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Abstract: Short-term fermented soybeans (chungkookjang) with specific Bacillus (B.) spp. have
anti-obesity, antidiabetic, and anti-stroke functions. We examined the hypothesis that the long-term
consumption of B. amyloliquefaciens SCGB 1 fermented (CKJ1) and B. subtilis SCDB 291 (CKJ291)
chungkookjang can alleviate clinical symptoms and hyperglycemia after ischemic stroke by promot-
ing the gut microbiota–brain axis. We examined this hypothesis in Mongolian male gerbils with
stroke symptoms induced by carotid artery occlusion. The artery-occluded gerbils were divided
into five groups: no supplementation (Control, Normal-control), 4% cooked soybeans (CSB), CKJ1,
or CKJ291 in a high-fat diet for 3 weeks. The carotid arteries of gerbils in the Control, CSB, CKJ1,
and CKJ291 groups were occluded for 8 min and they then continued on their assigned diets for an
additional 3 weeks. Normal-control gerbils had no artery occlusion. The diets in all groups contained
an identical macronutrient composition using starch, casein, soybean oil, and dietary fiber. The
CSB, CKJ1, and CKJ291 groups exhibited less neuronal cell death than the Control group, while
the CKJ1 group produced the most significant reduction among all groups, as much as 85% of the
Normal-control group. CKJ1 and CKJ291 increased the blood flow and removal of blood clots, as
determined by Doppler, more than the Control. They also showed more improvement in neurological
disorders from ischemic stroke. Their improvement showed a similar tendency as neuronal cell death.
CKJ1 treatment improved memory impairment, measured with Y maze and passive avoidance tests,
similar to the Normal-control. The gerbils in the Control group had post-stroke hyperglycemia due
to decreased insulin sensitivity and β-cell function and mass; the CKJ291, CSB, and CKJ1 treatments
protected against glucose disturbance after artery occlusion and were similar to the Normal-control.
CKJ1 and CKJ291 also reduced serum tumor necrosis factor-α concentrations and hippocampal
interleukin-1β expression levels, compared to the Control. CKJ1 and CKJ291 increased the con-
tents of Lactobacillus, Bacillus, and Akkermansia in the cecum feces, similar to the Normal-control.
Picrust2 analysis showed that CKJ1 and CKJ291 increased the propionate and butyrate metabolism
and the starch and glucose metabolism but reduced the lipopolysaccharide biosynthesis and fatty
acid metabolism compared to the Control. In conclusion, daily CKJ1 and CKJ291 intake prevented
neuronal cell death and memory dysfunction from the artery occlusion by increasing blood flow and
β-cell survival and reducing post-stroke-hyperglycemia through modulating the gut microbiome
composition and metabolites to influence the host metabolism, especially inflammation and insulin
resistance, protecting against neuronal cell death and brain dysfunction. CKJ1 had better effects than
CKJ291.
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1. Introduction

Stroke is the fourth-largest cause of mortality, and, in the United States in 2018–2019,
its primary types were ischemic infarction (87%), primary hemorrhage (10%), and sub-
arachnoid hemorrhage (3%) [1]. On the other hand, Asians have a higher incidence of
primary hemorrhage (25%) than Caucasians (10–17%), but the incidence of ischemic in-
farction increased in different countries of Asia (1.7–16%) during the period 2014–2017 [2].
Stroke incidence increases with age, and after 55 years, the incidence doubles with each
subsequent decade; it is higher in men than women [1]. The increase is related to hy-
perglycemia, dyslipidemia, hypertension, and platelet aggregation with age, and their
management prevents ischemic infarction. Ischemic infarction reduces the blood flow,
resulting in a decrease in oxygen and nutrients, and it is treated by removing the clot [2].
The treatment delay develops neuronal cell death to induce adverse outcomes, such as
vision problems, paralysis in the limbs, dizziness, confusion, and coordination loss due
to blockage in the brain areas. Furthermore, post-stroke hyperglycemia exacerbates the
post-stroke outcomes by aggravating neuronal cell death through promoting procoagulant
platelet formation and reducing cerebral blood flow [3,4]. Therefore, hyperglycemia, dys-
lipidemia, and hypertension need to be controlled to reduce stroke events and alleviate
post-stroke consequences.

Traditionally made chungkookjang is fermented cooked soybeans with rice straw and
no added salts for 2–3 days, while bacteria naturally come from the environment. The pre-
dominant bacteria in traditional chungkookjang are Bacillus (B.) subtilis, B. amyloliquefaciens,
and B. licheniformis [5]. Compared to unfermented cooked soybeans, traditionally made
chungkookjang is rich in isoflavone aglycones, poly-γ-glutamic acid (γ-PGA), and peptides
compared to unfermented cooked soybeans [5,6]. Some Bacillus spp. in chungkookjang highly
synthesize γ-PGA and are edible, biodegradable, non-toxic, and non-immunogenic [7,8].
γ-PGA has been reported to promote immune response and hypoglycemic agents, and it
potentially acts as a prebiotic [7,8]. Chungkookjang with high γ-PGA improves brain insulin
resistance and neuroinflammation through the gut microbiome–brain axis [7,8]. Furthermore,
some traditionally made chungkookjang with high γ-PGA have various metabolic functions,
including reducing hyperglycemia, dyslipidemia, neuronal cell death, and obesity in hu-
mans and animals [9–11]. However, other traditionally made chungkookjang do not have
beneficial functions, possibly due to the less efficient Bacillus spp. from the environment. A
single Bacillus spp. has been examined to produce Bacillus inoculated chungkookjang with
better functions [12]. Different species and strains of Bacillus in chungkookjang have different
characteristics and functionalities and have no adverse outcomes [13,14]. Chungkookjang is
comparable to Japanese natto, soybeans fermented with B. subtilis natto for approximately two
days. During the fermentation of soybeans, B. subtilis natto produces nattokinase and γ-PGA,
which help prevent or treat cardiovascular diseases by improving hypertension and dyslipi-
demia and reducing blood clotting [15]. B. subtilis, B. licheniformis, and B. amyloliquefaciens also
have fibrinolytic activities and produce γ-PGA, but different strains have different efficien-
cies [7,8]. The optimal Bacillus species and strain for preventing blood clotting and alleviating
post-stroke outcomes need to be determined for chungkookjang production.

In previous studies, chungkookjang, fermented soybeans using B. amyloliquefaciens
SRCM 730 and SRCM 731, contains high γ-PGA, and its intake exhibits antidiabetic activity,
anti-ischemic stroke, and anti-Alzheimer’s disease activity in animals [8,16–18]. Their
intake decreases Enterobacteriales and elevates Bacillales, Lactobacillales, and Verrucomi-
crobiales (Akkermansia muciniphila) in the cecum of type 2 diabetic and Alzheimer’s disease
animal models [19]. Improvement of insulin sensitivity and inflammation is modulated
with the brain–liver–gut microbiota axis [11]. On the other hand, chungkookjang fermented
with different strains of B. subtilis have not been studied for glucose metabolism and gut
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microbiota. The present study tested the hypothesis that the long-term consumption of
chungkookjang inoculated with B. subtilis SCDB 291 and B. amyloliquefaciens SCGB 1 al-
leviated the ischemic stroke-induced clinical symptoms and post-stroke hyperglycemia
through modifying the gut microbiota–brain axis. This hypothesis was examined in gerbils
with an induced artery occlusion.

2. Materials and Methods
2.1. Cultivation of B. subtilus SCDB 291 and B. amyloliquefaciens SCGB 1 and Their Probiotic Properties

B. subtilus SCDB 291 and B. amyloliquefaciens SCGB 1 were isolated from traditionally
made chungkookjang at the Institute of Sunchang Fermented Soybean Products (Sunchang,
Korea). They were registered as KCCM11966 and KCCM 11966P in the Korean Collection
for Type Cultures [13,14]. Both Bacillus spp. were cultivated in Luria-Bertani (LB) broth
(Difco, Sparks, MD, USA) at 37 ◦C in a shaking bath (128 rpm, Jeio Tech, Daejeon, Korea),
and their supernatants were collected after centrifuging the LB media in a high-speed cen-
trifuge (Hanil Science Co., Daejeon, Korea) at 15,000× g for 10 min. Because Bacillus spp.
excrete the enzymes when they are expressed, extracellular enzyme activity (protease,
amylase, and cellulase) was measured with the culture media using the agar well diffusion
method. The plates were composed with LB-agar media containing 2% skimmed milk
(Difco, Sparks, MD, USA) for protease activity, 1% carboxymethyl cellulose (Junsei Chemi-
cal Co. Ltd., Chuoku, Japan) for cellulase activity, or 1% soluble starch (Junsei Chemical Co.
Ltd., Chuoku, Japan) for amylase activity. The supernatant of the culture media was dotted
into the middle of the LB-agar plate containing a specific substrate. The diameters (mm) of
the clear zones were measured to determine the enzyme activity [13]. The thrombolytic ac-
tivity was measured in the supernatants using the agar well diffusion method. The isolated
supernatants were dotted into the middle of a 0.5% agarose plate containing thrombin
and fibrinogen solution at pH 7.4. The diameters (mm) of the clear zones indicated the
thrombolytic activity [15]. The positive-control activity was measured with plasmin.

The pH tolerance was tested in pH 2.0 with HCl, and bile salt tolerance was assessed
with 0.5% oxgall (Difco, Sparks, MD, USA) in the LB medium for 24 h incubation [20].
Each Bacillus spp. in LB media was heated from 30 ◦C up to 80 ◦C in a water bath.
The cell survival percentage was calculated from the values of optical density at 600 nm
in a spectrophotometer. Antioxidant activity was estimated from the ability to remove
reactive oxygen species (ROS) using 2,2-diphenyl-1-picryl-hydrazyl (DPPH, Sigma-Aldrich,
St. Louise, MO, USA), as previously described [20].

Adhesion of Bacillus spp. to colon cells was conducted with the previously described
method [21]. Briefly, human colon-derived CCD-18Co cells were plated into 24-well plates
at 2× 105 cells/well and incubated for 24 h. Bacillus spp. were inoculated to the plate at 10:1
multiplicity of infection (MOI), and it was incubated at 37 ◦C in a 5% CO2 atmosphere
for 45 min. The wells were washed three times with fresh minimum essential media (MEM)
to remove unbound bacteria in the LB media by aspirating the LB media. The number of
bacteria was counted under a microscope, and the percentage of the remaining bacteria
was calculated [21].

2.2. Chungkookjang Preparation and Isoflavonoid Contents

Glycine max L. (yellow soybeans, Daewon; Sunchang, Korea) was soaked in water
(2:5; w/w) at room temperature for 12 h, sterilized at 121 ◦C for one hour, and cooled
to 37 ◦C. The 1% (v/w) B. subtilis SCDB 291 or B. amyloliquefaciens SCGB 1 were inoculated
into the cooked soybeans at 107–108 colony-forming unit (CFU)·mL−1 concentrations,
and the inoculated cooked soybeans were incubated at 37 ◦C for 48 h, according to the
previous studies [8,22,23]. The fermented soybeans were freeze-dried in a freezing dryer
(Il Shin, Daejeon, Korea). Lyophilized cooked soybean or chungkookjang fermented
with B. amyloliquefaciens SCGB 1 or B. subtilis SCDB 291 were dissolved in 70% methanol
containing 0.1% acetic acid and filtered. Isoflavonoid glycones and aglycones of the
supernatants were measured using liquid chromatography-electrospray tandem mass
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spectrometry (LC-MS/MS) equipped with SM-C18 column (100 × 2 mm, 3 µm). The
measurement conditions have been described in the previous study [17]. The standards for
isoflavonoids (≥98% purity; Sigma Co., St. Louis, MO, USA) were used, and their contents
were quantitated with a validated linear curve.

2.3. Animals and Diets

Fifty male Mongolian gerbils (Meriones unguiculatus) aged 7 weeks were purchased
from DaehanBio (Eumsung, Korea). They were acclimated to the animal facility for one
week at 23 ◦C, 60% humidity, and a 12-h light/dark cycle. The animals were fed food and
water ad libitum. The study was conducted according to the National Institute of Health
guidelines, and the Hoseo University Animal Care and Use Committee (HSIAUC-18-065)
approved the study protocol. Each group included 10 gerbils.

The ischemic stroke-induced gerbils were divided randomly into the following groups:
(1) artery occlusion + a high-fat diet (Control; n = 10), (2) artery occlusion + a high-fat diet
supplementing 4% cooked soybeans (CSB; n = 10), (3) artery occlusion + a high-fat diet sup-
plementing 4% chungkookjang SCGB 1 (CKJ1; n = 10), and (4) artery occlusion + a high-fat
diet supplementing 4% chungkookjang SCDB 291 (CKJ291; n = 10). Gerbils with sham-
operation of artery occlusion were given a high-fat diet as the Normal-
control group (n = 10).

Chungkookjang fermented B. subtilus SCDB 291 or B. amyloliquefaciens SCGB 1, or
cooked soybeans (4.0%) were added to make a 43 En% fat diet made with modified semi-
purified American Institute of Nutrition (AIN)-93 diets. The macronutrients in chungkook-
jang and cooked soybeans were tailored to include identical contents of fats, carbohydrates,
protein, and dietary fibers by adding starch, casein, soybean oil, and cellulose instead of
cooked soybeans or chungkookjang using their nutrient composition. The diets consisted
of fats (43 En%), carbohydrates (40 En%), protein (17 En%), cellulose (3.4%), mineral (3.5%),
and vitamin (1.0%). Their nutrient composition is provided in Supplemental Table S1.

2.4. Transient Forebrain Ischemia Induction

Mongolian gerbils are susceptible to epileptic seizures and have low hippocampal
neuronal density and only two common carotid arteries. They are a suitable animal model
for studying cognitive impairment and neuronal cell death by occluding two carotid arteries
to induce ischemic stroke [24,25]. Anesthesia with chloral hydrate does not affect body
temperature during artery occlusion, to protect against neuronal cell death [26,27]. The
gerbils were given an intraperitoneal injection of 400 mg/kg bw chloral hydrate (Sigma,
St. Louis, MO, USA), and they had an occlusion of two carotid arteries for eight min.
After making a midline incision of the neck skin, transient ischemic stroke was induced
when the common carotid arteries of the gerbils were occluded with aneurysm clips for
8 min [26,27]. The rectal temperature was monitored to maintain 37 ± 0.5 ◦C with a rectal
temperature probe (TR-100; Fine Science Tools, Foster City, CA, USA) during the artery
occlusion [26]. After artery occlusion, the gerbils were placed in a thermal incubator (Mirae
Medical Industry, Seoul, Korea) to maintain their body temperature for 12 h. Sham surgery
was performed with no occlusion of the common carotid arteries.

2.5. Experimental Design, Glucose Metabolism, Memory Impairment, and Grip Strength

Figure 1 presents the experimental design. All gerbils had 21 days of the assigned
diets. At 22 days, they had the artery occlusion or its sham occlusion, and they consumed
the same assigned diet for an additional 21 days. The experimental day was counted
as the reference of artery occlusion (Figure 1). Body weight, food intake, and overnight-
fasted serum glucose levels were measured weekly. Clinical neurological symptoms and
grip strength were evaluated at 2, 7, 14, and 21 days after the artery occlusion. Y maze,
passive avoidance tests, locomotive activity, and oral glucose tolerance tests (OGTT) were
performed on the assigned days (Figure 1). On the 17th day of the artery occlusion,
overnight-fasted gerbils were orally fed 2 g glucose/kg body weight, and serum glucose
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and insulin concentrations were measured, as previously described [28]. The gerbils were
freely fed food and water after the OGTT was finished. On the following day of OGTT, the
gerbils had no food for a 6 h, and 1 IU/L insulin was intraperitoneally injected, and the
serum glucose concentrations were measured every 15 min; this is called an intraperitoneal
insulin tolerance test (IPITT), as described previously [28]. Serum glucose levels were
measured using a Glucose Analyzer II (Beckman, Palo Alto, CA, USA), and serum insulin
concentrations were determined with an ultrasensitive rat and mouse insulin kit (Crystal
Chem, Elk Grove Village, IL, USA).
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2.6. Neurological Severity Score and Grip Strength

The neurological severity was clinically evaluated: eyelid droop (0, no symptom;
1, one eyelid partially drooped; 2, one eyelid completely drooped; 3, both eyelids partially
drooped; 4, both eyelids completely drooped); hair bristling (0, no symptom; 1, hair
bristled); decreased muscular tone (0, no symptom; 1, reduced muscular tone or strength in
the limbs); flexor reflex (0, no symptom; 1, slight withdrawal of hind limbs when pinched;
2, no withdrawal of hind limbs when pinched); posture (0, normal; 1, hunched); walking
pattern (0, normal; 1, slow; 2, not moving).

At 2, 14, and 21 days after artery occlusion, a researcher slowly pulled the tail of
a gerbil when the gerbil forelimbs grasped the bar mounted on a force gauge of a Grip
Strength Meter (GPM-100; Melquest, Toyama, Japan). Peak pull force by forelimb was
measured in grams to represent the grip strength of the forelimb [29].

2.7. Short-Term Memory Impairment Measurement Using the Y maze and Passive Avoidance Tests

On the 14th day, the Y maze test was assessed in a horizontal Y-shaped maze with
three arms composed of 20 cm in width, 50.5 cm in length, and 20 cm in height. A gerbil
was located in one arm, and the movements in each arm were monitored for 8 min. The
number of correct consecutive entries into each arm was measured, and the percentage
of the right consecutive alternation in total alternations was calculated [30]. Its higher
percentage indicated a better short-term memory.

On the 19th day, the passive avoidance test was carried out in an apparatus composed
of a dark and light compartment shuttle box [31]. When entering the dark chamber in
the first trial, a gerbil was given an electric shock having 0.2 mA, 75 V, and 50 Hz for five
seconds. After 8 h later, the second trial was conducted the same as the first trial. After 16 h
from the 2nd trial, the latency time entering the dark compartment was similarly measured
to the 1st trial without electric shock. Latency periods to the darkroom were determined
up to 600 s.
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2.8. Lipid Peroxidation Contents

Malondialdehyde (MDA) contents of the hippocampus were measured. MDA formed
a colored complex with TBA, and the color was measured at 532 nm in a spectrophotometer
(Perkin Elmer, Waltham, MA, USA). The hippocampal MDA contents were given as µmol/g
protein in the hippocampus using 1,1′,3,3′-tetraethoxypropane as a standard.

2.9. Cresyl Violet Staining in the Hippocampus

Neuronal cell death was evaluated with cresyl violet in the hippocampal sections at
the end of the total 42-day experimental period. The brains were soaked overnight in a
30% sucrose solution and then frozen. The frozen brains had a serial section of 30-µm on
a cryostat (Leica, Wetzlar, Germany), and the randomly selected sections were mounted
on gelatin-coated microscopy slides [31]. After staining the sections with a 0.1% cresyl
violet solution in 0.6% acetic acid for 2 min at room temperature, they were washed twice
in distilled water. The fixed tissues were dehydrated with a graded series of ethanol at
room temperature and mounted with cover glass with Permount (Fisher Scientific Inc.,
Pittsburgh, PA, USA).

2.10. Islet Morphometry by Immunohistochemistry

Four gerbils randomly selected from each group, were injected with 100 µg/kg body
weight 5-bromo-2-deoxyuridine (BrdU; Roche Molecular Biochemicals) at the end of the
experimental period. Six hours post-injection, the dissected pancreas was fixed in a
4% paraformaldehyde solution (pH 7.2) at room temperature for 16 h and embedded
in paraffin blocks. Serial 5-µm paraffin-embedded tissue sections were mounted on slides,
and they were rehydrated for the immunohistochemistry method.

Every sixth or seventh pancreas section was incubated with a guinea pig anti-insulin
antibody. The anti-insulin antibody-stained areas of the pancreas were measured using
anti-insulin (Zymed Laboratories, South San Francisco, CA, USA), and the percentage
of the stained area from the total pancreas area was calculated. The β-cell proliferation
was identified by incorporating BrdU into β-cells using the anti-BrdU antibody (Roche,
Mannheim, Germany). The β-cell apoptosis was determined using a TUNEL assay (Roche)
and double-stained with hematoxylin and eosin to visualize the islets [17]. The BrdU+

incorporated cells and apoptotic bodies of the islets were quantified based on the total islet
numbers [27].

2.11. Serum Short-Chain Fatty Acid (SCFA) Concentrations by Gas Chromatography (GC)

Serum concentrations of acetate, propionate, and butyrate contents were measured by
GC (Clarus 680 GAS, PerkinElmer) using an Elite-FFAP capillary column with
30 m × 0.25 mm × 0.25 µm, with helium as the carrier gas at a flow rate of 1 mL/min,
as described elsewhere [17]. The supernatants containing SCFA were separated from the
serum with a solvent containing acetonitrile: n-butanol: tetrahydrofuran (20:50:30; Waters,
Milford, MA, USA) in acid solution.

2.12. Next-Generation Sequencing (NGS) of gut Microbiomes

The gut microbiome composition of the cecum feces was measured using NGS, as
described elsewhere [17,28]. Fecal bacteria were identified and counted from NGS results
using the Miseq standard operating protocol described in the previous study [28]. Mothur
v.1.36 was used to analyze 16S amplicon sequencing [28]. The sequences were aligned
using Silva reference alignment v.12350, and the operational taxonomic units (OTUs) were
selected with the criteria of 98% identity and taxonomically classified by consensus using
the Silva reference. Principal Coordinates Analysis (PCoA) was performed using the R
package with the OTU-abundance table converted to the relative abundance.
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2.13. Statistical Analysis

Statistical analysis was conducted with SAS software (Cary, NC, USA). All results
were represented as the means ± standard deviation (SD). The significance of the treat-
ment effects on the clinical symptoms was performed by one-way ANOVA followed by
multiple comparisons with a Tukey’s test. The statistical differences among the groups
were significant at the level of a p < 0.05.

3. Results
3.1. Characteristics of B. amyloliquefaciens SCGB 1 and B. Subtilis SCDB 291

The protease and cellulase activities were similar in B. amyloliquefaciens SCGB 1
and B. subtilis SCDB 291 (Table 1). On the other hand, B. subtilis SCDB 291 has higher
thrombolytic and antioxidant activities than B. amyloliquefaciens SCGB 1. The percent-
ages of surviving cells at 0.5% oxygal, low acidity (at pH 2), and hot temperature (80 ◦C)
were high, but those were much higher in B. subtilis SCDB 291 than in B. amyloliquefaciens
SCGB 1 (Table 1). Both Bacillus spp. showed no bile salt hydrolase activity. Cell ad-
hesion to CCD-18Co was 62.1 and 82.1% in B. amyloliquefaciens SCGB 1 and B. subtilis
SCDB 291, respectively. Both Bacilli did not express B. cereus-related genes. γ-PGA
contents were much higher in B. amyloliquefaciens SCGB 1 than in B. subtilis SCDB 291
(Table 1). Therefore, B. amyloliquefaciens SCGB 1 and B. subtilis SCDB 291 met the pro-
biotics criteria, although B. subtilis SCDB 291 exhibited better probiotic characteristics
than B. amyloliquefaciens SCGB 1. However, γ-PGA contents were higher in B. amyloliq-
uefaciens SCGB 1.

Table 1. The characteristics of two Bacillus spp. used for making chungkookjang, fermented soybeans.

B. amyloliquefaciens
SCGB 1

B. subtilis
SCDB 291

Protease activity (diameter, cm) 2.3 ± 0.2 2.1 ± 0.1
Cellulase activity (diameter, cm) 1.2 ± 0.1 1.2 ± 0.1
Amylase activity (diameter, cm) 2.5 ± 0.2 2.1 ± 0.1 *

Thrombolytic activity (diameter, cm) 1.4 ± 0.0 1.6 ± 0.0 *
DPPH free removal activity (%) 15.0 ± 0.5 29.7 ± 1.2 *
Survival cells at 0.5% oxgall (%) 54.6 ± 1.1 72.9 ± 1.7 *

Survival cells at pH 2.0 (%) 52.1 ± 1.4 57.1 ± 1.2 *
Survival cells at 80◦C (%) 55.7 ± 1.8 94.2 ± 1.6 *

Bile salt hydrolase activity (%) 0.0 ± 0.0 0.0 ± 0.0
CCD-18Co Cell adhesion (%) 62.1 ± 1.4 82.1 ± 0.9 *

γ-PGA (cm) 31 ± 0.9 22 ± 0.5 *
* Significantly different between two Bacillus spp. at p < 0.001.

3.2. Energy Metabolism

The body weight gain was not different between the Control and Normal-control
groups but was much higher in the CSB, CKJ1, and CKJ291 groups than in the Control
during the first three weeks before artery occlusion (Table 2). After artery occlusion, body
weight gain was lower in the Control than in the Normal-control, whereas CKJ1 and CKJ291
prevented the decrease. The food intake was higher in the CKJ1 and CKJ291 than the other
groups before artery occlusion, while food intake was similar after artery occlusion (Table 2).
CKJ1, CKJ291, and CSB were approximately 2.5 g/kg body weight/day, equivalent to
approximately 20 g/day for humans. CSB, CKJ1, and CKJ291 consumed isoflavonoids
(Table 1). Isoflavonoid aglycone intake was much higher in CKJ1 and CKJ291 than in CSB,
while isoflavonoid glycone intake was opposite to isoflavonoid aglycone intake.
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Table 2. Energy metabolism.

Control
(n = 10)

Cooked Soybeans
(n = 10)

CKJ1
(n = 10)

CKJ291
(n = 10)

Normal-Control
(n = 10)

Body weight gain during 1–3 week period
before artery occlusion (g) 2.87 ± 0.55 b 3.05 ± 0.76 b 7.27 ± 0.86 a 7.16 ± 0.63 a 2.57 ± 0.70 b

Body weight gain during 1–3 week period
after artery occlusion (g) −3.20 ± 0.81 d 1.52 ± 0.69 c 5.82 ± 0.75 a 3.04 ± 0.67 b 2.71 ± 0.72 b

Food intake during 1–3 week period
before artery occlusion (g/day) 4.1 ± 0.51 b 4.5 ± 0.53 b 5.8 ± 0.50 a 6.4 ± 0.57 a 4.3 ± 0.55 b

Food intake during 1–3 week period after
artery occlusion (g/day) 4.1 ± 0.58 4.0 ± 0.48 3.9 ± 0.62 4.6 ± 0.63 4.1 ± 0.52

Isoflavonoid aglycones during 1–3 week
period after artery occlusion (µg/day) 0 ± 0 d 211 ± 24.2 c 630 ± 99 b 892 ± 122 a 0 ± 0 d

Isoflavonoid glycones during 1–3 week
period after artery occlusion (µg/day) 0 ± 0 d 1443 ± 173 a 369 ± 59 b 252 ± 34 c 0 ± 0 d

Values are means ± SD (n = 10). a,b,c,d values in the same row with different superscript letters were significantly different by Tukey’s test
at p < 0.05.

3.3. Neuronal Cell Death in the Hippocampus and Memory Dysfunction

The hippocampal live neuronal cells showing blue staining increased in the ascending
order of the Control, CSB, CKJ291, CKJ1, and Normal-control (p < 0.05; Figure 2A). As
determined by the Y maze (Figure 2B) on the 14th day and passive avoidance tests on
the 19th day after artery occlusion (Figure 2C), the artery-occluded gerbils exhibited short-
term memory disorder. The correct alteration among total alteration (%) during the Y maze
test was much lower in the Control than in the Normal-control, whereas the CKJ1 group
showed an improved percentage of the correct alteration similar to the Normal-Control
(p < 0.05; Figure 2B). The active time during the locomotive activity was lowest in the
Control because they were lethargic from the ischemic stroke. The active movement period
was longer in the CSB and CKJ291 groups than in the Control group, while it was longest
among the groups (Figure 2B). The latency entering the darkroom was shorter in the Control
than in the Normal-Control, while it protected against its decrement in CSB, CKJ291, and
CKJ1, similar to the Normal-control (Figure 2C). These results suggested that CKJ1 and
CKJ291 treatment alleviated the short-term memory impairment in artery-occluded gerbils,
and CKJ1 protected against memory dysfunction as much as in the Normal-control.

3.4. Clinical Neurological Symptom Evaluation

Eyelid drooping, crouched posture, hair bristling, and slow walking were observed in
the artery-occluded gerbils. All gerbils showed improved symptoms every week, but the
improvement rate was different between the groups. The scores of the clinical neurological
symptoms at the 3rd week after artery occlusion were much higher in the Control than in
the Normal-control. CSB, CKJ1, and CKJ291 reduced the scores of the clinical neurological
symptoms, including drooping eyelids, crouched posture, hair bristling, and slow walking
patterns (Figure 3A). However, the improvement by CKJ1 and CKJ291 did not reach the
Normal-control (Figure 3A). CKJ1 and CKJ291 exhibited lower scores than CSB and CKJ1
improved the symptoms better than CKJ291 (p < 0.05; Figure 3A).
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Figure 2. Brain cell death after ischemic stroke and memory loss. On the 3rd week after inducing artery occlusion, the
survived cells were quantified in a cresyl violet stained brain section by densitometry (A). The spontaneous alternations
in the Y maze and active periods in locomotive activity were measured on the 14th and 15th day after artery occlusion
(B). The passive avoidance tests were conducted three times (C). Dots and bars represent means± SD (n = 10). * Significantly
different among the groups at p < 0.05. a,b,c Means on the bars with different letters were significantly different by Tukey’s
test at p < 0.05.

The grip strength holding the bar of the Control group was approximately two times
lower than the Normal-control group at two days after artery occlusion. The grip strength
increased in the Control over time. In the 3rd week, the grip strength remained lower
in the Control than in the Normal-control. The grip strength elevated more in the CSB,
CKJ1, and CKJ291 groups than in the Control, and CKJ1 elevated grip strength up to the
Normal-control level in the 3rd week (p < 0.05; Figure 3B).

These neurological differences were involved in brain cell death related to the lipid
peroxide amounts and proinflammatory cytokine mRNA expression in the hippocampus.
Serum IL-1 concentrations and inflammatory index were higher in the Control than in
the Normal-control. CSB, CKJ1, and CKJ291 lowered the serum IL-1 concentrations and
inflammatory index as much as in the Normal-control (Table 3). The serum TNF-α concen-
trations showed a similar trend to the serum IL-1 concentrations. The hippocampal lipid
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peroxide contents were higher in the Control than in the Normal-control, while they were
lower, in descending order, in the Control, CSB, CKJ291, and CKJ1 (Table 3). The relative
mRNA expression of IL-1β and TNF-α decreased in the CSB, CKJ291, and CKJ1, while it
was similar between CKJ1 and Normal-control (Table 3).
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Figure 3. Neurological severity scores. The neurological symptoms, including drooping eyelids, crouched posture, bristling
hair, flexor reflex and walking patterns (A), and force to grip the bar (B), were shown on the 2nd day, 2nd week, and 3rd
week after inducing an ischemic stroke. Bars represent means ± SD (n = 10). a,b,c,d Means on the bars with different letters
were significantly different by Tukey’s test at p < 0.05.

Table 3. Proinflammatory cytokines in the blood and hippocampus on the 3rd week after artery occlusion.

Control
(n = 10)

Cooked Soybeans
(n = 10)

CKJ1
(n = 10)

CKJ291
(n = 10)

Normal-Control
(n = 10)

Serum IL-1β levels (pg/mL) 10.7 ± 1.17 a 7.84 ± 0.88 b 7.94 ± 0.84 b 8.08 ± 0.91 b 7.76 ± 0.79 b

Serum TNF-α (pg/mL) 26.9 ± 2.15 a 21.8 ± 2.05 b 18.5 ± 2.03 c 20.6 ± 1.98 bc 17.9 ± 1.87 c

Hippocampal lipid peroxides
(MDA µmol/g tissue) 0.54 ± 0.08 a 0.38 ± 0.05 b 0.26 ± 0.05 c 0.32 ± 0.04 b 0.25 ± 0.05 c

Relative mRNA expression of
hippocampal TNF-α (AU) 2.2 ± 1.1 a 1.0 ± 0.2 b 0.98 ± 0.11 b 1.1 ± 0.2 b 1.0 ± 0.0 b

Relative mRNA expression of
hippocampal IL-1β (AU) 1.9 ± 0 a 1.3 ± 0.2 b 0.9 ± 0.2 c 1.0 ± 0.2 c 1.0 ± 0.0 c

Relative mRNA expression of
BDNF (AU) 0.54 ± 0.08 c 0.81 ± 0.10 b 0.93 ± 0.11 a 0.86 ± 0.11 ab 1.0 ± 0.0 a

Values are means ± SD (n = 10). a,b,c values in the same row with different superscript letters were significantly different by Tukey’s test
at p < 0.05. AU, arbitrary unit; MDA, malondialdehyde; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; BDNF, brain-derived
neurotrophic factor.
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3.5. Blood Flow and Lipid Profiles

Peak blood perfusion unit (BPU), the capability to remove a blood clot, was much
lower in the Control group than in the Normal-control group, and CSB, CKJ1, and CKJ271
increased the levels compared to the Control on the 21st day after artery occlusion. BPU in
the CKJ271 group was similar to the Normal-control (Table 4). The period to remove the
blood clot was longer in the Control than in the Normal-control, while it lowered in CSB,
CKJ1, and CKJ291 compared to the Control (Table 4). The period of the CKJ1 and CKJ291
groups was similar to the Normal-control. The lipid profiles were disturbed in the Control
compared to the Normal-control, while CSB, CKJ1, and CKJ291 offered protection against
dyslipidemia in the Control (Table 4). Interestingly, the serum HDL concentrations were
higher in CKJ1 and CKJ291 but not in CSB, whereas the serum triglyceride concentrations
were lowest in CSB.

Table 4. Blood flow and lipid profiles on the 3rd week after artery occlusion.

Control
(n = 10)

Cooked Soybeans
(n = 10)

CKJ1
(n = 10)

CKJ291
(n = 10)

Normal-Control
(n = 10)

Peak blood perfusion unit (BPU) 11.0 ± 3.94 d 18.7 ± 3.73 c 24.6 ± 4.01 b 33.1 ± 4.89 a 35.8 ± 4.44 a

Periods to remove the clog (min) 3.23 ± 0.59 a 2.51 ± 0.37 b 1.51 ± 0.40 c 1.42 ± 0.35 c 1.54 ± 0.36 c

Total cholesterol 181.2 ± 22.5 a 149.1 ± 17.4 a 151.4 ± 19.2 a 146.2 ± 19.4 b 139.4 ± 16.2 c

HDL 33.5 ± 3.89 c 33.6 ± 4.26 c 50.1 ± 5.59 a 47.7 ± 4.75 a 42.2 ± 4.24 b

LDL 105.5 ± 12.1 a 92.0 ± 9.91 b 71.6 ± 8.41 c 69.7 ± 7.38 c 69.4 ± 7.55 c

Triglyceride 211.3 ± 22.0 a 117.8 ± 9.39 c 148.4 ± 16.8 b 144.2 ± 12.3 b 138.7 ± 14.2 b

Fasting serum glucose levels
(mg/dL) 111.1 ± 3.92 a 94.7 ± 5.18 c 92.2 ± 1.71 c 102.2 ± 5.31 b 91.6 ± 3.78 c

Serum insulin levels (ng/mL) 0.52 ± 0.06 c 0.60 ± 0.08 b 0.65 ± 0.05 ab 0.60 ± 0.08 b 0.68 ± 0.05 a

Fasting serum glucose at the 3rd
week before artery occlusion

(mg/dL)
95.4 ± 2.15 a 89.5 ± 1.95 c 88.8 ± 1.67 c 92.2 ± 2.03 b 95.5 ± 1.94 a

Values are means ± SD (n = 10). a,b,c,d values in the same row with different superscript letters were significantly different by Tukey’s test
at p < 0.05.

3.6. Glucose Metabolism

On the 3rd weeks before and after artery occlusion, the serum glucose concentrations
were lower, in the following order: Control, CKJ291, CSB, CKJ1, and Normal-control. On
the other hand, the serum insulin concentrations were lower in the Control than in the
Normal-control (Table 4; Figure 4A), whereas the other treatments increased them. CKJ1
increased the serum insulin concentrations to those of the Normal-control. After an oral
challenge of 2 g glucose on the 17th day after artery occlusion, the peak of serum glucose
concentrations at 30 min was higher in the Control group than in the other treatment
groups and decreased with time. The peak was lowest in the Normal-control and CKJ1
(Figure 4A). The decrease was lower in the Control group than in the other groups. CKJ1
decreased the serum glucose concentrations quickly after the peak value, even compared
to the Normal-control group (Figure 4A). The AUC of the serum glucose concentrations
during the first part of OGTT (0–40 min) was higher in the Control group than in the
Normal-control, while CKJ1 reduced the AUC as much as the Normal-control (Figure 4B).
The AUC of serum glucose concentrations in the second part was similar to that in the
first part (Figure 4B). The serum insulin concentrations during the OGTT increased until
20 min and then decreased until 40 min, which is called the acute phase. The serum insulin
concentrations then increased after 40 min until 90 min. The serum insulin concentrations
at the peak were higher in the Normal-control than in the Control, and CKJ1 showed similar
peak values to the Normal-control (Figure 4C). The AUC of the serum insulin concentrations
was lower in the Control group than in the Normal-control, and CKJ1 increased the AUC as
much as the Normal-control (Figure 4D). However, the AUC at the 2nd phase was higher
in the Control than in the Normal-control, whereas CKJ treatment showed a similar AUC
to the Normal-control (Figure 4D).
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lower until 30 min and were then maintained or rebounded in all the gerbils examined 
(Figure 5A). The serum glucose levels at 0, 15, 60, and 90 min were significantly higher in 
the Control group than in the other groups (Figure 5A). The serum glucose concentrations 
at 15, 60, and 90 min were lower in the CSB, CSK1, and CKJ291 groups than in the Normal-
control group (Figure 5A). The 1st part AUC of the serum glucose concentrations was 
lower, in the following order: Control, CSB, CKS1, CKJ291, and Normal-control. The sec-
ond phase of the AUC was also highest in the Control, but was lower in the order of CKJ, 
CKJ291, CSB, and Normal-control (p < 0.05; Figure 5B).  
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Figure 4. Oral glucose tolerance test (OGTT). Gerbils underwent an OGTT with 2 g glucose/kg body
weight after overnight fasting on the 17th day after artery occlusion. The changes of serum glucose
levels during 120 min (A) and area under the curve (AUC) of serum glucose concentrations in the first
part (0–40 min) and the second part (40–120 min) during OGTT (B). The changes of serum insulin
concentrations during 120 min (C) and AUC of serum insulin concentrations (D). * Significantly
different among the groups at p < 0.05. Bars and dots represent means ± SD (n = 10). a,b Means on
the bars with different letters were significantly different by Tukey’s test at p < 0.05.
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The insulin sensitivity was determined using the intraperitoneal insulin tolerance test
(IPITT) after 6 h of food deprivation on the 19th day after artery occlusion. The serum
glucose concentrations were higher in the Control group than in the other groups at the
baseline. After injecting insulin intraperitoneally, the serum glucose levels were markedly
lower until 30 min and were then maintained or rebounded in all the gerbils examined
(Figure 5A). The serum glucose levels at 0, 15, 60, and 90 min were significantly higher in
the Control group than in the other groups (Figure 5A). The serum glucose concentrations
at 15, 60, and 90 min were lower in the CSB, CSK1, and CKJ291 groups than in the Normal-
control group (Figure 5A). The 1st part AUC of the serum glucose concentrations was lower,
in the following order: Control, CSB, CKS1, CKJ291, and Normal-control. The second phase
of the AUC was also highest in the Control, but was lower in the order of CKJ, CKJ291,
CSB, and Normal-control (p < 0.05; Figure 5B).
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3.7. β-Cell Mass 
The individual β-cell size was larger in the Control than in the Normal-control, and 

CSB and CKJ1 suppressed the increase in individual β-cell size (Table 5). On the other 
hand, the total β-cell area, which was determined by the individual cell size and the num-
ber of β-cells, was lower in the Control than in the Normal-control and was higher in CSB, 
CKJ1, and CKJ291, as much as in the Normal-control (p < 0.05; Table 5). The total β-cell 
mass, measured by multiplying the total β-cell area by the pancreas weight, was lower in 
the Control than in the Normal-control, while the decrease was prevented with CKJ1, CSB, 
and CKJ291 (p < 0.05; Table 5). The net β-cell proliferation and apoptosis determine the 
pancreatic β-cell mass. CKJ1 protected against the lowered β-cell proliferation in the Con-
trol, similar to the Normal-control. β-cell apoptosis was higher in the Control than in the 
Normal-control, whereas CSB and CKJ1 prevented this increase as much as in the Normal-
control (p < 0.05; Table 5).  

Table 5. Pancreatic β-cell mass. 
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3.8. Serum SCFA Concentrations and Gut Microbiome  
Serum acetate and propionate concentrations were not significantly different be-

tween the groups (Table 6). However, serum butyrate concentrations were higher in CSB 
and CKJ1 than in the other groups (Table 6).  

Figure 5. Intraperitoneal insulin tolerance test (IPITT). The gerbils underwent an IPITT with 1 IU
insulin/kg body weight after 6 h food deprivation on the following day of OGTT. The changes of
serum glucose levels during 90 min (A) and AUC of serum glucose in the first part (0–30 min) and the
second part (30–90 min) during the IPITT (B). * Significantly different among the groups at p < 0.05.
Bars and dots represent means ± SD (n = 10). a,b,c,d Means on the bars with different letters were
significantly different by Tukey’s test at p < 0.05.
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3.7. β-Cell Mass

The individual β-cell size was larger in the Control than in the Normal-control, and
CSB and CKJ1 suppressed the increase in individual β-cell size (Table 5). On the other hand,
the total β-cell area, which was determined by the individual cell size and the number
of β-cells, was lower in the Control than in the Normal-control and was higher in CSB,
CKJ1, and CKJ291, as much as in the Normal-control (p < 0.05; Table 5). The total β-cell
mass, measured by multiplying the total β-cell area by the pancreas weight, was lower
in the Control than in the Normal-control, while the decrease was prevented with CKJ1,
CSB, and CKJ291 (p < 0.05; Table 5). The net β-cell proliferation and apoptosis determine
the pancreatic β-cell mass. CKJ1 protected against the lowered β-cell proliferation in the
Control, similar to the Normal-control. β-cell apoptosis was higher in the Control than
in the Normal-control, whereas CSB and CKJ1 prevented this increase as much as in the
Normal-control (p < 0.05; Table 5).

Table 5. Pancreatic β-cell mass.

Control
(n = 10)

Cooked Soybeans
(n = 10)

CKJ1
(n = 10)

CKJ291
(n = 10)

Normal-Control
(n = 10)

Individual β-cell size (µm2) 8.09 ± 0.92 a 6.65 ± 0.73 b 6.81 ± 0.71 b 7.16 ± 0.74 ab 6.24 ± 0.75 b

β-cell area (%) 21.7 ± 2.76 c 25.1 ± 3.02 b 24.8 ± 2.95 b 26.4 ± 3.04 a 26.9 ± 3.12 a

Total β-cell mass (mg) 0.98 ± 0.13 c 1.24 ± 0.17 ab 1.32 ± 0.19 a 1.19 ± 0.12 b 1.36 ± 0.15 a

BrdU+ cells (% BrdU+ cells
of islets) 5.03 ± 0.62 b 5.83 ± 0.71 ab 6.07 ± 0.69 a 5.64 ± 0.65 ab 5.96 ± 0.72 a

Apoptosis (% apoptotic
bodies of islets) 23.4 ± 2.61 a 16.33 ± 1.94 c 15.5 ± 1.82 c 19.2 ± 2.25 b 15.3 ± 1.67 c

Values are means ± SD (n = 10). a,b,c values in the same row with different superscript letters were significantly different by Tukey’s test at
p < 0.05.

3.8. Serum SCFA Concentrations and Gut Microbiome

Serum acetate and propionate concentrations were not significantly different between
the groups (Table 6). However, serum butyrate concentrations were higher in CSB and
CKJ1 than in the other groups (Table 6).

Table 6. Serum short-chain fatty acid concentrations and fecal bacteria metabolism on the 21st day after artery occlusion.

Control
(n = 10)

Cooked Soybeans
(n = 10)

CKJ1
(n = 10)

CKJ291
(n = 10)

Normal-Control
(n = 10)

Serum acetate 0.89 ± 0.06 0.87 ± 0.07 0.94 ± 0.07 0.92 ± 0.09 0.88 ± 0.05
Serum propionate 0.27 ± 0.05 0.27 ± 0.03 0.27 ± 0.01 0.27 ± 0.02 0.26 ± 0.04

Serum butyrate 0.14 ± 0.02 b 0.18 ± 0.02 a 0.19 ± 0.02 a 0.16 ± 0.02 ab 0.16 ± 0.02 ab

Chao 6897 ± 440 c 9753 ± 574 a 9259 ± 615 ab 8957 ± 709 b 9201 ± 657 ab

Shannon index 4.8 ± 0.5 b 5.6 ± 0.5 a 5.5 ± 0.4 a 5.6 ± 0.4 a 5.6 ± 0.4 a

Butanoate metabolism 1.08 ± 0.03 b 1.13 ± 0.04 a 1.19 ± 0.0.02 a 1.10 ± 0.02 ab 1.18 ± 0.04 a

LPS biosynthesis 0.50 ± 0.07 a 0.28 ± 0.02 b 0.25 ± 0.06 b 0.29 ± 0.05 b 0.25 ± 0.03 b

Starch and sucrose
metabolism 1.94 ± 0.05 c 2.35 ± 0.08 b 2.80 ± 0.13 a 2.67 ± 0.08 a 2.32 ± 0.10 b

Fatty acid metabolism 0.88 ± 0.03 a 0.88 ± 0.03 a 0.74 ± 0.03 b 0.74 ± 0.01 b 0.91 ± 0.04 a

Branched-chain amino
acid synthesis 0.85 ± 0.06 a 0.73 ± 0.08 b 0.53 ± 0.06 c 0.67 ± 0.09 b 0.71 ± 0.05 b

Values are means ± SD (n = 10). a,b,c values in the same row with different superscript letters were significantly different by Tukey’s test at
p < 0.05.

The α-diversity of the gut microbiome, the Shannon and Chao index, was lower in
the Control than in the Normal-control. CSB, CKJ1, and CKJ291 increased the α-diversity
indices compared to the Control (Table 6). In β-diversity, all groups were separated
significantly (Figure 6A). The genus level of bacteria was observed in Figure 6B. The
relative abundance of Lactobacillus and Akkermansia among gut bacteria was much lower
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in the Control than in the Normal-control, whereas CKJ1 and CKJ291 increased it. On
the other hand, the relative abundance of Lachanospiracae and Allobaculum was higher in
the Control than in the Normal-control, and lower in the CSB, CKJ1, and CKJ291 groups
(Table 6). The relative abundance of Bacillus was higher in CKJ1 and CKJ291 compared
to other groups. These results suggested that Bacillus in CKJ1 and CKJ291 were grown in
the gut. The relative abundance of Oscillospira was lower in CKJ1 and CKJ291 than in the
Control and Normal-control (Table 6).
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Metagenome analysis with Picrust2 showed that the butanoate metabolism was sig-
nificantly lower in the Control than in the Normal-control, and higher in the CSB and CKJ1
groups, similar to the Normal-control (Table 6). LPS biosynthesis was higher in the Control
than in the other groups. The starch metabolism increased in the order of Control, CSB,
Normal-control, CKJ291, and CKJ1, whereas the fatty acid metabolism was lower in the
CKJ1 and CKJ291 than in the other groups (Table 6). Branched-chain amino acid synthesis
was higher in the Control than in the Normal-control, whereas CSB, CKJ1, and CKJ reduced
it. CKJ1 produced the most significant reduction (Table 6).

4. Discussion

Chungkookjang is traditionally fermented with rice straw with various Bacillus spp.,
but the Bacillus spp. can be different. The quality of chungkookjang cannot be controlled
in traditionally made chungkookjang. The Bacillus spp. from various traditionally made
chungkookjang have been isolated, and they are used to produce inoculated chungkookjang
with one Bacillus spp. The primary Bacillus in the traditionally made chungkookjang are
B. subtilis, B. licheniformis, and B. amyloliquefaciens, but different strains have different
functions. Chungkookjang fermented with B. amyloliquefaciens SCGB 730 and 731 has
antidiabetic and anti-Alzheimer’s disease activity, possibly with the gut–liver–brain axis, by
increasing butanoate and decreasing LPS [8,17]. The present study showed that CKJ1 and
CKJ291 alleviated the ischemic stroke symptoms and post-stroke hyperglycemia. It was at
least partly related to modulating the gut microbiota–brain axis by reducing inflammation
and insulin resistance, alleviating intestinal paralysis, and increasing butyrate production.
CKJ1 showed better activity than CKJ291.

A preliminary study isolated B. amyloliquefaciens SCGB 1 and B. subtilis SCDB 291
from traditionally made chungkookjang. High-γ-PGA containing chungkookjang intake im-
proved glucose regulation and neuronal cell survival in diabetic rats [19]. B. amyloliquefaciens
SCGB 1 produced γ-PGA at a higher rate than B. subtilis SCDB 291 in the present study.
Post-stroke hyperglycemia and neuronal cell death were alleviated more in CKJ1 than in
CKJ291, which might be associated with their γ-PGA contents. The γ-PGA contents were
higher in the CKJ1 than in the CKJ291. B. subtilis SCDB 291 had higher fibrinolytic and
antioxidant activities than B. amyloliquefaciens SCGB 1, whereas B. subtilis SCDB 291 was
more resistant to bile salt, low acidity, and high temperatures than B. amyloliquefaciens SCGB
1. B. subtilis SCDB 291 had better adhesion activity than B. amyloliquefaciens SCGB 1. Both
Bacilli met the criteria of probiotics, but B. subtilis SCDB 291 acted as a better probiotic than
B. amyloliquefaciens SCGB 1 [18]. Therefore, both Bacillus spp. were used to ferment soybeans
to produce chungkookjang.

CKJ1 and CKJ291 can be used as synbiotics for experimental animals and humans
because fermented soybeans contain proteins, dietary fiber, isoflavones, and Bacillus spp.
In the present study, CKJ1 and CKJ291 acted as synbiotics to improve glucose homeostasis
and neuronal cell survival. CKJ1 had better efficacy than CKJ291 in gerbils with an artery
occlusion, even though B. subtilis SCDB 291 had better antioxidant and fibrinolytic activity.
Furthermore, although B. subtilis SCDB 291 was more resistant to acid and bile salts and
had higher cell adhesion than B. amyloliquefaciens SCGB 1, Bacillus spp. was higher in
the gut of the gerbils in the CKJ1 and CKJ291 groups than in the Control and Normal-
control groups. The results suggest that CKJ1 and CKJ291 acted as synbiotics to alter
the gut microbiota and improve glucose metabolism and neuronal cell survival. CKJ1
had better activity in alleviating the clinical symptoms of ischemic stroke than CKJ291.
A previous study reported that CKJ1 had a similar effect to chungkookjang fermented
B. amyloliquefaciens SRCM 730 and 731, which positively affected glucose homeostasis and
neuronal cell death [8,17]. These results suggest that B. amyloliquefaciens may be better for
glucose metabolism than B. subtilis.

After an artery occlusion, quick normalization of blood flow protects against neuronal
cell death by reducing inflammation and oxidative stress in the brain. Blood flow is
normalized by increasing BPU and removing the blockage of blood flow. CKJ291 increased
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BPU more than CKJ1, but the removed blood clots were similar in CKJ1 and CKJ291. On
the other hand, CKJ1 exhibited less global neuronal cell death in the brain than CKJ291.
The protection was associated with lower lipid peroxides in the brain tissues of the CKJ1
group. Previous studies showed that antioxidants, such as ebselen and N-acetylcysteine,
reduced neuronal cell death by cerebral infarction by reducing autophagic activation [27,32].
Neuroinflammation promotes neuronal cell death by infiltrating various inflammatory
cells into the ischemic regions after ischemic stroke [33]. The decrease in post-stroke
neuroinflammation ameliorates neuronal cell death and clinical symptoms after ischemic
stroke. Consistent with neuronal cell death, short-term memory deficits were impaired
in the gerbils after artery occlusion, and CKJ1 alleviated the impairment the most, even
though CSB, CKJ1, and CKJ291 had beneficial activity in memory impairment. CKJ1
showed better improvement of oxidative stress than CKJ291, but the neuroinflammation
measured by hippocampal IL-1β and TNF-α expression was similar in both groups.

Post-stroke hyperglycemia is related to poor clinical outcomes in experimental animals
and patients. Hyperglycemia exacerbates the calcium imbalance and oxidative stress in the
brain to increase neuronal death, and it induces lactic acidosis by activating the anaerobic
pathway to produce energy [34]. The smaller amount of neuronal cell death in the CKJ1 may
be involved in post-stroke hyperglycemia. Post-stroke hyperglycemia, by reducing insulin
resistance and improving the β-cell function and β-cell mass, was better in CKJ1 than in
CKJ291. Ischemic stroke also induces β-cell apoptosis to reduce the β-cell mass and impair
β-cell function [26,35,36]. These changes were associated with post-stroke hyperglycemia.
Chungkookjang has been reported to improve insulin sensitivity and potentiate glucose-
stimulated insulin secretion in experimental animals and clinical studies [6]. Different
species and strains of Bacillus have different potencies on glucose metabolism. CKJ1
improved glucose metabolism better than CKJ291, possibly by preventing β-cell apoptosis.

Chungkookjang intake modulates the gut microbiomes. In an in vitro study, a chungkook-
jang treatment effectively enhanced the abundance of beneficial bacteria, such as Coprococcus,
Ruminococcus, and Bifidobacterium, but inhibited opportunistic pathogens Sutterella,
Escherichia/Shigella, and Collinsella [37]. By contrast, the present study showed that CKJ1
and CKJ291 intake modulated gut bacteria in gerbils differently, even though the relative
abundance of beneficial bacteria was elevated. CKJ1 and CKJ291 intake increased the relative
abundance of beneficial bacteria such as Lactobacillus, Akkermansia, and Bacillus but decreased
Oscillospira. These changes in gut microbiota were similar to the previous study on the intake
of chungkookjang fermented with B. amyloliquefaciens SRCM730 and 731 in Alzheimer’s
disease-induced rats [19]. CKJ291, but not CKJ1, increased the relative abundance of some pro-
teobacteria, including Escherichia and Enterobacteriaceae. As Oscillospira was reported to cause
constipation and a low BMI, CKJ1 and CKJ291 showed consistent body weight results. CKJ1
and CKJ291 may be beneficial for constipation. Akkermansia is a mucin-degrading bacterium
and releases a glucagon-like peptide-1 producing protein to improve glucose metabolism. The
CKJ1 and CKJ291 intake elevated the relative abundance of Akkermansia to improve glucose
homeostasis [38]. CKJ1 and CKJ291 also increased the relative abundance of Lactobacillus spp.,
a well-known probiotic, to improve glucose metabolism [39]. Lactobacillus (L.) rhamnosus,
L. sakei, and L. acidophillus regulate glucose metabolism in diabetic animal models [40,41].
Therefore, CKJ1 and CKJ291 modulated the gut microbiota to improve the glucose metabolism
in the present study, and CKJ1 modulated gut microbiota that were more beneficial to the
glucose metabolism than CKJ291.

Artery occlusion induces ischemia directly to increase neuronal cell death by inflamma-
tion and oxidative stress in the brain, leading to intestinal paralysis and gut dysbiosis [42].
A high-fat diet aggravates the gut changes [43]. The intestinal paralysis induces gut micro-
biome dysbiosis, which in turn causes intestinal barrier permeability, allowing endotoxins
and trimethylamine to enter the host circulation easily, thereby elevating proinflamma-
tory cytokines, platelet hyperreactivity, and overactive immunity [44]. The changes send
signals directly to the brain through the autonomous nervous system and SCFA produc-
tion by the gut microbiome [45]. This is known as the gut microbiome–brain axis. The
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changes aggravate neuronal cells and cause β-cell death, which exacerbates ischemic stroke
outcomes [45]. Chungkookjang intake may modulate the gut microbiome-brain axis by
preventing gut microbiome dysbiosis and possibly intestinal paralysis in the present study.
We previously demonstrated that chungkookjang intake improves the intestinal morphol-
ogy, gut microbiome, glucose tolerance, and β-cell function and survival in diabetic rats,
possibly due to its γ-PGA, soluble fiber, Bacilli, and isoflavonoids [17]. In the present study,
CKJ1 and CKJ271 intake alleviated the clinical outcomes of artery occlusion, which may
indirectly promote the gut microbiome–brain axis in an animal model. However, intestinal
paralysis was not measured in the present study, although serum SCFA concentrations
and beneficial bacteria in the gut microbiome were promoted and associated with reduced
insulin resistance and inflammation. However, there is no clearly established cause and
effect between the microbiome benefits and the stroke outcomes. Therefore, more research
is needed to confirm the activation of the gut microbiome–brain axis.

5. Conclusions

Daily CKJ1 and CKJ291 intakes protect against neuronal cell death by increasing blood
flow and β-cell function and reducing post-hyperglycemia. Isoflavonoids and peptides can
suppress neuronal cell death directly. The protection was also associated with a change in
the gut microbiome. CKJ1 exhibited better protective activity for neuronal cell death from
artery occlusion than CKJ291, although CKJ291 had a better probiotic activity. However,
CKJ1 had much higher γ-PGA production than CKJ291, and γ-PGA contents might play a
critical role in preventing ischemic stroke. These results suggest that the characteristics of
Bacillus species and strains may play a critical role in the functionality of chungkookjang by
modulating the γ-PGA contents and other metabolites of soybeans and the gut microbiota
composition to elevate beneficial bacteria and SCFA production in a rodent ischemic stroke
model by artery occlusion. The results of the present study cannot be directly applied to
humans. Future human studies need to determine the preventive and alleviating effect of
CKJ1 and CKJ291 on ischemic stroke.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10112697/s1, Table S1: Nutrient contents in soybeans and chungkookjang fermented
with different Bacillus spp.

Author Contributions: Conceptualization, S.P. and D.-Y.J.; methodology, S.J.J., T.Z. and M.-S.R.;
resources, D.-Y.J., H.-J.Y. and J.-W.S.; data collection and analysis, T.Z., M.-S.R., X.W. and H.-J.Y.;
supervision, D.-Y.J.; writing—original draft preparation, S.P.; writing—review and editing, all authors.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the “Functional identification of Korean traditional soybean
products (safety monitoring) project” under the Ministry of Agriculture, Food and Rural Affairs and
partly Korea Agro-Fisheries and Food trade corporation in 2021.

Institutional Review Board Statement: The study was conducted according to the National Institute
of Health guidelines, and the Hoseo University Animal Care and Use Committee (HSIAUC-18-065)
approved the study protocol.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data involved in this study will be available by the authors to
any qualified researcher.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Somnath, P. Stroke Prevalence and Risk Factors. US Pharm. 2021, 46, 14.
2. Turana, Y.; Tengkawan, J.; Chia, Y.C.; Nathaniel, M.; Wang, J.-G.; Sukonthasarn, A.; Chen, C.-H.; Minh, H.V.; Buranakitjaroen, P.; Shin, J.; et al.

Hypertension and stroke in Asia: A comprehensive review from HOPE Asia. J. Clin. Hypertens. 2021, 23, 513–521. [CrossRef]
3. Denorme, F.; Portier, I.; Kosaka, Y.; Campbell, R.A. Hyperglycemia exacerbates ischemic stroke outcome independent of platelet

glucose uptake. J. Thromb. Haemost. 2021, 19, 536–546. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/foods10112697/s1
https://www.mdpi.com/article/10.3390/foods10112697/s1
http://doi.org/10.1111/jch.14099
http://doi.org/10.1111/jth.15154
http://www.ncbi.nlm.nih.gov/pubmed/33118271


Foods 2021, 10, 2697 19 of 20

4. Ferrari, F.; Moretti, A.; Villa, R.F. Hyperglycemia in acute ischemic stroke: Physiopathological and therapeutic complexity. Neural.
Regen. Res. 2022, 17, 292–299. [PubMed]

5. Kwon, D.Y.; Jang, J.S.; Lee, J.E.; Kim, Y.S.; Shin, D.H.; Park, S. The isoflavonoid aglycone-rich fractions of Chungkookjang,
fermented unsalted soybeans, enhance insulin signaling and peroxisome proliferator-activated receptor-gamma activity in vitro.
Biofactors 2006, 26, 245–258. [CrossRef]

6. Kwon, D.Y.; Daily, J.W., 3rd; Kim, H.J.; Park, S. Antidiabetic effects of fermented soybean products on type 2 diabetes. Nutr. Res.
2010, 30, 1–13. [CrossRef]

7. Ajayeoba, T.A.; Dula, S.; Ijabadeniyi, O.A. Properties of Poly-γ-Glutamic Acid Producing-Bacillus Species Isolated From Ogi
Liquor and Lemon-Ogi Liquor. Front. Microbiol. 2019, 10, 771. [CrossRef]

8. Jeong, S.Y.; Jeong, D.Y.; Kim, D.S.; Park, S. Chungkookjang with High Contents of Poly-γ-Glutamic Acid Improves Insulin
Sensitizing Activity in Adipocytes and Neuronal Cells. Nutrients 2018, 10, 1588. [CrossRef]

9. Byun, M.S.; Yu, O.K.; Cha, Y.S.; Park, T.S. Korean traditional Chungkookjang improves body composition, lipid profiles and
atherogenic indices in overweight/obese subjects: A double-blind, randomized, crossover, placebo-controlled clinical trial. Eur. J.
Clin. Nutr. 2016, 70, 1116–1122. [CrossRef]

10. Back, H.I.; Kim, S.R.; Yang, J.A.; Kim, M.G.; Chae, S.W.; Cha, Y.S. Effects of Chungkookjang supplementation on obesity and
atherosclerotic indices in overweight/obese subjects: A 12-week, randomized, double-blind, placebo-controlled clinical trial. J.
Med. Food 2011, 14, 532–537. [CrossRef]

11. Kwon, D.Y.; Jang, J.S.; Hong, S.M.; Lee, J.E.; Sung, S.R.; Park, H.R.; Park, S. Long-term consumption of fermented soybean-derived
Chungkookjang enhances insulinotropic action unlike soybeans in 90% pancreatectomized diabetic rats. Eur. J. Nutr. 2007, 46,
44–52. [CrossRef]

12. Park, S.; Kim, D.S.; Kang, S.; Moon, B.R. Fermented soybeans, Chungkookjang, prevent hippocampal cell death and β-cell
apoptosis by decreasing pro-inflammatory cytokines in gerbils with transient artery occlusion. Exp. Biol. Med. 2016, 241, 296–307.
[CrossRef] [PubMed]

13. Ryu, M.S.; Yang, H.S.; Kim, J.W.; Jeong, S.J.; Jeong, S.Y.; Eom, J.S.; Jeong, D.Y. Potential probiotics activity of Bacillus spp. from traditional
soybean pastes and fermentation characteristics of Cheonggukjang. Korean J. Food Preserv. 2017, 12, 1168–1179. [CrossRef]

14. Ryu, M.S.; Yang, H.S.; Jeong, S.J.; Seo, J.W.; Ha, G.; Jeong, S.Y.; Jeong, D.Y. Characteristic study and optimization of cul-
ture conditions for Bacillus amyloliquefaciens SRCM 100731 as probiotic resource for companion animal. Korean J. Microbiol.
2018, 54, 384–397.

15. Li, M.; Zhang, Z.; Li, S.; Tian, Z.; Ma, X. Study on the mechanism of production of γ-PGA and nattokinase in Bacillus subtilis
natto based on RNA-seq analysis. Microb. Cell Factories 2021, 20, 83. [CrossRef] [PubMed]

16. Back, H.I.; Ha, K.C.; Kim, H.M.; Kim, M.G.; Yu, O.K.; Byun, M.S.; Jeong, D.Y.; Jeong, S.Y.; Cha, Y.S.; Park, T.S. The influence of the
Korean traditional Chungkookjang on variables of metabolic syndrome in overweight/obese subjects: Study protocol. BMC
Complement. Altern. Med. 2013, 13, 297. [CrossRef] [PubMed]

17. Jeong, D.Y.; Daily, J.W.; Lee, G.H.; Ryu, M.S.; Yang, H.J.; Jeong, S.Y.; Qiu, J.Y.; Zhang, T.; Park, S. Short-Term Fermented Soybeans
with Bacillus amyloliquefaciens Potentiated Insulin Secretion Capacity and Improved Gut Microbiome Diversity and Intestinal
Integrity To Alleviate Asian Type 2 Diabetic Symptoms. J. Agric. Food Chem. 2020, 68, 13168–13178. [CrossRef]

18. Jeong, D.Y.; Jeong, S.Y.; Zhang, T.; Wu, X.; Qiu, J.Y.; Park, S. Chungkookjang, a soy food, fermented with Bacillus amyloliquefaciens
protects gerbils against ishcmeic stroke injury, and post-stroke hyperglycemia. Food Res. Int. 2020, 128, 108769. [CrossRef]

19. Jeong, D.-Y.; Ryu, M.S.; Yang, H.-J.; Park, S. γ-PGA-Rich Chungkookjang, Short-Term Fermented Soybeans: Prevents Memory
Impairment by Modulating Brain Insulin Sensitivity, Neuro-Inflammation, and the Gut-Microbiome-Brain Axis. Foods 2021, 10,
221. [CrossRef]

20. Jeong, S.-J.; Ryu, M.-S.; Yang, H.-J.; Wu, X.-H.; Jeong, D.-Y.; Park, S.-M. Bacterial Distribution, Biogenic Amine Contents,
and Functionalities of Traditionally Made Doenjang, a Long-Term Fermented Soybean Food, from Different Areas of Korea.
Microorganisms 2021, 9, 1348. [CrossRef]

21. Eom, J.S.; Song, J.; Choi, H.S. Protective Effects of a Novel Probiotic Strain of Lactobacillus plantarum JSA22 from Traditional
Fermented Soybean Food Against Infection by Salmonella enterica Serovar Typhimurium. J. Microbiol. Biotechnol. 2015, 25,
479–491. [CrossRef] [PubMed]

22. Cho, B.O.; Shin, J.Y.; Kim, J.S.; Che, D.N.; Kang, H.J.; Jeong, D.Y.; Jang, S.I. Soybean Fermented with Bacillus amyloliquefaciens
(Cheonggukjang) Ameliorates Atopic Dermatitis-Like Skin Lesion in Mice by Suppressing Infiltration of Mast Cells and Production
of IL-31 Cytokine. J. Microbiol. Biotechnol. 2019, 29, 827–837. [CrossRef]

23. Shahzad, R.; Shehzad, A.; Bilal, S.; Lee, I.J. Bacillus amyloliquefaciens RWL-1 as a New Potential Strain for Augmenting
Biochemical and Nutritional Composition of Fermented Soybean. Molecules 2020, 25, 2346. [CrossRef]

24. Kondo, T.; Yoshida, S.; Nagai, H.; Takeshita, A.; Mino, M.; Morioka, H.; Nakajima, T.; Kusakabe, K.T.; Okada, T. Transient
forebrain ischemia induces impairment in cognitive performance prior to extensive neuronal cell death in Mongolian gerbil
(Meriones unguiculatus). J. Vet. Sci. 2018, 19, 505–511. [CrossRef] [PubMed]

25. Mankin, E.A.; Thurley, K.; Chenani, A.; Haas, O.V.; Debs, L.; Henke, J.; Galinato, M.; Leutgeb, J.K.; Leutgeb, S.; Leibold, C. The
hippocampal code for space in Mongolian gerbils. Hippocampus 2019, 29, 787–801. [CrossRef]

26. Park, S.; Kim, D.S.; Kang, S.; Kwon, D.Y. Ischemic hippocampal cell death induces glucose dysregulation by attenuating
glucose-stimulated insulin secretion which is exacerbated by a high fat diet. Life Sci. 2011, 88, 766–773. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/34269190
http://doi.org/10.1002/biof.5520260403
http://doi.org/10.1016/j.nutres.2009.11.004
http://doi.org/10.3389/fmicb.2019.00771
http://doi.org/10.3390/nu10111588
http://doi.org/10.1038/ejcn.2016.77
http://doi.org/10.1089/jmf.2010.1199
http://doi.org/10.1007/s00394-006-0630-y
http://doi.org/10.1177/1535370215606811
http://www.ncbi.nlm.nih.gov/pubmed/26468168
http://doi.org/10.11002/kjfp.2017.24.8.1168
http://doi.org/10.1186/s12934-021-01570-x
http://www.ncbi.nlm.nih.gov/pubmed/33836770
http://doi.org/10.1186/1472-6882-13-297
http://www.ncbi.nlm.nih.gov/pubmed/24171779
http://doi.org/10.1021/acs.jafc.9b07962
http://doi.org/10.1016/j.foodres.2019.108769
http://doi.org/10.3390/foods10020221
http://doi.org/10.3390/microorganisms9071348
http://doi.org/10.4014/jmb.1501.01006
http://www.ncbi.nlm.nih.gov/pubmed/25639720
http://doi.org/10.4014/jmb.1812.12046
http://doi.org/10.3390/molecules25102346
http://doi.org/10.4142/jvs.2018.19.4.505
http://www.ncbi.nlm.nih.gov/pubmed/29695143
http://doi.org/10.1002/hipo.23075
http://doi.org/10.1016/j.lfs.2011.02.021
http://www.ncbi.nlm.nih.gov/pubmed/21362432


Foods 2021, 10, 2697 20 of 20

27. Park, S.; Kang, S.; Kim, D.S.; Shin, B.K.; Moon, N.R.; Daily, J.W., 3rd. Ebselen pretreatment attenuates ischemia/reperfusion injury
and prevents hyperglycemia by improving hepatic insulin signaling and beta-cell survival in gerbils. Free Radic. Res. 2014, 48,
864–874. [CrossRef] [PubMed]

28. Park, S.; Kim, D.S.; Kang, E.S.; Kim, D.B.; Kang, S. Low-dose brain estrogen prevents menopausal syndrome while maintaining the
diversity of the gut microbiomes in estrogen-deficient rats. Am. J. Physiol. Endocrinol. Metab. 2018, 315, E99–E109. [CrossRef] [PubMed]

29. Takeshita, H.; Yamamoto, K.; Nozato, S.; Inagaki, T.; Tsuchimochi, H.; Shirai, M.; Yamamoto, R.; Imaizumi, Y.; Hongyo, K.;
Yokoyama, S.; et al. Modified forelimb grip strength test detects aging-associated physiological decline in skeletal muscle function
in male mice. Sci. Rep. 2017, 7, 42323. [CrossRef] [PubMed]

30. Ko, B.-S.; Ryuk, J.A.; Hwang, J.T.; Zhang, T.; Wu, X.; Park, S. Ojayeonjonghwan, an oriental medicine composed of five seeds,
protects against vasomotor and neurological disorders in estrogen-deficient rats. Exp. Biol. Med. 2019, 244, 193–206. [CrossRef]

31. Yang, H.J.; Hwang, J.T.; Kwon, D.Y.; Kim, M.J.; Kang, S.; Moon, N.R.; Park, S. Yuzu extract prevents cognitive decline and
impaired glucose homeostasis in beta-amyloid-infused rats. J. Nutr. 2013, 143, 1093–1099. [CrossRef] [PubMed]

32. Shekhar, S.; Cunningham, M.W.; Pabbidi, M.R.; Wang, S.; Booz, G.W.; Fan, F. Targeting vascular inflammation in ischemic stroke:
Recent developments on novel immunomodulatory approaches. Eur. J. Pharmacol. 2018, 833, 531–544. [CrossRef] [PubMed]

33. Khoshnam, S.E.; Winlow, W.; Farzaneh, M.; Farbood, Y.; Moghaddam, H.F. Pathogenic mechanisms following ischemic stroke.
Neurol. Sci. 2017, 38, 1167–1186. [CrossRef] [PubMed]

34. Li, W.A.; Moore-Langston, S.; Chakraborty, T.; Rafols, J.A.; Conti, A.C.; Ding, Y. Hyperglycemia in stroke and possible treatments.
Neurol. Res. 2013, 35, 479–491. [CrossRef]

35. Park, S.; Kim, D.S.; Kang, S. Exercise training attenuates cerebral ischemic hyperglycemia by improving hepatic insulin signaling
and β-cell survival. Life Sci. 2013, 93, 153–160. [CrossRef]

36. Shin, S.K.; Kwon, J.H.; Jeong, Y.J.; Jeon, S.M.; Choi, J.Y.; Choi, M.S. Supplementation of cheonggukjang and red ginseng
cheonggukjang can improve plasma lipid profile and fasting blood glucose concentration in subjects with impaired fasting
glucose. J. Med. Food 2011, 14, 108–113. [CrossRef] [PubMed]

37. Singh, V.; Hwang, N.; Ko, G.; Tatsuya, U. Effects of digested Cheonggukjang on human microbiota assessed by in vitro fecal
fermentation. J. Microbiol. 2021, 59, 217–227. [CrossRef] [PubMed]

38. Yoon, H.S.; Cho, C.H.; Yun, M.S.; Jang, S.J.; You, H.J.; Kim, J.H.; Han, D.; Cha, K.H.; Moon, S.H.; Lee, K.; et al. Akkermansia
muciniphila secretes a glucagon-like peptide-1-inducing protein that improves glucose homeostasis and ameliorates metabolic
disease in mice. Nat. Microbiol. 2021, 6, 563–573. [CrossRef] [PubMed]

39. Zhang, Q.; Wu, Y.; Fei, X. Effect of probiotics on glucose metabolism in patients with type 2 diabetes mellitus: A meta-analysis of
randomized controlled trials. Medicina 2016, 52, 28–34. [CrossRef]

40. Yan, F.; Li, N.; Shi, J.; Li, H.; Yue, Y.; Jiao, W.; Wang, N.; Song, Y.; Huo, G.; Li, B. Lactobacillus acidophilus alleviates type 2 diabetes
by regulating hepatic glucose, lipid metabolism and gut microbiota in mice. Food Funct. 2019, 10, 5804–5815. [CrossRef]

41. Farida, E.; Nuraida, L.; Giriwono, P.E.; Jenie, B.S.L. Lactobacillus rhamnosus Reduces Blood Glucose Level through Downregulation of
Gluconeogenesis Gene Expression in Streptozotocin-Induced Diabetic Rats. Int J. Food Sci. 2020, 2020, 6108575. [CrossRef] [PubMed]

42. Schaller, B.J.; Graf, R.; Jacobs, A.H. Pathophysiological changes of the gastrointestinal tract in ischemic stroke. Am. J. Gastroenterol.
2006, 101, 1655–1665. [CrossRef] [PubMed]

43. Nyavor, Y.; Brands, C.R.; May, G.; Kuther, S.; Nicholson, J.; Tiger, K.; Tesnohlidek, A.; Yasuda, A.; Starks, K.; Litvinenko, D.; et al.
High-fat diet-induced alterations to gut microbiota and gut-derived lipoteichoic acid contributes to the development of enteric
neuropathy. Neurogastroenterol. Motil. 2020, 32, e13838. [CrossRef] [PubMed]

44. Iftikhar, P.M.; Anwar, A.; Saleem, S.; Nasir, S.; Inayat, A. Traumatic brain injury causing intestinal dysfunction: A review. J. Clin.
Neurosci. 2020, 79, 237–240. [CrossRef]

45. Daily, J.W.; Kang, S.; Park, S. Protection against Alzheimer’s disease by luteolin: Role of brain glucose regulation, anti-
inflammatory activity, and the gut microbiota-liver-brain axis. Biofactors 2021, 47, 218–231. [CrossRef] [PubMed]

http://doi.org/10.3109/10715762.2014.917410
http://www.ncbi.nlm.nih.gov/pubmed/24807533
http://doi.org/10.1152/ajpendo.00005.2018
http://www.ncbi.nlm.nih.gov/pubmed/29558207
http://doi.org/10.1038/srep42323
http://www.ncbi.nlm.nih.gov/pubmed/28176863
http://doi.org/10.1177/1535370219827847
http://doi.org/10.3945/jn.112.173401
http://www.ncbi.nlm.nih.gov/pubmed/23719224
http://doi.org/10.1016/j.ejphar.2018.06.028
http://www.ncbi.nlm.nih.gov/pubmed/29935175
http://doi.org/10.1007/s10072-017-2938-1
http://www.ncbi.nlm.nih.gov/pubmed/28417216
http://doi.org/10.1179/1743132813Y.0000000209
http://doi.org/10.1016/j.lfs.2013.06.005
http://doi.org/10.1089/jmf.2009.1366
http://www.ncbi.nlm.nih.gov/pubmed/21128827
http://doi.org/10.1007/s12275-021-0525-x
http://www.ncbi.nlm.nih.gov/pubmed/33527320
http://doi.org/10.1038/s41564-021-00880-5
http://www.ncbi.nlm.nih.gov/pubmed/33820962
http://doi.org/10.1016/j.medici.2015.11.008
http://doi.org/10.1039/C9FO01062A
http://doi.org/10.1155/2020/6108575
http://www.ncbi.nlm.nih.gov/pubmed/32399477
http://doi.org/10.1111/j.1572-0241.2006.00540.x
http://www.ncbi.nlm.nih.gov/pubmed/16863574
http://doi.org/10.1111/nmo.13838
http://www.ncbi.nlm.nih.gov/pubmed/32168415
http://doi.org/10.1016/j.jocn.2020.07.019
http://doi.org/10.1002/biof.1703
http://www.ncbi.nlm.nih.gov/pubmed/33347668

	Introduction 
	Materials and Methods 
	Cultivation of B. subtilus SCDB 291 and B. amyloliquefaciens SCGB 1 and Their Probiotic Properties 
	Chungkookjang Preparation and Isoflavonoid Contents 
	Animals and Diets 
	Transient Forebrain Ischemia Induction 
	Experimental Design, Glucose Metabolism, Memory Impairment, and Grip Strength 
	Neurological Severity Score and Grip Strength 
	Short-Term Memory Impairment Measurement Using the Y maze and Passive Avoidance Tests 
	Lipid Peroxidation Contents 
	Cresyl Violet Staining in the Hippocampus 
	Islet Morphometry by Immunohistochemistry 
	Serum Short-Chain Fatty Acid (SCFA) Concentrations by Gas Chromatography (GC) 
	Next-Generation Sequencing (NGS) of gut Microbiomes 
	Statistical Analysis 

	Results 
	Characteristics of B. amyloliquefaciens SCGB 1 and B. Subtilis SCDB 291 
	Energy Metabolism 
	Neuronal Cell Death in the Hippocampus and Memory Dysfunction 
	Clinical Neurological Symptom Evaluation 
	Blood Flow and Lipid Profiles 
	Glucose Metabolism 
	-Cell Mass 
	Serum SCFA Concentrations and Gut Microbiome 

	Discussion 
	Conclusions 
	References

