for 5 min. Then, 7.5 µL of
acetylthiocholine iodide was added. Afterward, absorbance was measured at 412 nm for
15 min. When measuring the BuChE inhibitory activity, BuChE and butyrylthiocholine
iodide were used instead of AChE and acetylthiocholine iodide. As a positive control, galan-
tamine was used instead of the sample. Enzymatic activity was calculated by substituting
the slope of the absorbance value with time into the following equation.

AChE and BuChE inhibitory activity (%) = {1 − (Ssample/Scontrol)} × 100

Ssample: Slope of the sample;
Scontrol: Slope of the control.

2.8. Measurement of SOD-Like Activity

The SOD-like activity assay was measured by modifying the method of Lee and
Kim [11]. A total of 100 µL of fivefold dilution sample, 100 µL of 7.2 mM pyrogallol
solution, and 1.5 mL of 50 mM Tris-HCl buffer (pH 8.5) were mixed, and the mixture was
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left for 10 min to react at room temperature. After 10 min, 100 µL of 1 N hydrochloric acid
was added to stop the reaction of the sample. As a control, 50 mM Tris-HCl buffer was
used instead of the sample, and as a positive control, 1 mg/mL of ascorbic acid was used.

SOD-like activity (%) = {1 − (ABSsample − ABSsample blank)/ABScontrol} × 100

2.9. Correlation Analysis, Principal Component Analysis, and Statistical Analysis

Correlation analysis of various functions of fermented MC was measured using
Minitab Pro 16.0. Principal component analysis (PCA) was performed using XLSTAT to pre-
serve the distribution of the original data as much as possible by combining the existing vari-
ables and converting the data in the high-dimensional space to the low-dimensional space.

2.10. Statistical Analysis

The experiment was repeated three or more times, and the results were expressed as
means ± standard deviation. For statistical analysis of each experimental result, one-way
analysis of variance was performed to determine the significance among the experimental
groups using Minitab Pro 16.0 (Minitab Inc., State College, PA, USA), and statistically
significant differences (p < 0.05) were tested by using Tukey’s test.

3. Results
3.1. Contents of Free Sugar and Metabolites in Fermented MC

The contents of carbohydrates, organic acid, alcohol, and dextran are shown in Table 1.
Initially added sugar such as sucrose and maltose was 189.80 mg/mL in CON2, which was
non-fermented MC. It was higher than other fermented MCs, indicating that all Leuconostoc
strains consumed most sucrose and maltose for their metabolism. All fermented MC
produced lactic acid, mannitol, and ethanol, which were not detected in CON1 and CON2.
Leu. mesenteroides strains produced higher lactic and acetic acids and mannitol content
compared with Leu. citreum (LC) (p < 0.05). The production of lactic (10.42 mg/mL) and
acetic (6.94 mg/mL) acids as well as mannitol (34.76 mg/mL) was the highest in MKSR-MC
(p < 0.05). MKJW-MC showed the highest dextran content (22.37%), followed by MKSR-MC
(18.28%), LM-MC (10.66%), LC-MC (1.99%), CON1 (1.54%), and CON2 (0.47%) at 24 h
fermentation (p < 0.05).

Figure 1 shows the carbohydrate pattern of all samples fermented for 24 h. Several
spots showing oligosaccharides and dextran were observed, and the sucrose spot faded in
all fermented MC, compared with CON2.
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Figure 1. TLC analysis of carbohydrates in fermented MC by Leuconostoc strains. G, 1% glucose; M,
1% maltose; F, 1% fructose; S, 1% sucrose; 5%O, 5% oligosaccharides; CON1, MC extract; CON2,
MC supplemented medium; MKJW-MC, fermented MC extract by Leu. mesenteroides MKJW; MKSR-
MC, fermented MC extract by Leu. mesenteroides MKSR; LM-MC, fermented MC extract by Leu.
mesenteroides KCTC 3719; LC-MC, fermented MC extract by Leu. citreum KCTC 3526.
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Table 1. Free sugar, organic acid, alcohol, and dextran content of non-fermented and fermented MC.

Free Sugar (mg/mL) Organic Acid (mg/mL) Alcohol (mg/mL) Dextran (%)

Sucrose or Maltose Glucose Fructose Lactic Acid Formic Acid Acetic Acid Mannitol Ethanol 0 h 24 h

CON1 (1) 0 3.54 ± 0.68 BC 2.28 ± 0.39 C 0 0.11 ± 0.04 A 0.11 ± 0.00 D 0 0 0 1.54 ± 1.84 C

CON2 189.80 ± 22.08 A(2)(3) 9.33 ± 0.99 B 3.43 ± 0.48 C 0 0.15 ± 0.08 A 0.18 ± 0.02 D 0 0 0 0.47 ± 0.50 C

MKJW-MC 22.29 ± 3.02 BCD 21.75 ± 3.11 A 19.77 ± 1.72 B 8.27 ± 0.06 B 0.18 ± 0.08 A 5.03 ± 0.19 B 23.63 ± 3.05 B 0.67 ± 0.04 B 0 22.37 ± 0.77 A

MKSR-MC 30.73 ± 7.09 BC 21.81 ± 4.97 A 8.86 ± 0.65 C 10.42 ± 0.20 A 0.18 ± 0.08 A 6.94 ± 0.17 A 34.76 ± 5.99 A 0.68 ± 0.06 B 0 18.28 ± 3.54 A

LM-MC 32.81 ± 9.16 B 8.74 ± 3.35 B 26.85 ± 3.26 B 8.55 ± 0.14 B 0.17 ± 0.08 A 5.38 ± 0.22 B 27.77 ± 4.69 AB 0.72 ± 0.08 B 0 10.66 ± 1.56 B

LC-MC 4.25 ± 0.71 CD 0.51 ± 0.23 C 48.43 ± 6.38 A 6.43 ± 0.03 C 0.16 ± 0.13 A 3.85 ± 0.10 C 18.74 ± 3.02 B 1.00 ± 0.11 A 0 1.99 ± 1.46 C

(1) CON1, MC extract; CON2, MC supplemented medium; MKJW-MC, fermented MC extract by Leu. mesenteroides MKJW; MKSR-MC, fermented MC extract by Leu. mesenteroides MKSR;
LM-MC, fermented MC extract by Leu. mesenteroides KCTC 3719; LC-MC, fermented MC extract by Leu. citreum KCTC 3526. (2) Different capital letters within a column are significantly
different (p < 0.05). (3) All values are mean ± SD (n = 3).
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3.2. Carbohydrate-Hydrolyzing Enzyme Inhibitory Activity of Fermented MC

The results of AGI activity are described in Figure 2. The initial inhibition was 32.72%
in CON1 and 49.48% in others, which increased with fermentation. After 24 h fermentation,
the highest inhibition was shown in MKSR-MC (99.91%), followed by LM-MC (94.55%),
MKJW-MC (89.96%), and LC-MC (72.05%). The maximal inhibition was maintained during
72 h fermentation.
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by Leu. mesenteroides MKJW; MKSR-MC, fermented MC extract by Leu. mesenteroides MKSR; LM-MC,
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Leu. mesenteroides strains showed nearly 100% inhibitory activity as a result of AGI
activity after fermentation. By contrast, the fermentation did not change α-amylase inhibi-
tion in MKJW-MC and MKSR-MC (Table 2). However, a significant increase in α-amylase
inhibition was observed in LM-MC and LC-MC. Our results indicated that MKSR and
MKJW selectively inhibited α-glucosidase among carbohydrate-hydrolyzing enzymes.

Table 2. α-Amylase inhibitory activity of non-fermented and fermented MC (%).

0 h 24 h

CON1 (1) 10.20 ± 1.22 Bb 14.72 ± 1.66 Ac

CON2 20.14 ± 3.07 Aa 15.26 ± 1.17 Ac

MKJW-MC 20.14 ± 3.07 Aa 22.82 ± 0.86 Abc

MKSR-MC 20.14 ± 3.07 Aa 24.43 ± 3.25 Abc

LM-MC 20.14 ± 3.07 Ba 29.93 ± 5.18 Aab

LC-MC 20.14 ± 3.07 Ba 36.61 ± 6.93 Aa

All values are mean ± SD (n = 3). Different capital letters within a row and different small letters within a column
are significantly different (p < 0.05). (1) CON1, MC extract; CON2, MC supplemented medium; MKJW-MC,
fermented MC extract by Leu. mesenteroides MKJW; MKSR-MC, fermented MC extract by Leu. mesenteroides MKSR;
LM-MC, fermented MC extract by Leu. mesenteroides KCTC 3719; LC-MC, fermented MC extract by Leu. citreum
KCTC 3526.
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3.3. Inhibitory Activity of Cholinesterase in MC Fermentation

AChEI and BuChEI of fermented MC are shown in Table 3. Before fermentation, AChEI
was 19.40% in fermented groups and CON2, and 28.50% in CON1. After 24 h fermentation,
AChEI increased in all fermented groups compared with that before fermentation. In
particular, MKSR-MC showed a significantly high inhibitory activity compared with the
other groups after fermentation, and Leu. mesenteroides strains showed relatively high
AChEI compared with Leu. citreum (p < 0.05). In addition, a slight decrease was observed
in CON1 and CON2. Fermentation groups had higher butyrylcholinesterase inhibitory
activity than CON1 and CON2 after 24 h fermentation (p < 0.05). Before fermentation,
butyrylcholinesterase inhibitory activity was 71.16% in fermented groups and CON2 and
73.74% in CON1. After 24 h fermentation, inhibition was shown in MKSR-MC (88.27%),
followed by MKJW-MC (87.90%), LM-MC (87.86%), and LC-MC (85.28%).

Table 3. Acetylcholinesterase (AChE) inhibitory activity and butyrylcholinesterase (BuChE) inhibitory
activity of non-fermented and fermented MC.

AChE Inhibition (%) BuChE Inhibition (%)

0 h 24 h 0 h 24 h

CON1 (1) 28.50 ± 3.47 Aa 26.68 ± 2.29 Ac 73.74 ± 0.95 Ba 79.37 ± 4.23 Ab

CON2 19.40 ± 3.23 Ab 17.79 ± 2.00 Ac 71.16 ± 3.76 Aa 74.10 ± 0.95 Ab

MKJW-MC 19.40 ± 3.23 Bb 40.59 ± 6.82 Ab 71.16 ± 3.76 Ba 87.90 ± 0.66 Aa

MKSR-MC 19.40 ± 3.23 Bb 55.24 ± 7.31 Aa 71.16 ± 3.76 Ba 88.27 ± 3.19 Aa

LM-MC 19.40 ± 3.23 Bb 44.46 ± 7.24 Aab 71.16 ± 3.76 Ba 87.86 ± 1.65 Aa

LC-MC 19.40 ± 3.23 Bb 31.21 ± 7.94 Abc 71.16 ± 3.76 Ba 85.28 ± 1.33 Aa

Galantamine (2) 96.80 ± 0.59 96.84 ± 0.71
All values are mean ± SD (n = 4). Different capital letters within a row and different small letters within a column
are significantly different (p < 0.05). (1) CON1, MC extract; CON2, MC supplemented medium; MKJW-MC,
fermented MC extract by Leu. mesenteroides MKJW; MKSR-MC, fermented MC extract by Leu. mesenteroides MKSR;
LM-MC, fermented MC extract by Leu. mesenteroides KCTC 3719; LC-MC, fermented MC extract by Leu. citreum
KCTC 3526. (2) Galantamine was used as the positive control at the concentration of 0.01 mg/mL for AChE
inhibitory activity and 0.1 mg/mL for BuChE inhibitory activity.

3.4. Antioxidant Activity of MC Fermented by Leuconostoc Strains

Table 4 shows SOD-like activity results. The SOD-like activity of all groups except
for CON1 before fermentation was 7.66%. However, after 24 h fermentation, the SOD-like
activities of MKJW-MC and MKSR-MC were 41.68% and 47.51%, respectively, showing
the highest SOD-like activity among all fermentation groups, whereas LM-MC and LC-
MC only accounted for 39.79% and 36.81%, respectively. The fermentation group sig-
nificantly increased the SOD-like activity after 24 h fermentation compared with control
groups (p < 0.05).

Table 4. Superoxide-dismutase-like activity of non-fermented and fermented MC.

0 h 24 h

CON1 (1) −18.40 ± 2.20 Bb 3.78 ± 2.73 Ad

CON2 7.66 ± 3.64 Aa 14.46 ± 3.28 Ac

MKJW-MC 7.66 ± 3.64 Ba 41.68 ± 3.01 Aab

MKSR-MC 7.66 ± 3.64 Ba 47.51 ± 4.61 Aa

LM-MC 7.66 ± 3.64 Ba 39.79 ± 0.70 Aab

LC-MC 7.66 ± 3.64 Ba 36.81 ± 6.14 Ab

All values are mean ± SD (n = 3). Different capital letters within a row and different small letters within a column
are significantly different (p < 0.05). (1) CON1, MC extract; CON2, MC supplemented medium; MKJW-MC,
fermented MC extract by Leu. mesenteroides MKJW; MKSR-MC, fermented MC extract by Leu. mesenteroides MKSR;
LM-MC, fermented MC extract by Leu. mesenteroides KCTC 3719; LC-MC, fermented MC extract by Leu. citreum
KCTC 3526.
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3.5. Correlation Analysis of Enzyme Inhibitory Activities, Dextran Yield, Free Sugar, Organic
Acid, and Antioxidant Activity of Fermented MC by Leuconostoc Strains

Table 5 shows the correlation of all metabolites (mannitol, ethanol, lactic, and acetic
acid) and biological activity (AGI, AAI, AChEI, BuChEI, and SOD-like activity). Dex-
tran content was correlated with mannitol (0.819). Lactic acid content was related to the
production of mannitol (0.993) and acetic acid (0.997). This result indicated the increase
in metabolites by fermentation. AGI activity was highly correlated with the content of
dextran (0.917), mannitol (0.956), lactic acid (0.959), and acetic acid (0.959), and it was highly
correlated with SOD-like activity (0.976). In addition, the AChEI result correlated with the
production of mannitol (0.948), lactic acid (0.923), acetic acid (0.941), and BuChEI (0.895).
Therefore, fermentation improved AChEI, and BuChEI similar to AGI.

Table 5. Correlation between metabolites and physiological properties in non- and fermented MC.

Dextran
Sucrose

and
Maltose

Glucose Fructose Mannitol EtOH Lactic
Acid

Formic
Acid

Acetic
Acid AGI AAI AChEI BuChEI SOD

Dextran 1
Sucrose and

maltose −0.065 1

Glucose 0.849 * 0.026 1
Fructose 0.176 −0.425 −0.341 1
Mannitol 0.819 * −0.432 0.609 0.396 1
EtOH (1) 0.565 −0.533 0.132 0.863 * 0.787 1

Lactic acid 0.841 * −0.461 0.601 0.458 0.993 *** 0.832 * 1
Formic acid 0.795 0.01 0.4 0.627 0.736 0.815 * 0.774 1
Acetic acid 0.84 * −0.438 0.628 0.407 0.998 *** 0.8 0.997 *** 0.756 1

AGI 0.917 * −0.207 0.661 0.395 0.956 ** 0.756 0.959 ** 0.858 * 0.959 ** 1
AAI 0.257 −0.455 −0.23 0.962 ** 0.560 0.929 ** 0.6 0.692 0.564 0.524 1

AChEI 0.734 −0.514 0.68 0.155 0.948 ** 0.604 0.923 ** 0.498 0.941 ** 0.847 * 0.342 1
BuChEI 0.711 −0.703 0.476 0.512 0.927 ** 0.83 * 0.947 ** 0.609 0.932 ** 0.84 * 0.613 0.895 * 1

SOD 0.881 * −0.314 0.587 0.521 0.957 ** 0.861 * 0.975 ** 0.893 * 0.968 ** 0.976 ** 0.646 0.828 0.876 * 1

(1) EtOH, ethanol; AGI, α-glucosidase inhibition; AAI, α-amylase inhibition; AChEI, acetylcholinesterase in-
hibition; BuChEI, butyrylcholinesterase inhibition; SOD, superoxide dismutase-like activity. * Correlation is
significantly different at p < 0.05. ** Correlation is significantly different at p < 0.01. *** Correlation is significantly
different at p < 0.001.

The key characteristics of each sample using all analyzed metabolites and biological
functions were performed by PCA. The first principal component (F1) was 68.65%, and the
second principal component (F2) was 15.79% (Figure 3). In addition, the total variance of
F1 and F2 was 84.44%. Six experimental samples were clustered into four groups. CON1
was on the negative side of F1 and F2. By contrast, CON2 was on the negative side of
F1 and positive side of F2. All analyzed values of both groups were not characterized.
MKJW-MC and MKSR-MC were grouped on the positive side of F1 and F2. This group was
highly correlated with the content of mannitol, acetic acid, lactic acid, and formic acid, as
well as with SOD-like activity, AGI, and AChEI. LM-MC and LC-MC were grouped on the
positive side of F1 and negative side of F2. This group was correlated with AAI, BuChEI,
and ethanol production.
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Figure 3. Principal component analysis of metabolites and physiological properties of non-fermented
and fermented MC. CON1, MC extract; CON2, MC supplemented medium; MKJW-MC, fermented
MC extract by Leu. mesenteroides MKJW; MKSR-MC, fermented MC extract by Leu. mesenteroides
MKSR; LM-MC, fermented MC extract by Leu. mesenteroides KCTC 3719; LC-MC, fermented MC
extract by Leu. citreum KCTC 3526; AGI, α-glucosidase inhibitory activity; AAI, α-amylase inhibitory
activity; SOD, SOD-like activity; AChEI, acetylcholinesterase inhibitory activity; BuChEI, butyryl-
cholinesterase inhibitory activity.

4. Discussion

Lactic acid bacteria (LAB) fermentation is primarily performed to supply beneficial
bacteria for intestinal health in dairy products such as cheese or yogurt [35]. However, dairy
products are sometimes avoided by humans who are suffering from lactose intolerance and
hypercholesterolemia, as well as those who are vegetarian [36]. At present, LAB fermenta-
tion of plant materials has emerged as a good alternative for ingesting probiotic bacteria,
improving taste and aroma of food, and effectively utilizing various physiologically active
substances from plants [37].

MKJW and MKSR strains have been previously reported to possess probiotic, AGI,
cholinesterase inhibitory (ChEI), antioxidant, and antibacterial activities [10,11]. More-
over, Yoon and Kim [14] verified that both strains were effective probiotic starters to
ferment Artemisia capillaris, possessing multi-biological activities such as anti-diabetic,
anticholinesterase inhibitory, and antibacterial activities.

In addition to the unique compounds of MC, fermented MC contained lactic and acetic
acids, mannitol, ethanol, and dextran, which were typical metabolites of heterofermentative
Leuconostoc spp., although the degree of production varies (Table 1). In particular, dextran
was synthesized when Leuconostoc strains, possessing active dextransucrase, consumed
sucrose. A series of oligosaccharides were also produced because both maltose and sucrose
were present in the fermentation medium (Figure 1). When Leuconostoc spp. are grown
on sucrose rich media, the production of dextransucrase is induced. Dextransucrase uses
sucrose as a substrate to produce dextran and fructose. However, when they are grown on
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sucrose and maltose media, dextransucrase catalyzes the transfer of glucosyl residues from
sucrose to maltose to produce a series of isomalto-oligosaccharides as well as the synthesis
of dextran [11,14].

Bacterial metabolites such as lactic and acetic acids, mannitol, and dextran were
highly correlated to α-glucosidase inhibition, but they were less associated with α-amylase
(Table 5). The inhibition of α-glucosidase activities in the reaction solution might occur
through competitive or non-competitive inhibition, where lactic and acetic acid, mannitol,
or dextran might interfere with the active site of α-glucosidase or alter its structure. Changes
in pH and ionic strength caused by lactic acid and acetic acid could also affect activities of
the enzyme. Mannitol and dextran, being larger molecules, might hinder proper enzyme–
substrate interactions. AGI was T2DM could be controlled by diet change. Controlling
carbohydrate-hydrolyzing enzymes is important to regulate blood glucose levels in patients
with diabetes. In particular, the selective inhibition of α-glucosidase among carbohydrate-
hydrolyzing enzymes is essential to control blood glucose levels in patients with T2DM. The
strong inhibition of α-glucosidase with low inhibitory α-amylase activity in MKSR-MC and
MKJW-MC is effective for patients with T2DM because excessive inhibition of α-amylase
inhibits the breakdown of carbohydrates into disaccharides, which can lead to digestive
disorders such as abdominal distension, flatulence, and diarrhea [38].

AGI was closely associated with acetylcholinesterase inhibition (0.847) and butyryl-
cholinesterase inhibition (0.84). Cholinesterase inhibition was strongly correlated to bacte-
rial metabolites such as mannitol and lactic and acetic acid (>0.92). The enzymatic inhibition
could be due to competitive inhibition by lactic acid, acetic acid, or mannitol, which in-
terfere with the enzyme’s active site. It is thought that the pH changes and alterations
in ionic strength due to lactic and acetic acid also contribute to the inhibition, but when
only lactic and acetic acid at the same concentration as the fermented MC were present,
the inhibitory effect was not found. Further experimentation is necessary to ascertain
the exact mechanism. ChEI is a potential strategy for the treatment of AD [39]. AD is a
degenerative disease that affects cognitive functions, such as memory loss, speech loss,
and judgment loss, because of the loss of cholinergic cells [34] and the presence of Aβ

peptides (Aβ) and neurofibrillary tangles [40]. The loss of cholinergic cells leads to the loss
of acetylcholine, a neurotransmitter [34]. In addition, acetylcholinesterase is an enzyme that
hydrolyzes acetylcholine into acetyl and choline. When the activity of acetylcholinesterase
increases, acetylcholine is hydrolyzed, and its levels are decreased, which contributes
to cognitive impairment [41]. In treating these cognitive impairments, the amount of
acetylcholine present in synapses between cholinergic neurons should be increased using
cholinesterase inhibitors [36]. Enzymes that hydrolyze cholinergic neurotransmitters in-
clude acetylcholinesterase and butyrylcholinesterase [42]. Galantamine, donepezil, and
rivastigmine have been used for the treatment of AD despite their reported side effects
such as weight loss and anorexia [40]. Water-extracted MC showed 28.50% for AChEI and
73.74% for BuChEI (Table 3). Ethanol-extracted MCs contain AChEI (71–81%) [36,43]. Our
fermentation increased the content of AChEI and BuChEI, indicating that fermented MC
could be used as potential anti-dementia products. The highest AChEI was observed in
MKSR-MC, but no significant difference in BuChEI was found among fermented MCs.

Various extracts from MC have been reported to show antioxidant activity [44]. Our
water-extracted MC (CON1) did not show SOD-like activity (−18.40%), but fermentation
increased SOD-like activity. SOD is an essential enzyme to defend cells against the toxic
activity of oxygen free radicals. As shown in Table 5, SOD-like activity was highly correlated
to fermentation metabolites such as mannitol (0.957), lactic acid (0.975), and acetic acid
(0.968), as well as AGI. It has been reported that the fermentation of lactic acid bacteria
(LAB) can contribute to SOD activity, but the degree of difference significantly varied
depending on the type of LAB [45]. Additionally, the content of phenolic compounds
and flavonoids that affect SOD-like activity may have increased after the fermentation.
SOD-like activity was the highest in MKSR-MC, producing higher mannitol, lactic acid,
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and acetic acid among controls and fermentation groups. The higher activity was followed
by MKJW-MC, LM-MC, and LC-MC.

Finally, six experimental samples were classified into four groups (Figure 3). In
particular, MKSR-MC and MKJW-MC showed strong association with AGI, AChEI, and
SOD-like activities.

5. Conclusions

The MC fermented by Leu. mesenteroides MKSR has superior bioactive properties due to
strong α-glucosidase inhibition without affecting α-amylase, AChEI, and SOD-like activity
compared to controls and other fermented MCs. It was highly related to metabolites such as
mannitol, lactic acid, and dextran. The outcome indicates that utilizing MKSR fermentation
of MC can be a favorable approach for controlling diabetes and other complicated diseases.
Our findings provide a basis for further research and development of health functional
products. However, it is crucial to emphasize that additional research, such as animal
experiments and clinical trials, is warranted to validate and consolidate these findings.
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