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Lactobacillus delbrueckii alleviates depression-like behavior
through inhibiting toll-like receptor 4 (TLR4) signaling in mice

Xiangjie Qiu', Guojun Wu', Lili Wang', Yurong Tan', Zhi Song’

'Department of Medical Microbiology, Xiangya School of Medicine, Central South University, Changsha, China; *Department of General Surgery,
The Third Xiangya Hospital, Central South University, Changsha, China

Contributions: (I) Conception and design: X Qiu, Y Tan; (II) Administrative support: L Wang; (IIT) Provision of study materials or patients: Z Song; (IV)
Collection and assembly of data: X Qiu, G Wu; (V) Data analysis and interpretation: X Qiu, Y Tan; (VI) Manuscript writing: All authors; (VII) Final
approval of manuscript: All authors.

Correspondence to: Yurong Tan. Department of Medical Microbiology, Xiangya School of Medicine, Central South University, Changsha 410078,
China. Email: yurongtan@csu.edu.cn; Zhi Song. Department of General Surgery, The third Xiangya Hospital, Central South University, Changsha
410000, China. Email: songzhi200@qq.com.

Background: The intestinal flora can influence behavior through the microbiota-gut-brain axis and is
closely related to the occurrence and development of nervous system diseases such as depression. Probiotics
like Lactobacillus may regulate the balance of the intestinal flora and play an active role in preventing and
treating depression.

Methods: Eight-week-old C57BL/6] mice (n=32) were randomly and equally divided into a normal control
group, a control + Lac group, a model group, and a model + Lac group. The model and model + Lac groups
were intraperitoneally injected with 1.2 mg/kg lipopolysaccharide for 7 days, and the behavior of the mice
was assessed 24 hours later. The normal and model groups received intragastric administration of saline daily,
while the control + Lac and model + Lac groups were given 10 cfu Lac intragastrically daily for 7 days. The
inhibitory effect of Lac and its fermentation products on depression-related bacteria were examined iz vitro.
Results: Lac effectively inhibited the production of depression-like behaviors in mice. The expression levels
of zonula occludens-1 (ZO-1) and E-cadherin in the small intestine in the model group were significantly
decreased, but Lac abrogated this effect. Overactivation of microglia and decreased expression of dopamine
transporter (DAT) in brain tissues, which are closely related to depression, were also abrogated by Lac
treatment. Furthermore, the expression of toll-like receptor 4 (TLR4) and nod-like receptor protein-3
(NLRP3), as well as the level of interleukin-1 beta (IL-1p) in the intestine and brain, were all significantly
increased; however, these effects were subsequently abrogated by Lac. Moreover, Lac inhibited dysbiosis
through its metabolites.

Conclusions: Lac has a remarkable antidepressant function, which it performs through the inhibition of

dysbiosis (via its metabolites) and pattern recognition receptor TLR4 signaling.
Keywords: Depression; Lactobacillus delbrueckii subsp. bulgaricus; toll-like receptor 4 (TLR4); nod-like receptor
protein-3 (NLRP3)
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Introduction

Depression is one of the most common mental disorders in
the world. As a mood disorder with many possible causes,
depression is characterized by a significant and lasting
depressed mood (1). Statistics reported by the World Health
Organization show that more than 300 million people suffer
from depression worldwide, and it was projected to become
the second leading disease for morbidity and mortality
by 2020 (2). The etiology and pathogenesis of depression
are not very clear, but abnormalities in neural pathway
function and structure and neuroendocrine function are
known to be involved (3). Genetic factors and stressful life
events are also closely related to depression (4). Studies
have shown that alcohol abuse, pregnancy, social defeat,
stress, and other factors can increase inflammatory cytokine
release (5-7). Inflammation, directly and indirectly, affects
the physiological and pathological process of depression
through multiple pathways, including nerve, endocrine, and
immune pathways (8). Various stresses induce microglia
activation and induce the secretion of proinflammatory
cytokines by cells, resulting in neuroinflammation
and subsequent depression (9,10). This study used
lipopolysaccharide (LPS) to induce depression-like behavior
in C57BL/6] mice. The characteristics of the LPS-induced
neuroinflammatory model are extremely similar to those
of depression and some neurodegenerative diseases, so it is
widely used to study depression-related mechanisms (11,12).

At present, antidepressants are the main treatment for
depression. However, for 30-40% of patients, the treatment
efficacy is poor (13), and most of the drugs are designed
to interfere with the activity of neurotransmitters in the
brain, resulting in headache, nausea, irritability, sedation,
sexual dysfunction, and other side effects (14). When taken
in appropriate amounts, probiotics such as Lactobacillus and
Bifidobacterium have health-promoting effects, which they
exert through the brain-gut axis via the neuroendocrine,
nerve, and immune pathways (15). A recent study found that
the number of Lactobacilli and Bifidobacteria in the intestinal
tract of depressive patients was significantly decreased. In
contrast, the number of Enterobacteriaceae and Enterococcus
was significantly increased (16), suggesting that dysbiosis is
present in the intestinal tract of depressive patients and that
recovery of dysbiosis may be a novel approach to treating
depression. Lactobacillus is the main type of probiotic, which
can regulate the balance of the intestinal flora and play an
active role in preventing and alleviating depression (17-21).
Lactobacillus delbrueckii subsp. bulgaricus (Lac) is the most
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widely used probiotic in dairy products (22,23).

To further explore Lactobacillus’s components and
mechanisms against depression-like symptoms, we
studied the therapeutic effect of Lac on depression and its
underlying mechanism by performing iz vivo and in vitro
experiments. We present the following article following
the ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-4411).

Methods

Experiments were performed under a project license (NO.:
2017-S000) granted by the Institutional Ethics Committee
of Xiangya School of Medicine, Central South University.
All animal experiments were conducted in compliance with
the national or institutional guidelines for the care and use
of animals.

Mice model

Eight-week-old C57BL/6] mice purchased from Hunan
Tianqgin Biological Technology Co., Ltd. were selected.
The mice were kept in a single cage under suitable light
conditions and at a constant temperature of 25 °C for 7 days.
They were fed with standard laboratory chow consisting
of 18% protein, 58% carbohydrate, 4% fat, 15% water,
and 5% other ingredients, including minerals, vitamins,
and salts (Hunan Tiangin Biological Technology Co., Ltd.,
Changsha, China). The feeding room was well ventilated,
and drinking water was freely available.

After 7 days, the mice (n=32) were divided into a normal
control group (CG), a control + Lac group (CG + Lac), a
model group (LPS), and a treatment group (LPS + Lac)
using a random number table (n=8 in each group). The
number of animals needed for the paired test was deduced
by observing when the #-test reached the significance level
of 0.05. The mice in the LPS and LPS + Lac groups were
given LPS at a dose of 1.2 mg/kg (Escherichia coli 055: BS,
Sigma-Aldrich, MO, USA) via intraperitoneal injection
for 7 days (11,12). After 24 hours, the mice’s behavior was
assessed to determine whether the depression-like model
had been successfully constructed. Then, the mice in the
CG and LPS group were given saline by gavage every day,
while the mice in the CG + Lac and LPS + Lac groups were
given 10’ cfu of Lac by gavage every day. Seven days later,
the mice in each group were tested. All animal experiments
in this study conformed to the local principles for managing
laboratory animals and followed the Guidelines for the
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Management and Use of Laboratory Animals published
by the National Institutes of Health of the United States.
Lac was kindly gifted by the College of Food Science and
"Technology, Hunan Agricultural University.

Bebavioral assessment

Sugar-water preference test: firstly, the mice were adaptively
fed 1% sucrose water for 48 hours. Then, after the mice
had been deprived of water for 12 hours, a 1% sucrose
bottle and a bottle of pure water were put in the cage. The
consumption of sugar water and pure water was monitored
for 4 hours. During the 4 hours, the sugar water and pure
water bottles’ positions were changed every 2 hours to
prevent errors in the results caused by the mice’s preference
for drinking positions. The sugar water preference
was calculated according to the formula: sugar water
consumption% = sugar water consumption (g)/(sugar water
consumption + pure water consumption) (g) x100%.

Forced swimming test: the ambient and water
temperatures were set at 25 °C. The mice were placed in a
round glass jar with a height of 20 cm, a depth of 10 cm,
and a diameter of 12 cm. Immobility was recorded when
the mice stopped struggling, floated, or kept their head
floating on the surface of the water with only slight limb
movements. Observations continued for 6 minutes, and
the cumulative sum of immobility time during the final
4 minutes was recorded. The percentage of time spent
immobile was calculated as follows: immobility time/total
time x100%.

Sample collection

To obtain tissue from the small intestine (2-3 cm), the
mice’s abdominal cavity was exposed after ether anesthesia
and rinsed with 0.9% sodium chloride solution. Formed
excrement in the large intestine was collected. Hippocampal
tissue was obtained by cutting open the skull after
perfusion with 0.9% sodium chloride followed by 4%
paraformaldehyde solution (24).

Enzyme linked immunosorbent assay

Small intestinal or hippocampal tissues (100 mg) were
washed in precooled phosphate buffer solution (PBS)
(0.02 mol/L, pH 7.0-7.2) to remove blood. After weighing,
the tissue was transferred into a glass homogenizer, and
5 mL of precooled PBS was added for each gram of sample,
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ground the tissue fully on ice, and then the homogenization
solution was obtained using ultrasound. The prepared
homogenate was centrifuged at 5,000 g for 5 minutes, and
the supernatant was retained. Finally, 5 pL of supernatant
was taken, and the level of interleukin (IL)-1p was detected
following the instructions of a mouse IL-1f ELISA
(enzyme-linked immunosorbent assay) Kit (JL46166,
Shanghai Jianglai Biotechnology Co., Ltd.).

Real-time fluorescence quantitative PCR

The primers of glyceraldehyde-3 phosphate dehydrogenase
(GAPDH), zonula occludens-1 (ZO-1), E-cadherin, nod-
like receptor protein-3 (NLRP3), toll-like receptor 4
(TLR4), dopamine transporter (DAT), and ionized calcium
binding adaptor molecule-1 (Iba-1) genes (Table S1) were
designed using the Primer Premier 5.0 software (Premier
Biosoft International, Palo Alto, CA, USA). Total RNA
was extracted from the small intestinal and hippocampal
tissues with TRIzol, and RNA purity was analyzed using
a nucleic acid analyzer. RNA (1 pg) from each sample was
used for reverse transcription (RT). Synthesis of cDNA was
performed through RT (R312-01, Nanjing Vazyme Biotech
Co., Ltd., Nanjing, China) and amplified using a quantitative
polymerase chain reaction (QPCR) kit (Q511-02,
Nanjing Vazyme Biotech Co., Ltd., Nanjing, China)
according to the manufacturer’s instructions. The reaction
mixture consisted of the following: 1.5 pL. ¢cDNA, 12.5 pL
SYBR Green qPCR Master Mix, 1.5 pL each of the forward
and reverse primers (10 pM), and diethylpyrocarbonate
water (total volume, 25 pL). The RT-PCR was performed
under the following conditions: 94 °C for 3 minutes,
35 cycles of 94 °C for 45 seconds, 51 °C for 45 seconds, and
72 °C for 45 seconds. The relative mRNA expression was
calculated using the 27**“ method (25).

Total DNA was extracted from the feces of mice in
each group. The purity of DNA was analyzed using
a nucleic acid analyzer. The primers (Lactobacillus
N-acyltransferase: CGTTAGCCAGCCGACATT;
ACGCATCAGGCAACAGCA, 129 bp) were used for
gPCR under the following conditions: pre-denaturation at
94 °C for 3 minutes, denaturation at 94 °C for 45 seconds,
annealing at 51 °C for 45 seconds, prolongation at 72 °C for
45 seconds, and amplification of 65 cycles.

Western blot

Small amounts of small intestinal tissues and hippocampal
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tissues were ultrasonically lysed using 500 pL of strong
RIPA lysate containing phenylmethyl sulfonyl fluoride
(PMSF). Total protein was collected by centrifuging
at 12,000 rpm at 0 °C for 25 minutes, and the protein
concentrations were detected with a BCA protein assay kit
(PA-115, Beijing Tiangen Biochemical Technology Co.,
Ltd.). Western blot (WB) was carried out to detect the
protein expression of NLRP3, TLR4, Iba-1, and DAT
with GAPDH used as an internal control. The primary
antibodies (1:500) were produced by Abcam company
(ab8245, ab178846, ab221845, ab214185, ab13556), and the
secondary antibody (1:500) was produced by KPL company
(074-1506, 074-1806) (26).

Hematoxylin-eosin (H&E) staining

Resected small intestinal tissues were fixed with 10%
formaldehyde solution for 48 hours, embedded in paraffin,
and cut into 4-pm-thick sections. The tissue sections were
heated to 60 °C for 2 hours, dewaxed by xylene (twice,
15 minutes each time), and dehydrated using an increasing
alcohol gradient (75%, 95%, and 100%) for 5 minutes each
time. H&E staining was performed, and the specimens
were observed for pathological morphology under a light
microscope (23).

Analysis of the inhibitory effect of Lac and its fermentation
products on depression-related bacteria

Escherichia coli (6 strains), Pseudomonas aeruginosa (5 strains),
Kiebsiella pneumoniae subsp. Pnewmonoiae (6 strains), Klebsielln
oxytoca (6 strains), Serratia fonticola (4 strains), Serratia
marcescens subsp. Marcescens (5 strains), Enterobacter aerogenes
(5 strains), Acinetobacter baumannii (7 strains), Citrobacter
freundii (4 strains), Enterobacter cloacae (E. cloacae) (5 strains),
Stenotrophomonas maltophilia (6 strains), Staphylococcus
aureus [8 strains, including 3 strains of methicillin-
resistant Staphylococcus aureus (MRSA)), and Staphylococcus
epidermidis (6 strains) were isolated from the intestine.
The nutrient broth and agar were products of Hangzhou
Microbial Reagent Co., Ltd.; lactic acid bacteria culture
medium (MRS) nutrient broth and agar were purchased
from Hangzhou Baisi Biotechnology Co., Ltd. The tested
bacterium and Lac were mixed to proportions of 1:1, 1:2,
1:3, 1:4, and 1:5 and seeded in the most suitable mixed
cultural medium.

The target bacteria were diluted to 1.5x10° cfu/mL with
cultural medium, and 100 pLl. of the bacterial suspension

© Annals of Translational Medicine. All rights reserved.

Qiu et al. Lactobacillus alleviates depression-like behavior

was coated onto the nutrient agar plate. Then, 5 Oxford
cups (numbered 1, 2, 3, 4, and 5, respectively) were placed
on the plate. No. 1 contained 48-hour fermentation
products of Lac with bacteria (200 pL); No. 2 contained
the bacteria-free supernatant of 48-hour fermentation
products of Lac (200 puL); No. 3 contained the bacteria-
free supernatant of 48-hour fermentation products of Lac
with the pH value adjusted to 7.2 (200 uL); No. 4 contained
lactic acid solution (200 pL; pH =4.0); and No. 5 (control
group) contained MRS (200 pL). Finally, the results were
observed after incubation at 37 °C for 18 to 24 hours.

Statistical analysis

SPSS 21.0 software was used to perform statistical analyses.
Data were expressed as mean + standard deviation (SD).
T-test was used for comparisons between two groups,
two-way analysis of variance (ANOVA) was used for
comparisons among multiple groups, and least significant
difference (LSD) was used as a post-hoc test. The inhibition
zone diameter was expressed in millimeters (mm), and the
experimental data of bacterial culture in vitro were expressed
in terms of mean = SD. Statistical significance was indicated

by P<0.05.

Results

Lac effectively inbibited the occurrence of depression-like
bebavior in vivo

The mice’s body weights in each group were recorded, and
no differences were found among the groups. However, the
mice in the model group displayed a dull hair and decreased
activity. None of the mice in this study died. All of the mice
were included in each test and statistical analysis. To study
the mechanism of Lac on depression-like symptoms, we
conducted a sugar-water preference test. We found that the
percentage of sugar water consumed in the model group
was significantly lower than that in the control group,
which was increased by Lac treatment (Figure 14). The
immobility time in the model group was significantly longer
than that in the control group. Lac treatment was found to
decrease the immobility time (Figure 1B), indicating that
it could significantly inhibit the occurrence of depression-
like behavior in mice. Correspondingly, the number of Lac
in the feces of the mice in the model group was significantly
decreased compared to that in the control group, and it was
increased significantly in the treatment group compared to
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Figure 1 Lac effectively inhibited the occurrence of depression-like behavior in vivo (n=8). (A) The percentage of sugar consumption; (B)
percentage of time spent immobile; (C) quantity of Lacrobacillus detected by real-time quantitative PCR (qPCR); (D) H&E staining of small
intestinal tissue (200x); (E,F) the expression of ZO-1 and E-cadherin in mall intestinal tissues detected by qPCR. *, P<0.05; **, P<0.01
vs. CG; *, P<0.05, **, P<0.01 and ", P<0.001 vs. LPS; *, P<0.05 and *, P<0.01 vs. CG. LPS, lipopolysaccharide; CG, control group; Lac,

Lactobacillus delbrueckii subsp. bulgaricus.

the model group (Figure 1C). As shown in Figure 1D, the
small intestinal mucosa and gland structure of the control
group and control + Lac group mice were intact, and the
intestinal villi were well structured. However, the small
intestinal mucosa and gland structure were disordered and
exfoliated in the model group. Compared with that in the
model group, the treatment group’s intestinal structure
disorder was significantly improved.

The tight junction proteins ZO-1 and E-cadherin play an
important role in maintaining intestinal mucosal integrity.

The qPCR results showed that the expression of ZO-1
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mRNA and E-cadherin mRNA was significantly decreased
in the model group. Compared with that in the model
group, the expression of these tight junction proteins in the
treatment group was significantly increased (Figure 1E,F).
These results showed that Lac could effectively improve
depression-like behavior and maintain intestinal integrity.

Lac inbibited LPS-induced TLR4 signaling in the
intestinal tract

Recent studies have shown that the occurrence and
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Figure 2 Lac inhibited inflammation in intestinal tract induced by LPS (n=8). (A) The expression level of IL-1p in the small intestine of the
mice detected by ELISA; (B,C) the expression of NLRP3 and TLR4 mRNA in the intestinal tract of the mice detected by qPCR; (D) the
expression of NLEP3 and TLR4 in intestinal tract of the mice detected by WB; (E,F) gray values of NLRP3 and TLR4 proteins. **, P<0.01
and ***, P<0.001 vs. CG; **, P<0.01, ™, P<0.001 and ", P<0.0001 vs. LPS; *, P<0.05, * P<0.01 and **, P<0.001 vs. CG. IL-1B, interleukin-1
beta; NLRP3, nod-like receptor protein-3; TLR4, toll-like receptor 4; LPS, lipopolysaccharide; CG, control group; Lac, Lactobacillus

delbrueckii subsp. bulgaricus.

development of neurological diseases, including depression,
are closely related to TLR4 signaling. To explore whether
the antidepressant function of Lac is related to TLR4
signaling, we performed tests on the intestinal tract of the
mice. The results showed that the level of intestinal IL-1B
in the model group was significantly higher than that in the
control group. Meanwhile, the level of intestinal IL-1p in
the treatment group was significantly lower than that in the
model group (Figure 24). The results of gPCR showed that
the expression of NLRP3 mRNA was significantly increased
in the model group, but it was significantly decreased in
the treatment group (Figure 2B); the same results were
observed for the expression of TLR4 mRNA (Figure 2C).
The results of WB also revealed that the expression of
NLRP3 protein was significantly increased in the model
group but significantly decreased in the treatment group
(Figure 2D,E), and similar observations were made
regarding the expression of TLR4 protein (Figure 2D,F).
These results indicated that LPS accelerated small intestinal
tissues’ inflammation by acting on TLR4, but Lac could
significantly slow down this process.
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Lac significantly improved pathological changes and

inflammation in brain tissue in depressed mice

The qPCR and WB results showed that the mRNA and
protein expression levels of microglia marker Iba-1 in
the hippocampal tissues of the mice in the model group
were significantly higher than those in the control mice,
indicating that microglia were in a state of overactivation.
After Lac therapy, the levels of mRNA and protein
expression of microglia marker Iba-1 were significantly
reduced. Meanwhile, the mRNA and protein expression
levels of DAT in the model group were significantly lower
than those in the control group and were significantly
increased after Lac therapy (Figure 3A4,B,C,D,E).

From the ELISA results, we found that the level of IL-1p
in the hippocampal tissues of the model group was
significantly higher than that in the control group tissues.
Meanwhile, in the treatment group, the level of IL-1B was
significantly lower than that in the model group (Figure 3F).
The mRNA and protein expression of NLRP3 was
significantly increased in the model group when compared
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© Annals of Translational Medicine. All rights reserved.

Ann Transl Med 2021;9(5):366 | http://dx.doi.org/10.21037/atm-20-4411



Page 8 of 12

with the Control group but was significantly decreased
in the treatment group compared to in the model group.
The mRNA and protein expression of TLR4 showed the
same trend as NLRP3 (Figure 3G,H,1,7,K). The results
showed that Lac significantly inhibited the over-activation
of microglia in brain tissue, promoted dopamine neurons’
growth, and reduced inflammation in the brain.

Lac inhibited dysbiosis through its metabolites

The growth curves of the S. aureus, P. aeruginosa, and Lac in
the mixed nutrient broth with different concentrations of
MRS were detected to determine the most suitable medium
for co-culture (Figure SIA,B,C). The nutrient broth with
20% MRS was selected as the culture medium for Lac
and other common clinical pathogens in the subsequent
experiments. Next, we observed the inhibitory effects of Lac
on P. aeruginosa. The growth of P. aeruginosa was completely
inhibited when the number of Lac was 23 times that of
P. aeruginosa (Figure S1D). When the number of Lac was
>3 times that of other clinical pathogens, Lac’s significant
inhibitory effects were demonstrated in the normal
environment and anaerobic environment (Figure S1E).

The Oxford cup antimicrobial susceptibility test was
used to study Lac’s inhibitory effects and its fermentation
products on common depression-related bacteria. The
inhibitory effect of 48-hour Lac fermentation products was
stronger than that of 24-hour fermentation products on S.
epidermidis, K. pnewmoniae, and S. aureus. No difference was
found with E. coli, P. aeruginosa, or A. baumanii (Figure 4A).
Moreover, the inhibitory effects of 48-hour fermentation
products of Lac with or without bacteria were also studied.
Cups no. 1 and no. 2 had antibacterial zones, but cups no.
3-5 did not, indicating that Lac inhibited depression-related
bacteria through its metabolites (Figure 4B).

Discussion

In the past, depression treatment was mainly focused
on heredity, behavior, and neurology. In recent years,
increasing attention has been paid to the intestinal flora’s
role, which participates in the bidirectional regulation of
the gut and brain through neural, immune, endocrine, and
metabolic pathways (27,28). Therefore, probiotics (mainly
lactic acid bacteria) with improved intestinal flora functions
have attracted more and more attention in this field. Studies
have shown that taking lactic acid bacteria can directly or
indirectly affect mucosal immunity, improve the intestinal
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microenvironment, regulate the proportion of bacteria in
the intestinal tract, and relieve anxiety, depression, autism,
and other mental diseases (29,30). However, the mechanism
underlying Lactobacillus’ effect in relieving depression and
other mental diseases is still unclear.

Our animal experiments showed that Lac could
effectively inhibit the production of depression-like
behavior in mice. Also, the expression levels of ZO-1
and E-cadherin in the small intestine in the model group
were significantly decreased. In contrast, those in the Lac
treatment group were significantly increased, suggesting
that Lac can effectively ameliorate intestinal mucosal
damage in mice with depression-like behavior. Moreover, in
mouse hippocampal tissues, overactivation of microglia and
decreased expression of DAT, which are closely related to
depression, were abrogated by Lac treatment.

Injection of LPS is a commonly used method to
establish animal models of depressive behavior. LPS, as
an immunoactivator and cytokine inducer, can activate
the innate immune system and induce the rapid release of
inflammatory cytokines. These inflammatory cytokines
act on the brain indirectly or directly, triggering a series
of behavioral responses similar to human depression.
Consequently, the LPS model has become one of the
most commonly used models in studying the role of
inflammation in the pathogenesis of depression (31). Our
animal experiments showed that the number of Lac in the
intestinal tract of LPS-treated mice decreased significantly;
the expression levels of TLR4 and NLRP3 in the small
intestinal and hippocampal tissues were significantly
increased, as was the level of IL-1pB. These results indicated
that LPS accelerated the process of intestinal inflammation
and subsequent inflammation in brain tissue via the
microbial-intestinal-brain axis, resulting in depression-
like behavior. The expression of TLR4 and NLRP3 and
the level of IL-1p in the intestine and brain of mice treated
with Lac was significantly decreased, suggesting that Lac
treatment can significantly slow the process of inflammation
(Figure 5).

After dysbiosis, E. coli, P. aeruginosa, K. pneumoniae, K.
oxytoca, S. fonticola, S. marcescens, E. aerogenes, A. baumannii,
C. freundii, E. cloacae, S. maltophilia, S. aureus, and S.
epidermidis is often increased, which induces the expression
of TLR4. The results of bacteriostasis i vitro showed that
the anti-bacterial components of Lac were its fermentation
products. The metabolites of Lac include short-chain fatty
acids (32), which can interfere with the membrane protein
potential and the enzyme activity on the membrane surface
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Figure 4 The target bacteria (1.5x10’/mL) were coated onto the nutrient agar plate, then 8 Oxford cups were placed on the plate with the
supernatant of 24-hour (No. 1-4) and 48-hour (No. 5-6) Lac (200 pL for each cup). The diameters of the inhibitory zones were measured

after incubation at 37 °C for 24 hours (A). Then, Oxford cups numbered 1, 2, 3, 4, and 5, respectively, were placed on the plate with 48-
hour FPs in No. 1, 48-hour FS in No. 2, 48-hour FS (pH =7.2) in No. 3, lactic acid (pH =4.0) in No. 4, and MRS in No. 5 as a control. The
diameter of the inhibitory zone was measured after incubation at 37 °C for 24 hours (B). Number of strains: S. Aureus, 6 and 303; MRSA, 23;
E. coli, 24 and 25; S. epidermidis, 78; P. aeruginosa, 113; K. pneumoniae, 300; S. fonticola, 324; A. baumanii, 363; C. freumdii, 369; S. marcescens,
401; E. cloacae, 403; S. maltophilia, 405. FP, fermentation products; FS, the supernatant of FP; Lac, Lactobacillus delbrueckii subsp. Bulgaricus.

of microorganisms, thus inhibiting other bacteria’s growth
and reproduction (33). Undissociated short-chain fatty acids
are lipophilic and can bind with phospholipids and LPS on
the bacteria’s cell membrane, lowering the stability of the
bacterial membrane. Undissociated organic acids can even
enter into the cytoplasm through the phospholipid bilayer
of microorganisms and release H' to alter microorganisms’
original pH environment, resulting in a decrease in
enzymatic activity and metabolic disorder of other bacteria
(34,35).

Furthermore, Lac can produce bacteriocin (nisin), mainly
responsible for changes in the bacterial membrane (36). In
the present study, we found Lac could inhibit opportunistic
pathogens through their metabolites, therefore inhibiting
the expression of pattern recognition receptor TLR4 and
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subsequent neuroinflammation. However, the specific
metabolites of Lac need to be further explored.

LPS is a common bacterial metabolite found in mice
and humans that can cause inflammation. Lactobacilli are
essential probiotics for the human body. Therefore, this
study’s results reflect the pathological changes in the human
body and provide new ideas and evidence for the alleviation
of the symptoms of depression in humans. LPS can also be
used in the study of rats and other mammals.

Conclusions

In conclusion, our study has demonstrated that Lactobacillus
metabolites can alleviate depression-like behaviors in mice
through inhibiting intestinal inflammation and subsequent
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Figure 5 Mechanism of action of Lac. LPS, lipopolysaccharide; TLR4, toll-like receptor 4; Lac, Lactobacillus delbrueckii subsp. bulgaricus;

NLRP3, nod-like receptor protein-3; IL-1p, interleukin-1 beta.

neuroinflammation. This study has important value for the
treatment of patients with depression and the development
of antidepressant drugs. It also has important application
value for other clinical diseases caused by dysbiosis.
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Supplementary

Figure S1 Growth curves of Lac (A), S. aureus (B), and P. aeruginosa (C) in nutrient broth with different proportion of MRS. (D) P. aeruginosa
and Lac were mixed at a proportions of 1:1, 1:2, 1:3, 1:4, and 1:5, and then inoculated in nutrient broth with 20% MRS. 1, Co-culture
under anaerobic conditions and the tested bacteria after co-culture under aerobic conditions; 2, co-culture and the tested bacteria after co-
culture under anaerobic conditions; 3, co-culture and the tested bacteria after co-culture under aerobic conditions; 4, co-culture under
aerobic conditions and the tested bacteria after co-culture under anaerobic conditions. (E) The tested bacteria and Lac (1:3) were mixed
and co-cultured in nutrient broth with 20% MRS and incubated under aerobic or anaerobic conditions, respectively. Number of strains: S.
epidermidis, 78; K. pneumoniae, 300; S. aureus, 303; S. fonticola, 324; P. aeruginosa, 341; E. aerogenes, 355; K. oxytoca, 357; A. baumanii, 363; C.
freumdii, 369; S. marcescens, 401; E. cloacae, 403; S. maltophilia, 405.
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Table S1 Primers for quantitative polymerase chain reaction

Gene name Sequence Product length (bp)

GAPDH F: 5-GGCGGAGATGATGACCCTTTT-3’ 119
R: 5’-GGTGACGGGCACCCTTGATA-3’

ZO-1 F: 5-AAGGGCACTTCATACTCTAACCATA-3’ 155
R: 5’-GAGGTGGAAACCAACCTAAACA-3’

E-cadherin F: 5’-CTGGGATGGAGGTAAAGTAAGCA-3’ 154
R: 5’-TCGGGATGAGCGGATAGCGT-3’

NLRP3 F: 5-CCACCCTGAGTAGATGCTGTTTA-3’ 121
R: 5-TGGGATGTTCTGTTTGCTGTT-3’

TLR4 F: 5-ACACCTGCCTCTTCCCTCCC-3’ 185
R: 5-CTCCAGTCGGTCAGCAAACG-3’

DAT F: 5-GCGTCCCACTTGCTTTGTCTC-3’ 274
R: 5’-CAAGTCTCCGTCCCTGTTCG-3’

Iba-1 F: 5-CAGGAAACCTTCGCTCATCATT-3’ 150
R: 5-TGGCAGGCAGTATCTGTCCACTC-3’
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