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consolidation of the blood-brain
barrier to regulate higher brain
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Objects: Recently, a non-neuronal cardiac cholinergic system, in which
cardiomyocytes are equipped with components to synthesize acetylcholine,
is considered to be important for maintaining physiological homeostasis in the
heart, according to its anti-ischemia and hypoxia effects and angiogenesis-
enhancing effects to salvage myocardium. Furthermore, it influences sustaining
blood brain barrier functions. However, it remains to be fully elucidated whether
any substance plays a role in activating the system.

Methods: Using Katsuo extract derived from dried bonito, called Katsuobushi in
Japanese, we performed in vitro and in vivo studies whether Katsuo extract
activates the non-neuronal cardiac cholinergic system and influences the
associated physiological responses, specifically focusing on anti-
inflammatory property and potentiation of blood brain barrier functions.

Results: Katsuo extract potently activates the non-neuronal cardiac cholinergic
system and the parasympathetic nervous system. In vitro and in vivo murine
models clearly showed that Katsuo extract also exerted anti-inflammatory
action by suppressing cytokine production and microglial activation against
pathogenic and non-pathogenic factors. Furthermore, it upregulated blood
brain barrier components, such as claudin-5 and occludin, strengthened the
function and prevented disruption in a brain injury model, and finally influenced
murine higher brain functions by activating resiliency against depressive or
anxiety-like behaviors.

Conclusion: Therefore, the novel findings of this study indicate that Katsuo
extract possesses characteristic anti-inflammatory and blood brain barrier
consolidation effects, and the non-neuronal cardiac cholinergic system

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fntpr.2022.969433/full
https://www.frontiersin.org/articles/10.3389/fntpr.2022.969433/full
https://www.frontiersin.org/articles/10.3389/fntpr.2022.969433/full
https://www.frontiersin.org/articles/10.3389/fntpr.2022.969433/full
https://www.frontiersin.org/articles/10.3389/fntpr.2022.969433/full
https://www.frontiersin.org/articles/10.3389/fntpr.2022.969433/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fntpr.2022.969433&domain=pdf&date_stamp=2022-09-29
mailto:k12417853@nms.ac.jp
https://doi.org/10.3389/fntpr.2022.969433
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/natural-products
https://www.frontiersin.org
https://www.frontiersin.org/journals/natural-products
https://www.frontiersin.org/journals/natural-products#editorial-board
https://www.frontiersin.org/journals/natural-products#editorial-board
https://doi.org/10.3389/fntpr.2022.969433

Hokari et al.

10.3389/fntpr.2022.969433

activation. The intake might be effective in influencing pathophysiology of
neuroinflammation-related diseases.
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Introduction

“Katsuobushi
releases

Katsuo extract (KE) is derived from
(Arabushi),” of dried bonitos,

ingredients, such as inosinic acid and amino acids, when

made umami
dissolved in hot water. In Japan KE, which is similar to so
called “katsuo dashi,” is an indispensable component of
traditional Japanese food.

KE alters the taste of Japanese food and the mood of
people who consume it (Funatsu et al., 2015). KE contains
many ingredients, such as inosine which exerts an anti-
depressive effect (Muto et al., 2014), and exerts an anti-
sympathetic nervous system effect that enhances the
parasympathetic nervous system (PNS) (Umeki et al,
2008). Therefore, KE intake often induces a relaxing effect
in humans, modulates the autonomic nervous system (ANS)
to decrease systolic blood pressure (Kouno et al., 2005), and
prevents the progression of hyperlipidemia (Matsumoto et al.,
2007). These studies provide us a consensus on the influence
of KE on higher brain functions in terms of psychological
aspects; however, constituents involved in them remain to be
fully elucidated.

To date, we have investigated modalities, by which the
non-neuronal cardiac cholinergic system (NNCCS), is
activated (Kakinuma et al., 2009; Kakinuma et al., 2013;
Oikawa et al., 2015; Oikawa et al., 2019a; Saw et al., 2021).
The NNCCS is a system in which cardiomyocytes synthesize
acetylcholine (ACh), independently of the PNS, using the ACh
synthesis enzyme, choline acetyltransferase, and choline
transporters (Kakinuma et al., 2009; Rana et al., 2010). The
NNCCS has been extensively studied for its anti-ischemic role
(Rocha-Resende et al., 2012; Kakinuma et al., 2013; Roy et al,,
2013; Gavioli et al., 2014; Roy et al,, 2016), anti-inflammatory
role (Rocha-Resende et al.,, 2019) in the heart and the other
organs including the brain, via the vagus nerve (Oikawa et al.,
2016; Oikawa et al, 2019b). Our murine model with an
NNCCS the
acetyltransferase (ChAT) gene specifically in the heart

enhanced overexpressing choline
(ChAT tg), had a higher survival rate after myocardial
infarction (MI) than wild-type mice (Kakinuma et al,
2013). Furthermore, this model presented enhancement of
the blood-brain barrier (BBB), a striking phenotype in the
brain (Oikawa et al., 2016; Oikawa et al., 2019b). Specifically,
ChAT tg expressed more claudin-5, a component protein of
the BBB, and showed a resilient phenotype against BBB
dysfunction models (Oikawa et al., 2019b).
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Based on these beneficial effects of the NNCCS on brain and
heart functions, an inducer of the NNCCS may be expected,
which can influence brain function probably through BBB
components, as well as the heart or ANS. In the current
study, we investigated whether KE can induce NNCCS and
influence BBB function through the upregulation of its

components.

Materials and methods
Animals

Male C57BL/6] mice, weighing 25-30 g, were used for the
KE administration experiments. KE was dissolved in tap water
at a concentration of 10 mg/ml. This concentration was
determined based on the concentration (1 mg/ml) used in
an in vitro experiment to investigate the anti-inflammatory
effect of KE on 1 pg/ml lipopolysaccharides (LPS)-treated
MG6 cells. KE was orally administered for 3 days to
2 weeks depending on the experimental protocol. Mice
purchased from Tokyo Laboratory Animals Science Co.,
Ltd., Tokyo, Japan, were maintained and housed at 23°C
under a strict 12-h light/12-h dark cycle. Murine chow and
water were provided ad libitum. The experimental procedures
and protocols included in this study were approved by the
ethics committee of Nippon Medical School (permission
number: 2020-011). All animal experiments were performed
in strict accordance with the recommendations of the ARRIVE
Guidelines and carried out in accordance with the National
Research Council’s Guide for the Care and Use of Laboratory

Animals.

Reagents

Dulbecco’s modified Eagle medium (DMEM) and 2-
mercaptoethanol were purchased from ThermoFisher
Scientific K. K. (Tokyo, Japan)., and LPS from Escherichia
coli O 111:B4 and TWEEN20 were from Sigma-Aldrich Co.
LLC (St. Louis, Missouri, United States). Fetal bovine serum
(FBS) was from Biowest (Nuaillé, France). All the other
chemical reagents were purchased from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan). LPS dissolved
in PBS at 1mg/ml was stored, and diluted 100 times
before use.
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TABLE 1 The natural ingredients of KE

Ingredients Results Methods

Water 92.7% Drying method by heating
Chloride ion 0.3% Coulometric titration method(w/w)
Lipids 0.2% Soxhlet extraction method

Nitrogen compounds (as N)  1.1% Combustion method

Ash 1.6% Ashing method

Katsuo extract preparation

Dried bonito “arabushi” was purchased from Kaneninishi,
Co., Ltd. “Arabushi” was sliced thinly, suspended in ultrapure
water, and then boiled at 95°C for 30 min. The suspension
containing boiled “Arabushi” slices was centrifuged and the
supernatant was collected by decantation. The supernatant
was concentrated in vacuo using a concentrator, and
reconstituted in ultrapure water at a concentration of 100 mg/
ml and used as KE after filtration using a 0.2 pum membrane (Pall
Corporation, Port Washington, New York, United States).
Nutritional ingredients of KE (100 mg/ml) were analyzed

using general methods to show in Table 1.

Measurement of cardiac acetylcholine
contents

As previously reported, the cardiac ventricles alone were
excised and homogenized in lysis buffer containing isopropyl
homocholine as an internal control, specifically prepared for
ACh measurement (Kakinuma et al., 2013). After centrifugation
and adjustment of the pH, the supernatant was purified using an
Amicon® Ultra column centrifuge filter. The flow-through was
collected and injected (10 pl) into a high-performance liquid
chromatography system to evaluate the ACh levels in the heart.

Western blot analysis

The heart (100 mg), with the atrium excluded to obtain only
the ventricle, was excised, homogenized in 1 ml of TPER buffer,
and centrifuged to obtain the supernatant. The protein
concentration in each sample was measured to adjust the
quantity in each well. The supernatant was mixed with
sampling buffer and boiled for 10 min. Electrophoresed
samples were blotted and followed by a blocking procedure
with 4% skim milk, and subjected to a reaction with a
primary antibody. Thereafter, the membrane was incubated
with an HRP-conjugated second antibody. Following a
chemical reaction with ImmunoStar (FUJIFILM Wako Pure
Chemical Corporation), signal intensity was measured using a
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C-DiGit Blot Scanner (LI-COR Corporate, Lincoln, Nebraska,
United States) (Oikawa et al., 2016; Oikawa et al., 2019a; Oikawa
etal, 2019b). The primary antibodies used were as follows: a goat
anti-ChAT polyclonal antibody (ab) (#AB144P, 1:2000, EMD
Millipore Co., Temecula, CA, United States); rabbit anti-GAPDH
monoclonal ab (#2118, 1:5000, Cell Signaling Technology,
Danvers, Massachusetts, United States); rabbit anti-claudin-
5 monoclonal ab (#ab131259, 1:1000, Abcam, Cambridge,
United Kindom); mouse anti-occludin monoclonal ab (sc-
271842, 1:500, Santa Cruz Biotechnology, Inc., Dallas, Texas,
United States); and mouse p-actin monoclonal ab (sc-47778, 1:
3000, Santa Cruz Biotechnology, Inc.).

Cold brain injury

As previously reported (Oikawa et al., 2019b), cold brain
injury was induced using a bronzed cylinder with a diameter of
4 mm, which was chilled in liquid nitrogen. Mice were
anesthetized with a mixture of medetomidine hydrochloride,
midazolam, and butorphanol (0.3, 4.0, 5.0 mg/kg/dose). Then,
the murine scalp was sagittally cut to see the right parietal bone.
The chilled cylinder was attached to the right parietal region
through the skull after skin incision for 5 s, followed by suturing
the scalp. Twenty-4 hours after injury, 3% Evans blue (200 ul)
was intraperitoneally administered. After confirming that the dye
was completely distributed, mice were cervically dislocated and
the brain was excised. A coronal slice of the brain (2-mm thick),
which maximally included Evans blue-positive area, was halved
into the right (injured region) and left (intact region). Each half-
sliced brain sample was incubated overnight with formamide at
50°C. The concentration of the leaked Evans blue solution was
determined by spectrophotometry at 590 nm absorption. In
comparison with a standardized concentration of Evans blue,
a leaked Evans blue level was determined. In addition, total RNA
was isolated from the brain subjected to cold brain injury with or
without KE treatment, followed by qPCR to evaluate mRNA
levels of cytokines, IL-6, IL1B, TNF-a, and RANTES, using their
specific primers as previously reported (Oikawa et al., 2019b).

Restraint stress
Mice were subjected to restraint stress using a wire restrainer

for 2 h, which was tightly wrapped around the mice in the
morning, as previously reported (Oikawa et al., 2016).

Tail suspension test and forced swimming
test

As previously reported, TST was performed as follows:
mice were suspended from a horizontal rod by their tails
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attached using an adhesive tape. They were suspended for
10 min and the time of immobility was measured (Oikawa
etal, 2016). In the FST, mice were placed in a cylindrical water
bath (40 cm in height x 20 cm in diameter) maintained at 23°C
(a depth 25 cm) for 10 min (Oikawa et al., 2016). The floating
duration was measured in which they quit swimming and only
appeared to keep their head above water. The duration of
immobile status was measured during the last 4 min of the test
(Oikawa et al., 2016).

Lipopolysaccharides challenge test

To evaluate the effects of KE on inflammation, mice were
treated with LPS (10 mg/kg/dose), and 4 h later, the liver was
excised to isolate total RNA and measure the mRNA expression
levels of cytokines, IL-13 and TNF-q, using qPCR (Oikawa et al,
2019b). In addition, blood was also collected 4 h after LPS
treatment to measure the concentrations of TNF-a and IL-6
using ELISA kits (Oikawa et al., 2019b).

Immunohistochemical analysis

After deeply anesthetized with the mixture of medetomidine
hydrochloride (0.3 mg/kg/dose), midazolam (4.0 mg/kg/dose),
and butorphanol (5.0 mg/kg/dose), they were perfused with
PBS through the cardiac ventricle, followed by perfusion with
4% paraformaldehyde. The excised brain was immersed in 4%
paraformaldehyde overnight, followed by immersion in 20%
sucrose for 1 day; after being embedded in OCT compound,
the brain was sectioned. After inhibition of endogenous
peroxidase and blocking, sectioned samples were reacted with
a primary ab (rabbit anti-Ibal polyclonal ab, #016-20001, 1:
500, FUJIFILM Wako Pure Chemical Corporation), followed
by a reaction with Alexa Fluor 568 goat anti-IgG ab.
Immunofluorescence signals were observed using a confocal
laser microscope (FV3000, OLYMPUS, Tokyo, Japan).

Cell culture

Primary rat brain endothelial cells (rBECs) were purchased
from PharmaCo-Cell Company, Ltd. (Nagasaki, Japan). Cells were
maintained in DMEM F-12 containing 10% FBS and heparin
(100 pg/ml), bFGF (1.5 ng/ml), ITS (10 ug/ml insulin, 5.5 ug/ml
transferrin, and 6.7 ng/ml selenite), hydrocortisone (500 nM),
and gentamicin (50 ug/ml) according to the manufacturer’s
instructions. Before treatment with KE (0.1, 1, 10 mg/ml), the
cells were subjected to serum starvation for 20 min, then
substituted to KE and cultured for 24 and 72 h. Samples were
collected to isolate total RNA for gRT-PCR or proteins for western
blot analysis. The following rat-specific primers for claudin-5 and

Frontiers in Natural Products

04

10.3389/fntpr.2022.969433

occludin were used: claudin-5: (forward) 5-TGTGTGGGCTTC
TGGCACTG-3' (reverse) 5'-GGCACCGTTGGATCATAGAAC
TC-3; occludin: (forward) 5-GGTGGCGAGTCCTGCG-3'
(reverse) 5'-CTGTTGATCTGAAGTGATAGGTGGA-3".

MG6 cells, a cell line representing murine microglial cells
immortalized with c-myc, were used for in vitro anti-inflammatory
potency assay of KE (Takenouchi et al., 2005), and purchased from
RIKEN Bio-Resource Center, Tsukuba, Japan. They were
maintained in DMEM including 10% FBS, 10 ug/ml insulin,
and 0.1mM 2-mercaptoethanol. After reaching 70%-80%
confluency, they were treated with 1 mg/ml KE and, 1h later,
with 1pg/ml LPS for 6h. Then, cell viability and cytokine
concentrations in the supernatant were evaluated using kits.

Cytotoxicity assay

Relative cell viability was determined using Cell Count
Reagent SF (Nacalai Tesque, Inc., Kyoto, Japan) according to
the protocol.  WST-8  [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt] produced a water-soluble

manufacturer’s

formazan dye. Briefly, after sampling the cell culture
supernatant (10 pl), 10 pl of Cell Count Reagent SF was added
to it. The absorbance was measured after a 2 h reaction at 450 nm
with 620 nm as the reference wavelength.

Enzyme-linked immunosorbent assay

MG®6 cells were seeded in 96-well plates at a density of 5 x 10°
cells/well in 90 ul of the specific culture medium mentioned
above. After 30 min culture at 37°C, 1 ul of KE (0, 0.01, 0.03, 0.1,
0.3, and 1 mg/ml) was applied into each well and cultured for 1 h.
The cells were then stimulated with LPS for 6 h. The supernatant
(1opl) was collected and diluted 25 times with PBS.
Then, samples were assayed for TNF-a using Mouse TNF-a
ELISA MAX Standard (BioLegend, San Diego, California,
United States).

New object recognition test

According to a previous report, mice treated with KE were
tested to determine whether KE influenced new object
recognition ability (Domachevsky et al, 2013). Briefly, the
mice were habituated to walk freely for 10 min in a cylinder,
30 cm in diameter and 30 cm in height, on day 1, followed by a
test experiencing the same objects on day 2, and the last test
experiencing different objects on day 3. The duration, distance,
and entering frequency in the area of interest were measured to
compare the differences between the control and KE-
treated mice.
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FIGURE 1

Katsuo Extract (KE) attenuates TNF-a secretion in the culture medium of MG6 cells treated with LPS. The TNF-a levels in the culture medium
increased significantly by 1 pg/ml LPS stimulus, compared to LPS (=) (*#*#p = 0.049). On the other hand, in the presence of LPS, the TNF-a levels were
dose-dependently decreased by 0.01, 0.03, 0.1, 0.3, and 1 mg/ml KE (***p = 0.049) compared to LPS (+), without influencing cell viability

[*p = 0.049 in 1 mg/mL KE vs. Control LPS(+)]

Statistics

All analyses were performed using ystat statistics software
(Igakutosho-shuppan Ltd., Tokyo, Japan). Data are expressed as
the mean * standard deviation (SD). Comparisons between two
groups were performed using a Mann—Whitney U test. For
multiple comparison, differences were assessed by one-way
ANOVA with post-hoc Dunnett’s tests.

Differences were considered statistically significant at
p-value<0.05.

Results

Katsuo extract suppresses
lipopolysaccharides-induced
inflammatory responses in MG6 cells

We first examined the effects of KE on pro-inflammatory
cytokine microglial  MG6
concentrations of KE were set and TNF-a secreted by
MG6 after LPS stimulation was measured. The TNF-a levels
were significantly decreased by KE in a concentration-dependent

secretion in cells. Various

manner compared to that in control cells exposed to LPS (+). The
inhibitory effects were 20.2, 33.9, 47.4, 60.6, and 83.0% at KE
concentrations (0.01, 0.03, 0.1, 0.3, and 1.0 mg/ml), respectively
(**p =0.049 in 1 mg/ml KE, Figure 1). Similarly, the secretion of
IL-6 was significantly inhibited in a KE concentration-dependent
manner (data not shown). However, a significant decrease in cell
viability was not observed; rather, cell viability significantly
increased in LPS (+) as compared to LPS (-) (#p = 0.049,
Figure 1), probably due to an increase in cell proliferation or
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mitochondrial metabolic activity. These results revealed that KE
dose-dependently suppressed the release of LPS-induced pro-
inflammatory cytokines in MG6 cells.

Katsuo extract attenuates inflammatory
responses to lipopolysaccharides in vivo

The KE-induced anti-inflammatory responses of MG6 cells
prompted us to further investigate anti-inflammatory influences of
KE in vivo. Mice, orally administered KE (10 mg/ml) for 3 days,
showed significantly decreased blood levels of TNF-a and IL-6
compared with control mice in response to 10 mg/ml LPS (TNF-
a: 1134 + 56.4 pg/ml vs. 190.7 + 36.0 pg/ml, n = 6, p = 0.023; IL-6:
33.9 +12.9 ng/ml vs. 67.0 £+ 15.8 ng/ml, n = 4, p = 0.039, respectively;
Figure 2A). The local effects of KE against LPS were also examined
in the liver. KE significantly decreased cytokine mRNA expression
levels in TNF-a, IL-1B, and RANTES (CCLS5), which were corrected
by B-actin mRNA levels (TNF-a: 4.5 + 1.3 vs. 104 £ 2.9, n =5,p =
0.014; IL-1B: 44 + 1.1 vs. 8.0 + 1.6, n = 5, p = 0.019; RANTES 18.1 +
4.6 vs. 29.2 + 4.8, p = 0.014; Figure 2B). These results clearly indicate
that KE suppresses inflammatory responses to LPS throughout
the body.

Katsuo extract attenuates
neuroinflammatory responses against
restraint stress

Mice were subjected to RS, which causes neuroinflammation

through stress instead of a pathogen. A mRNA expression level of
TNF-a showed a decreasing trend; however, that of IL-1{,
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KE attenuates inflammatory responses against LPS and restraint stress in vivo. (A).Orally administered KE for 3 days significantly suppressed
blood levels of TNF-a (p = 0.023) and IL-6 (p = 0.039) of mice which were once treated with 10 mg/ml LPS. (B).KE decreased the mRNA expression
levels of TNF-a (p = 0.014), IL-1p (p = 0.019), and RANTES (p = 0.014) in the liver of KE administered mice which were challenged by 10 mg/ml LPS
(C).Inrestraint stress (RS) experiments, KE also decreased the mRNA level of IL-1f (p = 0.015); however, it was associated with a decreasing trend

of TNF-a level (NS, p = 0.067), in the brain of treated mice compared with non-treated mice. (D).In KE-treated mice subjected to RS (+KE),
Ibal immunoreactive signals of microglia, which were evident in the non-treated brain, were decreased and the hypertrophied appearance of
microglia was less evident in the hypothalamus (HT) and hippocampus (HC). Scale bar: 100 pm. The lower panels showed magnified views of

microglia in the HT. Scale bar: 10 ym

corrected by the GAPDH mRNA level, in the brains of KE-treated
mice was significantly decreased, compared to those of control
mice, when subjected to 2 h of RS (TNF-a: 157.5 + 28.8 vs. 238.2 +
98.7,n=8,p=0.067; IL-1P: 89.4 + 453 vs. 1883 + 773, n=8,p =
0.015; 20), KE
neuroinflammatory responses against RS. Consistent with this,

Figure suggesting that also attenuates
immunohistochemical analysis revealed that KE suppressed
microglial responses to RS with the decreased Ibal positive cells
and attenuated hypertrophic appearance (Figure 2D). The
alteration of microglial appearance by KE also suggests that KE
plays a crucial role in suppressing neuroinflammatory response,

even in a pathogen-free inflammatory model.
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Katsuo extract activates a non-neuronal
cardiac cholinergic system, an intrinsic
acetylcholine synthesis system equipped
with cardiomyocytes

Since the cholinergic system, either neuronal or non-neuronal in
origin including NNCCS, has been extensively revealed to play an
anti-inflammatory role (Borovikova et al., 2000; Giunta et al., 2004;
Oikawa et al, 2019b; Frinchi et al., 2019), these findings prompted
us to investigate whether KE activates the NNCCS. As shown
in Figure 3, KE-treated murine hearts (2 weeks) increased
ChAT protein expression (158.7 + 50.8% vs. 100.0 + 14.1%,
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FIGURE 3

KE upregulates the NNCCS to increase ACh levels in the

heart. Mice treated with KE for 2 weeks showed increased ChAT
protein expression in the heart (p = 0.027), leading to a significant
increase in ACh content in the heart (p = 0.014).

n =5, p = 0.027), leading to significantly augmented ACh content
in the heart, compared with control hearts [7.9 £ 1.4 vs. 3.4 £ 0.7 (x
107" mol/g tissue), n = 5, p = 0.014].

TABLE 2 Effects of KE on heart rate and blood pressure.

10.3389/fntpr.2022.969433

Katsuo extract reduces heart rate in mice,
leading to activation of the
parasympathetic nervous system

A hemodynamic study was further conducted in KE-treated
mice. As shown in Table 2, 1 week KE-treated mice showed a
significant decrease in HR alone (345 + 22 bpm, n = 7, p =
0.005). Moreover, KE treatment (2 weeks) significantly decreased
HR (361 + 36 bpm vs. 461 + 70 bpm, n =7, p = 0.010) and decreased
systolic and diastolic blood pressure (SBP: 122.5 + 7.9 mmHg, n=7,
p=0.017; DBP: 90.7 + 9.1 mmHg, p = 0.010; Table 2). These results
indicate that KE also influences the activation of the PNS.

Katsuo extract-treated mice share critical
brain phenotypes with the murine non-
neuronal cardiac cholinergic system
activated model

Our murine model of activated NNCCS, represented by ChAT
tg (Kakinuma et al., 2013), included modification of higher brain
functions, such as anti-stress, anti-depression, and anti-anxiety
phenotypes, as well as consolidation of BBB functions, (Kakinuma
et al., 2013; Oikawa et al., 2016; Oikawa et al., 2019b). We further
studied whether KE-treated mice presented phenotypes in the
CNS similar to those of ChAT tg. Figure 4 showed that KE
attenuated depression-like phenotypes in mice because
immobile durations of KE-treated mice both in the TST and
EST were significantly shortened compared with non-treated mice
(TST:173 +26 svs.315+385,n="5-6,p=0.010; FST: 78 £ 16 s vs.
120 £43 5,1 = 10, p = 0.007). The anti-depression-like phenotypes
of KE-treated mice were comparable to ChAT tg.

Katsuo extract-treated mice upregulate
blood-brain barrier component protein
expression

KE was found to attenuate inflammatory responses in the
brain with reduced Ibal positive immunoreactivity (Figure 2D),
suggesting that KE suppresses microglial activation induced in

1 week 2 week

control + KE control + KE
HR (bpm) 410 + 36 345 + 22(P=0.005) 461 + 70 361 + 36(P=0.010)
SBP (mmHg) 116.6 + 14.8 123.8 + 12.0 134.1 + 34 122.5 + 7.9(P=0.017)
DBP (mmHg) 89.3 + 133 95.6 + 12.9 104.6 + 7.9 90.7 + 9.1(P=0.010)
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FIGURE 4

KE decreases the immobile duration of mice in a test

evaluating a depression-like condition. In both tail suspension test
(TST) (p = 0.010) and forced swimming test (FST) (p = 0.007), KE
significantly decreased the duration of immobility in mice
compared with that in non-treated mice

RS. Western blot analysis using brain lysates from mice
subjected to RS revealed that the protein expression levels of
BBB components, specifically claudin-5 and occludin, were
influenced by KE. Specifically, as shown in Figure 5A, RS
decreased occludin protein expression; however, KE suppressed
this reduction (occludin: KE vs. RS alone, 105.9% + 22.0% vs.
61.8% +10.6%, F (2,15) = 15.14, p < 0.01). In contrast, claudin-5
expression levels were upregulated by KE, even with RS
(claudin-5: KE vs. RS alone, 179.2% + 12.8% vs. 118.1% =+
5.7%, F (2,12) = 24.45, p < 0.01). Consequently, GFAP (a
marker of astrocytes) protein expression was attenuated in KE
compared with RS (KE vs. RS alone, 69.8% + 8.1% vs. 100.3% +
5.6%, F (2,15) = 6.67, p < 0.01) due to decreased extravasation
triggered by increased BBB consolidation. (Figure 5A). These
results suggest that KE upregulates the protein levels of the
BBB components.

In addition, to strengthen a link between KE and BBB
function, mice were subjected to cold brain injury (CBI), a
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representative BBB dysfunction model, in which BBB function
was transiently disrupted by CBI leading to the leakage of Evans
blue dye specifically in the injury region. Compared with control
mice, KE-treated mice showed significantly less leakage of Evans
blue in the brain (5.1 + 1.1 pg/ml vs. 2.8 + 0.8 ug/ml, n = 10, p =
0.002, Figure 5B).

These results prompted us to further investigate whether KE
upregulates claudin-5 under intact conditions in vitro and in
vivo. Rat primary brain endothelial cells (rBECs) treated with
1.0 mg/mL KE increased mRNA expression levels of both
occludin and claudin-5 after 72 h (occludin: 432.1%; claudin-
5: 442.6%, data not shown). This trend was confirmed using
Western blot analysis of rBECs. Specifically, claudin-5 protein
expression was upregulated after 72 h-treatment with KE
(1932% + 9.2%, n = 3-4, p = 0.036, Figure 5C). Furthermore,
compatible with this, control mice treated with KE also increased
claudin-5 protein expression in the brain (197.2% + 55.7%, p =
0.034, Figure 5D). Due to the upregulation of the BBB
component in KE-treated murine brain, gene expression of
cytokines was significantly attenuated even in the control mice
compared with non-treated mice (IL-6: 4.9 + 1.7 vs. 139.5 + 85.0,
p =0.025 IL-1B: 3.7 + 1.6 vs. 45.1 + 29.2, p = 0.025; RANTES:
4.7 £ 1.9 vs. 73.5 £ 52.1, p = 0.025, Figure 5E). Together, these
results clearly indicate that KE positively regulates BBB
components and sustains its function in a pathological model,
which are shared with ChAT tg, that is, consolidated functions of
BBB in the ChAT tg brain.

Katsuo extract influences murine higher
brain function

As demonstrated, KE plays a role in suppressing systemic and
local inflammation and enhancing BBB function. These data
prompted us to investigate whether KE can influence murine
behavior using a new object recognition test. As shown in
Figure 6, KE-treated mice stayed for a more prolonged time
with more frequency and distance in the central area between two
objects (duration: 22 + 12s vs. 7 + 18s, n = 11, p = 0.003;
frequency: 11 + 7 vs. 3 £ 5, n = 11, p = 0.004; distance: 751.9
453.8 mm vs. 233.4 + 376.0 mm, n = 11, p = 0.010). This finding
suggests that KE attenuates the cautious mood of mice.

Discussion

This study demonstrates for the first time that KE not only
upregulates the NNCCS, but also shows the phenotypes of the
murine activated NNCCS model, that is, heart-specific ChAT tg.
Specifically, KE
provides mice with resilience to a depression-like phenotype

suppresses pro-inflammatory responses,

and anxiety, and positively regulates BBB components to
strengthen BBB functions. Although KE are known to exert a
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(Continued).

relaxing effect, the anti-inflammatory and BBB-reinforcing
effects are considered to be novel. Particularly, no studies
have reported on the aspects of upregulation of claudin-5 to
further consolidate the BBB.

The NNCCS is a system equipped with cardiomyocytes to
synthesize ACh independent of the PNS since cardiomyocytes
possess all components of the machinery, including choline
transporter (CHT1), ChAT,
(VACKT), and acetylcholinesterase (AChE) (Kakinuma
2009); although reports indicated that ACh was
detected in cardiomyocytes, detailed investigation of these

vesicular ACh transporter
et al.,

aspects had not been conducted. Recently, it has been
proven that the NNCCS is a crucial machinery for
cardiomyocytes in terms of physiological homeostasis
(Kakinuma et al.,, 2009; Rana et al., 2010;
et al., 2012; Kakinuma et al., 2013; Roy et al., 2013; Gavioli

etal, 2014; Roy et al., 2016; Saw et al., 2021). Our recent study

Rocha-Resende
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clearly showed that downregulation of NNCCS caused cardiac
dysfunction due to enhanced ROS exposure to the heart,
dysregulated cardiac energy metabolism, especially resulting
in impaired glucose metabolism with downregulated protein
expression of glucose transporter-4, and malfunction of
NOS1 in the heart (Oikawa et al., 2021). However, when
the NNCCS was activated, as shown by ChAT tg, they were
remarkably resistant to ischemic insults, including myocardial
infarction (MI); ChAT tg subjected to MI survived more than
2013).
Based on the murine model results, we suggest that an NNCCS

WT mice in the chronic MI phase (Kakinuma et al.,

inducer is mandatory as a therapeutic modality to positively
influence the resilient properties of cardiomyocytes. We then
searched for an inducer and finally obtained several candidates
2009; Oikawa et al., 2015; Oikawa et al.,
2019a), among which KE was identified to enhance the
NNCCS.

(Kakinuma et al.,
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FIGURE 5

(Continued). KE sustains protein expression levels of BBB components in vivo and in vitro. (A).RS caused a decrease in occludin expression (p <
0.01); however, KE upregulated the levels to that found in the control (p < 0.01). Concomitantly, KE upregulated claudin-5 protein expression in RS
(p < 0.01) but reciprocally downregulated GFAP expression (p < 0.01). (B).In cold brain injury (CBI), Evans blue leakage from the subjected brain
hemisphere was significantly suppressed by KE (p = 0.002). (C) and (D).KE significantly increased claudin-5 protein expression in cultured rat
brain endothelial cells (p = 0.036) in vitro (C) and in the brain in vivo (p = 0.034) (D). (E).Gene expression of IL-6 (p = 0.025), IL-1f (p = 0.025), and
RANTES (p = 0.025) was significantly decreased in the intact brain by KE
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KE influences higher brain functions of mice. Although the total distance travelled by mice during the whole test was comparable between non-
treated mice and KE-treated mice, mice with KE preferentially entered the central area and stayed there longer than non-treated mice.

As a second novel result of this study, KE was found to play a
role in inhibiting a proinflammatory reaction. Our in vitro
study using MG6 cells showed that KE efficiently suppressed
TNF-a production in response to LPS. The optimized
concentration of KE for an in vitro anti-inflammatory
response was approximately 0.1-1.0 mg/ml, which was
preliminarily confirmed to have the comparable potency to
that of several immunosuppressants (cyclosporine A and
FK506; data not shown). KE can be a more suitable
therapeutic compound, as it is derived from dried bonito
be than

immunosuppressants. Even in an in vivo model, KE exerted

and considered to less harmful
its anti-inflammatory action, for example, the effects of KE on
LPS-induced systemic inflammation, as well as on RS and
intact brain responses, where KE downregulated local cytokine
expression levels in the liver, brain, and blood. Moreover, KE
attenuated microglial responses to RS. Based on these results,
KE was found to possess an anti-inflammatory activity.
From our nutritional analysis of KE, we consider that

compounds containing nitrogen, such as polyamines, amino
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acids, peptides, and nucleic acids, which are well known to be
included in “Katsuobushi,” may suppress inflammation and
activate NNCCS. For example, it has been reported that
spermidine and spermine possess anti-inflammatory effects
(Zhang et al., 1997; Choi and Park, 2012) and that dipeptide
Leucine-Histidine attenuates microglial activation (Ano et al.,
2019). Therefore, we have now purified and analyzed KE to
identify a specific and responsible active compound through
effects  of and BBB
consolidation, although some of compounds, mentioned

monitoring anti-inflammation
above, are also found in KE as one of candidate ingredients
for the specific effects.

Cholinergic agonists also play a role in suppressing
inflammation. Nicotine, a representative nicotinic receptor
agonist, an a7 nicotinic receptor agonist, and ACh have been
reported to have anti-inflammatory effects in many in vitro and
in vivo experimental models (Giunta et al., 2004; Frinchi et al.,
2019). In addition, stimulation of the vagus nerve has been
reported to negatively regulate inflammatory responses in vivo
(Borovikova et al., 2000). All these studies have supported the
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concept that the cholinergic system acts as an anti-inflammatory
machinery (Rosas-Ballina and Tracey, 2009). Thus, KE was
confirmed to possess anti-inflammatory potency and activate
the NNCCS. Furthermore, KE decreased the HR in the treated
mice, suggesting that KE also activated the PNS. Whether KE
includes ACh or its agonistic compounds needs further
examination; however, it is thought that KE activates the
local and systemic cholinergic systems, which may involve its
anti-inflammatory effects. This is another novel finding of this
study.

We have already reported that, when the NNCCS is activated
by ChAT tg mice, extra-cardiac organs may be influenced
probably through the vagus nerve ascending pathway. Among
several organs innervated by the vagus nerve, the brain is initially
influenced by the activated NNCCS to modulate higher brain
functions and sustain BBB integrity (Oikawa et al, 2016;
Oikawa et al., 2019b). Since KE stimulates the NNCCS, it is
expected that KE also modulates BBB and higher brain
functions. Exactly, KE-treated mice showed an anti-
depression-like phenotype, which was shared by ChAT tg
mice. In addition, they possessed an anti-BBB injury
phenotype with less leakage of systemically administered
Evans blue dye than untreated mice, when they were
subjected to CBI. Furthermore, intact mice treated with KE
alone showed upregulated claudin-5 protein expression, and
primary cultured rBECs also upregulated gene expression of
claudin-5 and occludin, and claudin-5 protein expression in
response to KE. These results clearly demonstrate that KE
upregulates BBB components and strengthens BBB integrity,
which are common with ChAT tg. This is the third novel
finding of this study, since it has never been reported that KE
regulates BBB integrity. Recently, one report indicated that an
a7 nicotinic receptor agonist upregulates the BBB component
of endothelial cells in vitro (Kimura et al., 2019), supporting
our speculation that KE directly regulates BBB function maybe
through a cholinergic pathway.

Consequently, anti-inflammatory and BBB consolidation
effects of KE influenced higher brain function, as shown by a
new object recognition test. KE accelerated mice to enter an open
central region more frequently and stayed there for a long time.
These results suggest that KE attenuates anxiety in mice.
Therefore, it is possible that KE may positively modulate
mood partly through the loss of anxiety and depression-like

phenotypes.

Conclusion

Systemic administration of KE plays a role in suppressing
inflammatory responses, activating the NNCCS and the PNS,
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and strengthening BBB functions, which are evidently shared by
phenotypes of the NNCCS-activating murine model. Therefore,
this study provides novel characteristics of KE which may be used
for influencing those targets.
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