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Purpose: When consumed in appropriate quantities, probiotics, which are live microorganisms, are good for health. In this study, 
a mouse model of antibiotic-induced dyskinesia was established using a sterile mixed antibiotic solution to investigate the preventive 
impact of Limosilactobacillus fermentum ZS09 (LFZS09) on this condition in mice.
Methods: Following modeling, alterations in the serum and brain tissue of mice were assessed for motor measures such as running 
and swimming, malondialdehyde (MDA), superoxide dismutase, reduced glutathione, interleukin (IL-6, IL-10), and tumor necrosis 
factor (TNF)-α. The mouse cecum was used to evaluate the relative mRNA expression levels of the intestinal barrier genes, namely 
occludin-1, zona occludens-1 (ZO-1), and claudin-1. The relative mRNA expression levels of cAMP-response element binding protein 
(CREB), extracellular signal-regulated kinase (ERK), and brain-derived neurotrophic factor (BDNF) genes in the mouse brain tissue 
were also evaluated.
Results: Compared with the model group, LFZS09 considerably increased the swimming and running duration of mice, significantly 
decreased the levels of the inflammatory factors TNF-α and IL-6 and increased SOD expression in the mouse brain, and decreased 
MDA accumulation in the mouse brain and serum. Furthermore, LFZS09 upregulated occludin-1 gene expression in the cecal tissue to 
maintain the intestinal barrier, which in turn maintained the normal physiological function of the body. LFZS09 also enhanced the 
effect of BDNF and increased the expression of BDNF metabolic pathway-related genes, namely CREB, ERK1/2, and BDNF, in the 
mouse brain tissue. LFZS09 increased the number of Lactobacillus and Bifidobacterium in the gut of mice with motor dysregulation, 
and decreased the number of Enterococcus and Clostridium perfringens.
Conclusion: The findings indicate that LFZS09 regulates antibiotic-induced motor impairment in mice, thereby offering a theoretical 
foundation for future studies and probiotic or parabiotics production aimed at augmenting motor function.
Keywords: Limosilactobacillus fermentum, gut function, fatigue, antibiotic, mouse

Introduction
While antibiotics kill pathogenic bacteria, they also affect the normal bacterial community in the gut. This effect may 
lead to dysbiosis of the flora, with a decrease in the number of some beneficial bacteria and an increase in the proportion 
of resistant bacteria or other pathogens. Such dysregulation may affect the normal functions of the intestine, including 
digestive absorption and metabolic processes.1 There is a close interaction between gut microbiota and the central 
nervous system, which is called gut-brain axis. Studies have shown that changes in gut microbiota can affect the function 
of the brain through a variety of mechanisms, such as metabolites and inflammatory responses. These changes may lead 
to impairments in motor control or affect psychological states, which in turn indirectly affect motor ability.2 Gut 
microbiota plays an important role in the digestion and absorption of nutrients. The imbalance of bacterial flora caused 
by antibiotics may lead to the reduction of the synthesis and absorption of some nutrients (such as vitamin B group, 
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short-chain fatty acids, etc)., resulting in insufficient energy obtained by the body. These nutrients and energy are 
essential for neurological function and muscle health, and their deficiency may lead to movement disorders.3

Following exercise, the body undergoes several changes in energy and substance metabolism along with a constant 
interchange of substances with the external world. The constant synthesis of ATP guarantees body movement, and 
stimulation or inhibition of ATP production encourages or impedes movement.4 The body undergoes certain metabolic 
changes during exercise, including the release of stored carbohydrates, a decline in blood glucose levels, an increase in 
lactic acid concentrations in the blood and muscle, a drop in pH, and lactic acid accumulation in peripheral skeletal 
muscle cells, which is then released into the bloodstream. The weariness that an individual develops after exercise is 
closely associated with these alterations.5 During high-level cognitive functions of the brain, neurons chiefly use lactate 
as an energy source (instead of glucose) to generate ATP and endure synaptic activity. The brain may use lactate to 
compensate for the energy required to maintain neuronal activity during high-intensity exercise, as evidenced by the 
decline in brain glucose absorption with an increase in exercise intensity.6 The brain and peripheral nerves develop more 
inflammation during endurance training. Thus, lowering the amount of exercise-induced inflammation in the liver, 
muscles, blood, and peripheral nerves may postpone exercise exhaustion. The brain-derived neurotrophic factor 
(BDNF) belongs to the neurotrophin family, which is mostly expressed in brain and nerve tissues. BNDF is 
a component crucial for both nerve cell survival and differentiation.7 Once BDNF binds to TrκB, it activates the 
downstream serine/threonine kinase pathway, followed by the activation of ERK kinase and ERK, eventually leading 
to CREB phosphorylation, enhancing learning and memory function, and contributing to an improvement in the motor 
ability.8

Mice reared for high levels of running and a group of mice reared generally. They were both treated with antibiotics 
for 10 days, and fecal samples showed that antibiotics eliminated nearly all gut bacteria in the mice. None of the mice 
showed any outward signs of illness or adverse effects during 10 days of antibiotic treatment. However, the wheel- 
running ability of the exercise mice decreased by 21%, and these mice did not recover their previous performance ability 
even 12 days after antibiotic withdrawal. The results showed that antibiotics had a serious negative impact on the 
exercise ability of the mice, and the specific mechanism was closely related to the destruction of intestinal flora by 
antibiotics. Therefore, in this study, antibiotics were also used to intervene the gut microbiota of mice to establish 
dyskinesia.9 Limosilactobacillus fermentum has numerous physiological functions such as lowering cholesterol levels, 
enhancing nutrition synthesis and metabolism, and controlling the gut immune function.10 The herdsmen of Balaksu 
Grassland in Xinjiang, China still keep the way of natural grazing. The special geographical environment and unique 
customs of herdsmen have evolved their unique eating habits. The natural fermented yogurt of local herdsmen maintains 
the original ecology and is not affected by industrial production. Our team isolated and identified LFZS09 from grassland 
naturally fermented yogurt, and this study is the first to investigate its biological activity. To offer a theoretical foundation 
for future research and development of probiotics or parabiotics so as to enhance motor function, a mouse model of 
dyskinesia was established by intraperitoneally injecting mixed antibiotics into the mouse. Then, the treadmill test and 
weight-bearing swimming test were considered as parameters and conducted to investigate the regulatory effect of 
LFZS09 on the motor function of the antibiotic-injected mice.

Material and Methods
Strains
The China General Microbiological Culture Collection Center (Beijing, China) has the LFZS09 strain on file (preserva-
tion registration number 18225). Colonies maintained at −80°C were inoculated in 5 mL of MRS liquid medium and 
incubated at 37°C for 24 h. Following incubation, a passage culture was performed. Then, 1 mL of the bacterial culture 
medium was transferred to a sterile centrifuge tube and centrifuged at 4000 rpm for 10 min to remove the top layer. 
Moreover, 1 mL of the bacterial culture was collected in a sterile centrifuge tube, placed in a 100°C water bath for 
30 min, and centrifuged at 4000 r/min for 10 min. Similarly, when the bacteria precipitated, they were resuspended in 
sterile physiological saline after discarding the top clear liquid. This solution was labeled as a heat-inactivated bacterial 
solution and was later used for gastric lavage.
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Animal Models
A laboratory animal production license (SCXK (Hunan) 2019–0004) was obtained from Hunan Slyke Jingda Laboratory 
Animal Co., Ltd (Changsha, Hunan, China) for 50 male (7 weeks old), specific pathogen-free (SPF) C57BL/6J mice aged 
6–8 weeks. The animals were exposed to a light–dark cycle set to 12 h, 60% humidity, and an ambient temperature of 
25°C ±1°C. Before the formal trial started, the SPF mice were fed adaptively for 7 days.

The mice were randomized into 5 groups, each with 10 mice, following the results of adaptive feeding: normal group, 
model group, caffeic acid (CA, Aladdin Reagent (Shanghai) Co., Ltd, Shanghai, China) group, lived group (lived 
bacteria), and heat-killed (HK, parabiotics) bacteria group. Caffeic acid can promote the oxidation and utilization of fatty 
acids, increase the uptake and utilization of fat by muscles, thereby improving physical exercise performance.11 At the 
same time, studies have shown that caffeic acid has a certain regulatory effect on intestinal flora and can promote the 
proliferation of beneficial microorganisms in the gut,12 so caffeic acid was used as a positive control in this study. The 
particular course of therapy for each group was as follows: the model group was intraperitoneally injected with a sterile 
mixed antibiotic solution every other day for 14 days in a row, and each mouse in the normal group was gavaged with 
0.2mL distilled water (placebo). For 14 days in a row, the CA group was intraperitoneally injected with a sterile mixed 
antibiotic solution every other day. At the same time, they received CA (10 mg/kg) via gavage. For 14 days in a row, the 
lived group was intraperitoneally injected with a sterile mixed antibiotic solution every other day and received concurrent 
bacterial solution gavages. For 14 days in a row, the HK group was intraperitoneally injected with a sterile mixed 
antibiotic solution every other day. They also received a gavage of heat-inactivated bacterial solution. The injection and 
intragastric dosage was 0.1 mL/10 g. A mixture of antibiotics in 0.9% normal saline solution contained 5 mg/mL 
neomycin, 25 mg/mL vancomycin, 0.1 mg/mL amphotericin, 10 mg/mL ampicillin, and 5 mg/mL metronidazole 
(Aladdin Reagent (Shanghai) Co., Ltd). After a 12-h fast, the mice were sedated and bearded, and their eyes were 
promptly enucleated. After the experiment, blood was then drawn from the mice in tubules devoid of endotoxins. The 
mouse serum samples were labeled and placed in groups. They were centrifuged for 10 min at 4°C and 3000 rpm, and the 
supernatant was frozen at −80°C to prevent repeated freezing and thawing.13

The mouse serum was swiftly extracted and divided. The whole brain, liver, and cecum of the mice were removed, 
and the mucosa and serum attached to them were washed away with precooled normal saline. The surface water on the 
parts washed was rapidly blotted dry using filter paper. The whole brain tissue was cut into three sections. For tissue 
observation, one portion was submerged in 20 times the volume of a 4% (v/v) poly-formaldehyde solution (made in PBS, 
Solarbio, Beijing, China). To prevent repeated freezing and thawing, the other portion was rapidly mashed in an electric 
homogenizer with 9 times pre-cooled 0.9% saline. The portion was then centrifuged at 4°C at 8000 rpm/min for 15 min. 
The supernatant was collected and frozen at −80°C for the enzyme-linked immunosorbent assay (ELISA). For the 
fluorescence quantitative measurement, the third portion was rapidly frozen in liquid nitrogen in a tin foil, moved to 
a sterile 1.5-mL eppendorf tube, and frozen at −80°C. The liver index was calculated by the formula, liver index=liver 
weight (g)/body weight (g)×100.

Weight-Bearing Swimming and Treadmill Exhaustion Experiments of Mice
The experimental mice were subjected to weight-bearing swimming and treadmill fatigue tests according to the protocols 
described in the literature.11 The mice were submerged in water at 25°C ±3°C and allowed to swim until they were tired 
before the final modeling stage. When a mouse was immersed in water for more than 10s and, upon being placed on 
a level surface, the mouse could not complete the righting reflex, Exhaustion was declared. After being swiftly dried 
using a blow dryer, the tired mice were placed back in their cages. In each swimming experiment, a glass water cylinder 
(height, 80 cm; diameter, 50 cm) was used as the container. The water’s depth was 40 cm. Before the official test, the 
mice were preacclimatized, where they were allowed to swim freely for 3–5 min without having the lead roll fastened to 
their tails. In the official experiment, a 5% body weight lead block was tied at the base of the mouse tails. The test was 
conducted after the hair of the mice was thoroughly wet. When the mice were balanced and floating, a glass rod was 
pushed toward them. The level of tiredness of the mice was assessed, and their weight-bearing swimming times were 
noted when they could not stay under the water’s surface for more than 8 s.
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The running platform (ZH-PT mouse experimental platform, Anhui Zhenghua Biological Instrument Equipment Co., 
Ltd, Huaibei, Anhui, China) of the mice was used for the exhaustion test following the final modeling. The mice were 
allowed to freely roam on the track for 1–3 min before the experiment so that they could become acclimated to their 
surroundings. The running platform’s program was established as follows: 30 min of training, 1 min of rest, 3.0 mA of 
electric intensity, 4 m/s2 of acceleration, 20° of slope, and a maximum speed of 20 m/min. The mice were considered 
exhausted and fatigued when they could not run on the track channel, were left at the end of the track or in a forward 
crouch for an extended period, and neither the electric shock nor human drive could force them to run to the front of the 
track. The distance and running duration were simultaneously recorded at this point.

Detection of Oxidative Stress and Inflammation Levels in the Serum and Brain Tissue 
of Mice
Superoxide dismutase (SOD), reduced glutathione (GSH), and malondialdehyde (MDA) kits (Solarbio) were used to 
measure the amount of oxidative stress in the serum and brain tissue homogenates. Concurrently, ELISA kits were used 
to ascertain TNF-α, IL-6, and IL-10 (Solarbio) concentrations in the brain tissue homogenate. The test protocol was 
executed according to the kit’s instructions (Varioskan LUX multifunctional enzyme-linked immunosorbent assay 
instrument, Thermo Fisher Scientific, Waltham, MA, USA).

Histomorphological Observation of the Mouse Brain
Following harvesting using the coronal technique, brain tissues fixed with the tissue fixative solution were dehydrated in 
70%, 80%, 95%, and 100% alcohol. The brain tissues had a thickness of 4 mm. Every dehydration procedure took 
30 min. The tissues were first dehydrated, submerged in xylene for 20 min, and finally embedded in paraffin for 30 min. 
The tissue was subsequently immersed for 30 min in paraffin wax. A microtome was used to cut the tissue into 4-μm 
slices. Once the tissue flakes gently adhered to the slide, hematoxylin-eosin staining was performed on the flakes, and the 
flakes were allowed to dry in the oven. Following straining, the histological was examined under a light microscope 
(BX43, Olympus, Tokyo, Japan).

Detection of CREB, ERK1/2, and BDNF in the Brain Tissue and the Relative mRNA 
Expression Levels of Intestinal Barrier Genes zo-1, Occludin-1, and Claudin-1 in the 
Cecal of Mice
RNA was extracted from the brain and cecal tissues frozen at −80°C by using the Trizol (Solarbio) technique. Following 
purity testing, RNA was stored for usage at −80°C. The extracted RNA was reverse transcribed on ice at 65°C (5min), 
→42°C (60 min), →70°C (5min), and →4°C (hold) by using the ReverTra Ace® qPCR RT Master Mix kit. The relevant 
tissue’s cDNA was extracted. Using the TOYOBO SYBR® Green Realtime PCR Master Mix kit, the primers and 
template cDNA were combined (Thermo Fisher Scientific). The fluorescent dye and high-fidelity enzyme were added 
according to the kit’s instructions, and the mixture was allowed to sit at 95°C for 5 min. PCR amplification was 
performed at 40 cycles of 94°C for 30s, 60°C for 40 s, and 72°C for 1 min. β-Actin was used as the reference gene for 
quantitative real-time PCR (StoponePlus, Thermo Fisher Scientific). Table 1 presents the primer sequences. The 
comparative CT value approach (2−ΔΔCT) was used for the calculation.14

Count of Intestinal Flora in Mice
Mouse feces were collected aseptically, weighed (about 0.5 g), added into 4.5 mL sterile normal saline, fully shaken and 
mixed, left for 5 min, and the supernatant was diluted by 10 times gradient to 10−6. Diluents were inoculated on 
Bifidobacterium medium, bile esculin azide agar medium, DeMan, Rogosa and Sharpe (MRS) medium, eosin methylene 
blue (EMB) medium and sorbitol macconkey agar (SMAC) medium, respectively. Bifidobacterium and Lactobacillus 
were cultured at 37°C for 48 h, while Enterococcus, Enterobacter and Clostridium perfringens were cultured at 37°C for 
24 h. After the end of culture, colony plate count was carried out, the number of each colony in each gram of feces was 
calculated (CFU/g), for statistical analysis.
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Data Processing
One-way analysis of variance with the Turkey test was applied for data analysis. A difference was considered significant 
when p < 0.05. EXCEL 2019 software was used to plot the data.

Results
Organ Coefficient of the Mouse Liver
The organ index is a crucial metric for assessing toxicity in mice as it depicts the mobility and physiological operation of 
organs in a stable environment. A low organ index possibly indicates muscle atrophy or harmful effects on the body, 
whereas a high organ index possibly indicates organ congestion and edema. Figure 1 displays the related findings. The 
organ index was determined by weighing the mouse livers. The mice receiving antibiotic therapy developed liver 
congestion and edema, as evidenced by the considerably greater liver organ index of the model group than of the 
normal group (p < 0.05). This might potentially affect the normal physiological function of the body. The organ index 
decreased in the CA group, but it remained considerably higher than that in the control group (p < 0.05). After treatment 
with LFZS09 (both in the lived and HK groups), the liver organ index was significantly lower than that in the model 
group. The results indicated that LFZS09 was effective in regulating antibiotic-induced liver congestion and edema in the 
mice and restoring their normal physiological function.

Table 1 Primer Sequences in This Experiment

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

CREB AGCAGCTCATGCAACATCATC AGTCCTTACAGGAAGACTGAACT

ERK TCCGCCATGAGAATGTTATAGGC GGTGGTGTTGATAAGCAGATTGG

BDNF TTACCTGGATGCCGCAAACAT TGACCCACTCGCTAATACTGTC

ZO-1 GCTTTAGCGAACAGAAGGAGC TTCATTTTTCCGAGACTTCACCA

Occludin-1 TTGAAAGTCCACCTCCTTACAGA CCGGATAAAAAGAGTACGCTGG

Claudin-1 GGGGACAACATCGTGACCG AGGAGTCGAAGACTTTGCACT

β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Figure 1 The liver index of experimental mice (n=10). a-b The same numerical value indicates insignificant differences, while different letters indicate significant differences 
p<0.05. Liver index=liver weight (g)/body weight (g)×100. 
CA, caffeic acid; lived, lived LFZS09 (probiotic); HK, heat-killed LFZS09 (parabiotics).
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Histopathological Observation of the Mouse Brain
The brain tissue shape in the normal group was unaltered, and the cells were densely organized (Figure 2). Inflammatory 
lesions were observed on the brain surface in the model group. The space between neurons and surrounding tissues near 
the lesions widened, displaying that the antibiotics caused edematous alterations in the brain tissue. In general, the nerve 
cells in the tissue were hyperstained, and the nuclei were not distinct. This indicated that the antibiotics produced 
pyknosis of brain tissue cells, thereby disrupting their normal physiological shape. Some neurons in the cerebral cortex of 
the bacterial solution-treated mice deteriorated, but inflammatory cell infiltration was not found. In the heat-inactivated 
bacterial solution-treated group, a high rate of neuronal cell edema, cell swelling, and cytoplasmic vacuolization were 
noted. Finally, LFZS09 has a protective effect on the brain tissue of the antibiotic-treated mice.

Changes in the Motor Function of Mice
Each group pf mice underwent the swimming fatigue and treadmill exhaustion trials, and the findings are presented in 
Table 2. The model group had considerably poorer swimming and running times than the normal group (p < 0.05), 

Figure 2 The H&E staining histopathological observation of the mouse brain (×100). The position indicated by the arrow is the tissue lesion. 
CA, caffeic acid; lived, lived LFZS09 (probiotic); HK, heat-killed LFZS09 (parabiotics).

Table 2 The Parameters Related to 
Locomotor Function in Mice

Group Swimming (s) Running (s)

Normal 2351±48a 11759±325a

Model 352±26d 5779±198d

CA 1232±48c 8357±211c

Lived 1508±46b 10035±205b

HK 1243±52c 8431±235c

Note: a-d The same column of numerical values with the 
same letter indicates insignificant differences, while differ-
ent letters indicate significant differences p<0.05.
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demonstrating that antibiotic treatment caused motor impairment in the mice. The exercise duration of the bacterial 
solution- or inactivated bacterial solution-treated mice was prolonged to varying degrees, suggesting that LFZS09 can 
ameliorate antibiotic-induced dyskinesia. However, the swimming and running times of each mouse group were 
significantly lower than those of the normal group. Overall, the group that received bacterial solutions as therapy 
exhibited greater recovery.

Changes in Oxidative Stress Levels in Mice
Figure 3 depicts GSH, MDA, and SOD levels in the mouse brain tissue and serum from each group. The antibiotic- 
treated mice had significantly lower GSH and SOD levels in the serum and brain tissue compared with the normal group 
(p < 0.05), and MDA levels was raised in the antibiotic-treated mice. This indicated that antibiotics can cause oxidative 
stress and affect normal physiological function. After the LFZS09 treatment of the mice, the oxidative stress level 
increased to a point that was considerably greater than that of the model group.

Figure 3 The GSH, MDA, and SOD levels in the mouse brain tissue and serum. a-d The same numerical value indicates insignificant differences, while different letters 
indicate significant differences p<0.05. 
Abbreviations: CA, caffeic acid; lived, lived LFZS09 (probiotic); HK, heat-killed LFZS09 (parabiotics).
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Changes in Brain Inflammation Levels in Mice
Figure 4 depicts the inflammation levels in the brains of mice from each group. The antibiotic-treated mice had 
significantly higher IL-6, IL-10, and TNF-α levels in their brains than the normal group (p < 0.05). This suggests that 
antibiotics can increase the levels of inflammatory factors in the body, thereby affecting normal physiological function. 
After LFZS09 treatment, the levels of inflammatory factors reduced, which were lower than those in the model group.

Changes in the Relative Expression of BDNF Metabolic Pathway Genes in the Brain of 
Mice
Figure 5 depicts the relative expression of BDNF metabolic pathway genes in the brains of each mouse group. The 
antibiotic-treated mice had significantly lower brain expression levels of BDNF, CREB and ERK1/2 genes in the BDNF 
metabolic pathway than the normal group (p < 0.05). This suggests that antibiotics reduce the expression levels of the 
BDNF metabolic pathway-related genes in the brain, thereby causing neurotransmitter imbalance. It affects the mice’s 
ability to maintain normal nervous system function. The LFZS09-treated group exhibited considerably greater expression 
levels of the three critical genes than the model group (p < 0.05). The expression of the BDNF metabolic pathway-related 
genes in the mouse brain was generally more significantly affected in the bacterial solution-treated group.

Changes in the Relative Expression of Cecal Intestinal Barrier Genes in Mice
Figure 6 illustrates the variations in the relative expression of genes encoding the cecal intestinal barrier in each mouse 
group. The administered antibiotics suppressed the expression of intestinal barrier-related genes (Claudin-1, ZO-1 and 
Occludin-1) in the mouse cecum, ultimately disrupting the intestinal barrier and causing an imbalance in physiological 
processes. Following the LFZS09 treatment, the relative mRNA expression levels of the three barrier genes increased 
significantly, thereby surpassing the expression levels of the model group by a significant margin (p < 0.05). This 

Figure 4 The IL-6, IL-10, and TNF-α levels in the mouse brain tissue. a-d The same numerical value indicates insignificant differences, while different letters indicate 
significant differences p<0.05. 
Abbreviations: CA, caffeic acid; lived, lived LFZS09 (probiotic); HK, heat-killed LFZS09 (parabiotics).
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Figure 5 The BDNF, CREB and ERK1/2 mRNA expression in the mouse brain tissue. a-d The same numerical value indicates insignificant differences, while different letters 
indicate significant differences p<0.05. 
Abbreviations: CA, caffeic acid; lived, lived LFZS09 (probiotic); HK, heat-killed LFZS09 (parabiotics).

Figure 6 The Claudin-1, ZO-1 and Occludin-1 mRNA expression in the mouse cecal intestinal barrier tissue. a-d The same numerical value indicates insignificant differences, 
while different letters indicate significant differences p<0.05. 
Abbreviations: CA, caffeic acid; lived, lived LFZS09 (probiotic); HK, heat-killed LFZS09 (parabiotics).
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suggests that LFZS09 mitigates the antibiotic-induced damage to the intestinal barrier, with the bacterial solution-treated 
group exhibiting a more notable protective effect.

Changes of Intestinal Flora in Mice
The experimental results showed that compared with the normal group of mice, the number of Lactobacillus and 
Bifidobacterium in the intestines of mice after antibiotic treatment significantly (p<0.05) decreased (Table 3), while the 
number of Enterococcus and Clostridium perfringens significantly (p<0.05) increased, while the number of Enterobacter 
had no significant change. CA can promote Lactobacillus in mice, and can also reduce Enterococcus and Clostridium 
perfringens. Limosilactobacillus fermentum ZS09 has a significant (p<0.05) regulatory effect on intestinal bacteria, 
which can reduce the number of Enterococcus and Clostridium perfringens and the number of Lactobacillus and 
Bifidobacterium, and Enterococcus, Clostridium perfringens, Lactobacillus and Bifidobacterium under live bacteria 
(Lived group) treatment are significantly (p<0.05) different from other groups.

Discussion
Oxidative stress, a redox signal in physiology, is an imbalance between oxidant production and antioxidant defense and 
may harm biological systems.15 Numerous health problems, including cancer, Alzheimer’s disease, atherosclerosis, and 
chronic obstructive pulmonary disease, have been linked to oxidative stress. Oxidants can cause cell damage through 
numerous different mechanisms.16 Oxidative stress causes diseases through two major processes. A primary cause of cell 
malfunction and mortality under oxidative stress is the generation of reactive molecules, including •OH, ONO−, and 
HOCl−. These molecules directly damage membrane lipids, structural proteins, enzymes, nucleic acids, and other 
macromolecular components. Aberrant redox signaling is the second action mechanism of oxidative stress. Second 
messengers, particularly H2O2, are produced by cells in response to physiological stimuli.17 Nonphysiological H2O2 

generation during oxidative stress can cause abnormal REDOX signaling. Because oxidative stress can disrupt multiple 
signaling pathways and affect various biological processes, including protein modification, inflammation promotion, 
apoptosis induction, autophagy relaxation, and mitochondrial function impairment, oxidative stress is suggested to play 
a substantial role in disease and toxicity.18–20 SOD and GSH can efficiently eliminate excess free radicals from the body, 
which directly and indirectly indicates the body’s antioxidant activity.21 In this study, the brains of the LFZS09-treated 
mice had considerably greater SOD and GSH levels than those of mice in the model group (p < 0.05), suggesting that 
LFZS09 controls the antibiotic-induced aberrant oxidation level in the body.

Furthermore, free radicals act upon lipid peroxidation in vivo. The resultant oxidation product, MDA, profoundly 
affects cellular metabolism and fundamental activities, and the MDA concentration corresponds to the oxidative stress 
level of the body.22 The Pediococcus pentose-treated mice had significantly higher brain MDA levels than the model 
group (p < 0.05). This suggests that LFZS09 controls the antibiotic-induced abnormal levels of oxidative stress factors, 
alleviates the oxidative stress state, and promotes various functions of the body to return to normal.

Table 3 The Number of Intestinal Bacteria in Mice

Group Enterococcus  
(×105 CFU/g)

Enterobacter  
(×106 CFU/g)

Clostridium 
Perfringens  

(×103 CFU/g)

Lactobacillus  
(×108 CFU/g)

Bifidobacterium  
(×108 CFU/g)

Normal 4.15±0.59d 8.55±0.62d 5.94±0.25a 7.55±0.26b 10.32±0.25b

Model 22.45±1.24a 14.05±1.16a 6.25±0.42a 2.32±0.30d 4.53±0.37d

CA 12.65±1.04b 11.86±0.76b 6.06±0.49a 5.86±0.44c 7.08±0.33c

Lived 2.09±0.34e 5.15±0.43e 6.04±0.50a 22.57±1.22a 13.58±0.76a

HK 9.54±0.77c 9.46±0.59c 6.05±0.35a 7.23±0.48b 7.38±0.45c

Note: a-e The same column of numerical values with the same letter indicates insignificant differences, while different letters 
indicate significant differences p<0.05.
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When environmental factors or genetic mutations trigger abnormal induction, TNF-induced cell death becomes 
a highly detrimental process during the early stages of various (sterile) inflammatory diseases.23 However, it also aids 
in establishing an appropriate immune response during microbial infection. Thus, in addition to triggering inflammatory 
mediator production, TNF indirectly causes inflammation by triggering inflammatory immune responses, inducing cell 
death, and promoting illness onset. When bodily inflammation occurs, the levels of cytokines such as TNF-α and IL-6 
also increase substantially; hence, these cytokines may be used as inflammatory markers.24 In this experiment, IL-6 and 
IL-10 levels in the model group were markedly greater (p < 0.05) than those in the normal group. After the mice received 
Limosilactobacillus fermentum treatment, the levels of some inflammatory factors remained higher than those in the 
normal group but were significantly lower than those in the model group (p < 0.05). This suggests that the inflammatory 
factor levels increased in the antibiotic-treated mice, potentially resulting in inflammation. Although LFZS09 could affect 
the normal physiological and biochemical states of the mice, LFZS09 intervention reduced the inflammatory response by 
delaying inflammatory factor production.

BDNF is among the neurotrophins in the central nervous system that have been studied and described the most. By 
binding to and activating tyrosine Kinase receptor B (TrkB), a broad Trk receptor family member, BDNF regulates various 
cellular processes involved in the maintenance and development of the brain’s normal physiological functioning. It induces 
the activation of downstream serine/threonine kinases, which then stimulate ERK, MAPK/ERK kinase, and CREB 
phosphorylation, thereby augmenting memory and learning capacities. Glial cells, microglia, and glutamatergic neurons 
in the brain express BDNF.25,26 Furthermore, BDNF can stimulate the growth of neuromuscular synapses, which indicates 
that BDNF possibly serves as a target for therapeutic intervention in muscular disorders.27 The study’s findings demon-
strated that the relative expression levels of BDNF and ERK1/2 genes in the BDNF metabolic pathway were considerably 
lower in the brains of the antibiotic-treated mice than in the control group (p < 0.05). Following the LFZS09 treatment, the 
relative expression levels of the three critical genes increased considerably. Compared with the model group, the relative 
expression levels of the three vital genes in the brain were considerably higher (p < 0.05). According to these findings, 
Limosilactobacillus fermentum may successfully restore the antibiotic-induced decrease in neurotransmitter expression, 
preserve the homeostasis of the nervous system, and thus control the regular physiological processes of the body.

The intestinal epithelial barrier, which is composed of epithelial cells, epithelial glycoproteins, and the mucus layer, 
inhibits pathogen entry.28 Intercellular junctions, such as tight junctions, gap junctions, adherens junctions, and desmo-
somes, form various functional complexes and are essential components of the intestinal epithelial barrier.29 The most 
significant intercellular connections, tight junctions, control intestinal epithelial permeability and preserve the physiolo-
gical function of the intestinal barrier.30 The three most substantial tight junction proteins are occludin-1, claudin-1, and 
zo-1. These three proteins have major roles in preserving the intestinal barrier integrity and intestinal cell polarity.31 

Because of the intestinal microbiome’s role in intestinal epithelial cell signaling and its effect on intestinal barrier 
function, tight junction proteins have been demonstrated to play a critical role in the healing of intestinal epithelial 
injury.32 By preserving the production and distribution of tight junction proteins, which are critical to the intestinal 
barrier integrity, intestinal bacteria control the intestinal barrier function. Gut bacteria regulate the intestinal barrier 
function by maintaining the expression and distribution of tight junction proteins.33 In this experiment, the relative 
mRNA expression of occludin-1 in the mouse cecum in the bacterial solution-treated group was extremely significantly 
higher than that in the model group (p < 0.05), and the relative mRNA expression of occludin-1 was significantly lower 
in the model group than in the normal group (p < 0.05). These findings suggested that LFZS09 therapy mitigates the 
antibiotic-induced intestinal barrier damage and allows the mouse bodies to recover some of their regular physiological 
processes.

The gut microbiota can suppress the development and colonization of pathogenic microbes by directly fighting with 
them for nutrition or by producing antimicrobial compounds such as short-chain fatty acids (SCFAs).34 Through 
numerous methods, gut microorganisms improve the gut barrier function. Beneficial microbes produce SCFAs that 
enhance tight junctions, lower intestinal permeability, and encourage the growth and differentiation of intestinal epithelial 
cells.35 Antibiotic overuse can cause an imbalance of gut flora. Disruptions in this intestinal flora balance can induce 
inflammatory bowel disease, obesity, type 2 diabetes, cardiovascular illnesses, and some neurological disorders. They can 
also induce intestinal barrier malfunction and increase intestinal permeability.36 Consequently, this disruption impairs 
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how the human body functions and limits its range of motion. Probiotic supplements may efficiently control the gut flora 
and repair intestinal damage.37 In the present study, LFZS09 performed a similar function. It aided the mice in 
recuperation and improved their capacity for activity.

Enterococcus is a part of the normal intestinal flora of humans and animals. Studies have confirmed that Enterococcus 
is an important nosocomial infection pathogen next to staphylococcus. Enterococcus can not only cause urinary tract 
infection, skin and soft tissue infection, but also cause life-threatening abdominal infection, septicemia, endocarditis and 
meningitis.38 Clostridium perfringens is widely found in soil, animal and human intestines. Clostridium perfringens can 
produce a variety of external toxic cords, causing hemolysis, tissue necrosis, vascular endothelial cell damage, and 
increased vascular permeability. Hyaluronidase and collagenase can destroy the intercellular substance, decompose the 
collagen fibers of subcutaneous tissue and muscle tissue, and disintegrate tissues, which is conducive to the spread of 
bacteria and toxins.39 Both Lactobacillus and Bifidobacterium are important beneficial microorganisms in the gut, which 
play an important role in maintaining intestinal health, promoting absorption, and helping the body resist the invasion of 
harmful materials.40 LFZS09 plays an obvious regulatory role in the intestinal flora of mice with dyskinesia, increasing 
the number of Lactobacillus and Bifidobacterium in the intestine, and decreasing the number of Enterococcus and 
Clostridium perfringens. Thus, by increasing the beneficial bacteria and reducing the harmful bacteria in the intestine, 
LFZS09 can inhibit brain tissue damage and enhance the exercise ability.

In this work, a mouse motor dysfunction model was established by intraperitoneally administering a mixed antibiotic 
solution. Antibiotics influence oxidative stress and inflammatory levels in the body, which causes neurotransmitter 
imbalance and motor impairment in mice. The experimental outcomes revealed that LFZS09 successfully increased the 
amount of time that mice could swim and run. It also had a certain calming impact on the antibiotic-induced systemic 
inflammatory response in mice, which could lower TNF-α and IL-6 levels. Additionally, LFZS09 increased SOD levels, 
decreased MDA accumulation, and boosted antioxidants in the mice. According to the mRNA experiment data, the strain 
preserved intestinal homeostasis, promoted the expression of intestinal barrier repair-related genes, and preserved the 
regular physiological processes of the body. Moreover, it preserved the homeostasis of the nervous system, controlled 
motor function, and dramatically boosted the expression of the neurotransmitter metabolism pathway-related genes.

Conclusion
In conclusion, by influencing the expression of neuroconstitution, LFZS09 reduces inflammation, controls oxidative 
stress, and regulates the body’s motor performance. Specifically, LFZS09 serves as an intestinal barrier regulator and 
efficiently heals brain–intestinal injury. Nevertheless, further studies are warranted to fully understand the microbiota and 
intestinal barrier mechanism. Additionally, the results of clinical studies will support the use of LFZS09 more effectively. 
This study investigated the effect of LFZS09 intervention on the recovery of antibiotic-induced dyskinesia. It examined 
the changes of some representative microbes, but lacked a comprehensive analysis of the gut microbial categories and the 
dynamic changes of gut microbiota over the experimental period. The process microbial composition was measured from 
the beginning of the experiment to the end of the experiment. In future studies, the detection of changes in gut microbial 
species and processes is the focus of intensive investigation.
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