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Abstract 

Certain strains of probiotic bacteria can secret functional substances namely digestive enzymes and functional pep-
tides to regulate physiological conditions such as digestion and anti-oxidation, which are often incorporated in indus-
trial broiler chick production. However, few studies have detailed the action mechanisms and effects of these bacteria 
on regulating growth and anti-oxidation levels in broiler chickens. Ligilactobacillus salivarius is a strain of probiotic bac-
teria used as dietary supplement. In the present study, Ligilactobacillus salivarius was evaluated for its secreted diges-
tive enzymes in vitro. To detailed evaluate the action mechanisms and effects of gastrointestinal tract (GIT) microbiota 
on alleviating anti-oxidation levels of broiler chickens through the gut-brain axis. Ligilactobacillus salivarius was cul-
tured and supplemented in the food of broilers to evaluate the probiotic effect on growth and anti-oxidation by mod-
ulation of gut microbial composition and its functional metabolites using metagenomic and metabolomic assays. 
Biochemical results showed that Ligilactobacillus salivarius secreted digestive enzymes: protease, lipase, and amylase. 
Broiler chickens with Ligilactobacillus salivarius supplemented for 42 days, showed increased body weights, a reduced 
oxidative status, decreased malondialdehyde levels, and improved activities rates of total superoxide dismutase, glu-
tathione peroxidase IIand IV improved. The microbial composition of caecum was more abundant than those broiler 
without probiotics supplementation, owing 400 of total number (489) of bacterial operational taxonomic units (OTU). 
The genera of Lactobacillus, Megamonas, Ruminoccoccaceae, Ruminococcus, Alistipes and Helicobacter shared the dom-
inant proportion of Candidatus _Arthromitus compared with the control chickens. These functional bacteria genera 
assisted in the transportation and digestion of amino acids, carbohydrates, and ions, synthesis of cellular membranes, 
and anti-oxidation. Uncultured_organism_g_ Anaerosporobacter, Lactobacillus salivarius, uncultured_bacterium_g_ 
Ruminococcaceae_UCG-014, uncultured_bacterium_g_ Peptococcus were strongly and positively correlated with body 
growth performance and anti-oxidation. A metabonomic assay suggested that the secreted of gamma-aminobutyric 
acid and monobactam was metabolized according to the Kyoto Encyclopedia of Genes and Genomes analysis. In 
conclusion, Ligilactobacillus salivarius optimized microbial composition of the caecum and secreted functional pep-
tides through gut-brain axis to improve the body growth and antioxidation of broiler chicken.
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Introduction
In broiler chicken industrial production, several unfa-
vourable environmental conditions, including high con-
centrations of harmful gases, stocking density, heat, 
cold, and transportation, represent adverse factors for 
body health; these factors induct a decrease in growth 
and immunity, a disturbance of the gastrointestinal bac-
terial composition, and increased secretion of cortisol 
[1–3]. Probiotics are defined as live microorganisms that 
[4], when administered in adequate amounts, provide a 
myriad of benefits to body health, such as modulating 
immunity, improving the gut’s bacteria composition, and 
reducing oxidative levels through the secretion of func-
tional substances [5, 6]. Probiotics are considered a use-
ful additive substitute for antibiotics in industrial broiler 
chicken production [7, 8]. Some strains of probiotic bac-
teria can secrete digestive enzymes to help nutritional 
absorption including γ- aminobutyric acid [9], endorphin 
[10], and monobactam [11], which regulate brain func-
tions through the gut-brain axis. The hormone secreted 
such as cortisol is affected by the composition of the 
microbiota to modulate anti-oxidation, as regulated by 
the hypothalamic–pituitary–adrenal axis [12].

Ligilactobacillus salivarius (L. salivarius) is a probiotic 
strain widely used in the food and diet of humans and 
animals. We have previously demonstrated dietary sup-
plementation with  106 colony-forming units of probiotics 
per gram of diet (CFU/g) [13]. Dietary supplementation 
with L. salivarius can decrease the level of stress-cor-
related oxidation in animal production [6, 13]. In addi-
tion, the gastrointestinal bacterial composition can be 
optimized via supplementation with L. salivarius [14]. 
However, its beneficial effects in broiler chickens remain 
unclear. The functional substances related to the antioxi-
dant defence of L. salivarius are unknown. Moreover, the 
connection between bacterial composition in the gas-
trointestinal tract (GIT) and the secretion of hormones 
to regulate oxidation in broiler chickens has rarely been 
studied.

Metabolomic analyses have been widely used to iden-
tify unknown microbial metabolites [15]. Functional 
substances have often been identified, annotated, and 
quantified. Metagenomic assays are often employed to 
evaluate the intestinal bacterial composition and its rela-
tionship with body growth and other factors [16]. In this 
study, the secretion of digestive enzymes by L. salivarius 
was examined using a plate assay. Broiler chickens were 
fed a L. salivarius supplementation to increase their body 
weight. Biochemical analyses were performed to measure 
hormone secretion and oxidative status. To further detail 
the action pathway of L. salivarius, the optimized compo-
sition of the microbiota in the caecum was verified using 
a metagenomic assay, and metabolomics were used to 

identify functional substances. The purpose of our study 
was to elucidate the potential action mechanism of the 
microbiota of the GIT with L. salivarius supplementation 
through the gut-brain axis, as this mechanism may pro-
vide a new avenue for exploring the effects and potential 
connections of probiotic bacteria in practical use.

Materials and methods
Bacterial strain and digestive enzyme assay
L. salivarius was isolated by our research group at the 
School of Animal Husbandry and Veterinary Medicine, 
Jiangsu Vocational College of Agriculture and Forestry; 
it was then stored at the China General Microbiologi-
cal Culture Collection Center (CGMCC), Beijing, China, 
with strain number CGMCC17718. The bacteria were 
cultured and colonised in de Man, Rogosa, and Sharpe 
medium (MRS) after inoculation at 1% incubation and 
37℃ for 16 h of cultivation. After cultivation, the fer-
mented medium was filtered at 0.45 μm to remove the 
bacteria. The fermentation liquid of L. salivarius was 
collected to measure the secretion of digestive enzymes. 
Whole milk powder (2 g) was added to the MRS medium 
to prepare the plated medium. An Oxford diffusion assay 
was employed using the Oxford diffusion method [14]. 
The biochemical colorimetric method was employed to 
quantify the capacity of the digestive enzyme; the live 
bacteria after fermentation were calculated and diluted 
to  109 colony forming units per millilitre (CFU/mL), then 
filtered; the residual liquid was investigated for protease, 
lipase, and amylase activities secreted by L. salivarius. 
Detection kits were purchased from Nanjing Jiancheng 
Bioengineering Research Institute, Nanjing, China.

Chickens, diet, and study design
To evaluate the supplemented efficiency of L. salivarius, 
360 one-day-old Cobb broilers (average body weight 
40.13 g purchased from Jiangsu Lihua Animal Husbandry 
Co., Ltd.) were randomly allocated to four groups with 
five replicates of 18 each. These were the control (CON), 
L. salivarius (LSA), vitamin C (VIT), and flavomycin-
supplemented (FLA) groups. All animal management 
and euthanized in experiments were approved by the 
Institutional Animal Care and Use Committee of China 
and the Institution of Animal Science and Welfare of 
Jiangsu Province (no. IASWJSP202111739). The study 
was conducted in accordance to relevant guidelines and 
regulations. All efforts were obeyed the rules of animal 
welfare and were to minimize animal sufferings. All the 
authors confirm that the study is reported in accordance 
with ARRIVE guidelines (https:// arriv eguid elines. org).

Chickens in the control group were fed a basal diet, 
whereas those in the three treatment groups were fed a 
basal diet supplemented with L. salivarius, vitamin C [17] 

https://arriveguidelines.org
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and flavomycin. The experimental diets were fed during 
two periods, designated as starter (days 0–21) and fin-
isher (days 22–42). The basal diet composition, which did 
not include any probiotics or antibiotics, as well as the 
nutrient analysis results are shown in Table 1. All nutri-
ents met or exceeded the nutrient requirements of the 
National Research Council (NRC, 2012) [18]. For chick-
ens in the vitamin C group, 1.12 g of vitamin C (ana-
lytically pure) was diluted in 100 mL distilled water and 
blended with 3 kg of the basal diet. Thereafter, the mixed 
basal diet was added to a blender containing 97 kg of the 
basal diet. The blender was used for 10 min to ensure 
uniform mixing. For the L. salivarius group, 50 mL of L. 
salivarius fermentation liquid was measured separately 
and blended with 3 kg of the diet, followed by a mass diet 
of 97 kg. After preparation, 5 g of the diet was harvested 
to detect live bacteria using the plate method. The sample 
was treated with a series of ten dilutions; a 100 µL dilu-
tion was spread on the plate of the MRS solid medium. 
The number of live L. salivarius reached 2.5 ×  106 colony 
forming units per gram (CFU/g) of diet. The diet for the 
flavomycin group was prepared using 2 g of premixed 
food containing 20% flavomycin blended with 100 kg of 
the basal diet to reach a concentration of 4 mg/kg. All 
chickens were allowed ad  libitum access to water and 
food throughout the experimental period.

Sample collection
The chicks in each replicate of each treatment group 
were weighed on day 42. Their daily dietary consumption 
was accurately recorded. After 42 d, three chickens with 
an average body.

weight in each replicate were selected (n = 5 × 3) and 
subjected to fasting for 12 h. Samples were harvested 
under general halothane anaesthesia (purchased from 
Pfizer Incorporated, USA) followed the dose of 0.65 
mg per kilogram bodily wight. A 5 mL volume of blood 
was obtained from the wing vein and homogenised with 
heparin sodium to harvest plasma after centrifugation at 
3000 rpm. The caecum tissues were removed under asep-
tic conditions, stored in sterile plastic tubes on ice, and 
immediately transported to our laboratory for deoxyribo-
nucleic acid extraction. A segment of 3 cm ileum samples 
from the distal end of the ileum to the ileocecal orifice 
was collected and stored in 4℃, then the intestine was 
sectioned longitudinally and washed with cold physiolog-
ical saline solution (4℃) to remove chyme. A 0.2 g sample 
of mucous membrane was shaved and ground to prepare 
a mucosal tissue homogenate.

Hormonal levels and antioxidant status
Plasma samples were used to measure the hormone lev-
els. Plasma cortisol [19], endotoxin [20], and antioxida-
tive indices, namely malondialdehyde (MDA), superoxide 
dismutase (SOD), and activities of type II glutathione 
peroxidase (GPX) [21], were detected using enzyme-
linked immunosorbent assay (ELISA). The activity rate of 
type IV GPX [22] in the caecal mucous membrane was 
measured using ELISA kits. These kits were purchased 
from Nanjing Jiancheng Bioengineering Institute (Nan-
jing, China).

16 S rDNA sequencing and analyses
Samples (0.20 g) of caecal chyme were collected and 
microbial DNA was extracted using a DNA isolation 
kit (TIANGEN Company, Beijing, China). The final 
DNA concentration and purity were determined using 
a NanoDrop 2000 UV-vis spectrophotometre (Thermo 
Scientific, Waltham, MA, USA), and DNA quality 
was determined using 1% agarose gel electrophoresis. 
V3-V4 hypervariable regions of the bacterial 16S rRNA 
gene were amplified with primers 338F (5’-ACT CCT 
ACG GGA GGC AGC AG-3’) and 806R (5’-GGA CTA 
CHVGGG TWT CTAAT-3’) using a thermocycler PCR 
system (GeneAmp 9700, Applied biosystems, Foster City, 
CA, USA). PCR was prepared using the following proce-
dures: 3 min of denaturation at 95 ℃; then, 27 cycles: 30 
s at 95 ℃, 30 s of annealing at 55 ℃, 45 s of elongation 
at 72 ℃, and a final extension at 72 ℃ for 10 min. PCR 

Table 1 Nutrient analysis of the basic diet for broiler chicks

Note: The premix provides,
a Vitamins and trace elements per kg diet: Vitamin A (retinyl acetate) 9, 875 IU, 
Vitamin  D3 (cholecalciferol) 3, 000 IU, Vitamin E (DL-ɑ-tocopheryl acetate) 20 IU, 
menadione 3.25 mg, Vitamin  B12 (cyanocobalamin) 0.025 mg, thiamin 1.5 mg, 
riboflavin 5.0 mg, biotin 0.032 mg, folacin 1.25 mg, niacin 12 mg, pantothenic 
acid 12 mg, and pyridoxine 3.75 mg, manganese 100 mg, zinc 80 mg, iron 80 
mg, copper 8 mg, iodine 0.15 mg, and selenium 0.15 mg

Ingredient Starter (0~21) % Finisher 
(21~42) 
%

Item Corn 58.12 61.75

Soybean meal 29.15 26.45

Fish powder 5.00 3.51

Soybean oil 2.00 3.00

Premix 5.00 a 5.00 a

Dicalcium phosphorus 0.47 0.29

Limestone 0.26 0

Calcu-
lated 
nutrient

Metabolizable energy  (MJ /
kg)

12.02 12.49

CP 21 17.5

Calcium 1 0.85

Total phosphorus 0.68 0.65

Available phosphorus 0. 5 0.42

Lys 1.2 1.0

Met 0.46 0.32
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was performed in triplicate in 20 µL mixtures contain-
ing 4 µL of 5×FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 
µL of each primer (5µM), 0.4 µL of FastPfu polymerase, 
and 10 ng of template DNA. The PCR products were 
extracted from a 2% agarose gel and further purified 
using the AxyPrep DNA Gel Extraction Kit (Axygen Bio-
sciences, Union City, CA, USA) and quantified using a 
QuantiFluor™-ST (Promega, Madison, WI, USA) accord-
ing to the manufacturer’s protocol. Purified amplicons 
were pooled at equimolar concentrations and paired-
end sequencing was performed (2 × 300) on an Illumina 
MiSeq platform (Illumina, San Diego, CA, USA) accord-
ing to standard protocols. Eight replicates were prepared 
for each group. Raw Illumina sequencing data were 
deposited in the Sequence Read Archive database (SRA) 
No. SRR18404173, of BioProject PRJNA817670.

Diversity metrics were calculated using the core diver-
sity plugin in QIIME2 [23]. Feature-level alpha diversity 
indices and operational taxonomic units (OTUs) were 
used to estimate microbial diversity within an individual 
sample. A co-occurrence analysis between the anti-oxi-
dative status, stress level and bacterial species in caecal 
chyme was performed by calculating Spearman’s rank 
correlations and producing network plots. Additionally, 
the potential Kyoto Encyclopedia of Genes and Genomes 
(KEGG) [24] orthologue functional profiles of the micro-
bial communities were predicted using PICRUSt.

Metabolomic assays of functional peptides
A fermented liquid without L. salivarius cells was pre-
pared. Then, 100 µL of a fermented medium with L. sali-
varius were added to 800 µL of extract liquid composed 
of methanol and acetonitrile (volume ratio of 1:1) con-
taining 0.02 mg/mL 2-chlorophenylalanine as an inte-
rior label. These substances were subsequently vortex 
mixed for 30 s and subjected to low temperature ultra-
sonic extraction (5℃, 40 kHz). The samples were refrig-
erated at -20℃ for 30 min, then centrifuged at 13,000 
rpm/min for 30 min. Subsequently, the supernatant was 
reconstituted with a 120 µL water resolution contain-
ing 50% acetonitrile and transferred into a vial for ultra 
performance liquid chromatography tandem mass spec-
trometry (UPLC-MS) analysis [25]. Twenty microlitres of 
each sample to be tested were mixed with a quality con-
trol (QC) sample for error correction. Certain metabolis-
ing substances, such as monobactam, were identified by 
searching freely accessible KEGG, which is a database 
that integrates genomic, chemical, and systemic function 
information [26].

To qualify the concentrations of gamma-aminobutyric 
acid (ɤ-GABA) and monobactam in the fermented liq-
uid of L. salivarius, the standard of ɤ-GABA (Alladdin 
Company, USA) and monobactam (Pfizer, USA) were 

purchased and diluted into 1ng/mL, 5ng/mL, 10ng/mL, 
50ng/mL, 100ng/mL, and 1000ng/mL concentrations to 
establish the standard curve. The assays were performed 
following the UPLC-MS procedure [27].

Statistical analyses
Body weight and DNA sequencing data (Shannon index) 
were subjected to one-way ANOVA using the GLM pro-
cedure in SPSS, with significance reported at P < 0.05. The 
means were further separated using Duncan’s multiple 
range test [28]. A P-value of less than 0.05 was consid-
ered statistically significant.

Results
Secretion of digestive enzymes
An obvious zone of plaque was observed on the milk 
MRS medium plate, as indicated by the Oxford diffu-
sion results shown in Fig.  1. An obvious dissolved zone 
was observed in the outer space of the Oxford cap. The 
diameters of the zones reached 18.29 mm. The capaci-
ties of protease, lipase, and amylase secreted by L. sali-
varius were 178.89U/mL, 698.29U/mL, and 532.43U/mL, 
respectively at  109 CFU/mL.

Impact on growth performance
The growth performance is shown in Fig. 2. After sup-
plementation with L. salivarius for 42 d, the broiler 
chickens displayed a higher average body weight than 
those of the control by 268.93 g (Fig.  2a) (P < 0.05). 

Fig. 1 The Oxford diffusion assay on the digestive enzymes 
secreted by Ligilactobacillus salivarius. The obvious dissolved zone 
can be observed around the Oxford cap. The diameter of the zones 
was 18.29 mm



Page 5 of 13Yang et al. BMC Microbiology          (2023) 23:395  

However, this was not significantly different from the 
average weight of chickens who received the flavomy-
cin supplementation (P > 0.05). Body weights in the 
vitamin C supplanted groups were not significantly 
different from that of the control group (P > 0.05). 
The average daily gain was the same (Fig. 2b). Broiler 
chickens inoculated with L. salivarius and flavomy-
cin were higher than those in the control (P < 0.05). 
There were no differences in the average daily feed 
intake among the treatments (Fig.  2c) (P > 0.05). The 
ratio of feed:gain in the vitamin C and control groups 
was nearly 0.18 units higher than those in chicks with 
the L. salivarius and flavomycin supplements (Fig. 2d) 
(P < 0.05).

Hormonal levels and antioxidant status
Cortisol levels in the plasma of chicks are listed in 
Table  2, with L. salivarius supplementation significantly 
decreasing in all treatments (P < 0.01). The result in the 
vitamin C group was also lower than those in the control 
and flavomycin groups (P < 0.01). The levels of endotoxins 

were also reduced in the L. salivarius-supplemented 
group (P < 0.01).

Plasma antioxidant indices were also measured. The 
MDA content in chickens supplemented with L. salivar-
ius significantly decreased, and the activity rates of SOD 
and type II GPX were higher than those of the vitamin 
C and flavomycin groups (P < 0.05), which were enhanced 
compared with the control (P < 0.05). The activity rates of 
type IV GPX in the L. salivarius-and vitamin C-supple-
mented groups also improved compared to those of the 
control and flavomycin groups (P < 0.05).

Optimized bacterial composition in cecum
 The caecal chyme microbial 16 S rRNA metagenome was 
sequenced, and the results are shown in Fig. 3. The bacterial 
composition in the L. salivarius group was the highest, and 
the number of OTUs reached 400, covering 81.79% of the 
total of 489 (Fig. 3a). The number of patients in the control 
group was 317, which was the lowest of all groups (P < 0.001). 
The OTU diversity was in the order L. salivarius > vitamin 
C > flavomycin > control. The composition of bacteria in the 

Fig. 2 Effects of different treatments on growth performance of broiler chicken. The final body weight, average daily gain (ADG), average daily feed 
intake (ADFI), and ratio of feed: gain (F: G). Chicks were treated with control (CON), vitamin C (VIT), Ligilactobacillussalivarius (LSA), and flavomycin 
(FLA) after 42 days. Data was statistically processed as one-way ANOVA using the GLM procedure of SPSS, with significance reported at P < 0.05. 
Bars represent mean ±S.E.* is significantly different from those without (P<0.05). Figure 2a. Effects of different treatments on chicken body weight. 
Figure 2b. Effects of different treatments on chicken average daily gain (ADG). Figure 2c. Effects of different treatments on chicken average daily 
feed intake (ADFI). Figure 2d. Effects of different treatments on chicken ratio of feed: gain (F: G)
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caecum showed significant differences between L. salivarius 
and flavomycin supplementation through alpha diversity 
(Shannon index) at both the phylum and genus levels (Fig. 3b 
and d). At the phylum level, the dominant bacteria in the 
control group were Firmicutes, and there were a few other 
bacterial phyla observed. The chicks in the supplemented 
groups had higher abundances of Epsilonbacteraeota 
(P < 0.001), Actinobactria (P < 0.05), Tenericutes (P < 0.01), and 
Lentisphaerae (P < 0.01), compared to the controls. The bac-
terial abundance in the L. salivarius group was the highest. 
No significant differences were observed between the vita-
min C and flavomycin groups. At the species level, the abun-
dance of the three supplementary groups improved, and the 
Shannon indices shown in Fig.  3c suggested an increased 
diversity (P < 0.01). The richness of uncultured_bacterium_
gFaecalibacterium, uncultured _bacterium_g_Megamonas, 
gut_metagenome_g_Desulfovibrio, Ruminococcaceae, and 
unclassified_f_Lachnospiraceae were higher in the three sup-
plementary groups than in the control groups. The abun-
dances of unclassified_f_Lachnospiraceae and uncultured 
_bacterium_g_Megamonas were the highest (P < 0.01). gut-
metagenome, uncultured_bacterium_g_Megamonas Rumi-
nococcaceae in the L. salivarius groups (P < 0.01). Uncultured 
bacterium_g_Romboutsia and Desulfovibrio contained in fla-
vomycin group were higher than those in the other groups 
(P < 0.01). The abundance of Gallibacterium_anatis was the 
highest in the vitamin C group.

Functions of the optimised bacterial composition
 The functions of the optimised bacterial genes were 
predicted and classified using the KEGG pathway, as 
shown in Fig. 4. Certain function-related genes, such as 
energy production and conversion, nucleotide transport 
and metabolism, and cell membrane biogenesis were 
increased in L. salivarius and vitamin C-supplemented 
groups compared with chicks in the control group. The 

abundances of two kinds of genes, transcription and sig-
nal transduction mechanisms, were the highest in the L. 
salivarius group compared to the other three groups.

 To discern the correlation between the species of functional 
bacteria, body growth, and antioxidation, Spearman’s analysis 
was conducted, as shown in Fig. 5. The levels of body growth 
and anti-oxidation were negatively corrected with uncultured 
organism_g_Anaerosporobacter (P < 0.001), uncultured 
bacterium_g_Ruminococcaceae_ UCG-014, uncultured_
bacterium_g_Peptococcus, gut_metagenome_g_Desulfovibrio 
(P < 0.01), Lactobacillus salivarius, unclassified_g_Butyricico
ccus, unclassified_f_Lachnospiraceae, unclassified_g_Rumino
coccaceae_UCG-014, and uncultured organism_g_Sutterella 
(P < 0.05).

Functional metabolites
 Functional metabolites secreted by Ligilactobacillus 
salivarius were detected using UPLC-MS; ɤ-GABA and 
monobactam were measured. The effective concentra-
tions of ɤ-GABA and monobactam reached 382.19 and 
456.93 ug/L, respectively. The biosynthetic pathway was 
characterised using the KEGG classification, as shown 
in Fig.  6. The pathway originate from the biosynthesis 
of phenylalanine, tyrosine, and tryptophan through cas-
cade-catalysed reactions. These reactions are divided into 
two pathways: the metabolism of L-arginine, and con-
tinuous syntheses that were merged into the metabolisms 
of glycine, serine, and threonine. One pathway of alanine, 
aspartate, and glutamate biosynthesis also influenced the 
synthesis of 3α-Hydroxy-3-aminoacyl-momobactamic 
acid, the precursor of monobactam. The product was 
completed in a further step.

Discussion
Numerous studies have suggested that probiotic bacte-
ria can promote livestock animals production. However, 
some studies have reported contrasting results [29, 30]. 

Table 2 Effects of different treatment on body anti-oxidation and hormonal levels

Mean value was significantly different from that of the control group by one-way ANOVA followed by Tukey’s multiple comparison tests: the different superscript 
capital letters in the same color of column mean significant difference at 0.01 levels (P < 0.01), lowercase letters means.significant difference at 0.05 levels (P < 0.05)

Groups Malondialdehyde 
Μmol/L

Superoxide 
dismutase U/mL

Glutathione 
peroxidase II U/mL

Glutathione 
peroxidase
U/mL

Cortisol
ng /mL

Endotoxin
EU/mL

C1 8.15a 89.55a 518.75ab 104.62a 152.65A 0.42 A

C2 6.83b 112.42b 499.50a 116.51b 141.87B 0.34 B

C3 5.07c 123.79c 533.75bc 136.55b 123.59C 0.29 C

C4 6.86b 109.89b 549.00c 105.87a 149.89A 0.43 A

s.e.m. 0.59 4.89 24.23 9.27 4.67 0.02

P 0.27 0.37 0.19 0.33 0.06 0.05
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Fig. 3 The overall profile of microbiota composition in cecal digesta of chicks. Figure 3a The Venn map on the OTU of microbiota in digesta 
of cecum. Figure 3b Shannon index on bacterial differences in phylum level. Figure 3c One-way ANOVA analysis on bacterial composition in phylum 
level. Figure 3d Shannon index on bacterial differences in species level. Figure 3e One-way ANOVA analysis on bacterial composition in species 
level.* in same column means P < 0.05, ** means P< 0.01, *** means P < 0.001
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Therefore, the benefits of candidate probiotic bacteria 
as a supplement for chicks should be further evaluated. 
L. salivarius is a probiotic bacterium that is often used 
in the diets of humans and animals [31, 32]. L. salivar-
ius was isolated and supplemented in the diet to detect 
effects on performance and the action pathway to evalu-
ate its use in industrial broiler chicken production.

The digestive enzymes metabolised by L. salivarius 
were first measured. These measurements suggested 
that three types of enzymes–protease, lipase, and amyl-
ase–could be secreted. In broiler chickens, insufficient 
feed digestion and nutrition absorption cause a waste 
of feed some nutrients in the diet cannot be digested 
or excreted in faeces and are, therefore, wasted [33]. 
When supplemented with a dose of  106 CFU/g L. sali-
varius in the diet, digestive enzymes can be secreted by 
gut bacteria and used to promote digestion in broiler 
chicks, thereby improving digestion efficiency and 
nutrition utilization [6, 14].

The digestive enzymes produced represent one of 
several advantages of L. salivarius [31]. The optimal 

bacterial composition in the GIT was determined. 
Results of alpha diversity on bacterial community 
showed that the OTUs from chicks supplemented with 
L. salivarius were richest, both in phylum and species 
levels. Increased abundance and types of bacteria at 
both the phylum and species levels were detected in 
caecal chyme with the L. salivarius supplementation. 
The bacterial proportions were evenly distributed. The 
proportion of Firmicutes to Bacteroidetes was reduced 
to 3.5:1, which was healthier than the control and 
appropriate for intestinal digestion and metabolism 
[32]. The diversity of bacterial differences at the spe-
cies level is also shown. Unclassified_f_Lachnospiraceae 
and uncultured _bacterium_g_Megamonas were the 
most abundant in the L. salivarius group. Faecalibac-
terium, Megamonas, gut_metagenome_g_Desulfovibrio, 
Ruminococcaceae, and unclassified_f_Lachnospiraceae 
increased in richness. All these improved bacterial spe-
cies demonstrate improved digestion and absorption 
[34, 35], leading to enhanced growth performance and 
immunity [36, 37].

Fig. 4 The functional analysis on bacterial composition. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway function classification. 
KEGG is a database resource that integrates genomic, chemical, and systemic functional information. STAMP software was applied to detect 
the differentially abundant KEGG pathways among groups with false discovery rate correction. Certain functions related genes: energy production 
and conversion, nucleotide transport and metabolism, cell membrane bio-genesis were increased
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The correlation analysis of bacterial species sug-
gested that the increased abundances of Ruminococ-
caceae_UCG-014, unculture_bacterium_g_Peptococcus, 
gut_metagenome_g_ Desulfovibrio, unclassified_g_But
yricicoccus, and unclassified_f_Lachnospiraceae led to 
improved body growth and lower anti-oxidation levels. 
The improved bacterial composition at both the phylum 
and species levels was crucial for the probiotic role of L. 
salivarius [31].

The prediction for genetic functions of the composi-
tion of the microbiota indicated that with L. salivarius 
supplementation, energy production and conversion, 
nucleotide transport and metabolism, cell membrane 
biogenesis, transcription, and signal transduction 

mechanisms improved. Dietary supplementation with L. 
salivarius can regulate body stress and minimize oxida-
tive damage to cellular membranes. The bacteria were 
previously recognised by toll like receptors (TLRs) of the 
microbiological pattern recognition receptor, activated 
nuclear transcription factor kappa B (NF-κB), through 
the classic signalling pathway TLR-NF-κB [38]. The gut-
brain axis was regulated by the microbial composition of 
the GIT. Oral supplementation of L. salivarius regulated 
brain functions.

Body hormone secretion was regulated by brain. In 
suitable physiological condition, levels of cortisol and 
adrenaline synthesized in adrenal gland will be up-
regulated to overcome the stress [39, 40], accompanied 

Fig. 5 Spearman’s correlation analysis for level of cortisol, anti-oxidation with species of bacteria in cecum (N and C_N represented the level 
of cortisol and anti-oxidation). * means P<0.05, ** means P<0.01, *** means P < 0.001. Relative abundance is indicated by a color gradient 
from green to red, with green representing low abundance and red representing high abundance. Levels of body stress and anti-oxidation 
was negative corrected with uncultured organism_g_Anaerosporobacter, uncultured bacterium_g_Ruminococcaceae_UCG-014, unculture_
bacterium_g_Peptococcus, gut_metagenome_g_Desulfovibrio,Lactobacillus salivarius, unclassified _g_Butyricicoccus, unclassified_f_Lachnospiraceae, 
unclassified_g_Ruminococcaceae_UCG-014, uncultured organism_g_Sutterella 
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with high levels of bodily anti oxidative status. In 
industrial breeding and production, unfavourable envi-
ronmental conditions often cause adverse factors to 
chicks [41]. Supplemented with L. salivarius can reduce 
the secretion of cortisol and oxidative levels. To unveil 
the related metabolites produced by the bacteria, the 
metabolomic assays were employed, and the meta-
bolic profiles of L. salivarius in relation to stress miti-
gation were also studied. The secretions of ɤ-GABA 
and monobactam appear to represent another mitiga-
tion factor. ɤ-GABA is a neurotransmitter in the cen-
tral nervous system [42], and performs the biological 
roles of improving sleep quality, inhibiting excitement, 
and lowering blood pressure; its action mechanisms 
have been widely clarified, leading to its widespread 
usage [43]. Monobactam is another functional peptide 
secreted by L. salivarius that facilitates antihyperten-
sion, analgesia, and anti-convulsion benefits [44]. It 
has been used as an antibiotic drug in recent clinical 
studies [45]. The production of monobactam via the 
chemical pathway is expensive and intensive, and can 
be synthesised through microbiological paves [46]. The 
results showed that the metabolisms of phenylalanine, 

tyrosine, tryptophan, L-arginine, glycine, serine, and 
threonine all influenced monobactam synthesis.

These two peptides are secreted into the gut during 
bacteria colonisation and are then assimilate into the 
blood and transported to the brain. This influences hor-
mone secretion through the gut-brain axis [47]. Hence, 
the stress-related hormones cortisol and endotoxin 
decreased in chicks supplemented with L. salivarius. The 
results of the antioxidative indices SOD and types II, and 
IV of GPX indicated an improved anti-oxidation status 
[48]. The mitigated stress induced by higher body antiox-
idation is attributed to a lower oxidative status [49]. The 
concentration of MDA, an oxidation productin plasma 
also declined [50].

Conclusion
Ligilactobacillus salivarius secret digestive enzymes 
in its metabolism. A dietary supplementation with 
2.5 ×  106 CFU/g L. salivarius can help broiler chicken 
digest and nutrition absorption, establish optimized 
caecal bacterial composition, also its syntheses of 
ɤ-GABA and monobactam absorbed into brain to mod-
ulate the secretion of stress-hormone cortisol though 

Fig. 6 The profile of Monobactam on Ligilactobacillus salivarius. The biosynthesis pathway was annotated depending on KEGG. The graph 
of metabolic pathway was found through enriched of KEGG metabolic pathway after collecting the metabolites through UPLC-MS detection. 
Monobactam produced by L. salivarius and their pathway were manifested comprehensively. The pathway was originated from the biosynthesis 
of phenylalanine, tyrosine, and tryptophan through the cascade catalyzed reactions, which divided into two pathways, one is the metabolism 
of L-Arginine, the other way was continuously biosynthesized and merged into metabolism of glycine, serine, and threonine. One pathway 
of alanine, aspartate, and glutamate biosynthesis is also involved to synthesize 3α-Hydroxy-3-aminoacyl-momobactamic acid the precursor 
of monobactam, and finish the synthesis in further step
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the gut-brain axis, reduce the oxidative levels, inducing 
to improved body growth (Fig.  7). Our study unveiled 
the effects and elucidated the potential action mecha-
nism of L. salivarius supplementation through the gut-
brain axis, which provided a new avenue for evaluating 
and exploring the potential action of probiotics in prac-
tical use.

Acknowledgements
Not applicable.

Authors’ contributions
J.J.Y and J.W carried out the literature study. J.J.Y and J.J.J carried out the 
experiment and did analysis. J.Y drafted the manuscript. J.W and M.M.Z criti-
cally evaluated the manuscript. D.Q.G reviewed the manuscript. All authors 
have read and agreed to the published version of the manuscript.

Funding
This work was supported by fund of Jiangsu Key Laboratory of Animal genetic 
Breeding and Molecular Design (AGBMD202205),“JBGS” Project of Seed 
Industry Revitalization in Jiangsu Province (Grant number [JBGS[2021]027; 
JBGS[2021]105]), Major Scientific and Technological Innovation Project of 
Zhenjiang city (NY2023016), the Jiangsu Agricultural Science and Technology 
Innovation Fund (Nos. [CX(21)3131] ).

Availability of data and materials
The Illumina sequencing raw data have been deposited into the Sequence 
Read Archive database (SRA) of National Center for Biotechnology Information 
(NCBI), deposited No. SRR18404173, BioProject PRJNA817670.

Declarations

Ethics approval and consent to participate
All animal management and euthanized in experiments were approved by the 
Institutional Animal Care and Use Committee of China and the Institution of 
Animal Science and Welfare of Jiangsu Province (no. IASWJSP202111739). The 
study was conducted in accordance to relevant guidelines and regulations. All 
efforts were obeyed the rules of animal welfare and were to minimize animal 

sufferings. All the authors confirm that the study is reported in accordance 
with ARRIVE guidelines (https:// arriv eguid elines. org).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Jiangsu Key Laboratory of Animal genetic Breeding and Molecular 
Design, College of Animal Science and Technology, Yangzhou University, 
Yangzhou 225009, Jiangsu, China. 2 School of Animal Husbandry and Vet-
erinary Medicine, Jiangsu Vocational College of Agriculture and Forestry, 
Jurong 212400, Jiangsu, China. 3 Hefei Zhien Biotechnology Company Limited, 
National University Science Park, No.602 of Huangshan Road, Hefei 230031, 
230001, Anhui Province, China. 4 College of Animal Science and Food Engi-
neering, Jinling Institute of Technology, Nanjing 210038, Jiangsu, China. 

Received: 15 September 2023   Accepted: 28 November 2023

References
 1. Saracila M, Panaite TD, Papuc CP, Criste RD. Heat stress in Broiler Chickens 

and the Effect of Dietary Polyphenols, with special reference to Willow 
(Salix spp.) bark Supplements-A review. Antioxid (Basel). 2021;10(5): 686.

 2. Park JS, Kang DR, Shim KS. Proteomic changes in broiler liver by body 
weight differences under chronic heat stress. Poult Sci. 2022;101(5): 
101794.

 3. Nwaigwe CU, Ihedioha JI, Shoyinka SV, Nwaigwe CO. Evaluation of the 
hematological and clinical biochemical markers of stress in broiler chick-
ens. Vet World. 2020;13(10):2294–300.

 4. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, Morelli L, 
Canani RB, Flint HJ, Salminen S, Calder PC, Sanders ME. Expert consensus 
document. The international scientific association for probiotics and 
prebiotics consensus statement on the scope and appropriate use of the 
term probiotic. Nat Rev Gastroenterol Hepatol. 2014;11:506–14.

Fig. 7 The graph of Ligilactobacillus salivarius The graph of Ligilactobacillus salivarius regulate stress of broiler chicken via gut brain axis

https://arriveguidelines.org


Page 12 of 13Yang et al. BMC Microbiology          (2023) 23:395 

 5. Hoffmann DE, Fraser CM, Palumbo FB, Ravel J, Rothenberg K, Rowthorn 
V, Schwartz J. Science and regulation. Probiotics: finding the right regula-
tory balance. Science. 2013;342(6156):314–5.

 6. Yang J, Wang C, Huang K, Zhang M, Wang J, Pan X. Compound Lactobacil-
lus sp. administration ameliorates stress and body growth through gut 
microbiota optimization on weaning piglets. Appl Microbiol Biotechnol. 
2020;104(15):6749–65.

 7. Williams NT. Probiotics. Am J Health Syst Pharm. 2010;67(6):449–58.
 8. Wang J, Ishfaq M, Guo Y, Chen C, Li J. Assessment of probiotic properties 

of lactobacillus salivarius isolated from chickens as feed additives. Front 
Vet Sci. 2020;7: 415.

 9. Kim J, Lee MH, Kim MS, Kim GH, Yoon SS. Probiotic properties and opti-
mization of gamma-aminobutyric acid production by lactiplantibacillus 
plantarum FBT215. J Microbiol Biotechnol. 2022;32(6):783–91.

 10. Alghamdi MA, Al-Ayadhi L, Hassan WM, Bhat RS, Alonazi MA, El-Ansary A. 
Bee Pollen and Probiotics May alter brain neuropeptide levels in a Rodent 
Model of Autism Spectrum disorders. Metabolites. 2022;12(6): 562.

 11. Mulhall H, DiChiara JM, Huck O, Amar S. Pasteurized Akkermansia 
muciniphila reduces periodontal and systemic inflammation induced 
by Porphyromonas gingivalis in lean and obese mice. J Clin Periodontol. 
2022;49(7):717–29.

 12. Rojas-Valverde D, Bonilla DA, Gómez-Miranda LM, Calleja-Núñez JJ, Arias 
N, Martínez-Guardado I. Examining the Interaction between Exercise, Gut 
Microbiota, and neurodegeneration: future research directions. Biomedi-
cines. 2023;11(8): 2267.

 13. Soheili M, Alinaghipour A, Salami M. Good bacteria, oxidative stress and 
neurological disorders: possible therapeutical considerations. Life Sci. 
2022;301: 120605.

 14. Yang J, Huang K, Wang J, Wu D, Liu Z, Yu P, Wei Z, Chen F. Combined 
use of bacillus subtilis yb-114,246 and bacillus licheniformis yb-214,245 
improves body growth performance of Chinese Huainan Partridge Shank 
Chickens by enhancing intestinal digestive profiles. Probiotics Antimicrob 
Proteins. 2021;13(2):327–42.

 15. Ohtake T, Pontrelli S, Laviña WA, Liao JC, Putri SP, Fukusaki E. Metab-
olomics-driven approach to solving a CoA imbalance for improved 
1-butanol production in Escherichia coli. Metab Eng. 2017;41:135–43.

 16. Bikric S, Aslim B, Dincer İ, Yuksekdag Z, Ulusoy S, Yavuz S. Characteri-
zation of Exopolysaccharides (EPSs) obtained from ligilactobacillus 
salivarius strains and investigation at the prebiotic potential as an 
alternative to Plant Prebiotics at Poultry. Probiotics Antimicrob Proteins. 
2022;14(1):49–59.

 17. Moritz B, Schmitz AE, Rodrigues ALS, Dafre AL, Cunha MP. The role of 
vitamin C in stress-related disorders. J Nutr Biochem. 2020;85: 108459.

 18. National Research Council. Nutrient requirements of poultry. Washington 
DC, USA: National Academy Press; 2012.

 19. Pulopulos MM, Baeken C, De Raedt R. Cortisol response to stress: the role 
of expectancy and anticipatory stress regulation. Horm Behav. 2020;117: 
104587.

 20. Möstl E, Palme R. Hormones as indicators of stress. Domest Anim Endo-
crinol. 2002;23(1–2):67–74.

 21. Canizal-García M, Olmos-Orizaba BE, Moreno-Jiménez M, Calderón-Cortés 
E, Saavedra-Molina A, Cortés-Rojo C. Glutathione peroxidase 2 (Gpx2) pre-
serves mitochondrial function and decreases ROS levels in chronologi-
cally aged yeast. Free Radic Res. 2021;55(2):165–75.

 22. Xue Q, Yan D, Chen X, Li X, Kang R, Klionsky DJ, Kroemer G, Chen X, Tang 
D, Liu J. Copper-dependent autophagic degradation of GPX4 drives fer-
roptosis. Autophagy. 2023;19(7):1982–96.

 23. Pan F, Zhang L, Li M, Hu Y, Zeng B, Yuan H, Zhao L, Zhang C. Predominant 
gut Lactobacillus murinus strain mediates anti-inflammaging effects in 
calorie-restricted mice. Microbiome. 2018;6(1):54.

 24. Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new 
perspectives on genomes, pathways, Diseases and Drugs. Nucleic Acids 
Res. 2017;45(D1):D353-361.

 25. Zhou B, Albarracin L, Indo Y, Arce L, Masumizu Y, Tomokiyo M, Islam 
MA, Garcia-Castillo V, Ikeda-Ohtsubo W, Nochi T, Morita H, Takahashi H, 
Kurata S, Villena J, Kitazawa H. Selection of immunobiotic ligilactobacillus 
salivarius strains from the intestinal tract of Wakame-Fed pigs: functional 
and genomic studies. Microorganisms. 2020;8(11): 1659.

 26. Huang D, Wang Y, Thompson JW, Yin T, Alexander PB, Qin D, Mudgal P, Wu 
H, Liang Y, Tan L, Pan C, Yuan L, Wan Y, Li QJ, Wang XF. Cancer-cell-derived 

GABA promotes β-catenin-mediated tumour growth and immunosup-
pression. Nat Cell Biol. 2022;24(2):230–41.

 27. Indo Y, Kitahara S, Tomokiyo M, Araki S, Islam MA, Zhou B, Albarracin L, 
Miyazaki A, Ikeda-Ohtsubo W, Nochi T, Takenouchi T, Uenishi H, Aso H, 
Takahashi H, Kurata S, Villena J, Kitazawa H. Ligilactobacillus salivarius 
strains isolated from the porcine gut modulate innate immune responses 
in epithelial cells and improve protection against intestinal viral-bacterial 
superinfection. Front Immunol. 2021;12: 652923.

 28. Rifaath M, Santhakumar P, Selvaraj J. Effect of Carica papaya on beta 
catenin and wnt mRNA expression in human colon Cancer (HT-29) cells 
in vitro. Bioinformation. 2022;18(3):289–92.

 29. Srutkova D, Schwarzer M, Hudcovic T, Zakostelska Z, Drab V, Spanova A, 
Rittich B, Kozakova H, Schabussova I. Bifidobacterium longum CCM 7952 
promotes epithelial barrier function and prevents Acute DSS-Induced 
Colitis in strictly strain-specific manner. PLoS ONE. 2015;10(7): e0134050.

 30. Wang Y, Xu X, Chen H, Yang F, Xu B, Wang K, Liu Q, Liang G, Zhang R, Jiao 
X, Zhang Y. Assessment of beneficial effects and identification of host 
adaptation-associated genes of ligilactobacillus salivarius isolated from 
badgers. BMC Genomics. 2023;24(1):530.

 31. Yang J, Qin S, Zhang H. Precise strategies for selecting probiotic bacteria 
in treatment of intestinal bacterial dysfunctional Diseases. Front Immu-
nol. 2022;13: 1034727.

 32. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut 
microbes associated with obesity. Nature. 2006;444(7122):1022–3.

 33. National Research Council (US) Subcommittee on Environmental Stress. 
Effect of environment on nutrient requirements of domestic animals. 
Washington (DC): National Academies Press (US); 1981. p. 213–25.

 34. Zeng H, Larson KJ, Cheng WH, Bukowski MR, Safratowich BD, Liu Z, 
Hakkak R. Advanced liver steatosis accompanies an increase in hepatic 
inflammation, colonic, secondary bile acids and Lactobacillaceae/Lach-
nospiraceae bacteria in C57BL/6 mice fed a high-fat diet. J Nutr Biochem. 
2020;78: 108336.

 35. Xu R, Li Q, Wang H, Su Y, Zhu W. Reduction of Redox potential 
exerts a key role in modulating gut microbial taxa and function by 
Dietary Supplementation of Pectin in a Pig Model. Microbiol Spectr. 
2023;11(1):e0328322.

 36. Xiao Y, Zhang F, Xu H, Yang C, Song X, Zhou Y, Zhou X, Liu X, Miao J. 
Cinnamaldehyde microcapsules enhance bioavailability and regulate 
intestinal flora in mice. Food Chem X. 2022;15:100441.

 37. Deng Y, Liu M, Fang T, Ma H, Beadham I, Ruan W, Wang S, Zhang X, Zhang 
C. Enhancement of anaerobic digestion of rice straw by amino acid-
derived ionic liquid. Bioresour Technol. 2023;380: 129076.

 38. Yang J, Wang J, Huang K, Zhu M, Liu Q, Liu G, Chen F, Zhang H, Qin S. 
Selenium enriched Bacillus subtilis yb-1114246 activated the TLR2-
NF-κB1 signaling pathway to regulate chicken intestinal β-defensin 1 
expression. Food Funct. 2021;12(13):5913–26.

 39. Ahmad L, Mustafa R, Farooq U, Khan A. Oxidative stress and toxicity 
produced by arsenic and chromium in broiler chicks and application of 
vitamin E and bentonite as ameliorating agents. Front Vet Sci. 2023;10: 
1128522.

 40. Jones DP. Radical-free biology of oxidative stress. Am J Physiol Cell 
Physiol. 2008;295(4):C849-868.

 41. Yang J, Zhang M, Zhou Y. Effects of selenium-enriched Bacillus sp. com-
pounds on growth performance, antioxidant status, and lipid parameters 
breast meat quality of Chinese Huainan partridge chicks in winter cold 
stress. Lipids Health Dis. 2019;18(1):63.

 42. Liao Y, Fan L, Bin P, Zhu C, Chen Q, Cai Y, Duan J, Cai Q, Han W, Ding S, 
Hu X, Zhang Y, Yin Y, Ren W. GABA signaling enforces intestinal germinal 
center B cell differentiation. Proc Natl Acad Sci U S A. 2022;119(44): 
e2215921119.

 43. Chen S, Tan B, Xia Y, Liao S, Wang M, Yin J, Wang J, Xiao H, Qi M, Bin P, Liu 
G, Ren W, Yin Y. Effects of dietary gamma-aminobutyric acid supple-
mentation on the intestinal functions in weaning piglets. Food Funct. 
2019;10(1):366–78.

 44. Voutsinas P, Kavouklis E, Voutsinas D, Kontoghiorgi K, Giamarellou H. The 
effect of acetazolamide on the kinetics of four newer beta-lactams in the 
aqueous humor. Clin Microbiol Infect. 2001;7(2):70–4.

 45. Adnan S, Paterson DL, Lipman J, Kumar S, Li J, Rudd M, Roberts JA. Phar-
macokinetics of beta-lactam antibiotics in patients with intra-abdominal 
Disease: a structured review. Surg Infect (Larchmt). 2012;13(1):9–17.



Page 13 of 13Yang et al. BMC Microbiology          (2023) 23:395  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 46. Van Den Berg M, Gidijala L, Kiela J, Bovenberg R, Vander Keli I. Biosynthesis 
of active pharmaceuticals: β-lactam biosynthesis in filamentous fungi. 
Biotechnol Genet Eng Rev. 2010;27:1–32.

 47. Chen G, Chen ZM, Fan XY, Jin YL, Li X, Wu SR, Ge WW, Lv CH, Wang YK, 
Chen JG. Gut-brain-skin Axis in Psoriasis: a review. Dermatol Ther (Hei-
delb). 2021;11(1):25–38.

 48. Liang D, Zhuo Y, Guo Z, He L, Wang X, He Y, Li L, Dai H. SIRT1/PGC-1 path-
way activation triggers autophagy/mitophagy and attenuates oxidative 
damage in intestinal epithelial cells. Biochimie. 2020;170:10–20.

 49. Kumar B, Manuja A, Aich P. Stress and its impact on farm animals. Front 
Biosci (Elite Ed). 2012;4(5):1759–67.

 50. Tsikas D. Assessment of lipid peroxidation by measuring malondialde-
hyde (MDA) and relatives in biological samples: Analytical and biological 
challenges. Anal Biochem. 2017;524:13–30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Ligilactobacillus Salivarius improve body growth and anti-oxidation capacity of broiler chickens via regulation of the microbiota-gut-brain axis
	Abstract 
	Introduction
	Materials and methods
	Bacterial strain and digestive enzyme assay
	Chickens, diet, and study design
	Sample collection
	Hormonal levels and antioxidant status
	16 S rDNA sequencing and analyses
	Metabolomic assays of functional peptides
	Statistical analyses

	Results
	Secretion of digestive enzymes
	Impact on growth performance
	Hormonal levels and antioxidant status
	Optimized bacterial composition in cecum
	Functions of the optimised bacterial composition
	Functional metabolites

	Discussion
	Conclusion
	Acknowledgements
	References


