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Alleviation of cognitive impairment by gut
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suppressing Lactobacillus plantarum and
Bifidobacterium longum in micet
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Bacterial lipopolysaccharide (LPS) is a risk factor for the outbreak of Alzheimer's disease. Therefore, we
isolated Lactobacillus plantarum NK151 and Bifidobacterium longum NK173 from a human fecal bacteria
collection, which inhibited Escherichia coli LPS production, and examined their effects on the Escherichia
coli K1- or LPS-induced cognitive impairment in mice. Oral gavage of NK151, NK173, or their (4:1)
mixture (NKm) significantly alleviated Escherichia coli K1-induced cognitive impairment-like behaviors in
the Y-maze and novel object recognition tasks. Their treatments decreased IL-1p, IL-6, and TNF-a
expression and NF-kB*/Ibal* and LPS*/Ibal® cell populations in the hippocampus, while the brain-
derived neurotrophic factor (BDNF)*/neuronal nuclei (NeuN)* cell population and BDNF to proBNDF
expression increased. They suppressed LPS-induced cognition impairment-like behaviors and neuroi-
nflammation marker levels in the hippocampus. Treatment with them reduced Escherichia coli K1- or
LPS-induced LPS and apolipoprotein E levels in the blood and inflammatory marker levels in the colon.
Furthermore, treatment with them modulated fecal Proteobacteria, Bacteroidetes, and Verrucomicrobia
populations. Of these gut bacteria, Bacteroidaceae, Odoribacteraceae, Lactobacillaceae,
Bifidobacteriaceae, Rikenellaceae, Helicobacteraceae, and Deferribacteraceae are correlated with cogni-
tive function and blood and fecal LPS levels. These findings suggest that NK151 and NK173 may alleviate

cognitive impairment with colitis by upregulating NF-kB-mediated BDNF expression through the suppres-
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sion of fecal and blood bacterial LPS levels.

1. Introduction

Dementia is a neurodegenerative disorder characterized by a
progressive decline in behavioral and cognitive functions."?
The most common form of dementia in aged adults is
Alzheimer’s disease (AD). The pathogenesis of AD includes
neuroinflammation, neurotransmitter imbalance, amyloid-
beta (AB) aggregation, and neurofibrillary tangle formation in
the central nervous system.>* AP aggregation and neuroin-
flammation are promoted by gut dysbiosis and bacterial lipo-
polysaccharide (LPS) overproduction.>® Blood LPS levels in AD
patients are significantly higher than in healthy control.”

The gut microbiota communicates with the brain through
the microbiota-gut-brain (MGB) axis.®®° Exposure to stressors
such as antibiotics and immobilization causes gut dysbiosis
and bacterial LPS overproduction.'®'" Excessive, chronic
exposure to LPS induces inflammatory responses including
NF-kB activation and tumor necrosis factor (TNF)-a and inter-
leukin (IL)-6 expression in the peripheral and systemic
immune cells, inducing apolipoprotein E (apoE) in the blood
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and suppressing brain-derived neurotropic factor (BDNF)
expression in the brain.'>™** Brain-derived neurotrophic factor
(BDNF) regulates the neuronal synaptic plasticity in the peri-
pheral and central nervous system."*>'® Moreover, blood BDNF
is lower in AD patients than in healthy individuals."”"*® ApoE,
a principal cholesterol carrier, directly binds LPS in the blood
and delivers it to the liver, which degrades LPS.'**° TNF-a
expression suppressing Lactobacillus mucosae NK41 alleviates
Escherichia coli K1-induced cognitive impairment in mice by
regulating NF-kB-mediated BDNF expression.”' Lactobacillus
plantarum C29 improves cognitive impairment in 5XFAD and
aged mice by modulating NF-kB-mediated BDNF
expression.”>** Bifidobacterium longum NK46, which inhibits
gut bacterial growth in vitro and NF-xB activation in BV-2 cells,
suppresses cognitive decline in 5XFAD transgenic and aged
mice by suppressing microbiota LPS-mediated NF-kB acti-
vation.** Lactobacillus brevis OW38 alleviates cognitive decline
in aged mice by inhibiting gut microbiota LPS production and
suppressing p16 expression.”” These findings suggest that the
suppression of BDNF expression by LPS-mediated NF-xB acti-
vation can cause cognitive impairment and reducing the over-
production of LPS by the gut microbiota and blood LPS level
may be beneficial for the therapy of cognitive impairment.

The aim of the present study was to elucidate whether gut
microbiota LPS production-suppressing probiotics could allevi-
ate gut dysbiosis-induced cognitive impairment. Therefore, we
isolated Lactobacillus plantarum NK151 and Bifidobacterium
longum NK173, which inhibited the LPS production of
Escherichia coli K1 in vitro, from the human fecal bacteria col-
lection, and examined their effects on the Escherichia coli K1-
or LPS-induced cognitive impairment in mice.

2. Materials and methods

2.1. Materials

LPS (from Escherichia coli) and 4’,6-diamidino-2-phenylindole
dilactate (DAPI) were purchased from Sigma (St Louis, MO).
The De Man, Rogosa, and Sharpe (MRS) medium was pur-
chased from BD (Franklin Lakes, NJ). The general anaerobic
medium (GAM) was purchased from Nissui Pharmaceutical
Co. (Tokyo, Japan). The antibody for NF-kB was purchased
from Cell Signaling Technology (Danvers, MA). Antibodies for
CD11c, Ibal, and BDNF were purchased from Abcam
(Cambridge, UK). The antibody for NeuN was purchased from
Millipore (Burlington, MA). Alexa Fluor 488 and Alexa Fluor
488 594 were purchased from Invitrogen (Carlsbad, CA).
Enzyme-linked immunosorbent assay (ELISA) kits for IL-1f,
IL-10, and TNF-a were purchased from Ebioscience (Atlanta,
GA). A Limulus Amebocyte Lysate (LAL) assay kit was pur-
chased from Cape Cod Inc. (East Falmouth, MA). A QIAamp
Fast DNA stool mini kit was purchased from Qiagen (Hilden,
Germany). EasyTaq DNA polymerase and 100 bp plus II DNA
ladder were purchased from TransGen Biotech (Beijing,
China). TB Green® Premix Ex Taq™ II was purchased from
Takara Bio (Shiga, Japan).
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2.2. Isolation of Escherichia coli K1 LPS production-
suppressing probiotics

Escherichia coli K1, which was isolated as a gut bacterium
causing depression and memory impairment from human
feces,>*® and probiotics, which were selected from human
fecal bacteria collection, were cultured in GAM broth at 37 °C
for 24 h. Thereafter, Escherichia coli K1 (1 x 10> CFU mL™") and
probiotics (1 x 10* or 1 x 10° CFU mL™") were simultaneously
inoculated into GAM broth (10 mL) and anaerobically cultured
at 37 °C for 24 h. These cultured broths were centrifuged at
15 000g and at 4 °C for 20 min. The resulting supernatant was
successively filtered through 0.45 pm and 0.22 pm filters. The
LPS level was measured in the supernatant using a LAL assay
kit.

2.3. Culture of Lactobacillus plantarum NK151 and
Bifidobacterium longum NK173

Gut bacteria including NK151 and NK173 were cultured in
general media for probiotics, such as De Man, Rogosa and
Sharpe (MRS) broth, and centrifuged at 5000g and 4 °C for
20 min, and washed with saline. For the in vivo experiment,
the cells were collected, and freeze-dried and suspended in 1%
maltose.

2.4. Animals

Specific pathogen-free C57BL/6 mice (male, 19-22 g, 6 week-
old) were purchased from Koatech (Pyungtaek-Shi, Korea). All
mice were housed in the plastic cage with the 5 cm-raised wire
floor under standard conditions (temperature, 20-22 °C;
humidity, 50 + 10% humidity; and light/dark cycle, 12 h), fed
standard laboratory chow and water ad Ilibitum. Mice were
acclimated for one week before being used in the experiment.
Each group consisted of seven mice. All animal experiments
were approved by The Committee for the Care and Use of
Laboratory Animals in Kyung Hee University (IACUC No.,
KHUASP(SE)-20331) and performed according to The Kyung
Hee University Guidelines for Laboratory Animals Care and
Usage.

2.5. Preparation of mice with cognitive impairment

Mice with cognitive impairment were prepared, as previously
reported.>*® First, the mice were randomly divided into five
groups (NC, EC, NK151, NK173, and NKm). Escherichia coli K1
(EC, 1 x 10° CFU per mouse per day) were orally gavaged once
a day for 5 days except for the NC group. In the NC group, 1%
maltose (vehicle) was orally gavaged instead of Escherichia coli
K1. Test agents (NC, vehicle; EC, vehicle; NK151, 1 x 10° CFU
per mouse per day of Lactobacillus plantarum NK151; NK173,
1 x 10° CFU per mouse per day of Bifidobacterium longum NK173;
NKm, 1 x 10° CFU per mouse per day of NK151 and NK174
[4: 1] mixture) were orally gavaged once a day for 5 days from
the day after the final gavage of Escherichia coli K1. Second,
mice were randomly divided into five groups (NC, LPS, NK151,
NK173, and NKm). LPS (10 pg kg~ day ') was intraperitoneally
injected once a day for 5 days except for the NC group. In the
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NC group, 1% maltose (vehicle) was intraperitoneally injected
instead of LPS. Test agents (NC, vehicle; LPS, vehicle; NK151, 1
x 10° CFU per mouse per day of Lactobacillus plantarum
NK151; NK173, 1 x 10° CFU per mouse per day of
Bifidobacterium longum NK173; NKm, 1 x 10° CFU per mouse
per day of NK151 and NK173 [4:1] mixture) were orally
gavaged once a day for 5 days from the day after the final injec-
tion of LPS.

For the assay of cognitive function, the Y-maze and novel
object recognition (NOR) tasks were performed 20 h after the
final gavage of test agents. The Y-maze was performed in a
three-arm horizontal maze (40 cm long and 3 cm wide with
12 cm-high walls) according to the method of Jeong et al.”” A
mouse was initially placed within one arm and the sequence
and number of arm entries were manually recorded for 8 min.
A spontaneous alternation was defined as entries into all three
arms on consecutive choices. The ratio (%) of actual to poss-
ible alternations was calculated. The NOR task was performed
in the apparatus consisting of a dark-open field box (45 x 45 x
50 cm) according to the method of Jeong et al.>” For the first
trial, a mouse was placed in the box containing two identical
objects and the frequency of touching each object was
recorded for 10 min. In the second trial conducted 24 h after
the first trial, a mouse was placed in the box containing one of
the old objects used in the first trial and a new object. Novel
object recognition was calculated as the ratio of the number of
times touching the new object to the sum of the touching
frequencies.

Mice were sacrificed 3 h after the final behavioral task by
CO, inhalation. Blood, colon, brain, and stool were removed
and stored at —80 °C for further experiments.

2.6. Myeloperoxidase activity assay, ELISA, and
immunoblotting

Myeloperoxidase activity was assayed according to the method
of Jang et al.'* The assay of corticosterone, apoE, IL-1f, IL-10,
and TNF-a expression levels were performed using commercial
ELISA kits.”! p-p65, p65, BDNF, and f-actin expression levels
were determined according to the method of Jang et al.'!

2.7. Immunofluorescence staining

Immunofluorescence assay was performed, as reported
previously."*?" Mice were perfused transcardially with 4% par-
aformaldehyde. Their hippocampus and colon tissues were
post-fixed with 4% paraformaldehyde, immersed in 30%
sucrose solution, frozen, and sectioned. The sections were
incubated with antibodies for NF-xB (1:100), CD11c (1:200),
Ibal (1:200), BDNF (1:200), and/or NeuN (1:200) overnight
and then treated with Alexa Fluor 488 (1:200)- or Alexa Fluor
594 (1:200)-conjugated secondary antibody. The cell nucleus
was stained with DAPL. The immunofluorescence-stained
section was observed with a confocal microscope.

2.8. Microbiota 16S rRNA gene sequencing

Bacterial genomic DNA was isolated from fresh mouse stool
using a QIAamp DNA stool mini kit, as reported previously,>'
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and amplified using barcoded primers, which targeted the
bacterial 16S rRNA V4 gene region. Amplicon sequencing was
performed using Illumina iSeq 100 (San Diego, CA).
Sequenced reads were stored in the NCBI's short read archive
(accession number, PRJNA726149).

2.9. Whole genome analysis

The sequencing libraries were prepared according to the man-
ufacturer’s instructions of 20 kb Template Preparation using
the BluePippin™ Size-Selection System using the PacBio DNA
Template Prep Kit 1.0. NK151 genome sequence (5 contigs)
was obtained by using the PacBio RSII platform and the com-
plete NK173 genome sequence (1 contig) was obtained by
using the PacBio Sequel platform.

2.10. Statistical analysis

Data values are indicated as the means + standard deviation
(SD). The significance was analyzed by using one-way analysis
of variance with Tukey’s multiple comparison test (p < 0.05)
and the correlation between the gut microbiota and cognitive
function or the LPS level in the blood and feces was deter-
mined by Pearson’s correlation coefficient, using Graph-Pad
Prism 9 (GraphPad Software Inc., San Diego, CA).

3. Results

3.1. NK151 and NK173 inhibited Escherichia coli K1 LPS
production in vitro

First, to select gut bacterial LPS production-inhibitory probio-
tics, we incubated Escherichia coli K1 with gut bacterial strains
isolated from human feces. Of the tested gut bacteria, NK151
and NK173 suppressed the secretion of LPS from Escherichia
coli K1 most strongly (Fig. 1). NK151 and NK173 were identi-
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Fig. 1 Effects of NK151 and NK173 on the LPS production in
Escherichia coli K1. (a) Effects on the LPS production in the intact bac-
teria (precipitate). (b) Effects on the LPS production in the supernatant.
Escherichia coli K1 (EC, 1 x 10° CFU) in the absence or presence of
NK151 or NK173 (I, 1 x 10* CFU; h, 1 x 10° CFU) was anaerobically cul-
tured at 37 °C for 24 h in general anaerobic medium. The LPS level was
assayed in the supernatant of cultured media using an ELISA kit. Data
represent the mean + SD (n = 5 per group). #* p < 0.05 vs. NC; * p < 0.05
vs. EC.
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Bifidobacterium longum, respectively, on the basis of the results
of gram staining, API 50 CHL kit assay, 16S rDNA, and whole
genome sequences. The genome of NK151 was 3 288981 bp
with a GC content of 44.5% (Fig. 2 and ESI Table S17). The
total number of CDS was 3930. The number of tRNA genes was
70 and of rRNA genes was 16. The genome sequence of NK151
showed phylogenetic similarity to Lactobacillus
(Lactiplantibacillus)  plantarum NCTC13644 (99.0%),
Lactobacillus (Lactiplantibacillus) argentoratensis DSM163565
(95.5%), and Lactobacillus (Lactiplantibacillus) paraplantarum
DSM10667 (86.1%), using OrthoANI. The genome of NK173
was 2 507 434 bp with a GC content of 59.9% (Fig. 2). The total
number of CDS was 2077. The number of tRNA and rRNA
genes was 59 and 12, respectively. The genome sequence of
NK151 showed phylogenetic similarity to those of
Bifidobacterium longum JCM1217 (98.6%), Bifidobacterium

(b)
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longum DSM20211 (96.3%), and Bifidobacterium longum
ATCC15697 (95.0%). NK151 and NK173 did not show hemoly-
tic activity in the blood agar plate.

3.2. NK151 and NK173 alleviated cognitive function, colitis,
and gut dysbiosis in mice with Escherichia coli K1-induced
cognitive impairment

In the preliminary study, we examined the effects of NK151 at
doses of 1 x 10* and 1 x 10° CFU per mouse per day against
cognitive impairment in mice orally gavaged with Escherichia
coli K1. NK151 at a dose of 1 x 10° CFU per mouse per day sig-
nificantly alleviated cognitive impairment in mice with
Escherichia coli K1-induced cognitive impairment than at a
dose of 1 x 10® CFU per mouse, while it did not affect the cog-
nitive function in control mice (data not shown). Therefore, we
examined the effects of NK151 and NK173 at a dose of 1 x 10°
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Fig. 2 Taxonomic classification by genome-wide comparative analysis of NK151 (A) and NK173 (B). (a) The pseudochromosome drawn from 5
contigs. The outermost circle indicates contig. The inner circle is the color coded for the CDS information analyzed in the forward strand, and the
inner circle is the CDS information analyzed in the reverse strand. The fourth circle from the outside represents tRNA (blue) and rRNA (red). The
inner circle indicates GC skew metric information (green, higher than the average; red, lower than the average). The innermost circle is GC ratio
metric information (blue, higher values than average; yellow, lower values) GC skew and GC ratio metrics are displayed at 10 kb intervals. (b)
Neighbor-joining tree based on the OrthoANI distance matrix (analyzed using UPGMA dendrogram, Newick format). (c) The pairwise ortholog matrix
table (generated and colored according to the similarity between matching sequences).
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CFU per mouse per day on Escherichia coli K1-induced cogni-
tive impairment in mice (Fig. 3). Oral gavage of Escherichia coli
K1 significantly reduced the spontaneous alternation in the
Y-maze task and exploration in the NOR task to 73.2% and
53.1% of the control group, respectively. However, oral admin-
istration of NK151, NK173, or NKm significantly alleviated
Escherichia coli K1-suppressed spontaneous alternation to
93.4%, 94.1%, and 97.1% of the control group, respectively,
and exploration to 77.4%, 102.4%, and 109.7%, respectively
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/Q EC NK151 and NK173

VVVVYVYVYVV VYV
¢ ¢
[T 1T 1T 1T T T T 1T 1]
012 3 456 7 8 91011 12
Time (day)

TNORT, Sacrifice
Y-maze

(d) (e)
3, ZI1BDNF/pro-BDNF
I p-p65/p65

View Article Online

Food & Function

(Fig. 3b and c). Furthermore, their treatments reduced
Escherichia coli K1-induced IL-1p and TNF-a expression and
NF-kB activation in the hippocampus, while BDNF and IL-10
expression and BDNF to proBDNF expression ratio increased
(Fig. 3d-g). They also reduced Escherichia coli K1-induced NF-
kB'/Ibal® and LPS'/Ibal’ cell populations, while the
Escherichia coli K1-suppressed BDNF'/NeuN" cell population
increased (Fig. 3h). Furthermore, they significantly decreased
LPS and apoE levels in the blood (Fig. 3i and j). Oral gavage of
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Fig. 3 NK151 and NK173 alleviated Escherichia coli K1-induced cognitive impairment in mice. (a) Experimental procedure. (b) Effects on the spon-
taneous alternation in the Y-maze task. (c) Effects on the exploration (preference index) in the novel object recognition task. Effects on the BDNF
and pro-BDNF expression, NF-KB activation, and their intensities (d), IL-1p (e), TNF-a (f), and IL-10 expression (g) and BDNF*/NeuN™, LPS*/Ibal™,
and NF-kB*/Ibal* cell populations (h) in the hippocampus. Effects on the LPS (i) and APOE levels (j) in the blood. Cytokines were assayed using
ELISA kits. NK151, NK173, their mixture (NKm), or Escherichia coli K1 (EC, 1 x 10° CFU per mice per day) was orally gavaged. The control group (NC)
was treated with the vehicle instead of test agents. Data values were described as mean + SD (n = 7). #p < 0.05 vs. NC. *p < 0.05 vs. EC.
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Escherichia coli K1 also caused colitis (Fig. 4). However, oral
administration of NK151 and/or NK173 significantly alleviated
the Escherichia coli K1-induced colon shortening, macroscopic
score, myeloperoxidase activity, IL-18 and TNF-a expression,
NF-kB activation, and NF-xB'/Iba1" cell population, while IL-10
expression was increased. Furthermore, they decreased the
Escherichia coli K1-induced LPS level in the feces. Of these,
NKm alleviated Escherichia coli K1-induced neuroinflammation
and colitis most potently.

Next, we investigated the effect of NKm on the fecal micro-
biota composition in mice with Escherichia coli K1-induced
cognitive impairment. Oral gavage of Escherichia coli K1
shifted the a-(OTUs) and p-diversities (PCoA) (Fig. 5A and ESI
Tables S2-S5). However, treatment with NK151 and/or NK173
partially restored the a- and p-diversities of the gut microbiota.
At the phylum level, oral gavage of Escherichia coli K1
decreased Firmicutes and Verrucomicrobia populations, while
the Bacteroidetes, Proteobacteria, and Cyanobacteria popu-
lations increased. Treatment with Escherichia coli K1 also

(a) (b)
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increased Rikenellaceae and AC160630_f populations at the
family level; Alistipes, Helicobacter, PAC001068_g and
PAC000186_g populations at the genus level; and EF097112_s,
and PAC001064_s populations at the species level, while it
decreased the Lactobacillaceae, Lachnospiraceae,
Akkermansiaceae, Bifidobacteriaceae, and Dehalobacterium_f
populations at the family level; Lactobacillus, LLKB_g, and
PAC001092_g populations at the genus level; and the
Lactobacillus reuteri group, PAC001093_s, and AB626939_s
populations at the species level. However, treatment by oral
administration of NK151 and/or NK173 suppressed Escherichia
coli Kil-induced Proteobacteria at the phylum level;
Rikenellaceae, Christensenellaceae, and AC160630_f popu-
lations at the family level, Alistipes and Helicobacter popu-
lations in the genus level; and PAC001071_s population at the
species level and increased Escherichia coli Kl-suppressed
Verrucomicrobia and Firmicutes populations at the phylum
level; Lactobacillaceae and Bifidobacteriaceae populations at
the family level, Lactobacillus, LLKB_g, and PAC001092_g
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Fig. 4 NK151 and NK173 alleviated colitis in mice with Escherichia coli K1

o =

-induced cognitive impairment. (a) Effects on the colon length. (b) Effects

on the macroscopic score. (c) Effects on the myeloperoxidase activity in the colon. Effects on the NF-KB activation (d), IL-1p (e), TNF-«a (f), and IL-10
expression (g) and NF-kB*/CD11c™ cell population (h) in the colon. (i) Effects on the LPS in the feces. Cytokines were assayed using ELISA Kkits.

NK151, NK173, their mixture (NKm), or Escherichia coli K1 (EC, 1 x 10° CFU

per mice per day) was orally gavaged. The control group (NC) was treated

with the vehicle instead of test agents. Data values were described as mean + SD (n = 7). #p < 0.05 vs. NC. *p < 0.05 vs. EC.
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populations at the genus level; and the Lactobacillus reuteri
group population at the species level.

Next, we analyzed the correlation between gut microbiota
populations and cognitive function or LPS level in the blood
and feces (Fig. 4B-F and ESI Fig. S1, S27). The gut microbiota
composition (the PC1 of the PCoA plot) was positively corre-
lated with cognitive function in the Y-maze task (R* = 0.1723,
p = 0.013). At the family level, Lactobacillaceae (R* = 0.0256, p =
0.359 in the Y-maze task; R*> = 0.1459, p = 0.024 in NOR task)
and PAC001057_f (Mollicutes; R* = 0.0811, p = 0.097 in Y-maze
task; R* = 0.0209, p = 0.407 in the NOR task) populations were
positively  correlated with cognitive function, while
Helicobacteraceae (R* = 0.0479, p = 0.207 in the Y-maze task;
R* = 0.2585, p = 0.002 in the NOR task), Rikenellaceae (R* =
0.2749, p = 0.001 in Y-maze task; R* = 0.2372, p = 0.003 in the
NOR task), Ruminococcaceae (R> = 0.0160, p = 0.469 in Y-maze
task; R* = 0.1149, p = 0.047 in NOR task), Christensenellaceae
(R* = 0.0077, p = 0.618 in Y-maze task; R> = 0.1188, p = 0.043 in
NOR task), and Odoribacteraceae (R* = 0.0237, p = 0.379 in the
Y-maze task; R = 0.1640, p = 0.016 in the NOR task) popu-
lations were negatively correlated with it. At the genus level,
Alistipes, Oscillibacter, LT706945_g, and Rikenella populations
were negatively correlated with cognitive function, while the
Lactobacillus, PAC001118_g, and Roseburia populations were
positively correlated with it (Fig. 4C and D). The blood LPS
levels were positively correlated with the Christensenellaceae
(R* = 0.1837, p = 0.010), Odoribacteraceae (R* = 0.3532, p <
0.001), and Rikenellaceae (R> = 0.2572, p = 0.002) populations,
while it was negatively correlated with the Lactobacillaceae
population (R* = 0.0250, p = 0.365) (Fig. 4E). The fecal LPS
levels were positively correlated with the Christensenellaceae
(R = 0.1181, p = 0.043), Odoribacteraceae (R* = 0.1545, p =
0.020), and Rikenellaceae (R* = 0.0359, p = 0.275) populations,
while it was negatively correlated with the Lactobacillaceae
(R* = 0.0816, p = 0.096) population (Fig. 4F).

3.3. NK151 and NK173 alleviated LPS-induced memory
impairment in mice

The gut microbiota communicates with the immune and
neuronal systems through the stimulation of their byproducts
such as neurotransmitters and endotoxins.®*'® Excessive
exposure to the bacterial LPS causes cognitive impairment.'®**
Therefore, we examined the effects of NK151 and/or NK173 at
a dose of 1 x 10° CFU per mouse on LPS-induced cognitive
impairment in mice (Fig. 6). Intraperitoneal injection of LPS
significantly reduced the spontaneous alternation in the
Y-maze task and exploration in the NOR task to 74.8% and
61.3% of the control group, respectively. However, oral admin-
istration of NK151, NK173, or NKm significantly alleviated the
LPS-suppressed spontaneous alternation to 94.2%, 92.1% and
97.2% of the control group, respectively, and exploration to
80.6%, 86.3%, and 89.5%, respectively (Fig. 6b and c). Oral
administration of NK151 and/or NK173 reduced LPS-induced
NF-kB activation and IL-1p and TNF-a expression in the hippo-
campus, while BDNF and IL-10 expression and BDNF to
proBDNF expression ratio increased (Fig. 6d-g). They also

This journal is © The Royal Society of Chemistry 2021
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reduced LPS-induced NF-xB'/Iba1* and LPS'/Iba1’ cell popu-
lations, while the K1-suppressed BDNF'/NeuN" cell population
increased (Fig. 6h). Furthermore, they significantly decreased
LPS and apoE levels in the blood (Fig. 6i and j).

Intraperitoneal injection of LPS also caused colitis: it
caused colon shortening, induced myeloperoxidase activity,
NF-kB activation, and TNF-a and IL-1f expression, and
decreased IL-10 expression in the colon (Fig. 7). However, oral
administration of NK151 and/or NK173 significantly sup-
pressed LPS-induced colon shortening, myeloperoxidase
activity, NF-xB activation, NF-xB'/CD11c" cell population, and
TNF-o and IL-1f expression, while LPS-suppressed IL-10
expression increased.

3.4. NK151 and NK173 modulated the gut microbiota
composition in mice with LPS-induced cognitive impairment

We examined whether the attenuation of LPS-induced cogni-
tive impairment by oral administration of NK151 and/or
NK173 was associated with the gut microbiota composition.
The intraperitoneal injection of LPS shifted the B-diversity
(principal coordinate analysis [PCoA]) while the a-diversity was
not affected (Fig. 8A and ESI Tables S6-S91). However, treat-
ment with NK151, NK173, and NKm partially shifted the gut
microbiota p-diversity of LPS-treated mice to those of normal
control mice, while the a-diversity (OTUs) weakly decreased.
Furthermore, LPS treatment increased Firmicutes and
Deferribacteres populations, while the Bacteroidetes popu-
lation decreased. However, oral gavage of NK151, NK173, or
NKm reduced Firmicutes, Deferribacteres, and Proteobacteria
populations and increased Bacteroidetes population at the
phylum level. Furthermore, they increased Muribaculaceae,
Bacteroidaceae and Lactobacillaceae, Rikenellaceae, and
Odoribacteraceae  populations at the family level;
PAC000198_g, Bacteroides, Lactobacillus, and PAC002400_g
populations at the genus level; and the Lactobacillus murinus
group and Bacteroides acidifaciens group populations at the
species level. However, they decreased Lachnospiraceae,
Prevotellaceae, and Helicobacteraceae populations at the
family level, Prevotellaceae_uc, Helicobacter, LLKB_g, and
PAC001092_g populations at the genus level, and Helicobacter
rodentium group and PAC001072_s populations at the species
level.

Next, we analyzed the correlation between the gut micro-
biota composition and LPS level in the blood or cognitive func-
tion (Fig. 8B-E and ESI Fig. S3, S471). The gut microbiota com-
position (the PC3 of PCoA plot) was negatively correlated with
cognitive function in the Y-maze task function (R* = 2836,
0.001). At the family level, Bacteroidaceae (R* = 0.1493, p =
0.024 in the Y-maze task; R* = 0.1113, p = 0.053 in the NOR
task), Odoribacteraceae (R = 0.0937, p = 0.079 in the Y-maze
task; R*> = 0.0598, p = 0.164 in the NOR task), and
Rikenellaceae (R = 0.0176, p = 0.455 in the Y-maze task; R* =
0.1813, p = 0.012 in the NOR task) populations showed a posi-
tive correlation with the cognitive function, while
Deferribacteraceae (R* = 0.0447, p = 0.232 in the Y-maze task;
R =0.2267, p = 0.004 in the NOR task) population was negatively
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Fig. 6 NK151 and NK173 alleviated LPS-induced cognitive impairment in mice. (a) Experimental procedure. (b) Effects on the spontaneous alterna-
tion in the Y-maze task. (c) Effects on the exploration (preference index) in the novel object recognition task. Effects on the BDNF, pro-BDNF, NF-xB
activation, and their intensities (d), IL-1p (e), TNF-a (f), and IL-10 expression (g) and BDNF*/NeuN™*, LPS*/Ibal*, and NF-xB*/lbal* cell populations (h)
in the hippocampus. Effects on the LPS (i) and APOE levels (j) in the blood. Cytokines were assayed using ELISA kits. NK151, NK173, and their mixture
(NKm) (1 x 10° CFU per mice per day) were orally gavaged 24 h after the final peritoneal injection of LPS (10 ng kg™* day™). The control group (NC)

was treated with the vehicle instead of test agents. Data values were described as mean + SD (n = 7). *p < 0.05 vs. NC. *p < 0.05 vs. LPS.

correlated with it (Fig. 7B and C). At the genus level, Alistipes,
Bacteroides, Odoribacter, and KE159600_g populations were
positively correlated with the cognitive function; while
PAC000692_g (Lachnospiraceae), PAC001372_g,
(Lachnospiraceae), and Sporobacter (Ruminococcaceae) popu-
lations were negatively correlated with it. The blood LPS levels
were negatively correlated with the Odoribacteraceae (R*> =
0.1152, p = 0.049) and Odoribacter (R*> = 0.1137, p = 0.051)
populations, while it was positively correlated with the

10758 | Food Funct, 2021,12,10750-10763

PAC001118_g (Lachnospiraceae; R> = 0.1155, p = 0.049),
PAC001165_g (Lachnospiraceae; R> = 0.1574, p = 0.020) popu-
lations (Fig. 7D).

4. Discussion

The bacterial LPS is a risk factor for the outbreak of sporadic
AD.” In the present study, oral gavage of Escherichia coli K1 or

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 NK151 and NK173 alleviated colitis in mice with LPS-induced cognitive impairment. (a) Effects on the colon length. (b) Effects on the macro-
scopic score. (c) Effects on the myeloperoxidase activity in the colon. Effects on the NF-«xB activation (d), IL-1f (e), TNF-a (f), and IL-10 expression
(g) and NF-xB*/CD11c™ cell population (h) in the colon. (i) Effects on the LPS in the feces. Cytokines were assayed using ELISA kits. NK151, NK151,

NK173, and their mixture (NKm) (1 x 10° CFU per mice per day) were orally gavaged 24 h after the final peritoneal injection of LPS (10 ng kg™* day

_1).

The control group (NC) was treated with the vehicle instead of test agents. Data values were described as mean + SD (n = 7). *p < 0.05 vs. NC. *p <

0.05 vs. LPS.

intraperitoneal injection of LPS increased the blood LPS level
and hippocampal TNF-« and IL-6 expression and NF-xB"/Iba1"
and LPS'/Iba1’ cell populations and decreased the BDNF'/
NeuN' cell population in mice. They also caused cognitive
impairment-like behaviors. Bacterial LPS levels are higher in
AD patients than in healthy volunteers.””® Buttini et al.
reported that a peritoneal injection of LPS activated microglia
and strongly produced proinflammatory cytokines.>® Lee et al.
reported that the intraperitoneal injection of LPS caused cog-
nitive impairment and neuroinflammation in mice.”* Goel
et al. reported that exposure to LPS impaired memory by mod-
ulating NF-kB-mediated BDNF expression.’® Kim et al. reported
that oral gavage of Escherichia coli K1 impaired cognitive func-
tion in mice and increased the NF-xB'/Iba1l’ cell population
and TNF-o and IL-1f expression and suppressed the BDNF'/
NeuN' cell population and BDNF expression in the hippo-
campus.’’ These suggest that LPS or Escherichia coli K1 can
induce cognitive impairment by suppressing LPS-induced NF-

This journal is © The Royal Society of Chemistry 2021

kB activation-mediated BDNF expression. Wu et al. reported
that chronic exposure to LPS induced AD-like phenotypes in
mice.?" Lee et al. reported that blood and fecal LPS and hippo-
campal AP expression levels were higher in 5XFAD mice, which
exhibited gut dysbiosis, than in healthy control mice.>* Zhan
et al. reported that LPS induced NF-xB mediated inflammatory
cytokines, which increase AP levels in the AD brains of
rodents.” These results suggest that the overexpression of gut
bacterial LPS can induce neuroinflammation and Af for-
mation, resulting in the occurrence of AD. We found that LPS
or Escherichia coli K1 also caused colitis: they increased myelo-
peroxidase activity, TNF-a and IL-6 expression, and NF-xB'/
Iba1’ cell population in the colon. Furthermore, they caused
gut dysbiosis: they increased the Proteobacteria population
and LPS level in the gut microbiota. These results support the
previous suggestion that the gut microbiota bidirectionally
communicates with the brain through the activation of the
microbiota-gut-brain axis, linking the cognitive brain system
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Fig. 8 Effects of NK151 and NK173 on the fecal microbiota composition in mice with LPS-induced cognitive impairment. (A) Effects on fecal micro-
biota composition: (a) the OTU richness, (b) principal coordinate analysis (PCoA) plot based on Bray—Curtis analysis, and (c) phylum level. (B) The
relationship between the spontaneous alternation in the Y-maze task and the PC3 of the gut bacteria PCoA plot. (C) The relationship between the
spontaneous alternation in the Y-maze task and gut bacteria [(a) Bacteroidaceae, (b) Odoribacteraceae, (c) Rikenellaceae, and (d)
Deferribacteraceae]. (D) The relationship between the exploration in the novel object recognition task and gut bacteria [(a) Bacteroidaceae, (b)
Odoribacteraceae, (c) Rikenellaceae, and (d) Deferribacteraceae]. (E) The relationship between the blood LPS level and gut bacteria
Odoribacteraceae. NK151, NK173, and their mixture (NKm) (1 x 10° CFU per mice per day) were orally gavaged 24 h after the final peritoneal injection
of LPS (10 ng kg™ day™2). The control group (NC) was treated with the vehicle instead of test agents. Data values were described as mean + SD (n =
7). #p < 0.05 vs. NC. *p < 0.05 vs. LPS.
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with gut microbiota through the peripheral enteric nervous
system.>?33

We also found that oral administration of NK151 and/or
NK173 suppressed LPS- or Escherichia coli K1-induced NF-xB'/
Ibal" and LPS'/Ibal’ cell population and TNF-a, IL-1B, and
IL-6 expression in the hippocampus, while the BDNF'/NeuN"
cell population was increased. Furthermore, they significantly
suppressed LPS levels in the blood. TNF-a expression is
increased in the blood and cerebrospinal fluid of AD patients,
compared with those in healthy volunteers.*® Lew et al
reported that Lactobacillus plantarum P8 reduced cognitive
symptoms and the blood TNF-a level in stressed adults.?® Ni
et al. reported that Bifidobacterium longum BL986 alleviated
learning and memory ability and BDNF expression in aged
mice.** A TNF-o blocking agent reduced the risk for
Alzheimer’s disease (AD) in patients with IBD.””*®* These
suggest that NK151 and/or NK173 can alleviate LPS- or
Escherichia coli K1-induced cognitive impairment by increasing
BDNF expression and BDNF to proBDNF expression ratio
through the suppression of NF-kB activation. The combination
of NK151 and NK173 synergistically or additively alleviated
cognitive impairment. Moreover, although we did not analyse
the AP expression levels, these probiotics may suppress Ap
expression in the brain by the suppression of LPS-inducible
neuroinflammation and Af formation.

Oral gavage of Escherichia coli K1 increased blood LPS and
apoE levels in mice. Intraperitoneal injection of LPS also
increased the blood apoE levels in mice. Van Oosten et al.
reported that the intravenous injection of LPS significantly
increased the blood apokE level in mice.** ApoE, which is pri-
marily produced by the liver cells such as Kupffer cells and
the brain cells such as astrocytes,'**° binds LPS in the blood
and most of the LPS is cleared by the liver. ApoE inhibits toll-
like receptor (TLR)-3 and TLR-4-mediated inflammatory
responses in macrophages.”’™® LPS and its producer
Escherichia coli K1 cause systemic inflammation and cognitive
impairment in mice."* The concentration of apoE expression
in blood is dependent on the expression of LPS-inducible
proinflammatory cytokines TNF-a and IL-1f.>° These suggest
that the translocation of bacterial LPS produced in the gut
into the blood can induce the expression of apoE, which
degrade LPS in the liver, and, if not excluded, excessive
exposure to LPS may cause systemic inflammation and cogni-
tive impairment.

Oral administration of NK151 and/or NK173 NK151 and/or
NK173 suppressed the blood apoE level, which is dependent
on the fecal and blood LPS levels in mice with LPS- or K1-
induced cognitive impairment. They also suppressed gut bac-
terial LPS production in mice and reduced Escherichia coli K1
LPS production in vitro. These suggest that NK151 and/or
NK173 may alleviate cognitive impairment by the suppression
of systemic inflammation through the suppression of gut bac-
terial LPS production.

Oral gavage of Escherichia coli K1 or intraperitoneal injec-
tion of LPS caused colitis: it increased myeloperoxidase activity
and proinflammatory cytokine expression in the colon.

This journal is © The Royal Society of Chemistry 2021
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Moreover, it altered gut microbiota composition: LPS treat-
ment shifted p-diversity, not a-diversity, while Escherichia coli
K1 treatment affected o- and p-diversities. In particular, LPS
treatment increased the Firmicutes population, while
Escherichia coli K1 treatment suppressed it. However,
Escherichia coli K1 treatment increased Proteobacteria and
Bacteroidetes populations. They all increased the LPS level in
the blood. Liu et al. reported that the y-Proteobacteria popu-
lation was higher in patients with AD than in healthy volun-
teers.** Lee et al. reported that the Proteobacteria population
and endotoxin levels were higher in 5XFAD and aged mice
than young mice.?® These results suggest that cognitive impair-
ment may be dependent on the Proteobacteria population and
bacterial LPS levels, which may be a risk factor for the out-
break of cognitive impairment.

NK151 and NK173 significantly alleviated Escherichia coli
K1- or LPS-induced gut microbiota alternation and
cognitive impairment with colitis. They also suppressed LPS
levels in the blood and feces and suppressed the
Proteobacteria population in the gut microbiota. They can
increase LPS-suppressed Bacteroidaceae, Odoribacteraceae,
and Rikenellaceae populations and Escherichia coli K1-sup-
pressed Verrucomicrobiota, Firmicutes, Lactobacillaceae and
Bifidobacteriaceae populations. However, they decreased LPS-
induced Lachnospiraceae, Prevotellaceae, Helicobacteraceae,
and Deferribacteraceae populations and Escherichia coli K1-
induced Proteobacteria, Rikenellaceae, Christensenellaceae,
AC160630_f populations. Thus, the LPS-induced alteration of
the gut microbiota composition was different from the
Escherichia coli K1-induced one. However, their common fea-
tures were that stressors LPS and Escherichia coli K1 increased
the LPS level in the blood. In mice with Escherichia coli K1-
induced cognitive impairment, gut bacteria, particularly
Lactobacillaceae and PAC001057_f populations were posi-
tively correlated with the cognitive function, while
Helicobacteraceae, Rikenellaceae, Christensenellaceae, and
Odoribacteraceae populations were negatively correlated with
it. Of these, Christensenellaceae and Odoribacteraceae were
positively correlated with the blood and fecal LPS levels.
However, in mice with LPS-induced cognitive impairment,
gut bacteria, particularly Bacteroidaceae, Odoribacteraceae,
and Rikenellaceae populations showed a positive correlation
with the cognitive function, while Deferribacteraceae popu-
lation was negatively correlated with it. Of these,
Odoribacteraceae and Odoribacter were negatively correlated
with the blood LPS levels. Overall, the gut microbiota compo-
sition was correlated with the cognitive function in mice with
Escherichia coli Kl-induced cognitive impairment more
closely than in mice with LPS-induced cognitive impairment.
These results suggest that NK151 and/or NK173 may alleviate
cognitive impairment and systemic inflammation by suppres-
sing the blood LPS and through the restoration of the gut
microbiota. Moreover, the combination of NK151 and NK173
synergistically or additively alleviated cognitive impairment
and systemic inflammation including neuroinflammation
and colitis.
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5. Conclusions

Oral gavage of NK151, NK173, and their (4 : 1) mixture (NKm)
significantly alleviated Escherichia coli K1- or LPS-induced cog-
nitive impairment-like behaviors and colitis. Treatment with
them decreased inflammatory marker expression in the hippo-
campus and colon, while the BDNF'/NeuN" cell population
increased. They also reduced LPS and apolipoprotein E levels
in the blood. Although the exact mechanism needs to be
further elucidated, NK151 and/or NK173 can alleviate cognitive
impairment with neuroinflammation by upregulating NF-kB-
mediated BDNF expression and BDNF to proBDNF expression
ratio through the suppression of fecal and blood bacterial LPS
levels, and may thereby be beneficial for therapy of dementia.
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