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The negative effects of ethanol (EtOH) abuse on the body have been widely reported
in recent years. Building on the microbiota-gut-brain axis hypothesis, our study aimed
to demonstrate the potential psychobiotic role of Lactobacillus johnsonii BS15 in the
preventive effects of acute EtOH intake on memory impairment. We also determined
whether L. johnsonii BS15 intake could effectively improve resistance to acute drinking
and alleviate the adverse effects of EtOH. Male mice were fed L. johnsonii BS15
orally with (Probiotic group) or without (Control and Alcohol groups) daily dose of
0.2 x 109 CFU/ml per mouse for 28 days. Gavage with L. johnsonii BS15 significantly
modified the ileal microbial ecosystem (assessed by 16S rRNA gene sequencing) in
favor of Firmicutes and Lactobacillus, indicating the ability of BS15 to restore the gut
microbiota. The acute EtOH exposure model (7 g/kg EtOH per mice) was established
by gavage, which was administered to the alcohol and probiotic groups on day 28 of the
experiment. The L. johnsonii BS15 intake effectively reduced alcohol unconsciousness
time, blood alcohol concentration, and serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) levels. Meanwhile, the improvement of ethanol resistance
time and the activities of alcohol dehydrogenase (ADH) and aldehyde dehydrogenase
(ALDH) in the liver were shown by BS15 in acute alcohol-induced mice. We found
that acute EtOH exposure reduced the exploration ratio (assessed by the novel object
recognition test), escape latency, number of errors (assessed by passive avoidance
test), and spontaneous exploration (assessed by T-maze test) in mice, which were
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obviously improved by L. johnsonii BS15. In the hippocampus, L. johnsonii BS15
significantly reversed the decrease in antioxidant capacity of superoxide dismutase
(SOD), malondialdehyde (MDA), and glutathione (GSH) and mRNA expression of
memory-related functional proteins of brain-derived neurotrophic factor (BDNF) and
cyclic ampresponse element binding protein (CREB) in the hippocampal tissue after
acute EtOH exposure. In conclusion, L. johnsonii BS15 intake appears as a promising
psychoactive therapy to ameliorate alcohol-mediated memory impairment by increasing

EtOH metabolic levels.

Keywords: abuse ethanol, Lactobacillus johnsonii BS15, memory impairment, microbiota-gut-brain axis,

hippocampus

INTRODUCTION

Alcoholism is an alarming global issue (Neyrinck et al., 2017).
Alcohol-related injuries are one of the most common preventable
diseases worldwide, with 3.3 million deaths, accounting for 6% of
all global deaths (World Health Organization, 2014; Asrani et al.,
2019). It is well known that alcohol abuse can damage multiple
organs, mainly the liver, intestine, and brain (Bajaj, 2019).
Studies have shown that long-term drinking can change the
intestinal microbial composition, damage the intestinal mucosal
barrier, and destroy intestinal homeostasis (Stirkel and Schnabl,
2016). Additionally, dopamine, glutamate, and y-changes in
aminobutyric acid (GABA) release are associated with excessive
alcohol exposure (Alasmari et al., 2018). These neuroadaptations
of psychoneuroimmunity promote mood regulation disorders
and further trigger inflammation, leading to alcohol use
disorder (AUD) and related affective comorbidities (Koob,
2013; Hillemacher et al., 2018). Based on preclinical studies,
there is increasing evidence that alcoholism negatively affects
brain memory and cognitive function (Scholey et al., 2019).
A recent study reported that alcohol addiction could promote
rapid acetylation of histones in the brain, thereby affecting
the expression of learning and memory genes (Mews et al,
2019). Moreover, long-term intake of high-dose alcohol can
induce cognitive impairment, improve the activity of f-amyloid
precursor protein (B-APP)-related enzymes, increase the content
and deposition of amyloid B-protein (Af), and trigger the
progression of Alzheimer’s disease (AD) (Gong et al., 2021).
Unfortunately, the exact mechanism of alcohol-induced memory
and cognitive impairment remains unclear, making it difficult to
prevent acute or chronic ethanol exposure.

The microbiota, comprising trillions of microbes in the gut,
has become a major driver of the gut-brain axis (GBA). Most
surprisingly, the microbiota largely shapes the structure and
function of the nervous system (Cryan et al., 2019). Perhaps the
most specific effect of the microbiota on the host is the regulation
of brain physiology and behavior (Hao et al., 2019). Over the past
two decades, explosive research has been conducted in the field
of microbiota-host interaction. Symbiotic microorganisms have
been shown to alter host neurophysiology and pathophysiology,
leading to changes in neurological and mental diseases,
including depression, anxiety, and social behavior (Sharon et al.,
2016; Vuongetal,2017; Cryan etal,2019; Fang etal., 2020;

Morais et al., 2021). Interestingly, probiotics, composed of
different strains of lactic acid bacteria and/or Bifidobacteria, have
been shown to affect the behavior of mice, including reduced
anxiety-related symptoms (Bravo et al., 2011; Messaoudi et al.,
2011; Mohammadi et al., 2016) and improved memory (Smith
etal,, 2014; O’'Hagan et al., 2017). The use of probiotic strains can
improve the memory of objects and object positions (Smith et al.,
2014; Liang et al., 2015; Warburton and Brown, 2015; O’Hagan
et al., 2017), rather than object chronological memory (O’Hagan
etal., 2017). By analyzing the metabolic characteristics of specific
lactic acid bacteria strains in the mouse brain, metabolic clues
to enhance memory have been identified. However, metabolic
mediators, if any, between the gut and brain remain unknown.
To date, it is certain that reduction of the intestinal microbial
community can prevent alcohol-induced neuroinflammation,
resulting in changes in the expression of inflammatory bodies
in the intestine and brain (Lowe et al., 2018). In conclusion,
the interaction between alcohol-related brain dysfunction and
communication via the gut microbiota axis remains unclear.
Therefore, more animal experimental evidence is needed to prove
the relationship between intestinal flora and the hippocampus
under different conditions.

Lactobacillus johnsonii BS15 (CCTCC M2013663) was isolated
from self-made yogurt in Hongyuan Prairie, Aba Autonomous
Prefecture, China (Xin et al., 2014). The potential probiotic effects
of L. johnsonii BS15 have been demonstrated in our previous
studies (Xin et al., 2014; Sun et al., 2020). A recent study (Wang
et al., 2021) reported that BS15 could resist demyelination and
neuroinflammation in the brain by reducing impairment and
improving fluoride-induced memory dysfunction. Therefore,
we studied the effects of acute ethanol (EtOH) exposure
and supplementation with L. johnsonii BS15 on hippocampal
memory and cognitive functions in mice using high-throughput
sequencing, behavioral testing, and biochemical analysis. From
the perspective of the gut-brain axis, it is unclear whether
L. johnsonii BS15 reconstructs the community composition and
diversity in the intestinal microbiome before alcohol abuse and
whether different gut species patterns could effectively prevent
liver injury and memory dysfunction in mice after acute EtOH
exposure. Therefore, under the same experimental conditions,
combining these two aspects in animal experiments could explore
the influence of excessive EtOH intake and beneficial treatment
on alcohol metabolism and hippocampal memory function.
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MATERIALS AND METHODS
Culture and Treatment With BS15

In this study, L. johnsonii BS15 was cultured anaerobically
in de Man, Rogosa, and Sharpe (MRS) broth (QDRS Biotec,
Qingdao, Shandong, China). The plate count method was used
to count the bacterial cells. Briefly, the bacterial solution was
diluted 10 times with phosphate-buffered saline (PBS) (pH 7.0).
Dilution gradients of 107°, 107%, and 10~7 were chosen, and
10 pl of each gradient was drawn to drop onto the MRS
agar medium and repeated thrice. MRS agar medium was then
cultured for 36 h at 37°C. An appropriate gradient (easy to count
bacteria) was selected for bacterial counting. Next, centrifugation
(3,000 rpm, 4°C, 15 min) and washing were done to separate
the cells from the cultures and were resuspended in PBS for
experimental use. The concentration of the suspension was
1 x 10° CFU BS15/ml (daily consumption dose: 0.2 ml/mice;
Xin et al., 2014).

Study Design and Animal Treatment

A total of 146 male Institute of Cancer Research (ICR) mice
(22 £ 2 g) were purchased from the Chengdu Dashuo Biological
Research Institute (Chengdu, Sichuan, China). All animals were
fed normally for 7 days (adaptation period). In this study,
the first day after the adaptation period was defined as day
1, as the experiment started. Mice were divided into three
groups: control (C), alcohol (A), and probiotics (P). The mice
in the P group were fed (gavage) the suspension of L. johnsonii
BS15 once a day at 8 am (day l-day 28). Groups C and
A were treated with an equal PBS volume. All animals were
kept in a room where temperature (22 £ 2°C) and a 12-
h/12-h light/dark cycle (dark period: 7 p.m.-7 a.m.) could
be controlled. The acute EtOH exposure model was induced
by a single intragastric administration of 32% (v/v) EtOH
at a dose of 7 g/kg on day 28 in the A and P groups
(Carson and Pruett, 1996). Group C was treated with the
same PBS volume. All animal experiments were performed
in accordance with the Guidelines for the Care and Use of
Laboratory Animals and approved by the Institutional Animal
Care and Use Committee of Sichuan Agricultural University
(approval number: SYXKchuan2019-187). All behavioral tasks
were conducted between 7 a.m. and 1 p.m. Figure 1 illustrates
the experimental design of this study.

Measurement of Ethanol Resistance
Time, Unconsciousness Time, and Blood

Ethanol Concentration

On day 28 of the experiment, 6-10 mice from A and P groups
were selected for the measurement of ethanol resistance time,
unconsciousness time, and blood ethanol concentration after
acute EtOH exposure.

Ethanol resistance time was measured as the time interval
between acute exposure to EtOH and the loss of righting reflex.
Unconsciousness time was measured as the duration of loss of
righting reflex. In our study, mice were administered a high
dose of EtOH and were determined to have lost the righting

reflex when ataxia developed. Meanwhile, the loss of return
to normal reflex time was evaluated as the time taken for the
animals to return to normal. At 30, 60, 90, and 150 min after
acute EtOH exposure, the blood of the orbital venous plexus
was taken from a heparinized tube. Subsequently, the blood
samples were centrifuged at 1,000 x g at 4°C for 15 min
(Chen et al., 2014).

Passive Avoidance Test

Habituation and Training Phase

On day 27 of the experiment, 10 mice from each group were put
into the central platform to adapt to the testing device, and then,
the grid was powered on (36 V, 50 Hz, 1 mA, 2 s) for 3 min to
train. When the mouse’s foot touches the grid, the animal can
obtain an electric shock that keeps it on the central platform. The
mice were then put back into the cage, and the testing phase was
conducted 24 h later.

During the testing phase, the mice, approximately 8 h
after acute EtOH exposure, were placed on the central
platform of the testing device again and were required to
stay for 3 min. Subsequently, the grid in the device was
powered during the testing period. Briefly, the interval when
the animal walked off the platform for the first time was
denoted as escape latency. In addition, the total number of
times the mice left the platform within 3 min was recorded
as the time of error. Therefore, shorter escape latency or
greater error times in mice indicate memory dysfunction
(Chen et al., 2014).

T-Maze

On day 23 of the experiment, eight mice from each group
were selected for the T-maze test. We conducted a T-maze
test on the animals based on the method outlined by Deacon
and Rawlins (2006). This included a feeding point for food
provided at the distal end of each goal arm. The proximal
end had a regulable door for controlling the open or closed
goal arm. Besides, the food made up of 1:1 (v/v) water/full-fat
sweetened condensed milk (Nestle, Qingdao, Shandong, China)
was provided as a reward, of which 0.07 ml was given per trial
by preset pipette.

Habituation and Exploration Phases

During the habituation phase (2 days), animals were softly
stroked five times every day (3 min per time) to make the
mice adapt to the smell and touch from the experimenters.
The mice were then fed with reward food (0.5 ml) each day
to reduce their fear of new things. Finally, the exploration
phase (3 days) was conducted after the habituation phase, and
mice were placed into a testing apparatus in which two goal
arms were opened and allowed to move freely for 10 min.
Subsequently, the mice were allowed to explore from the
start arm to one goal arm (no more than 3 min), where
the reward food was given to the food point. Simultaneously,
the other goal arm was closed by the door. Each mouse was
trained four times every day (equal numbers of left and right
goal arms opened).
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FIGURE 1 | Flow diagram of experimental design. Mice were infected with EtOH (7 g/kg mice) at 28th day after orogastric challenge with either L. johnsonii BS15
suspension or PBS solution. Habituation, exploration, and training phase of behavioral tasks were conducted at 23rd day (T-maze test), 27th day (passive avoidance
test), and 28th day (novel object recognition test), respectively, then the testing phase of all behavioral tasks was performed about 8 h after acute EtOH exposure at
28th day; 8-10 mice in each group were required to participate in T-maze test, novel object recognition test, and passive avoidance test, respectively. Besides, blood

ethanol concentration, ethanol resistance, and unconsciousness time were evaluated by additional 6-10 mice in each group in the presence of acute EtOH
exposure. In the end, blood, liver, and hippocampal tissues were collected to measure biochemical tests.

Testing Phase

One goal arm of the apparatus was closed, while the other goal
arm remained open (equal times of left and right goal arm) and
provided rewarding food at the corresponding point. One mouse,
approximately 8 h after acute EtOH exposure, was allowed to
explore freely in the apparatus for no more than 3 min and
was subsequently removed. After waiting for 0 or 1 min, the
mouse was again placed in the maze device. At the same time,
the previously closed goal arm was opened, and rewarding food
was given at the food point. If different goal arms were entered by
the same mice in the two trials, it was recorded as correct. If the
same goal arm was entered twice continuously, it was recorded as
an error. Every mouse underwent the same process for 10 rounds
(Deacon and Rawlins, 2006; Gareau et al., 2011).

Novel Object Recognition Test

The test procedure consisted of three phases: habituation,
exploration, and testing (Antunes and Biala, 2012). After 28 days
of experimentation, 10 mice from each group were selected for
the novel object recognition test (NOR).

Habituation and Exploration Phase

Each mouse was allowed to move freely in the open-field area
(I xbxh=40 x 40 x 45 cm) for 1 h in the absence of
objects. The mouse was then removed from the area and placed
in its home cage. Each mouse was placed in the area to freely
explore two different objects (#A and #B) for 5 min during the

familiarization phase. The two objects were placed at opposite
positions in the cage.

Testing Phase

The mouse was given an intermediate retention interval of 20 min
and then placed in the same area and re-exposed to object
(#B) along with a new object (#C, distinguishable from object
#A). The exploration ratio [F#C/(F#C + F#B) x 100, where
F#C = frequency of exploring object #C, and F#B = frequency of
exploring object #B] was calculated to evaluate memory function.
The objects used in this study included a gray hard stone (#A),
white hard stone (#B), and small blue cap (#C).

Biochemical Analysis

On day 28 of this study, six mice from each treatment group
were selected for biochemical measurements approximately 8 h
after acute EtOH exposure. The hippocampus, liver, and blood
were collected, and the serum was separated. The liver and
part of the hippocampus were collected. Serum and tissue
supernatants were prepared for subsequent biochemical analysis.
The activities of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) in the serum and the activities of
superoxide dismutase (SOD), glutathione peroxidase (GSH-
Px), GSH, and malondialdehyde (MDA) in the hippocampus
were determined using kits purchased from Nanjing Jiancheng
Institute of Biological Engineering (Nanjing, China). ADH
and ALDH levels in the liver were determined using kits
purchased from Abcam (Cambridge, MA, United States). The
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detailed procedures followed the manufacturer’s instructions,
using different reagent kits.

Real-Time Quantitative Polymerase
Chain Reaction Analysis of Gene

Expression

Residual hippocampal RNA during the above sampling process
was extracted using E.ZN.A.® Total RNA Kit (OMEGA Bio-
Tek, Doraville, GA, United States) based on the method
outlined by product instructions. The total RNA was detected
by the ratio of absorbance at 260 nm and 280 nm and
by agarose gel electrophoresis for quantitative and qualitative
assessments. Then, the total RNA was transcribed into first-
strand complementary DNA (cDNA) using the PrimeScript RT
reagent kit with gDNA Eraser (Thermo Scientific, Waltham,
MA, United States) according to the method outlined by the
manufacturer’s instructions. Finally, the cDNA products were
stored at -80°C until further study. Real-time quantitative
polymerase chain reaction (RT-qPCR) test was conducted using
LightCycle 96 Real-Time System (Boehringer Mannheim GmbH,
Germany) and SYBR Green Supermix (Bio-Rad, Hercules, CA,
United States) to detect the relative expression levels of memory-
related functional proteins in the hippocampus tissue. The
reaction mixture (10 pl) included cDNA products (1 pl), forward
and reverse primers (2 pl), SYBR Green Supermix (5 pl),
and sterile deionized water (2 pl). The thermocycling protocol
was as follows: 5 min at 95°C, followed by 40 cycles of 10
s denaturation at 95°C, and 30 s annealing/extension at the
optimum temperature (Table 1). A melting curve analysis was
performed to monitor the purity of the PCR product. B-actin
was used to normalize the relative mRNA expression levels of
target genes, with values presented as 27244, Primer sequences
and optimum annealing temperatures are listed in Table 1
(Niu et al., 2018).

Intestinal Microbial Compositions in the

lleum

Before establishing the acute EtOH exposure model, the ileal
contents of six mice were collected from the C and P groups for
16S rRNA gene sequencing.

Microbial DNA was obtained using an E.Z.N.A.TM stool DNA
isolation kit (Omega Bio-Tek, Doraville, CA, United States). The
final elution volume was 100 w1, and the purity, concentration,
integrity, and fragment size were evaluated by electrophoresis
on a 1% agarose gel. The 16S V4 region was amplified by PCR
using the primer 515F/806R of the 16S rRNA gene. Then, the
purified PCR products were formed into a library with Ion
Plus Fragment Library Kit 48 rxns (Thermo Fisher Scientific,
United States) and sequenced on the IonS5 XL platform (Thermo
Fisher Scientific, United States) using single-end sequencing. The
primers contained adapter sequences and single-end barcodes,
which allowed pooling and direct sequencing of PCR products.
Cutadapt (V1.9.1)" was applied to the high-quality 16S rRNA
gene reads. Subsequently, the 16S rRNA gene read pairs were

Uhttp://cutadapt.readthedocs.io/en/stable/

demultiplexed based on their unique barcodes, and the reads
were merged using VSEARCH (Rognes et al., 2016). Sequences
were clustered into operational taxonomic units (OTUs) with
a similarity cutoft value of 97%. OTU representative sequences
were produced using Uparse v7.0.1001. Species annotation
analysis was performed on the OTU representative sequences
through the SILVA database (SILVA database).”> These samples
were used for downstream analyses of alpha-diversity, beta-
diversity, species composition, between-group variance, and
correlation analysis in R v4.0.2.

Statistical Analysis
The 16S rRNA sequencing data were analyzed using the Kruskal-
Wallis test, followed by the Wilcoxon rank-sum test to assess
significant differences between the different treatments.
Normality was evaluated using the Shapiro-Wilk normality
test. If the data were not normally distributed, they were log-
transformed for analysis. Data that remained non-normally
distributed were analyzed using the Kruskal-Wallis test followed
by the Wilcoxon rank-sum test. Normally distributed data were
analyzed using one-way ANOVA followed by the least significant
difference (LSD) test. Differences were considered statistically
significant at P < 0.05. Differences were counted using IBM SPSS
Statistics 25.0 and R v4.0.2.

RESULTS

The Diversity and Composition of Gut

Microbial Community

Through 16s rRNA gene sequencing, we determined whether
L. johnsonii BS15 supplementation influenced the gut microbiota.
As shown in Figures 2A,B, the Shannon and Chaol indices of
the ileal microbiome in the P group were significantly lower
than those of the control group (P < 0.01). Moreover, the
high relative abundances of the other genera in the P group
were different from those in the control group. Moreover,
principal coordinate analysis (PCoA) based on Bray-Curtis
showed a clear separation (Figure 2C) between the ileal
microbiota of the control and P groups. Additionally, the ileal

2http:/ /www.arb-silva.de/

TABLE 1 | Primer sequences for RT-gPCR in hippocampus.

Gene Tm (°C) Sequence
B-actin 60 Forward: GCTCTTTTCCAGCCTTCCTT
Reverse: GATGTCAACGTCACACTT

BDNF 60 Forward: GCGCCCATGAAAGAAGTAAA
Reverse: TCGTCAGACCTCTCGAACCT

CREB 60 Forward: CCAGTTGCAAACATCAGTGG
Reverse: TTGTGGGCATGAAGCAGTAG

NCAM 60 Forward: GGGAACTCCATCAAGGTGAA
Reverse: TTGAGCATGACGTGGACACT

c-Fos 59.5 Forward: CAGAGCGGGAATGGTGAAGA

Reverse: CTGTCTCCGCTTGGAGTGTA
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FIGURE 2 | Effects of L. johnsonii BS15 on the gut microbial diversity and composition in BS15-pretreated mice. Microbial (A) richness (Chao1) and (B) evenness
(Shannon indexes) in ileal samples of each group. The difference in alpha diversity index was analyzed by Kruskal-Wallis test followed by Wilcoxon rank-sum test.
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microbial communities in these two groups were dominated
by Firmicutes at the phylum level (Figure 2D). The relative
abundance of Firmicutes in the P group was significantly
higher than that in the control group (Figure 2E). Conversely,
the relative abundance of Actinobacteria, Bacteroidetes,
and Proteobacteria decreased markedly in the P group
compared with that in the control group. At the genus level
(Figure 2D), Lactobacillus was the most abundant species in the
control and P groups.

As shown in Figures 3A,B, compared with the control
and P groups, the biomarkers in the control group were
Ruminococcaceae, Lachnospiraceae, Clostridia, and Clostridiales,
and those in the P group were Lactobacillales, Bacilli,
Lactobacillus,  Lactobacillaceae,  Lactobacillus  intestinalis,
and Firmicutes. Compared with the C group, the relative
abundance of Lactobacillus in the P group was significantly
increased (Figure 3C, P < 0.01), and the relative abundance
of unidentified Ruminococcaceae and Butyricicoccus of P
group in the ileum decreased significantly (Figures 3D,E,
P < 0.01). It was possible to quantify the microbial effects of
L. johnsonii BS15 by analyzing significant differences in OTU
abundance relative to the original ileal species (Figure 3F).
Under the influence of L. johnsonii BS15, partial OTUs were
enriched or competitively excluded in the ileum. For instance,
24 OTUs were significantly higher in the P group than that in
the control group.

Effect of BS15 on Ethanol Resistance
and Unconsciousness Time Following

Acute Ethanol Exposure in Mice

The tolerance time (Figure 4A) and unconsciousness time
(Figure 4B) were significantly altered by BS15 in the P group.
In contrast to the A group, mice pretreated with L. johnsonii
BS15 showed significantly prolonged body-righting reflex
disappearance and shortened unconsciousness time (P < 0.05).

Effect of BS15 on Alcohol Metabolism
Following Acute Ethanol Exposure in

Mice

As shown in Figures 5A,B, AST and ALT activities in the
serum were significantly elevated in group A compared with
those in the control group. L. johnsonii BS15 pretreatment
markedly decreased AST and ALT activities after acute EtOH
exposure (P < 0.05). This indicated that pretreatment with
L. johnsonii BS15 could effectively protect the liver from alcohol-
induced injury.

Acute EtOH administration in mice induced a significant
increase in ADH activity in the liver (P < 0.05), and the elevated
ADH activity in BS15 pretreated groups was much higher than
that in group A (Figure 5C, P < 0.05). A similar tendency was
observed for ALDH activity between groups A and P (Figure 5D,
P < 0.05).

The blood alcohol concentration reached a peak at 90 min
after alcohol intake, and compared with the A group, the blood
alcohol concentration was significantly lower at 60 and 90 min

after alcohol administration in the L. johnsonii BS15 pretreated
group (Figure 5E, P < 0.05).

Behavioral Tests

Figures 6-8 show the results of the behavioral tests for the
memory abilities of the mice. Significantly lower exploration
ratio (Figure 6) and escape latency (Figure 7A) were observed
(P < 0.05) in group A than that in the control group. Correct
times for 0 s and 1 min of retention intervals (Figure 8) in
group A were also significantly lower (P < 0.05) than that in the
control group. The error numbers (Figure 7B) in group A were
significantly higher than that in the control group. In contrast,
the exploration ratio (Figure 6), escape latency (Figure 7A), and
correct times for 0 s and 1 min retention intervals (Figure 8) were
significantly higher (P < 0.05) in the P group. The error numbers
(Figure 7B) in group A were significantly lower (P < 0.05) than
that in group P. Moreover, significant differences (P < 0.05)
in escape latency and error numbers were observed between
the control and P groups (Figure 7), whereas the number of
correct responses and exploration ratio were not significant
(Figures 6, 8, P > 0.05).

The mRNA Expression of
Memory-Related Functional Proteins in
the Hippocampus

Figure 9 illustrates the differences in the mRNA expression
levels of memory-related functional proteins in the hippocampus
among the three groups. The mRNA expression levels of BDNF
and CREB were significantly downregulated (Figures 9A,B,
P < 0.05) in group A compared with those in the control group.
However, the mRNA expression levels of NCAM and c-Fos
did not change significantly (Figures 9C,D, P > 0.05) between
these two groups. Moreover, L. johnsonii BS15 pretreatment
significantly increased (Figures 9A,B, P < 0.05) the mRNA
expression levels of BDNF and CREB in response to acute alcohol
unconsciousness; their mRNA expression levels in the P group
were significantly higher (Figures 9A,B, P < 0.05) than that in the
A group. However, the mRNA expression levels of NCAM and
c-Fos remained unchanged (Figures 9C,D, p > 0.05) between the
control and P groups.

Antioxidant Capacity in the
Hippocampus

Figure 10 illustrates the antioxidant indices in the hippocampus.
As shown in Figure 10A, SOD levels were significantly lower
(P < 0.05) in group A than that in the control group, but
no difference (P > 0.05) was observed between the control
and P groups. Figure 10B shows higher (P < 0.05) MDA
content in group A than that in the other two groups, while
the MDA content in the P group was higher (P < 0.05) than
that in the control group. Meanwhile, the activity of GSH-Px
was significantly lower (P < 0.05) in group A (Figure 10C) than
that in the control group, but no significant difference (P > 0.05)
was observed between groups A and P. Moreover, GSH content
was significantly decreased (P < 0.05) in group A (Figure 10D),
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but showed no differences (P > 0.05) compared with that in the
control and P groups.

DISCUSSION

In earlier studies on the pathology of organs with regard
to excessive drinking, most studies focused on changes in
physiological and biochemical parameters of the liver, brain, or
gut tissue itself (Bajaj, 2019; Carbia et al., 2021). The motivation of
this study was to explore the mechanism of memory dysfunction
induced by acute EtOH exposure by observing changes in the
intestinal flora. Our study also verified the preventative influence
of L. johnsonii BS15 on drunkenness. The normal animal
memory level relies upon a delicate change in the intestinal

flora, organizational barrier, and circulation system (Sun et al.,
2020; Xin et al,, 2020, 2021a; Wang et al, 2021). Although
various factors, such as neuroinflammation, lipid peroxidation,
autophagy, and apoptosis, can affect brain health, the gut
microbiome plays a significant role as one of the main drivers.
16S rRNA high-throughput sequencing was performed on the
ileal microbiome to determine whether the structure of the gut
microbiota was altered by L. johnsonii BS15 supplementation.
According to the results shown in the Shannon index and
Chaol index, the bacteria richness was significantly decreased.
The above observation indicates that the administration of
L. johnsonii BS15 stabilizes the intestinal flora. This conclusion is
consistent with the results of previous studies, which suggest that
Lactobacillus can interfere with the normal colonization of other
bacteria, especially pernicious bacteria, owing to its enzymatic,
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fibrinolytic, and broad-spectrum antibacterial activities (Eom
et al., 2015). Sepp et al. (2018) found that Lactobacillus ME-
3 contributed to the species richness, diversity, and abundance
of Lactobacillus in the intestinal tract, which was related to
the increase in the diversity of the entire intestinal flora in 71
volunteers. Moreover, as shown in the PCoA of Bray Curtis
distances, we observed an apparent inconsistency between the C
and P groups, which manifested the compositional differences of
the gut microbiota in probiotic-pretreated mice. Therefore, we

believe that the reduction of gut microbiota diversity proves the
main effect on intestinal microbiota by BS15 supplementation,
and the different microbiota structures could be beneficial to the
health of the host.

The ileal microenvironment mainly contributes to the
normal colonization of microbes from seven predominant taxa,
namely, Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria,
Proteobacteria, Verrucomicrobia, and Cyanobacteria. Among
them, Firmicutes, which accounted for up to 90% of the
relative abundance, was the dominant phylum in all treatments.
Normal intestinal microbes of the same strain of animals
have shown different compositional patterns in various studies
(Cryan et al,, 2019). Even genetically identical rodents may have
different microbiota owing to environmental factors, including
diet, garbage, suppliers, transportation, and facilities (Knight
et al,, 2018). Based on our previous findings, mouse models
reared under certain experimental conditions showed similar
microbial composition characteristics in the gut, such as a high
relative abundance of Firmicutes and Lactobacillus (Xin et al.,
2021a,b). Although these results differ from those of other
studies, reconciling microbiome data generated using different
methods remains an unsolved challenge. The intestinal microbial
community in the BS15 supplement was primarily manifested
by an increase in the relative abundance of Firmicutes at the
phylum level and Lactobacillus at the genus level. Lactobacillus
is an important genus in Firmicutes and is also a well-known
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within 3 min. Significant difference between groups is expressed on the basis of one-way ANOVA statistical analysis followed by LSD test (*P < 0.05).

AA

AAA

Error numbers / 3 min @

£3

T T T
Control Alcohol Probiotic

ns

>

Correct times
(10 trials in total)

1
Control Alcohol Probiotic

Os

FIGURE 8 | Effects of L. johnsonii BS15 on the correct times with both 0 s and 1 min of retention interval by T-maze test. Data are displayed with the mean 4 SD
(n = 8). The correct times with (A) O s or (B) 1 min of retention interval by T-maze test. Significant difference between groups is expressed on the basis of one-way
ANOVA statistical analysis followed by LSD test (*P < 0.05). The “ns” means there is no significant difference between groups.

B ns
10+ x =
- AA
05 8] ada ah
g8 ° AAAA
=g 69 ®
D
(4 -
25 4
5%
02 24
0

1 1 1
Control Alcohol Probiotic

1min

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 847468


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sun et al.

Lactobacillus johnsonii Prevents Memory Dysfunction

2.0

1.5

1.0

0.5+

0.0

mRNA expressions relative to B-actin >

2.0

1.0

0.5+

0.0

mRNA expressions relative to B-actin ©

BDNF
ns
*
*
[J 7277
[ ] A a4 A
A
L
T T
Control Alcohol Probiotic
NCAM
ns
ns
ns
n
. A
Y L] A
As
T T T
Control Alcohol Probiotic

mRNA expressions relative to B-actin

mRNA expressions relative to B-actin O

0.5+

0.0

2.0

0.0

CREB
ns
*
O S—
ATA
" z o\ A,
T T T
Control Alcohol Probiotic
c-Fos
ns
ns
ns
|i‘ r_‘ A A
. u 1A
° A
I I 1
Control Alcohol Probiotic

FIGURE 9 | Expression levels of memory-related functional proteins in the hippocampus. (A-D) Relative expression of (A) BDNF, (B) CREB, (C) NCAM, and (D)
c-Fos. Data are displayed with the mean + SD (n = 6). Significant difference between groups is expressed on the basis of one-way ANOVA statistical analysis
followed by LSD test (P < 0.05). The “ns” means there is no significant difference between groups. BDNF, brain-derived neurotrophic factor; CREB, cyclic
ampresponse element binding protein; NCAM, neural cell adhesion molecule; c-Fos, immediate early gene.

glutathione.

A
250 ns
*
:g 200 *
s A
o 150 A
§ ® L} A
2 () A
<= 100 = A
[a]
o | |
» 50
0 T T T
Control Alcohol Probiotic
C 250 ns
- *
S 200- P
Qo o
= ; A
£ 150 [ )
35 . u A,
= 100 "
&.‘ 100 ']
B 50
(U}
0 T T T
Control Alcohol Probiotic

o

MDA (nmol/mg prot)

o

GSH (mg/g prot)

4
*
S
34 *
2 L | :
® Ax
14 ® o
0 1 1 I
Control Alcohol Probiotic
254
*
20 -
. *
15+ ®
® 9 ]
10 == Ada
5_
0 1 1 1
Control Alcohol Probiotic

FIGURE 10 | Oxidation and antioxidant levels in the hippocampus. Activities or contents of (A) SOD, (B) MDA, (C) GSH-Px, and (D) GSH. Data are displayed with
the mean + SD (n = 6). Significant difference between groups is expressed on the basis of one-way ANOVA statistical analysis followed by LSD test (*P < 0.05). The
“ns” means there is no significant difference between groups. SOD, superoxide dismutase; MDA, malondialdehyde; GSH-Px, glutathione peroxidase; GSH,

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 847468


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sun et al.

Lactobacillus johnsonii Prevents Memory Dysfunction

intestinal probiotic. Lactobacillus not only resisted colonization
by pathogenic bacteria but also was significantly related to the
protein expression level of TNF-a, which supported that it
is an anti-inflammatory bacterium (Ait-Belgnaoui et al., 2014;
Roychowdhury et al., 2018). Therefore, Lactobacillus is actively
used for the treatment of various intestinal disorders, including
alcoholic liver disease (Lovinger, 1997). A growing body of
evidence has revealed a frequent rate of psychological and
psychiatric problems among patients suffering from alcohol
abuse, and these changes in the central nervous system due
to the concept of the gut-brain axis are often accompanied by
dysbacteriosis. Yan et al. (2011) reported that alcoholic dysbiosis
is characterized by reduced proportions of commensal probiotic
bacteria such as Lactobacillus species in animal models and
humans. In our previous studies, L. johnsonii BS15, a potential
psychobiotic, was shown to have an impact on higher nervous
functions, including behavior, which supports the hypothesis that
the gut microbiota may play a beneficial role in alcohol-related
diseases (Wang et al., 2020, 2021).

Once consumed, alcohol is absorbed mainly in the
gastrointestinal tract by diffusion, enters the liver via the
portal vein, and is distributed rapidly throughout the body.
However, as the primary site for alcohol absorption, mounting
evidence shows that the GI tract can be affected by alcohol
and its metabolites, which experience symptoms such as
intestinal bacterial dysbiosis and disruption of tissue homeostasis
(Engen et al, 2015). However, probiotics, the key regulators
of the intestinal environment, may become a new target for
alcoholism. An early study reported an obvious alteration
in the intestinal microbiome in rats chronically fed alcohol,
but they could benefit from these changes by supplementing
rats with Lactobacillus GG (Mutlu et al., 2009). Furthermore,
alcohol-mediated tissue injury is commonly accompanied by
increased intestinal permeability (Tang et al., 2015). Probiotics,
such as Lactobacillus (Chen et al., 2016) and Bifidobacterium
(Ewaschuk et al., 2008), or candidate probiotics, such as
Akkermansia (Everard et al., 2013), have been shown to enhance
intestinal integrity through various mechanisms, such as
upregulation of tight junction protein expression, improvement
of intestinal villus/crypt histology, and thickening of the
mucous layer. In this study, L. johnsonii BS15 pretreatment
significantly prolonged the resistance time and shortened the
unconsciousness time in mice after acute EtOH exposure. These
results suggest that amelioration of the gut environment by
probiotic supplementation may represent a promising and
safe approach to promote alcohol metabolism and increase
tolerance to alcoholism.

To gain further insight into the degradation mechanism
of probiotics, we detected the related enzymes in mice by
biochemical analysis. The body typically processes ingested
alcohol through a process called oxidative conversion, which
predominantly occurs in the liver. Almost 80-90% of EtOH
is metabolized by hepatic metabolic enzymes, which are
considered necessary for the metabolism of EtOH, including
alcohol dehydrogenase (ADH) and acetaldehyde dehydrogenase
(ALDH). In short, ADH converts alcohol into acetaldehyde,
and ALDH converts acetaldehyde into acetate. Previous studies

have suggested that these enzymes can be expressed by some
probiotics (Jing et al., 2018). Similarly, Chen et al. (2015)
showed that the absence of the intestinal microbiome in germ-
free mice was related to the modulation of the gut and
hepatic expression of ethanol-metabolizing enzymes. In this
study, we showed that the activities of ADH and ALDH
were markedly enhanced after acute EtOH exposure, which
is considered an adaptive response to alcohol stimulation.
Administration of BS15 further upregulated ADH and ALDH
activities in liver tissue after EtOH administration. Based
on these facts, we speculated that alcohol metabolism could
be accelerated by BS15 pretreatment, which is consistent
with the obviously suppressed peaking of the blood alcohol
concentration. These results indicate that L. johnsonii BS15
mediates EtOH metabolism by increasing the activity of related
metabolic enzymes. Ferrere et al. (2017) reported that EtOH-
fed mice showed a downregulation of the relative abundance of
Bacteroides, and fecal microbiota transplantation (FMT) from
healthy animals markedly reduced EtOH-induced liver injury. In
this study, hepatic injury was determined by detecting aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
activities in the blood, which are considered the most sensitive
indices for hepatic injury. L. johnsonii BS15 pretreatment
significantly improved AST and ALT activities after acute
EtOH intake. These results demonstrate that supplementation
with L. johnsonii B15 could improve liver impairment under
acute EtOH exposure.

In addition to negatively affecting the liver, alcohol impairs
brain function, behavior, and cognition. In this study, three
behavioral tasks were used to assess hippocampus-associated
memory impairments. The T-maze is an elevated or enclosed
equipment in the form of a horizontally placed T, which
is used in a variety of ways to evaluate the cognitive and
memory capability of an animal (Deacon and Rawlins, 2006).
NOR is an efficient and flexible assay for investigating various
aspects of learning and memory in animals (Lueptow, 2017).
The main advantage of NOR is that it relies on rodents’
natural proclivity to explore novelty (Berlyne, 1950). Finally,
the passive avoidance test has been widely employed in studies
on learning and memory in experimental animals (Jarvik and
Essman, 1960). Poor memory ability can be determined by
short escape latency and high error numbers (Malekmohamadi
et al, 2007; Chen et al, 2014). Notably, the behavioral
performance of mice with acute alcohol intake was significantly
ameliorated by BS15 pretreatment; thus, the positive effects of
L. johnsonii BS15 prove it as a potentially beneficial bacterium.
The changes in the behavioral tests induced by L. johnsonii
BS15 pretreatment were consistent with the conclusions of our
earlier research (Sun et al., 2020; Xin et al., 2020; Wang et al,,
2021).

The hippocampus is an essential brain area for cognitive
and memory capabilities and is particularly vulnerable to
the damaging effects of acute EtOH exposure (Agartz et al,
1999; Sullivan and Pfefferbaum, 2005; Beresford et al., 2006).
Mounting evidence has shown that hippocampal impairment
can lead to memory impairment (Guimardes et al, 1993;
Molteni et al., 2002). We observed alterations in some pivotal
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memory-associated functional proteins and antioxidant capacity
in hippocampal tissue to elucidate the mechanism underlying
the promising performance of L. johnsonii BS15. While
the mechanisms of alcohol-induced memory deficits are not
completely understood, increased oxidative stress may be a
major factor contributing to selective neuronal impairment and
cognitive deficits secondary to EtOH abuse (Haorah et al,
2008; Crews and Nixon, 2009). Lipid peroxidation is a critical
process in molecular injury during oxidative stress that induces
hippocampal-dependent memory impairment. The reactive
oxygen species generated by stress are responsible for lipid
peroxidation, which is determined by the upregulation of MDA
formation (Niki, 2012). CAT, SOD, and GSH-Px are important
enzymes that protect against oxidative stress by decreasing
the activity of superoxide anions and hydrogen peroxide
(Thakare et al., 2017). In our study, acute EtOH exposure
downregulated the activities or content of SOD, GSH-Px, and
GSH and upregulated MDA formation in the hippocampal tissue,
implying an improvement in oxidative stress to a certain extent
related to alcohol-induced memory impairment. Furthermore,
L. johnsonii BS15 pretreatment markedly ameliorated EtOH-
induced memory disruption, and this effect may be attributed to
accelerated EtOH clearance (McGregor, 2007) and attenuation of
oxidative stress by increased antioxidant enzyme activities in the
hippocampal tissue.

Further studies are needed to identify the exact mechanism
by which key intestinal microbes directly or indirectly
mediate EtOH-induced memory function damage. Since it
is quite difficult to identify key species based only on 16S
rDNA high-throughput sequencing, more technology (such
as metagenomics) should be considered in future studies
to increase the possibility of eventual identification of these
species. Meanwhile, we need a specific application of the
above treatment method, requiring further studies with greater
grouping design, from multiple bowels, across different time
points, and accounting for the alteration of metabolic material
in the gut, blood, and injured organs.

CONCLUSION

These findings indicate that L. johnsonii BS15 has beneficial
effects against excessive alcohol intake-induced impairment
of memory functions and activities of oxidative stress-related
enzymes. These alterations could be caused by the improved
microbial microenvironment in the gut and alcohol metabolic
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