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Abstract

Since Chungkookjang, a short-term fermented soybean, is known to improve glucose metabolism and antioxidant activity, it may
prevent the neurological symptoms and glucose disturbance induced by artery occlusion. We investigated the protective effects
and mechanisms of traditional (TFC) and standardized Chungkookjang fermented with Bacillus licheniformis (BLFC) against
ischemia/reperfusion damage in the hippocampal CA1 region and against hyperglycemia after transient cerebral ischemia in
gerbils. Gerbils were subjected to either an occlusion of the bilateral common carotid arteries for 8 min to render them ischemic
or a sham operation. Ischemic gerbils were fed either a 40% fat diet containing 10% of either cooked soybean (CSB), TFC, or
BLFC for 28 days. Neuronal cell death and cytokine expression in the hippocampus, neurological deficit, serum cytokine levels,
and glucose metabolism were measured. TFC and BLFC contained more isoflavonoid aglycones than CSB. Artery occlusion
increased the expressions of IL-13 and TNF-o as well as cell death in the hippocampal CA1 region and induced severe neuro-
logical symptoms. CSB, TFC, and BLFC prevented the neuronal cell death and the symptoms such as dropped eyelid, bristling
hair, reduced muscle tone and flexor reflex, and abnormal posture and walking patterns, and suppressed cytokine expressions.
CSB was less effective than TFC and BLFC. Artery occlusion induced glucose intolerance due to decreased insulin secretion and
B-cell mass. TFC and BLFC prevented the impairment of glucose metabolism by artery occlusion. Especially TFC and BLFC
increased B-cell proliferation and suppressed the B-cell apoptosis by suppressing TNF-a and IL-13 which in turn decreased
cleaved caspase-3 that caused apoptosis. In conclusion, TFC and BLFC may prevent and alleviate neuronal cell death in the
hippocampal CA1 region and neurological symptoms and poststroke hyperglycemia in gerbils with artery occlusion. This might be
associated with increased isoflavonoid aglycones.
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Introduction

Stroke is a leading cause of mortality worldwide and is one
of the foremost contributors to functional disability."
Disability from stroke is major public health problem that
is growing in importance with the increasingly aging popu-
lation. Previous studies have estimated that 45% of stroke
patients experience post-stroke hyperglycemia, as defined
as a fasting serum glucose level of 7 mmol/L or more.? Only
10-20% patients with poststroke hyperglycemia have been
previously diagnosed with diabetes and most patients do
not have a previous impairment of glucose metabolism.’
Hyperglycemia after stroke was independently associated
with infarct volume in magnetic resonance and spectros-
copy studies, and it induces poor functional outcome.*™
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These results suggest that stroke itself leads to the impair-
ment of glucose metabolism that exacerbates poststroke
disability.

The incidence of stroke can be modified with modifi-
able managing risk factors such as hypertension, throm-
bosis, and fibrosis.” The management of risk factors can
decrease the incidence of stroke but it may not prevent
poststroke hyperglycemia. It is important to determine
underlying pathophysiologic mechanisms in order to
limit the risk of poststroke hyperglycemia. Ischemic
stroke accounts for 87% of all stroke events and it results
from an interruption of blood flow to the brain due to a
clot in the cerebral circulation.? During the event, both the

occlusion itself and the restoration of blood flow
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(reperfusion) generate the production of reactive oxygen
species (ROS).” ROS induce oxidative stress and inflam-
mation. Productions of pro-inflammatory cytokines such
as tumor necrosis factor (TNF)-o, interleukin (IL)-1B, and
IL-6 are also increased which activate the inflammatory
cascades and they contribute to the progression of ische-
mic damage.'” These cytokines increase adhesion mol-
ecules and leukocytes infiltration to exacerbate the
brain infarction to exacerbate the outcomes. Thus, all of
these many factors are potentially involved in poststroke
hyperglycemia.

Increased oxidative stress and inflammation may result
in hyperglycemia in addition to increasing stress hor-
mones during cerebral ischemic event, which in turn
cause hyperglycemia due to both increased insulin resist-
ance and impaired B-cell function and mass."" However,
the mechanism has not been determined. The possible
mechanisms include increased circulating cytokines,
nerve degeneration, and/or damage to brain regions
that regulate glucose metabolism." Previous studies
have demonstrated that pancreatic islets and neuronal
cells closely interact to reciprocally maintain the function
and mass of neuronal cells and islets, but ischemic stroke
induces B-cell apoptosis.'>'® Therefore, poststroke hyper-
glycemia is related to the reduction of B-cell function and
impairment of B-cell mass.

Soybeans (Glycine max MERILL) have long been con-
sumed as a major protein source in Asia. They also contain
isoflavonoids that are beneficial against metabolic dis-
eases.'*!” Since soybeans are fermented for long-term stor-
age in Asian countries, they contain a lot of salt as a
preservative. However, traditional Chungkookjang is a
soy food that is fermented with rice straw for short periods
(2-3 days) without salt and is predominantly fermented
with Bacillus species. During fermentation, isoflavonoids
are converted from glycosides into the corresponding agly-
cones and most proteins are degraded into small peptides
and amino acids.'®'” It is difficult to maintain consistent
quality control when making traditional Chungkookjang.
Inoculated Chungkookjang has been developed with fer-
mentation started by inoculation with different major
Bacillus ~ species that are found in traditional
Chungkookjang such as Bacillus amyloliquefaciens, Bacillus
subtilus, and Bacillus licheniformis (BLFC). Previous studies
have demonstrated that soybean fermented with BLFC
have the greatest antidiabetic efficacy and the oral con-
sumption  of  traditional = Chungkookjang  and
Chungkookjang fermented with BLFC potentiates B-cell
function and increases B-cell mass via decreased PB-cell
apoptosis and elevated B-cell proliferation in partially pan-
createctomized rats, a type 2 diabetic animal model."®
Therefore, we hypothesized that traditional and BLFC-
inoculated Chungkookjang may have neuroprotective
effects against ischemia/reperfusion (I/R) damage in the
hippocampal CA1 region and prevent hyperglycemia
after transient ischemia. We tested the hypothesis in sand
gerbils with transient ischemia and explored the mechan-
ism of neuroprotection and glucose homeostasis by deter-
mining insulin secretion and insulin resistance.
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Material and methods

Preparation of traditionally fermented Chungkookjang
(TFC) and BLFC-inoculated Chungkookjang

BLFC SCD 111067P was obtained from Institute of
Sunchang Fermented Soybean Products (Sunchang,
Korea). It was cultivated in Luria-Bertani broth at 37°C
with shaking (128r/min, Jeio Tech, Daejeon, Korea) to
expand the number of BLFC and was used for
Chungkookjang fermentation immediately after the culture.

TFC was prepared using a traditional processing method
in the Sunchang region known to produce Chungkookjang
with potent antidiabetic efficacy at Institute of Sunchang
Fermented Soybean Products (Sunchang, Korea) as
described in the previous studies."”'® Boiled soybeans
were cooled to 40°C and fermented with rice straw at
42°C for 48h to make traditional Chungkookjang.'” For
making standardized Chungkookjang, soaked soybeans
were sterilized at 121 °C for 1h, cooled to 40 °C, and inocu-
lated with 1% (v/w) BLFC SCD 111067P at concentrations of
107-108 CFU/mL, and the inoculated soybeans were incu-
bated at 42 °C for 48 h.'® The fermented soybeans were lyo-
philized using a freezing dryer (Il Shin, Korea).

Isoflavonoid and peptide contents of soybeans and
Chungkookjangs

CSB, TFC, and BLFC were extracted in 70% methanol con-
taining 0.1% acetic acid, and isoflavonoids in the super-
natant of the extracts were detected using HPLC (PU 980,
JASCO, Japan) equipped with an ODS A303
(4.6mm x 250mm, 5pum, YMC, USA) reversed phase
column and monitored at a wavelength of 254 nm with a
UV detector. Elution was carried out at a flow rate of
1.0mL/min with water and acetonitrile containing 0.1%
acetic acid. Peaks were identified by comparing to 12 refer-
ence isoflavonoids (Sigma Co., St Louis, MO) and Fujico
(Tokyo, Japan)."”

Animals and diets

Progeny of male Mongolian gerbils (Meriones unguiculatus)
was obtained from the Experimental Animal Center,
Hallym University (Chuncheon, Korea). The animals were
housed under a 12h light/dark cycle at 23°C with 60%
humidity and provided free access to food and water. The
procedures for handling animals and their care conformed
to NIH Guidelines and were approved by the Hoseo
University Animal Care and Use Committee.

The semi-purified diets were prepared by modifying a
base AIN-93 formulation for experimental diets.'” Since a
high fat diet is reported to exacerbate ischemic damage,?*'
gerbils in each group were fed a high fat diet at one week
prior to the ischemia and four weeks after ischemia. The
diets in the CSB, TFC, and BLFC groups contained 10%
lyophilized CSBs, traditionally fermented Chungkookjang
or standardized Chungkookjang, respectively, as a main
protein source. CSBs and two different kind of
Chungkookjang were analyzed for carbohydrates, protein,
and lipids. According to the results of analysis, each
diet was tailored to contain identical macronutrient
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compositions by adding soybean oil and cellulose. All diets
approximately consisted of 40 energy percent (En%) carbo-
hydrates, 20 En% protein, and 40 En% fats (Table 1).
Isoflavonoid contents in CSB, TFC, and BLFC were also
given in Table 1.

Induction of transient forebrain ischemia

Mongolian gerbils are an experimental model of cerebral
I/R injury, and the severity and duration of brain damage
following I/R injury have been established in our labora-
tory as described.'® Neuronal cell death is affected by sev-
eral factors such as the type of anesthesia and low body
temperature during transient artery occlusion.”** We
have used proper surgical methods to minimize the protect-
ing factors. Gerbils at 15 weeks of age with a body weight of
50-60 g had anesthetization with an intraperitoneal injec-
tion of 400mg/kg chloral hydrate (Sigma, St Louis, MO,
USA) that has minimal preventive impact on forebrain
ischemia.”? Common carotid arteries were isolated bilat-
erally and occluded using non-traumatic aneurysm clips
and the complete interruption of blood flow was confirmed
by observing the central artery in the retina using an oph-
thalmoscope. The aneurysm clips were removed after the
8 min occlusion to induce neuronal cell death in the CAl
region of the hippocampus.'® Since the decline of body tem-
perature by 2-3°C during transient artery occlusion sur-
gery is another factor that could prevent neuronal cell
death, body temperature was maintained during the sur-
gery. Rectal body temperature under free-regulating or nor-
mothermic (37 +0.5°C) conditions was monitored with a
rectal temperature probe (TR-100; Fine Science Tools,
Foster City, CA, USA) and maintained using a thermomet-
ric blanket before, during, and after the surgery until the
animals completely recovered from anesthesia. Thereafter,
the animals were kept in a thermal incubator (Mirae
Medical Industry, Seoul, Korea) to maintain their body tem-
perature until they were euthanized. Sham gerbils

Table 1 Composition of experimental diets

underwent artery occlusion surgery using identical surgical
procedures, except that the common carotid arteries were
not occluded.

Experimental design and metabolic analysis

Gerbils with artery occlusion were randomly divided
into four groups as follows: (1) artery occlusion + casein
diet (control), (2) artery occlusion+ CSB diet, (3) artery
occlusion+TFC diet, and (4) artery occlusion+
Chungkookjang fermented with BLFC diet. Gerbils with
sham operations had casein diet as the normal-control
group. On day 2 after artery occlusion, blood was collected
from the tail to measure serum IL-1f and TNF-o levels by
enzyme-linked immunosorbent assay using a commercial
kit (Quantikine, R&D Systems, Minneapolis, MN, USA).

Overnight-fasted serum glucose levels, food and water
intakes, and body weights were measured weekly at 10 AM
during the experimental period. Three days before euthan-
asia (on day 27 after ischemia), overnight-fasted animals
were underwent an oral glucose tolerance test (OGTT).
OGTT was performed by orally administering 2g/kg
body weight of glucose after overnight fasting, and tail
blood serum glucose levels were determined at 0, 10, 20,
30, 40, 50, 60, 70, 80, 90, and 120 min after glucose loading.
During OGTT, serum insulin levels were determined at 0,
10, 30, 60, 90, and 120min. The average areas under the
curve (AUC) of glucose and insulin were calculated.

After finishing the OGTT, animals were provided food
for 6h and then food was withheld. The next day after
intraperitoneal insulin tolerance test, blood was collected
from overnight-fasted animals and serum separated by cen-
trifugation at 3,000 x g** for 15 min. After blood collection,
the six gerbils were anesthetized with the mixture of keta-
mine and xylazine and human regular insulin (5 U/kg body
weight) was injected through their inferior vena cava. After
the insulin injection, tissues were rapidly collected and
immediately frozen in liquid nitrogen, and stored at

Casein Cooked soybeans Chungkookjang
diet (CSB) diet (TFC/BLFC) diet

Corn starch 310 280 286

Sucrose 200 200 200

Casein 200 165 167

Methionine 3 3 3

Corn ol 50 40 38

Shortening 150 150 150

Cellulose 34 13 12

Mineral 35 31 30

Vitamin 10 10 10

Choline 2 2 2

Soybean powder* 100 100

Total isoflavonoids (%) - 0.035 0.026

Isoflavonoid aglycones (%) - 0.001 0.015

*Assigned dried powder of cooked soybeans or traditionally made Chungkookjang (TFC) and Chungkookjang fermented with

Bacillus licheniformis (BLFC) for each group.



—70°C for further experiments. Serum glucose levels were
determined with a Glucose Analyzer II (Beckman, Palo
Alto, CA, USA) and serum insulin levels were measured
using a commercial RIA kit (Linco Research, St Charles,
MO, USA).

Neurological severity score

The neurological evaluation scores suggested by Lawner
et al** were determined with different clinical signs of
ischemia, including ptosis: eyelid drooped (no symp-
tom =0, one eyelid partially drooped =1, one eyelid totally
drooped =2, both eyelids partially drooped =3, both eye-
lids totally drooped =4); hair bristling (no symptom =0,
hair bristled =1); decreased muscular tone (no symp-
tom=0, diminished muscular tone or strength in the
limbs=1); flexor reflex (no symptom=0, hind limbs
slightly withdrawn when pinch=1, no withdrawal of
hind limbs when pinched=2), posture (normal=0,
hunched =1); and walking pattern (normal=0, slow =1,
no walking =2).

Cresyl violet staining

The neuronal cell death due to ischemic injuries was eval-
uated in the hippocampal sections from gerbils with and
without artery occlusion by staining them with cresyl violet
at the end of the 28-day experimental period. The sections
were mounted on gelatin-coated microscopy slides. Cresyl
violet acetate (1.0% w/v, Sigma) was dissolved in distilled
water and glacial acetic acid (Sigma). After staining the sec-
tions with cresyl violet solution for 2 min at room tempera-
ture, they were washed twice in distilled water. The fixed
brain tissue samples were dehydrated by immersion in a
graded series of ethanol baths at room temperature and
mounted with Permount (Fisher Scientific Inc., Pittsburgh,
PA, USA).

Determination of lipid peroxidation

The hippocampal levels of malondialdehyde (MDA) were
determined as an indicator of lipid peroxidation. The MDA
production and hence lipid peroxidation were assessed in
the tissues. MDA forms a colored complex in the presence
of TBA, which is detectable by measurement of absorbance
at 532 nm. Absorbance was measured with spectrophotom-
eter (Perkin Elmer). 1,1',3,3'-Tetraethoxypropane was used
as a standard and the results were expressed in tissue as
umol/ g protein.?

Islet isolation

At the end of the experimental period, pancreatic islets of
six gerbils from each group were isolated by collagenase
digestion. Three milliliters of 1.0mg/mL collagenase P
(Roche Molecular Biochemicals, Indianapolis, Indiana,
USA) in DMEM-high glucose was injected through the pan-
creatic duct into the pancreas of gerbils anesthetized with
sodium pentobarbital. The pancreas was immediately
removed and incubated at 37°C for 15min. The digested
pancreas was washed with DMEM-high glucose four times
on ice, and islets were isolated with a separation medium
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consisting of gradient Ficoll reagents (Sigma)® and pooled
from two or three gerbils from each group.

Immunohistochemistry and islet morphometry

Four gerbils from each group were treated with 5-bromo-2-
deoxyuridine (BrdU; Roche Molecular Biochemicals;
100 pg/kg body weight) at the end of the 28-day experimen-
tal period. Six hours postinjection, pancreas samples were
prepared and evaluated as previously described.”” The pan-
creas was dissected, fixed in a 4% paraformaldehyde
solution (pH 7.2) overnight at room temperature, and
embedded in paraffin blocks. Serial 5pm paraffin-
embedded tissue sections were mounted on slides. To pre-
vent selection of sections with the same islet from occurring
twice, after rehydration every sixth or seventh section was
selected to determine B-cell area, BrdU incorporation, and
apoptosis. Three sections per each rat were randomly
chosen for immunostaining as described previously.*®

Endocrine p-cells were identified by incubating paraffin-
embedded pancreatic sections with a guinea pig anti-
insulin antibody. B-cell proliferation was examined by the
incorporation of BrdU into B-cells from gerbils injected with
BrdU. Total area of the section of the pancreas and the area
of anti-insulin antibody staining were determined and the
percentage of the stained area was calculated. This incorp-
oration was determined by immunohistochemistry with
anti-insulin (Zymed Laboratories, South San Francisco,
CA, USA) and anti-BrdU antibodies (Roche, Mannheim,
Germany). Apoptosis of the P-cells was measured by
TUNEL assay (Roche) using hematoxylin and eosin to visu-
alize islets.?>?* Quantification of the B-cell area, BrdU™ cells,
and apoptotic bodies in islets was performed as described
previously.?®

Real-time quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) in islets

Total RNA was isolated from the islets using a monophasic
solution of phenol and guanidine isothiocyanate (Trizol
reagent, Gibco-BRL, Rockville, MD), followed by extraction
and precipitation with isopropyl alcohol. The cDNA was
synthesized from equal amounts of total RNA with super-
script III reverse transcriptase, and PCR was performed
with high fidelity Taq DNA polymerase. Equal amounts
of cDNA were mixed with Sybergreen mix and were ana-
lyzed using a RT-PCR machine (BioRad Laboratories,
Hercules, CA). The gene expression level in unknown sam-
ples was quantitated using the comparative CT method.”
The following primers were used for PCR reactions (5'-3'),
mouse IL-1B: sense 5-TGCAGAGTTCCCCAACTGGTAC
ATC-3, antisense 5-GTGCTGCCTAATGTCCCCTTGAA
TC-3/, mouse TNF-a: sense 5-CCTGTAGCCCACGTCGT
AGC-3, antisense: 5-TTGACCTCAGCGCTGAGTTG-3,
mouse f-actin: sense 5-CATCCGTAAAGACCTCTATG
CCAAC-3 and antisense 5-ATGGAGCCACCGATCC
ACA-3'. The primers were designed to sandwich at least
one intron in order to distinguish between the products
derived from mRNA and genomic DNA.
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Immunoblot analysis

The pooled islets of three mice were lysed in 20mM Tris
buffer (pH 7.4) containing 2mM EDTA, 137 mM NaCl, 1%
NP40, 10% glycerol, 12mM a-glycerol phosphate, and pro-
tease inhibitors. After 30 min on ice, the lysates were cen-
trifuged for 10 min at 12,000 r/min at 4 °C. After measuring
the protein content of lysates using a Bio-Rad protein assay
kit, lysates containing equal amounts of protein (30-50 pg)
were resolved by SDS-PAGE, and immunoblotting was per-
formed using specific antibodies against caspase-3, cleaved
caspase-3, and B-actin (Cell Signaling Technology) as previ-
ously described.”® Band intensities were quantified using
Imagequant TL (Amersham Biosciences, Piscataway, NJ,
USA) and the relative intensity of interested protein was
calculated based on B-actin.

Statistical analysis

All results are expressed as mean=+standard deviation
(SD). Statistical analysis was performed using SAS soft-
ware. The significance of supplementation effects on neuro-
logical impairment and glucose homeostasis after artery
occlusion was determined by one-way ANOVA followed
by Tukey’s test. In this analysis normal-control group was
included. Differences among groups with a P <0.05 were
considered statistically significant.

Results
Isoflavonoid contents in CSB, TFC, and BLFC

The contents of diadzin, genistin, and glycitin, isoflavonoid
glycosides, were higher in the ascending order of CSB,
BLFC, and TFC and on contrarily, the contents of malonyl
daidzin, malonyl glycitin, and malonyl genistin were
opposite of isoflavonoid glycosides. The contents of isofla-
vonoid aglycones, daidzein, glycitein, and genistein were
much higher in TFC and BLFC than CSB. As a result, total
isoflavonoids were decreased during fermentation, but the
ratio of isoflavonoid aglycones was greatly increased in
TFC and BLFC (Table 2).

Consumption of soybean and isoflavonoids

Gerbils in the CSB and TFC/BLFC groups daily consumed
about 35-40 and 25-30mg total isoflavonoids/kg body
weight, respectively, whereas the intake of isoflavonoid
aglycones was approximately 1mg/kg body weight for
CSB and 15-20mg/kg body weight, as calculating from
food intake and contents of isoflavonoids in the diets
(Table 1). This was equivalent of about 20-25g dried soy-
beans or Chungkookjang on a daily basis in humans using a
conversion coefficient for human dosage from experimental
animal studies suggested by the US FDA.*

Cresyl violet staining and neurological severity score

There were 58% fewer cresyl violet-positive neurons, in the
CA1 regions of the hippocampus in the control group com-
pared to the normal-control group (Figure 1). The number
of cresyl violet-positive neurons in the CAl regions was
increased in the ascending order of the control, CSB, TFC,

Table 2 Isoflavone contents in soybeans and Chungkookjang

CSB TFC BLFC

Daidzin 492 +18° 152 +£21P 62.6+5.3°
Glycitin 151 +£172 76.6+10.7° 33.5+1.2°
Genistin 8414232 257 4 38° 107 £13°
Malonyl daidzin 124 +£10° 168 +21° 215+ 178
Malonyl glycitin 24.5+£5.2° 34.3+3.2° 62.4 +£4.22
Malony! genistin 1414+£132 33.5+10.4° 95.3+15.4°
Acetyl daidzin 105+10% 19.3+2.2° 45.4+3.5°
Acetyl glycitin 61.5+3.4 - -
Acetyl genistin 146 +4.22 13.1+£1.8° 18.442.2°
Total glycosides 2,086 +268% 754 + 85° 640+ 7172
Daidzein 24.2+4.3° 177 £242 166+ 162
Glycitein 13.2+2.7° 67.4+8.5° 78.7+6.77
Genistein 22.543.5° 125+182 98.2+5.3°
Total aglycones 59.947.8° 369448 343 £ 417
Total isoflavones 2,146 £225% 1,123 +128° 983 +92°

BLFC: Chungkookjang fermented with Bacillus licheniformis; CSB: cooked soy-
beans; TFC: traditionally fermented Chungkookjang.

Values are mean+SD (n=3).

ab.c\Means in the same row with different superscripts were significantly different
by Tukey’s test at P < 0.05.

and BLFC but the number of live neurons was not as high as
in the normal-control group (Figure 1).

Artery occlusion significantly increased neurological
severity scores including dropped eyelid, bristling hair,
less muscle tone and flexor reflex, and abnormal posture
and walking patterns (Figure 2). CBS, TFC, and BLFC had
lower scores than the controls but not as low as the
normal-control group. CSB, TFC, and BLFC had different
impacts on the scores: all three diets improved hair bris-
tling and flexor reflex. BLFC exhibited the lowest scores
for eyelid drooped, muscle tone, and posture and walking
pattern.

The circulating levels of cytokines

To determine the modification of cytokines induced by
artery occlusion at two days after ischemia, IL-1B and
TNF-a levels in the circulation were markedly increased
in overnight-fasted I/R gerbils in comparison to Sham ger-
bils whereas TFC and BLFC treatment suppressed their
increase (Table 1). CSB, unfermented soybean, inhibited
the increase of TNF-a levels but not IL-1p levels. Thus, the
increases in serum levels of IL-1B and TNF-o in I/R gerbils
were associated with I/R-induced inflammation and TFC
and BLFC substantially suppressed inflammation in gerbils
with artery occlusion. The levels of cytokines in the circu-
lation were consistent with the cell apoptosis in the CA1 of
the hippocampus in I/R gerbils.

Lipid peroxide contents and cytokine expression
in the hippocampus

Since the increase of neuronal cell death by I/R may be
related to increased lipid peroxide contents and cytokines,
MDA contents and relative mRNA expression of IL-18 and
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Neuronal cell death of the hippocampal CA1 region measured by cresyl violet staining. Gerbils that underwent the ischemic by carotid artery occlusion for

8min were randomly divided into four groups, as follows: artery occlusion-induced I/R (I/R) + a high-fat diet (HFD), I/R + cooked soybean in HFD (CSB), I/

R + traditionally made Chungkookjang (TFC) in HFD, I/R 4+ Chungkookjang fermented with Bacillus licheniformis in HFD (BLFC). Sham-operated gerbils were had a HFD
as normal control. At end of the experiments live neuronal cells were measured by cresyl violet staining and the intensity was measured by image analyzers. The
percentage of cresyl violet positive neuronal cells (live cells) in the I/R group was calculated based on those of the normal-control group. Bars represent mean +SD
(n=10). *>>9Means on the bars with different superscripts were significantly different by Tukey’s test at P < 0.05.
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Figure 2 Neurological severity scores. Gerbils that underwent the ischemic by carotid artery occlusion for 8 min were randomly divided into four groups, as follows:
artery occlusion-induced I/R (I/R) + a high-fat diet (HFD), I/R + cooked soybean in HFD (CSB), I/R + traditionally made Chungkookjang (TFC) in HFD, I/
R + Chungkookjang fermented with Bacillus licheniformis in HFD (BLFC). Sham-operated gerbils were had a HFD as normal control. After 28 days after artery occlusion,

the neurological severity scores were determined. Bars represent mean+SD (n
by Tukey’s test at P < 0.05.

TNF-a, the major pro-cytokines, were measured in the
hippocampus. Similar to serum concentration, mRNA
levels of IL-1B and TNF-u in the hippocampus were much
greater in I/R than sham gerbils and CSB, TFC, and BLFC
inhibited the increase of their expression (Figure 3(a)).
BLFC-treated I/R gerbils had similar levels of IL-1f and
TNF-o as Sham gerbils. In addition to cytokine expression,
the MDA concentrations, an index of lipid peroxide, were
much greater in control gerbils than sham gerbils and CBS,
TFC, and BLFC prevented their increase in the hippocam-
pus (Figure 3(b)).

Glucose metabolism

Overnight fasted serum glucose levels were higher in I/R
control gerbils than sham gerbils, whereas pretreatment of
TFC and BLFC prevented their increase in I/R gerbils, but
the levels were not as low as Sham gerbils (Table 3). Serum

=10). @P>9eMeans on the bars with different superscripts were significantly different

insulin levels at the overnight fasting state were lower in
I/R control gerbils than Sham gerbils whereas TFC and
BLFC suppressed their decrease in I/R gerbils and the
levels in gerbils having TFC and BLFC reached the levels
of Sham gerbils (Table 3). These results indicated that the
increase of serum glucose levels in I/R gerbils was partly
associated with decreased serum insulin levels and TFC
and BLFC pretreatment prevented the attenuation of insu-
lin secretion.

During OGTT, peak serum glucose levels were higher in
I/R control gerbils than in sham gerbils, and CSB, TFC, and
BLFC treatments lowered the peak levels in I/R gerbils
(Figure 4(a)). The changes in serum glucose levels after glu-
cose loading revealed glucose intolerance in I/ R gerbils and
the glucose intolerance was prevented by soy foods in the
ascending order of CSB, TFC, and BLFC. Serum glucose
levels after peak levels were decreased in all groups but
the decrease was slightly lower in the I/R control gerbils
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Figure 3 Hippocampal mRNA expression of IL-1p and TNF-o and lipid peroxide contents. Gerbils that underwent the ischemic by carotid artery occlusion for 8 min
were randomly divided into four groups, as follows: artery occlusion-induced I/R (I/R) + a high-fat diet (HFD), I/R 4+ cooked soybean in HFD (CSB), I/R + traditionally
made Chungkookjang (TFC) in HFD, I/R + Chungkookjang fermented with Bacillus licheniformis in HFD (BLFC). Sham-operated gerbils were had a HFD as normal
control. At end of experiment, the mRNA expression of IL-1p and TNF-u (a; n =5) and the contents of malondialdehyde (MDA) as an indicator of lipid peroxides (b;
n = 10) were measured in the hippocampus by real-time PCR. Bars represent means = SD. *P°Means on the bars with different superscripts were significantly different
by Tukey’s test at P < 0.05.

Table 3 The cytokine and glucose and insulin levels in the circulation

Control (n=10) CSB (n=10) TFC (n=10) BLFC (n=10) Normal control (n=10)

Serum glucose levels (mM) 6.940.8° 6.7+0.72 6.0+0.6° 6.0+0.5° 5.440.6°
Serum insulin levels (ng/mL) 0.92+£0.12° 0.93+0.11° 1.11+0.13% 1.08+0.122 117 +0.13%
HOMA-IR 6.4+0.8 6.2+0.7 6.6+0.5 6.5+0.6 6.3+0.7
Serum interlukin-1p levels (pg/mL) 9.241.12 8.5+0.9% 7.7+£0.9° 7.5+0.9° 7.6+0.8°
Serum tumor necrosis factor-o levels (pg/mL) 20.6+2.5° 17.2+£1.9° 16.5+1.8% 16.3+£1.92 16.6 £1.92

Gerbils that underwent the ischemic by carotid artery occlusion for 8 min were randomly divided into four groups, as follows: artery occlusion-induced I/R (I/R) + a high-
fat diet (HFD), I/R + cooked soybean in HFD (CSB), I/R + traditionally made Chungkookjang (TFC) in HFD, I/R 4+ Chungkookjang fermented with Bacillus licheniformis in
HFD (BLFC). Sham-operated gerbils were had a HFD as normal control. Values are means + SD (n=10).

abcyalues in the same row with different superscripts were significantly different by Tukey’s test at P < 0.05.

than Sham gerbils. CSB, TFC, and BLFC treatment in the  gerbils whereas TFC and BLFC treatments lowered the
I/R group decreased serum glucose levels similar to those =~ AUC in I/R gerbils (Figure 4(b)). The AUC of glucose also
of Sham gerbils. remained higher in I/R gerbils during the late phase of

During the early phase of OGTT (0-40 min), the AUC of OGTT (40-120min), but its increase was prevented by
serum glucose levels was higher in I/R gerbils than Sham  CBS <TFC and BLFC in I/R gerbils and TFC and BLFC
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Figure 4 Oral glucose tolerance testing (OGTT) in ischemic gerbils. Gerbils that underwent the ischemic by carotid artery occlusion for 8 min were randomly divided
into four groups, as follows: artery occlusion-induced I/R (I/R) + a high-fat diet (HFD), I/R + cooked soybean in HFD (CSB), I/R + traditionally made Chungkookjang
(TFC) in HFD, I/R + Chungkookjang fermented with Bacillus licheniformis in HFD (BLFC). Sham-operated gerbils were had a HFD as normal control. On day 25 after
ischemia, gerbils underwent an OGTT with 2 g glucose/kg body weight after overnight fasting. The changes of serum glucose levels during 120 min (a) and area under
the curve (AUC) of serum glucose (b) and insulin (c) in the first part (0—40 min) and second part (40-120 min) during the oral glucose tolerance test. Bars and dots
represent means = SD (n = 10). *Significantly different among the groups by one-way ANOVA at P < 0.05. **°Means on the bars with different superscripts were
significantly different by Tukey’s test at P < 0.05.



304 Experimental Biology and Medicine Volume 241 February 2016

Table 4 Expression of cytokines and islet morphometry at the end of experimental periods

Normal
Control (n=4) CSB (n=4) TFC (n=4) BLFC (n=4) control (n=4)
B-cell area (%) 19.5+3.6° 23.3+3.7° 26.7 +3.5% 27.2+4.12 27.4+3.42
Absolute p-cell mass (mg) 0.94+0.12° 1.1240.14° 1.264+0.142 1.2840.152 1.2440.142
Individual B-cell size (um?) 7.5+0.9° 6.3+0.7° 6.5+0.8° 6.4+0.8° 6.14+0.7°
BrdU *cells (% BrdU™ cells of islets) 5.340.7° 5.940.7% 6.2+0.72 6.34+0.72 5.7+0.6
Apoptosis (% apoptotic bodies of islets) 20.9+2.5% 16.5+2.1° 15.4+2.0° 15.0+1.8° 14.8+1.9°

Gerbils that underwent the ischemic by carotid artery occlusion for 8 min were randomly divided into four groups, as follows: artery occlusion-induced I/R (I/R) + a high-
fat diet (HFD), I/R + cooked soybean in HFD (CSB), I/R + traditionally made Chungkookjang (TFC) in HFD, I/R + Chungkookjang fermented with Bacillus licheniformis in
HFD (BLFC). Sham-operated gerbils were had a HFD as normal control. Values are means + SD.

abeyalues in the same row with different superscripts were significantly different among I/R gerbil groups by Tukey’s test at P < 0.05.

lowered the AUC as much as Sham gerbils (Figure 4(b)).
Serum insulin levels in the early phase were lower in I/R
gerbils and BLFC prevented the decrease in insulin levels.
However, the AUC of serum insulin levels during the late
phase tended to be lower in I/R gerbils, but it was not sig-
nificantly different among the groups (Figure 4(c)) and the
soybean-based treatments did not affect the levels.

p-cell mass

Although serum glucose levels were higher in the I/R
group than Sham group, serum insulin levels were lower
in the I/R gerbil, indicating that insulin secretion may be
insufficient and it may be related to pB-cell mass. The islet
morphometry was assessed revealing that B-cell area was
markedly lower in the I/R gerbils than in the Sham gerbils
(Table 4). TFC and BLFC treatment in I/R gerbils com-
pletely prevented the loss of P-cell mass which was the
same as Sham gerbils, whereas CBS partly suppressed its
decrease (Table 4). The increase of B-cell area is related to
the sum of B-cell number and size. Despite of the decrease
in B-cell area, the individual size of B-cells was greater in the
I/R group than the Sham group and the treatment of CSB,
TFC, and BLFC inhibited the increase (Table 4). This indi-
cated that I/R induced hypertrophy and suppressed hyper-
plasia. The B-cell number is regulated by the balance of
proliferation and apoptosis. The B-cell proliferation mea-
sured by BrdU" incorporation was not different between
the I/R and Sham groups but it was increased by TFC
and BLFC treatment in I/R gerbils (Table 4). Apoptosis of
B-cells was much greater in I/R gerbils than Sham gerbils,
whereas it was suppressed in the ascending order of
CSB < TFC and BLFC (Table 4). Thus, I/R-induced f-cell
apoptosis and TFC and BLFC prevented it at the levels of
Sham gerbils.

Since the increase in B-cell apoptosis by I/R may be
related to increased cleaved caspase-3 production, the pro-
tein expression of caspase-3 and cleaved caspase-3 was
measured. The caspase-3 expression in the islets was
increased in I/R gerbils but the levels of cleaved caspase-
3 were opposite of the caspase-3 expression (Figure 5).
These changes in the I/R gerbils were reversed by TFC
and BLFC and the CSB did not prevent the increase of
cleaved caspase-3 in I/R gerbils (Figure 5).

Discussion

Artery occlusion caused extensive cell death in the hippo-
campal CA1 region and induced severe neurological symp-
toms in gerbils in comparison to Sham gerbils. The cell
death was associated with higher IL-1B and TNF-o levels.
Fermentation of soybeans remarkably increased isoflavo-
noid aglycones in comparison to unfermented soybeans.
CSB, TFC, and BLFC prevented the neuronal cell death
and the symptoms such as dropped eyelid, bristling hair,
reduced muscle tone and flexor reflex, and abnormal pos-
ture and walking patterns. All animals fed soy foods low-
ered levels of pro-inflammatory cytokines, but CSB was less
effective than TFC and BLFC. Artery occlusion induced glu-
cose intolerance primarily due to decreased insulin secre-
tion and P-cell mass. TFC and BLFC prevented the
impairment of glucose metabolism by artery occlusion.
Especially TFC and BLFC increased B-cell proliferation
and suppressed the B-cell apoptosis, probably due to
lower IL-18 and TNF-o resulting in decreased cleaved
caspase-3 which increases apoptosis. Therefore, TFC and
BLFC may prevent the neuronal cell death in the hippocam-
pal CA1 region and neurological symptoms and poststroke
hyperglycemia in gerbils with artery occlusion. The
improvement of cerebral ischemic symptoms might be
related to compositional changes of fermented soybeans,
TFC and BLFC.

Chungkookjang is traditionally made by natural fermenta-
tion with rice straw as the source of ambient bacteria in the
environment, and during the traditional fermentation the pre-
dominant bacteria is Bacillus subtilis. Previous study has
shown that the improvement of efficacy of TFC and BLFC
for antidiabetes is associated with compositional changes of
soybeans by fermentation. TFC and BLFC contain more iso-
flavonoid aglycones, soyasaponins, lysoposphatidylcholines,
dipeptides, and polyglutamate than CSB."® Previous studies
have shown that TFC improves insulin sensitivity and potenti-
ates insulinotropic action better than CSB." However, it is
difficult to standardize the quality of TFC since the fermenta-
tion bacteria cannot be modulated, but rather depends on the
bacteria present in the local environment. The antidiabetic
properties of Chungkookjang have been studied using several
Bacillus species as fermentation starters. BLFC retains the anti-
diabetic properties of the most efficacious traditional
Chungkookjang, and it is even more effective for potentiating
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Figure 5 Caspase-3 and cleaved caspase-3 protein levels in the isolated islets. Gerbils that underwent the ischemic by carotid artery occlusion for 8 min were
randomly divided into four groups, as follows: artery occlusion-induced I/R (I/R) 4 a high-fat diet (HFD), I/R + cooked soybean in HFD (CSB), I/R + traditionally made
Chungkookjang (TFC) in HFD, I/R + Chungkookjang fermented with Bacillus licheniformis in HFD (BLFC). Sham-operated gerbils were had a HFD as normal control. At
the end of experiment islets were isolated and the protein levels of caspase-3 and cleaved caspase-3 were measured from their lysate by immunoblotting assay and the
relative intensity of interested protein was calculated based on B-actin. Values are means + SD (n = 4). *®°Means on the bars with different superscripts were

significantly different by Tukey’s test at P < 0.05

glucose-stimulated insulin secretion and preventing decreases
in B-cell mass than TFC.'® Therefore, Chungkookjang has the
potential to prevent poststroke hyperglycemia that is related
to attenuated B-cell function and mass, as shown in previous
studies.'®® The present study demonstrated that TFC and
BLFC prevented the decrease in B-cell mass by decreasing B-
cell apoptosis and increasing B-cell proliferation in I/R gerbils
fed a high-fat diet better than CSB. Thus, the enhancement of
prevention was related to changes of compositional changes of
soybeans during fermentation.

The Mongolian gerbil is a useful animal model for study-
ing artificially induced transient cerebral ischemia.’ The
identified mechanism of cerebral ischemia is oxidative
stress and inflammation in transient I/R gerbils.”'® Artery
occlusion in gerbils induces global cell death, and it can be
easily detected in the cell death in the hippocampal CA1l
region by cresyl violet staining. It has been reported that
artery occlusion increases ROS production due to hypoxia.’
Increased ROS induces neuronal cell death in the brain by
increasing oxidation of unsaturated fatty acids in the mem-
brane and DNA, as indicated by increased lipid peroxida-
tion by-products.’” Chungkookjang has exhibited
antioxidant properties in previous animal studies. Kim
et al>? reported that oral administration of CK]J extract
(800mg/kg/day) for two weeks potently inhibited the for-
mation of MDA, the damage of DNA, and the formation of
micronucleated reticulocytes in KBrOs-treated mice. In the

present study, the contents of MDA, an index of lipid per-
oxidation, were higher in the hippocampus of the control
group than that of the Sham group. TFC and BLFC pre-
vented the increase in I/R gerbils, although CSB was not
as effective as BLFC. Thus, TFC and BLFC may prevent
neuronal cell death by suppressing ROS production in
I/R gerbils.

In addition to increased oxidative stress, hypoxia is clo-
sely associated with inflammation and the suppression of
inflammation is the molecular target of cerebral ischemia.*®
Pro-inflammatory cytokines, particularly IL-1p and TNF-o
are upregulated in the blood, cerebrospinal fluids, and
brain tissues during both focal and global cerebral ischemic
events.>*® IL-1B-deficient mice exhibit much less cerebral
infarct than wild-type mice and IL-1B administration results
in greater ischemic damage in rats.”® Inhibition of TNF-o
also appears to reduce ischemic brain damage and admin-
istration of TNF-u after stroke worsens brain damage.*
Secretion patterns of IL-1p and TNF-o are similar during
and after cerebral ischemia; both are markedly increased
over 72h after ischemia and then slowly decrease***
Consistent with these studies, the current results demon-
strate that serum levels of IL-1B and TNF-o. were much
higher after two days of transient artery occlusion in ger-
bils. Chungkookjang is reported to attenuate inflammation
by inhibiting NF-kB-dependent iNOS, TNF-«, and IL-6 pro-
duction induced by toll-like receptor ligands.*® The current
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study demonstrated that TFC and BLFC decreased the
levels, indicating that soybeans fermented in the traditional
manner and that BLFC fermented soybeans might be useful
for preventing neuroinflammation during cerebral
ischemia.

Although poststroke hyperglycemia has not been proven
to be a causal factor for poor outcome after stroke, several
mechanisms have been identified through which hypergly-
cemia could aggravate cerebral damage in ischemic
stroke.””*® During acute brain ischemia, hyperglycemia
may increase blood coagulation by stimulating thrombin
production and it may decrease fibrolytic activity of tissue
plasminogen activator by increasing the production of plas-
minogen activator inhibitor-1.>° Furthermore, elevated
insulin resistance may lead to prothrombotic and pro-
inflammatory states that impair fibrinolysis and increases
platelet activation as well as exacerbating the disturbance of
glucose metabolism.***! The deleterious effect of insulin
resistance may contribute to creating a vicious cycle of inci-
dent and/ or recurrent strokes. Insulin resistance can lead to
hyperglycemia and hyperinsulinemia that are associated
with increased risk of stroke.** In the present study, a
high diet was provided to increase insulin resistance to
exacerbate the outcome of the transient artery occlusion in
gerbils. Thus, the prevention of insulin resistance may
ameliorate the outcomes of artery occlusion including
global neuronal cell death and neurological symptoms as
well as glucose metabolism.

Some fermented soybean foods such as natto, douchi,
tempeh, and Chungkookjang may contain fibrinolytic
enzymes such as nattokinase which act on thrombotic and
fibrinolytic factors.**™*> Most studies have been in vitro stu-
dies.**** Therefore, the fibrinolytic activity may not be
available to animals fed the fermented soybeans since the
fibrinolytic enzymes are about 20-30 kDA proteins that
cannot be absorbed intact. However, Yamashita et al.**
demonstrated that 14-week consumption of Bacillus natto
productive protein decreases thrombus volume possibly
by enhancing endogenous thrombolysis in a dose-depen-
dent manner in a He-Ne laser-induced thrombosis animal
model. In addition, Hsia et al.*®> demonstrated that oral
administration of two capsules of nattokinase (2000 fibrin-
olysis units per capsule) daily for two months decreases
fibrinogen, factor VII, and factor VIII by about 7-19% in
healthy humans and patients with cardiovascular risk fac-
tors. Chungkookjang has also shown thrombolysis in vitro
studies*®*” and it may have thrombolysis in vivo activity in
animals. In the present study, Chungkookjang may have
contributed to the attenuated neuronal cell death by pre-
venting thrombosis, although thrombosis may not be a
major casual factor for cerebral ischemia in the transient
artery occlusion animal model.

In conclusion, TFC and BLFC improved the glucose
metabolism by potentiating B-cell survival much better
than neuronal cell death and neurological symptoms. This
suggested that TFC and BLFC directly enhanced the glu-
cose metabolism to overcome the changes by the cerebral
ischemia. Therefore, the consumption of traditionally fer-
mented Chungkookjang and especially standardized
Chungkookjang fermented with BLFC may attenuate the

adverse outcomes associated with cerebral I/R better than
non-fermented CSBs.
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