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a b s t r a c t

Background: Gut microbiota influence the central nervous system through gut-brain-axis. They also
affect the neurological disorders. Gut microbiota differs in patients with Alzheimer's disease (AD), as a
potential factor that leads to progression of AD. Oral intake of Korean Red Ginseng (KRG) improves the
cognitive functions. Therefore, it can be proposed that KRG affect the microbiota on the gut-brain-axis to
the brain.
Methods: Tg2576 were used for the experimental model of AD. They were divided into four groups: wild
type (n ¼ 6), AD mice (n ¼ 6), AD mice with 30 mg/kg/day (n ¼ 6) or 100 mg/kg/day (n ¼ 6) of KRG.
Following two weeks, changes in gut microbiota were analyzed by Illumina HiSeq4000 platform 16S
gene sequencing. Microglial activation were evaluated by quantitative Western blot analyses of Iba-1
protein. Claudin-5, occludin, laminin and CD13 assay were conducted for Blood-brain barrier (BBB)
integrity. Amyloid beta (Ab) accumulation demonstrated through Ab 42/40 ratio was accessed by ELISA,
and cognition were monitored by Novel object location test.
Results: KRG improved the cognitive behavior of mice (30 mg/kg/day p < 0.05; 100 mg/kg/day p < 0.01),
and decreased Ab 42/40 ratio (p < 0.01) indicating reduced Ab accumulation. Increased Iba-1 (p < 0.001)
for reduced microglial activation, and upregulation of Claudin-5 (p < 0.05) for decreased BBB perme-
ability were shown. In particular, diversity of gut microbiota was altered (30 mg/kg/day q-value<0.05),
showing increased population of Lactobacillus species. (30 mg/kg/day 411%; 100 mg/kg/day 1040%).
Conclusions: KRG administration showed the Lactobacillus dominance in the gut microbiota. Improve-
ment of AD pathology by KRG can be medicated through gut-brain axis in mice model of AD.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alzheimer's disease (AD) is one of the most serious neurode-
generative disease that affects the elderly [1]. Non-cognitive
behavioral problems and cognitive impairments, such as memory,
language, spatial perception, or other cortical dysfunction, progress
as major signs of dementia [2]. The mechanisms of the disease have
been elucidated to some extent through experimental studies on
the brain at the molecular and cellular level [3]. Although hundreds
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of clinical trials have been made, there are currently no available
pharmacological therapies to completely prevent the progression
of disease [4,5]. Amyloid beta (Ab) aggregation and its signaling
cascades have been proposed as the major cause for neurotoxicity
along with microglia activation [6e10]. Phosphorylated tau or
oligomers are increasingly reported as another major factor in the
development of AD pathogenesis. Altered gut microbiota in healthy
individuals has been reported to be associated with several disor-
ders such as Parkinson's disease [11], schizophrenia [12], type 1
diabetes mellitus [13,14], hypertension [15,16], or Behcet's disease
[17]. Furthermore, disruption of gut microbiota environment also
plays a role in the development of AD-related pathogenesis [18].

Metabolites such as short chain fatty acids (acetate, butyrate,
and propionate) from gut microbiota dysregulation results in an
increase of blood brain barrier (BBB) permeability, so that the
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metabolites can pass through the BBB [11,19]. Thus, the gut
microbiota affects the development of synapses, control of neuro-
transmitters, or release of neurotrophic factors in the brain [20,21].
Therefore, restoring the altered gut microbiota can be one of the
strategies for modulating AD.

Korean Red Ginseng (KRG) has shown pleiotropic effects on
memory deterioration, inflammation, cancer, or cardiovascular
disease without severe side effects [2,6,22,23]. Effects of KRG on AD
have been described as neuroprotective point of view within the
brain [24e30]. Further exploration for the ingested KRG on AD is
required from the gut microbiota perspective.

Here, we replicated the effect of KRG on improving AD in the
transgenic mice model of AD. Behavioral performance, BBB
permeability, Ab accumulation, and microglial activation were
analyzed in accordance with the changes in the microbiota, to
demonstrate the potential of modulating AD by KRG through gut-
brain axis.
2. Materials and methods

2.1. Animals and experimental groups

Institutional Animal Care and Use Committee of Seoul National
University Hospital (IACUC, Approval number: 19-0126-S1A1)
approved all procedures for animal experiment performed in this
work. IACUC was certified by the Association for the Assessment
and Accreditation of Laboratory Animal Care International. Tg2576
heterozygous transgenic mice expressing the human APP (from Dr.
Inhee Mook-Jung, Seoul National University Hospital) were used.
Solid feeds and filtration-purified water for laboratory animal are
freely offered. The mice were housed in groups having a 12 h light/
12 h dark cycle, and food and water are accessed to ad libitum.
Nine-month-old male Tg2576mice were randomly assigned to four
groups: 1.WT (n¼ 6), 2. Tg2576 (n¼ 6), 3. KRG 30mg/kg/day group
(n ¼ 6), and 4. KRG 100 mg/kg/day group (n ¼ 6).
2.2. KRG administration

Korea Ginseng Corporation (Daejeon, Korea) provided the KRG
extract used in this work. In short, steaming of ginseng was per-
formed at 90e100 �C for 3 h without additional pressure followed
by drying at 50e80 �C, and extracted three times for 8 h each with
circulation of hot water of 85e90 �C. Then the extract was diluted
with sterilized water. The pooled extract contained water equiva-
lent to 36% of the total weight. The ginsenoside compositions of
crude extract were analyzed through HPLC by Kim et al. [31].

The number of mice in each group were set to 4 males. The
dosage was set so as not to exceed 0.02 ml/g. The body weight that
was used in calculation was measured immediately before the
administration. Test substances were mixed well with sterile
distilled water. They are administered by oral using sonde every day
for two weeks. The material used as the reference material is sterile
distilled water.
2.3. Monitoring of behavior and lethality

For 6 h after oral administration, starting from the next day, not
only the onset of addiction but also changes in the overall condition
were observed. Abnormal behavior that could be expressed by test
substances were carefully observed. The type and severity of
symptoms were individually recorded in the case of abnormality.
The death or critical condition of all mice has been identified.
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2.4. Measurement of weight

Changes in body weight were measured for all animals imme-
diately prior to administration of the test substance twice aweek at
a specific time for two weeks.
2.5. Novel object location testing

We used pre-tests of new object location operations that
depend on the hippocampus to ensure similar native memory
performance between groups. After a one-week acclimation period,
mice were treated daily for three days. Mice were transferred from
home cage to a testing cage and acclimated for 30min on the fourth
day for training the new object. Testing cage is an open chamber
made of acrylic glass (50 � 50 � 50 cm), and mice were placed in
the chamber for 5 min. Two different objects were placed in the
chamber and three trials of 5 min were given to mice for exploring
objects with interval of an hour between each trial. Mice were
returned from the testing cage to their home cages between each
trial. After 24 h from training, the mice were again transferred from
home cage to a testing cage with 30 min of acclimation time, and
the same two objects used for the training of the previous day were
brought. The two objects were placed in two different locations
with the same distance from the wall of the chamber. The mice
were allowed to explore these objects in the chamber for 5 min.
Mice were again returned from the testing cage to their colony
room after the test.

We cleaned the chamber and objects between each trial with
ethanol to reduce odor cues. The objects were fixed with double-
sided tape on the bottom of the chamber so that the objects
could not bemoved by themice. Behaviors were recorded. The time
spent by mice in the center of the chamber (70% of the total area)
and travel speed were quantified by TOPSCSn. Investigation status
of mice for an object was defined as a nose pointed to an object
with distance less than one centi-meter. .
2.6. Collection of feces

Fresh feces from mice were collected by sterilized EP tubes,
followed by quick freezing using dry ice, and they were moved into
a �80 �C cryogenic freezer for storage before DNA extraction.
2.7. DNA extraction and 16S rRNA gene amplification sequence
processing

Samples were centrifuged at 15 K rpm for 30 min at 4 �C to
separate the cellular pellet from cell-free supernatant. DNAs were
extracted from the pellet by a QIAamp DNA Microbiome Kit (Qia-
gen, Valencia, CA, USA) according to manufacturer's instructions.

The amplification of the 16S rRNA gene in the V3eV4 regionwas
conducted using the 341F (50 TCG TCG GCA GCG TCA GAT GTG TAT
AAGAGA CAG CCTACG GGNGGCWGC AG 30) and 805R (50 GTC TCG
TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT
CTA ATC C 30) primers. Illumina adaptor overhang sequences were
also added. Amplicon has been purified with a cleaning system
based on magnetic beads. (Agencourt AMPure XP; Beckman
Coulter, Brea, CA, USA). Libraries were indexed by Nextra technol-
ogy using limited cycle PCR followed by further cleaning, and
pooled to the same molar concentrations. The final library was
denatured by 0.2 N NaOH followed by dilution using a 20% PhiX
control to 6 pM. We performed the sequencing using a 2 � 300 bp
paired-end protocol on Illumina MiSeq platform, following the
manuals.
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2.8. Metagenomic analysis

From 24 fecal samples, total genomic DNA was extracted using
the E.Z.N.A. Stool DNA kit (Omega Bio-Tek, USA) according to the
manuals. Fragments of DNA having average size of approximately
300 bp were prepared by using TruSeq DNA Sample Prep Kit.
Paired-end library was constructed by Covaris M220 (Gene Com-
pany Limited, China). Using Illumina HiSeq4000 sequencing plat-
form (Illumina Inc., San Diego, CA, USA), the metagenomic
sequencing was performed following the manuals. The raw data of
sequence reads were truncated to less than quality scores of 20
points and shorter than 50 bp in length. Then the SOAPdenovo
software was used to assemble the clean raw reads to get the
contigs for the next predictions. MetaGene (http://metagene.nig.ac.
jp) was used to predict the ORFs (Open reading frames) from each
sample. The annotation of COG (cluster of orthologous groups of
proteins) from the ORFs were analyzed by using the BLASTP (BLAST
Version 2.2.28þ) in eggNOG database (Version 4.5) with a cutoff
value of 10�5.

2.9. Bioinformatics and statistic analysis

The primary analysis on the obtained sequences with demulti-
plexation was performed by the Illumina MiSeqReporter software.
For analysis in FASTA format, the paired-end sequence of each
sample was exported from the MiSeq system. The bioinformatic
analysis was performedwith the QIIME2 package for the sequences
[32]. Microbiome Analyst [33] was used for subsequent data anal-
ysis. Sequences were clustered against the 97% reference data set of
the 2013 Green genes (13_5 release) ribosomal database [34]. Se-
quences that did not match any entries in this reference were
clustered into de novo OTUs (operational taxonomic units) at 97%
similarity using UCLUST. For further analysis, the OTU table was
diminished to a sequencing depth of 20 K per sample.

Taxonomic analyses were performed after collapsing OTUs at
the genus level. Shannon index was used to evaluate the alpha
diversity of each sample. Bray-Curtis exponential distance method
was used to determine beta diversity, and PCoA (principal coordi-
nate analysis) plots were created. The statistical significance was
evaluated by non-parametric uni-variable Mann-Whitney/Kruskal-
Wallis test for different sampling sites and gut regions of mice gut
microbiota. Identification of difference in abundances of bacterial
taxa were performed by Linear discriminant analysis effect size
(LEfSe). The false discovery rate (FDR) correction was accessed for
multiple tests. P value less than 0.05 was considered statistically
significant.

Linear discriminant analysis (LDA) and linear discriminant
analysis effect Size (LEfSe) were used to determine the statistically
significant differences in the relative abundance of genera between
strains of mice. Criteria that are considered statistically significant
are those with an LDA value greater than 2.5 at a P value less than
0.05. LDA and LEfSe were used for metagenomic analysis to identify
what differed significantly in the COG and KEGG categories be-
tween mouse strains. Criteria that are considered statistically sig-
nificant are those with an LDA value greater than 2.5 at a P value
less than 0.05.

2.10. Tissue preparation and fluorescent immunohistochemistry

For immunohistochemistry, cold saline of 10 ml and para-
formaldehyde of 4% in 0.1 M PBS were used to anesthetize mice by
perfusing through the heart. Then we harvested the brain quickly,
and post-fixed in PFA of 4% for 48 h, and immersed in sucrose so-
lution of 30%. They were storaged at 4 �C prior to be sectioned.
Frozen sections were then cut by a thickness of 10 mm. Sections
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floating freely were washed by phosphate-buffered saline and
blocked with Triton X-100 of 0.3% and normal blocking serum in
PBS (10%) for 1 h at room temperature. Then they were stained
overnight at 4 �C using the Claudin-5 (1:50; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), Occludin (1:50; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), CD13(1:50; Abcam, Cambridge,
United Kingdom), Laminin (1:100; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and b-amyloid (1:50; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) primary antibody. The next day, PBS was used
to wash sections and sections were incubated for 2 h with Cy3
conjugated anti-mouse IgG and Cy3 conjugated anti-rabbit IgG
(1:100; Jackson immune Research Laboratories). Cells were stained
by Occludin, Claudin-5, CD13, Laminin (red) or DAPI (blue). They
were analyzed through an upright microscope (Ni-E, Nikon Cor-
poration, Tokyo, Japan).

2.11. Quantification of Ab 1e40 and Ab 1-42

Sandwiched Ab ELISA was accessed to evaluate the whole brain
levels of Ab 1e40 and Ab 1e42 in six animals of each experimental
groups. Supernatant fractions were accessed by Ab 1e40 and Ab
1e42 ELISA kits (KMB 3481 and KMB 3441, respectively; Invitrogen,
Camarillo, CA, USA) which is pre-established for mouse to quantify
Ab levels, following the manuals.

Monoclonal antibody has been coated onto microplates, which
is specific formouse Ab 1e40 or Ab 1e42. To the center of each well,
we added standard or samples of 50 ml, then added buffer of 50 ml
for assay dilution. Room temperature incubation for 3 h, and five
times of washingwere treated to eachwell. Thenmouse Ab 1e40 or
Ab 1e42 conjugate of 100 ml was added to wells and incubated for
additional 1 h followed by repeated cleaning. Finally, wells were
incubated for 30 min in substrate solution of 100 ml, and the stop
solution was used to stop the reaction. The analyses were always
done with multiple duplicates. Values of OD450 were detected by a
microplate reader (Multiskan EX; Thermo Electron Corporation,
Vantaa, Finland). Calculation of the Ab 1e40 and Ab 1e42 levels
were done by following the standard curve.

2.12. Western blot analysis and extraction of protein

Brain of Tg2576 mice was isolated followed by quick freezing by
liquid nitrogen, and it was moved into a �80 �C cryogenic freezer
for storage before the extraction of proteins. RIPA buffer (Radio
immunoprecipitation assay buffer, Thermo-Scientific, Waltham,
MA, USA) with protease inhibitor and phosphatase inhibitor
(Roche, NJ, USA) in fresh condition was used to perform protein
extraction. BCA (Bicinchoninic acid assay) protein assay kit (Pierce,
Rockford, IL, USA) was used to identify the protein content. Sepa-
ration of 40 mg of protein samples were conducted through sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE,
4e15% Novex NuPage Bis-Tris gel, Invitrogen, Mount Waverley,
Australia) followed by transfer onto polyvinylidene fluoride mem-
brane (PVDF, Millipore, Bedford, MA, USA). Then, 5% non-fat dried
milk dissolved in 1 � TBST (Tris-buffered saline with 0.1% v/v
Tween-20) was treated on them at room temperature for an hour.
Incubation during overnight at 4 �C with the diluted primary an-
tibodies was done on the blots, following the manuals. Occludin
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Claudin-5
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Iba1
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-b-
actin (1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA) were
used as the primary antibody. Further incubation for blots were
conducted with anti-rabbit antibodies (1:3000, GE Healthcare, NJ,
USA) or horseradish peroxidase-conjugated secondary anti-mouse.
Blots were then developed by ECL solution (Enhanced
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chemiluminescenece solution, Advansta, CA, USA). Three inde-
pendent results normalized by b-actinwere used for the evaluation
of band intensities in Image J software. All data are displaying the
representative ones from three independent experiments.

2.13. Statistical analysis

All values indicated in the figures are presented as
mean ± standard deviation. Neuman-Keuls post hoc test for one-
way analysis of variance was used to compare those groups.
Prism 5 software (GraphPad Software Inc., La Jollla, CA, USA) was
used for all statistical tests. Criteria that are considered statistically
significant are those with a P value less than 0.05.

3. Results

3.1. Improvement of the cognitive function by KRG

We compared four experimental groups to analyze the effect of
KRG in the mice model of AD: 1. WT (wild type), 2. Tg2576-Control
(transgenic AD mice without KRG treatment, 3. Tg2576-ST(Full
name) 30 mg/kg/day, and 4.Tg2576-ST 100 mg/kg/day (transgenic
AD mice with KRG treatment by a given dosage of 30 mg/kg/day
and 100 mg/kg/day, respectively).

The novel object recognition test was used for measuring
memory (Fig. 1A). Tg2576-Control group had less tendency for
recognizing novel objects compared to that of WT group. KRG-
administrated group presented a significant increase of explora-
tion compared to non-treated transgenic mice, thus indicating the
enhanced memory (30 mg/kg/day p < 0.05; 100 mg/kg/day
p < 0.01; Fig. 1B).

3.2. Reduction of Ab accumulation by KRG ingestion

Improvement of AD pathology through the reduction of Ab
accumulation by KRG intake was confirmed by ELISA. Tg2576-
Control group had higher level of Ab accumulation than that of
WT group. KRG treatment decreased Ab 42/40 ratio (Tg2576-ST
30 mg/kg/day p < 0.01; Tg2576-ST 100 mg/kg/day p < 0.01;
Fig. 2A). Immunofluorescence staining showed the Ab accumula-
tion in Tg2576-Control group, but not in WT group. Unlike the re-
sults of ELISA, the change in Ab accumulation was not
discriminated by KRG in this experiment (Fig. 2B).

3.3. Reduction of microglial activation

Ab accumulation occurs along with microglial activation that
lead to neuronal death, resulting the progression of AD. Quantita-
tive Western blot analysis showed that Iba-1, a marker for activated
microglia, increased in Tg2576 when compared to WT (p < 0.001)
(Fig. 3). Furthermore in Tg2576-ST 30 mg/kg/day group, Iba-1
protein levels were comparable to that of WT.

3.4. BBB permeability and KRG

Claudin-5 is tight junction protein in the BBB, and is associated
with neurodegenerative disorders such as AD. Immunoblot analysis
showed that Tg2576-Control group expressed lower level of
Claudin-5 than that of WT group (P < 0.01). The expression of
Claudin-5 was increased by KRG-administration (P < 0.05) (Fig. 4A).
Immunohistochemistry (IHC) analysis also showed that KRG intake
increased the expression of Claudin-5 (Fig. 4B).

Occludin, a protein for conjugation, showed lower expression in
Tg2576-Control group than that of WT (P < 0.01). IHC showed that
467
immuno-reactivity of Occludin was increased by KRG ingestion
(Fig. 4B).

Laminin was also assessed, due to its role in regulating vascular
integrity of the BBB. IHC analysis showed that Tg2576-Control
group had lower Laminin expression compared to the WT group.
In the Tg2576-ST 30 mg/kg/day group, Laminin expression was
increased (Fig. 4C).

CD13 is the protein associated with the blood vessel formation,
and it also showed that Tg2576-Control group had lower expression
of CD13 than that of WT. However, it did not show significant
change in the expression by KRG administration (Fig. 4C).

3.5. Changes in gut microbiota by KRG

Alteration of microbiota were observed by the 16S gene
sequencing assay as for microbiota profiling method (Fig. 5). The
genus diversity of Tg2576-Control is different from WT, showing
less diversity when compared to WT (Fig. 5A, Fig. S1, S2). The dif-
ference in bacterial population distribution between WT and
Tg2576-Control group was 0.024 (Q-vlaue <0.05). The species di-
versity showed the similar phenomenon (Fig. S3 - S5). KRG inges-
tion restored the diversity of the gut microbiota. In particular,
Lactobacillus was increased during restoring process by ingestion
of KRG.

LDA (Linear discriminant analysis) score confirmed that Lacto-
bacillus colonies increased whereas those of Bifidobacterium,
Ruminococcus, and Clostridia colonies decreased, with KRG at
30mg/kg/day (Fig. 5B). With 100mg/kg/day of KRG, Ruminococcus,
Anaerostipes, and Clostridium colonies were decreased (Q-vlaue
<0.05). The levels of Lactobacillus in the Tg2576-ST 30 mg/kg/day
and 100 mg/kg/day groups were restored comparable to that of WT
group.

3.6. Adverse events

During the two-week experimental period, there was no death
or other adverse events by KRG administration. Increase in body
weight curve in the control and in the administration group were
within normal range (Fig. S6).

4. Discussion

In this study, we attempted to test the possibility between
ginseng-induced cognitive enhancements through gut-brain axis
concept. Using Tg2576 AD mice, we replicated the cognitive
improvement by KRG intake. Biomarkers for BBB integrity were
evaluated for the reason that BBB can be affected by AD, as well as
the fact that BBB is the main selective barrier for the delivery
molecules from blood to the brain, of which molecules being pro-
duced from gut microbiota changed by KRG. These experimental
data support that KRG improves cognitive behavior and AD pa-
thology by reducing Ab aggregation and microglial activation with
modulation of BBB integrity. Together with these results, we
discovered Lactobacillus as the main microbiota affected by AD in
the gut, which was restored by KRG.

It has not been reported that Lactobacillus may play a key role in
AD pathology. Direct causal relationship between Lactobacillus and
KRG-induced improvement in the brain needs to be determined, i.
e. the potential role of gut brain axis. Gut-brain axis has been
discovered as a new pathogenic or therapeutic target to approach
neurobiological diseases since intestinal microbiota take part in
bidirectional communication between the gut and the brain [19].
Intestinal microbiota influence neurodevelopment, modulate
behavior, and contribute to neurological disorders [11]. The gut
microbiota species differs in patients with AD, as one of the major



Fig. 1. Effects of KRG on novel object recognition test for mice of AD. (A) Scheme for Novel object recognition test. (B) The time spent by mouse for exploring the object zone. 14 days
of KRG administration did not significantly affect the number of entries and time spent in the a2 area during the familiarization phase. Administration of KRG significantly reduced
the number of entries and the time spent in the new object zone (b zone) during the testing phase. Compared with the WT group, Tg-2576 Control showed decreased number of
novel objects. Compared to the Tg2576-Control group, KRG (30 and 100 mg/kg/day) treatment increased the number of novel objects. Results are expressed as the mean ± SD, n ¼ 6,
*P < 0.05, **P < 0.01, ***P < 0.001 compared to the Tg2576-Control group; *P < 0.05 compared to the Tg2576-ST 30 mg/kg/day group, and **P < 0.01 compared to the Tg2576-ST
100 mg/kg/day group.
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risk factors that lead to progression of disease [35]. Accumulation of
Ab protein has been assumed to be the core pathological molecule
in AD as it induces neurotoxicity through self-aggregation [6e10].
Therefore, previous findings and our result support that intestinal
microbiota, especially Lactobacillus, can affect the pathology in the
brain.

BBB permeability and the microglia activation is well-known
pathologic phenomenon in AD. Thus, relationship between the
changes in gut microbiota and the BBB permeability or the micro-
glia activation [36e38] could support the modulation of AD
through gut-brain axis. Microbiota can produce Ab-like molecules
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resembling human CNS Ab, that lead to protein misfolding and
activation of microglia [39]. Therefore, controlling Ab-like proteins
generated in by intestinal microbiota can be another strategy [40].
Our results show plausible interaction between changes in micro-
biota and AD pathology through BBB integrity, such as Ab protein
accumulation and microglial activation [39]. From our experiment,
KRG decreased the microglia activation and altered the BBB
permeability. Claudin-5, Laminin, Occludin and CD13, were
assessed for the BBB permeability [41] and the integrity of blood
vessel [42]. Their different expression between Tg2576-Control and



Fig. 2. Decreased insoluble Ab oligomers by KRG treatment in the mice model of AD. (A) ELISA detection of soluble Ab40, Ab42, and Ab42/Ab40 ratio in each experimental groups.
One-way ANOVA Turkey's post-hoc test was used to evaluate the statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Representative images stained with 6E10 (Red)
antibody from hippocampal and cortical areas of each experimental groups. n ¼ 6 mice per group. Scale bars represent 100 mm.

Fig. 3. Effect of KRG on the expression of Iba-1 in the mice model of AD. (A) Representative picture of Western blot for Iba-1 and b-actin. (B) Western blot for Iba-1 from the whole
brain homogenates. The level of Iba-1 is expressed as mean ± SEM, which are normalized to b-actin in a same gel. One-way analysis of variance and the Tukey-Kramer multiple
comparisons test were used to determine the statistically significant differences in the expression level of Iba-1 among the different groups. p < 0.001 for Tg2576-ST 30 mg/kg/day
and, p < 0.001 for Tg2576-ST 100 mg/kg/day.

M. Lee, S.-H. Lee, M.-S. Kim et al. Journal of Ginseng Research 46 (2022) 464e472
WT, and their improved integrity by KRG from our results support
the previous findings.

Changes in microbiota by KRG can produce different metabo-
lites, which might be related to AD pathology. Gut microbiota
modulate microglia activation that causes neuronal damage with
Ab accumulation. A disruption in the gut microbiota can cause or
progress AD through the gut-brain axis. Targeting the gut micro-
biota could be a promising approach in the amelioration of AD. In
this study, we demonstrated that KRG ingestion modulates the AD
pathology as well as change in the gut microbiota flora. These
findings support the connection between the gut microbiota and
AD through the gut-brain axis.
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16S gene sequencing analysis confirmed that AD reduced the
diversity of gut microbiota, in particular, it reduced the level of
Lactobacillus. Following the administration of KRG for 14 days, the
number of genes from microbial species became different, and the
Lactobacillus was restored to the extent of WT group. Lactobacillus
can affect the brain function by secreting acetyl choline into the
blood stream, which plays role to memory and attention as a major
neurotransmitter. Metabolites produced by the Lactobacillus are
similar to those of human's, thus affect certain brain functions such
as BBB permeability and microglial activation [21,41]. In addition,
the effects of KRG is not enhanced at higher concentrations in most
of results that are presented in this work. By the fact that anti-



Fig. 4. Effect of KRG on the expression of endothelial Occludin, Claudin-5, Laminin and CD13 in the mice model of AD. (A) Immunoblots of protein extracts from brain parenchyma
of mice from each experimental groups. The levels of Occludin and Claudin-5 were expressed as mean ± SEM, which are normalized to the level of b-actin in a same gel. One-way
analysis of variance and the Tukey-Kramer multiple comparisons test were used to determine the statistically significant differences in the expression level of Claudin-5 among the
different groups. *p < 0.05 for Tg2576-ST 30 mg/kg/day. In Tg2576-ST 30 mg/kg/day group, increased numbers of endothelial claudin-5 with morphological characteristics were
observed compared to Tg2576-ST Control group. (B) Representative Images of tight junction proteins (Occludin, Claudin-5) in brain parenchyma in each experimental groups. (C)
Representative Images of pericyte coverage of CD13 (red) in the cerebral cortex of mice in each experimental groups. Laminin (red) was used as an endothelial cell marker.
Demonstrated data are the representative case from three experiments with six animals per condition per experiment, obtained from individual animals. (Scale bars: 100 mm).
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Fig. 5. Analysis of gut microbiota through 16S gene sequencing with fecal sample. (A) Representative genus levels of gut microbiota for WT, Tg2576-Control, Tg2576-ST 30 mg/kg/
day, and Tg2576-ST 100 mg/kg/day. Lactobacillus levels in Tg-2576-ST 30 mg/kg/day and Tg2576-ST 100 mg/kg/day are significantly increased compared to that of Tg2576-Control.
(B) LDA score for Tg2576-Control, Tg2576-ST 30 mg/kg/day, and Tg2576-ST 100 mg/kg/day (Q-value<0.05).
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oxidation is one of the mechanisms by which KRG modulates AD, it
can be inferred that above appropriate concentrations, excess KRG
acted as oxidation source or performed side reactions which pro-
duce reactive radicals that could affect exacerbating the AD.

In summary, in the mice model of AD, KRG administration
caused changes in the gut microbiota, especially the Lactobacillus.
KRG administration also restored the BBB integrity and decreased
microglial activation. Decreased microglia activation and BBB
permeability change were associated with the reduction of Ab
accumulation and improvement in memory and cognition.
5. Conclusions

Here, we replicated the effect of KRG on improving the pathol-
ogies of AD in the mice model. It restored the reduced diversity of
gut microbiota by AD, especially the level of Lactobacillus. BBB
integrity, microglial activation, Ab accumulation and cognitive
behavior were monitored. Taken together, along with previous
471
reported findings, KRG administration induced the Lactobacillus
restoration, which can play a potential role through gut brain axis in
Tg2576 AD mice.
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