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Abstract: Obesity is a highly prevalent chronic disease characterized by excessive weight gain and fat 
accumulation. There is growing evidence that Lactiplantibacillus plantarum strains with bile salt hydrolase (BSH) 
activity are effective in preventing and alleviating obesity. However, few of them has confirmed the anti-
obesity effect of BSH by gene deletion. In this study, 23 BSH-positive Lp. plantarum strains were screened by 
bile salt precipitation halo assay. Among these strains, Lp. plantarum Lp20 showed the highest BSH activity 
with a hydrolysis rate to glycodeoxycholic acid (GDCA) by 91.62%. Genomic sequencing and bioinformatics 
analysis indicated that gene bsh1 was associated with BSH activity of Lp. plantarum Lp20 and gene deletion of 
bsh1 confirmed the role of Bsh1 in GDCA hydrolysis. To investigate if the Bsh1 from Lp. plantarum Lp20 could 
alleviate obesity, the wild type and bsh1 deletion mutant strains were administered daily for 8 weeks to diet-
induced obese mice, respectively. Compared with mutant strain, the wild type strain Lp20 significantly 
reduced body weight gain, inguinal white adipose tissue, and mesenteric fat mass in obese mice. In addition, 
Lp20 also reduced serum total cholesterol levels and LDL-C by 20.8% and 33.3%, respectively. Furthermore, 
the recovered liver steatosis was only observed in Lp. plantarum Lp20 treated mice. Taken together, the bile salt 
hydrolase Bsh1 from Lp. plantarum Lp20 was a key functional factor on ameliorating HFD-induced obesity by 
reducing cholesterol levels and suppressing adipogenesis in mice. 
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1. Introduction 
The global prevalence of obesity has increased incidences of related comorbidities, such as 

osteoarthritis, cardiovascular diseases and cancer[1,2]. The imbalance of  Firmicutes-to-
Bacteroidetes ratio (F/B) is regarded as a significant characteristic in obese patients[3,4]. While fecal 
microbial transplantation from obese individuals can induce adiposity phenotypes in mice[5], 
suggesting that microbial dysbiosis plays a crucial role in obesity. In a cohort study,  the 
supplementation of  Bifidobacterium and Lactobacillus at 50 billion CFU/day for 6 months resulted in 
significant decreases in body weight, serum total cholesterol (TC) and low-density lipoprotein 
cholesterol (LDL-C) levels[6]. In addition, Limosilactobacillus reuteri GMNL263 exhibited the ability to 
inhibit weight gain and reduce insulin resistance in obese rats induced by high-fat diet (HFD)[7,8]. 
Similarly, Lactiplantibacillus plantarum Y44 not only alleviated lipid metabolism disorder by 
decreasing TC and LDL-C levels, but also reduced serum aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) in obese mice[9]. Thus, probiotic interventions have proven to be an 
effective strategy in alleviating obesity. 

The anti-obesity effect of probiotics are aĴributed to specific metabolites or enzymes, such as 
bile salt hydrolase (BSH), short-chain faĴy acids (SCFAs), and conjugated linoleic acid (CLA) 
isomerase[10–13]. Recent studies have highlighted the potential role of BSH in regulating lipid 
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metabolism and ameliorating obesity-related syndrome. Lp. plantarum H-87 with a distinguished BSH 
activity exhibited a significant inhibitory effect on weight gain and lipid accumulation in HFD-fed 
mice[14]. Furthermore, the recombinant Escherichia coli MG1655 with bsh1 from Lactobacillus salivarius 
JCM1046 significantly reduced weight gain, LDL-C and triglyceride (TG) levels in obese mice[15].  

Bile acids (BAs), synthesized in the liver, are stored within the gallbladder and released into the 
gastrointestinal tract following food ingestion[16]. BSH deconjugated tauro-conjugated or glycol-
conjugated BAs in the small intestine, generating their corresponding free bile acids[17]. The reduced 
solubility of these free bile acids increases bile excretion, promoting the conversion of cholesterol to 
BAs. This effect contributes to the reduction of cholesterol levels and lipid absorption in the small 
intestine[18–20]. Due to this gateway efficacy, primary BAs can be further transformed into secondary 
bile acids (sBAs) by cecal and colonic microbiota[21,22]. Certain sBAs serve as ligands for multiple 
BA receptors, including the farnesoid X receptor (FXR) and Takeda G protein-coupled receptor 
TGR5[23]. Activation of FXR by deoxycholic acid (DCA) inhibits SREBP1c production, thereby 
reducing triglyceride synthesis and ameliorating hepatic steatosis[24–26]. As potent TGR5 agonists, 
lithocholic acid (LCA) and deoxycholic acid (DCA) stimulate intestinal GLP-1 secretion, thereby 
enhancing insulin sensitivity and glucose homeostasis in obese individuals[24].  

In this study, Lp. plantarum Lp20, exhibiting the highest BSH activity, was selected from a pool 
of 23 BSH-positive Lp. plantarum strains. Genomic sequencing and bioinformatics analysis indicated 
that gene bsh1 was associated with BSH activity of Lp. plantarum Lp20. Subsequently, a bsh1 mutant 
strain of Lp. plantarum Lp20 was constructed by homologous double-overcrossing recombination. The 
bsh1 mutant strain was used as the negative control for Lp. plantarum Lp20 to investigate the 
correlation between probiotic BSH activity and its efficacy in reducing fat in the high fat diet-induced 
obese mice.  

2. Materials and Methods 
2.1. Bacterial Strains and Culture Condition 

The bacterial strains and plasmids used in this study are listed in Table S1. Lp. plantarum were 
cultured at 37°C in de Man, Rogosa, and Sharpe (MRS) medium. Escherichia coli DH5α was grown at 
37 °C in Luria−Bertani (LB) broth for 12 h with shaking at 220 rpm. Lactococcus lactis NZ9000 was 
cultured at 30°C in M17 medium (Oxoid, Unipath, Basingstoke, UK) containing 0.5% wt/vol glucose 
(GM17) for 14 h. When required, the media were supplemented with the appropriate antibiotics at 
the following concentrations: 100 µg/mL ampicillin for E. coli, 10 µg/mL chloramphenicol for L. lactis 
and 10 µg/mL erythromycin for Lp. plantarum.  

2.2. BSH Activity Assays of Lp. Plantarum 
For the qualitative assay of BSH activity, the bile salt plate method was employed in this 

study[27,28]. Briefly, MRS agar plate was supplemented with 0.1% wt/vol glycodeoxycholic acid 
(GDCA, Sigma Aldrich) and 0.1% wt/vol taurodeoxycholic acid (TDCA, Sigma Aldrich), respectively. 
Bacterial cells were streaked onto these plates and incubated anaerobically for 48 h to observe 
deoxycholic acid precipitated in the agar medium below and around a colony (precipitation halo). 

BSH activity was also analyzed quantitatively by the ninhydrin assay, which was a colorimetric 
test to determine the amount of amino acids released from individual bile acids through BSH 
deconjugation[29–31]. Bacterial cells in the stationary phase were collected by centrifugation, washed 
with sodium phosphate buffer, and resuspended to OD600 nm=5.0. A 50 µL cell suspension was mixed 
with an equal volume of 20 mM bile salt substrate and incubated at 37°C for 1 h. The reaction was 
terminated by the addition of 100 µL trichloroacetic acid. Then the mixture was centrifuged to collect 
100 µL supernatant, which was then mixed with 900 µL ninhydrin. The reaction system was carried 
out in boiling water bath for 14 min and immediately transferred to an ice bath for color stabilization. 
Based on a standard curve, the OD at 570 nm was measured to determine the amino acid 
concentration. The bile salt hydrolysis rate was calculated using the following formula: 

Bile salt hydrolysis rate (%) = ࡯
૞
× ૚૙૙% 

5 stands for the initial concentration of bile salt substrates in the reaction system is 5mM, c is the 
concentration of amino acids after substrate hydrolysis. 
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2.3. Draft Genome Sequencing and Comparative Analysis 
The genome of Lp20 was extracted using the Bacterial Genome Extraction Kit (Tiangen, Beijing, 

China). Purified genome was sequenced and assembled by Beijing Novogene Bioinformatics 
Technology Co., Ltd. Genomic DNA samples were fragmented using the Covaris ultrasonic 
disruptor, followed by the construction of a 350 bp short fragment library. Sequencing was performed 
on the Illumina NovaSeq PE150 platform. The raw data were processed using genome assembly tools 
including SOAP denovo, SPAdes and ABySS, and then was integrated with CISA. The assembly was 
further refined with GapCloser, filtering out fragments below 500 bp, resulting in a draft genomic 
scaffold sequence. GeneMarkS 4.17 was employed for the prediction of coding genes. Subsequently, 
the protein sequences of structural genes were functionally annotated through Diamond alignment 
against universal databases including GO (Gene Ontology), KEGG  (Kyoto Encyclopedia of Genes 
and Genomes), COG  (Clusters of Orthologous Groups), NR (Non-Redundant Protein Database), 
Pfam, TCDB (Transporter Classification Database), and Swiss-Prot[32–39]. The alignment results 
with the highest score (minimum identity ≥ 40%, coverage ≥ 40%) were selected for annotation.  

Genome comparisons were conducted using BLAST. Circular genome maps were generated 
using the BRIG JAVA script based on CGView[40]. Intergenic regions between Lp. plantarum Lp20 
and Lp. plantarum WCFS1 were compared using SnapGene 6.0.2. 

2.4. Construction of bsh1 Deletion Mutant and Complemented Strains  
The entire open reading frame of the bsh1 gene was deleted by the homologous double-

overcrossing recombination. A schematic diagram of the suicide plasmid construction and bsh1 
deletion is shown in Figure S2 and S3. Primer pairs used in this study are listed in Table S2. 
Homologous arms were amplified using two primers pairs (Lp20_GM1654L-F/Lp20_GM1654L-R 
and Lp20_GM1654R-F/Lp20_GM1654R-R), and then cloned into pUC19E by seamless cloning 
(CWBIO, Beijing, China) to obtain pUCbsh1. This suicide plasmid was then transformed into Lp. 
plantarum Lp20 cells by electroporation. MRS agar plates containing erythromycin were used to 
screen for positive colonies, which were then continuous cultivation in antibiotic-free MRS for 20 
passages to select for double-overcrossing transformants. The replica plating method was performed 
to screen for colonies sensitive to erythromycin, and meanwhile hydrolase precipitation zones of this 
positive colonies disappeared (Figure S3C). Subsequently, the Δbsh1 gene knockout mutants were 
confirmed by PCR with primers pairs Up-F/Up-R (UF/UR) and Down-F/Down/R (DF/DR). 

To generate a gene complementation, the bsh1 gene from Lp. plantarum Lp20 was amplified with 
primers (NcoI-bsh1/SacI-bsh1) and then cloned into pNZ11. Then, the recombinant pNZbsh1 plasmid 
was electroporated into the Lp. plantarum Lp20-Δbsh1 gene knockout mutants to obtain the 
complementation strain, which was designated as Lp. plantarum Lp20-Δbsh1 +. 

2.5. Animal Experiment 
Specific pathogen-free C57BL/6J mice (male, 6-8 weeks) were purchased from Beijing Huafukang 

Bioscience Co. Ltd. (Beijing, China) amd maintained in a barrier facility conditions (22 ± 2°C, 50 ± 5% 
humidity, 12-hour light/dark cycle and free access to food and water). After a 7-day acclimation, mice 
were divided into four groups: the low-fat diet group (LFD, n=6) was fed a normal diet with 10% of 
energy from fat (D12450J, Research Diets, Table 1) for 12 weeks; the high-fat diet groups were given 
a diet with 60% of energy from fat (D12492, Research Diets, Table 1) for 12 weeks to induce obesity. 
The successful establishment of the obesity model was defined as a twenty percent increase in the 
mean body weight of all HFD-fed mice compared to that of LFD group[41]. Subsequently, obese mice 
were treated with bacteria strains (n=6): (1) HFD group, fed with HFD and PBS; (2) HFD + Lp20-WT 
group, fed with HFD and 1×109 CFU wild-type Lp. plantarum Lp20 with BSH activity; (3) HFD + Lp20-
Δbsh1 group, fed with HFD and 1×109 CFU Lp. plantarum Lp20-Δbsh1 mutant. PBS or bacterial 
suspension was daily administered by oral gavage at a volume 0.2 mL for additional 8 weeks.  

Body weight of each group mice was recorded weekly, and the average daily energy intake was 
calculated according to energy density of diets in Table 1 (Table S3 and S4). Before sacrificing, mice 
have been fasted overnight, anesthetized with tribromoethanol (TargetMol, Boston, MA). Body 
composition, including fat mass and lean mass, was analyzed before sacrifice using a MiniQMR23-
060H-I type Body Composition Analyzer (Shanghai Niumag Corporation, Shanghai, China). Blood 
serum was collected after euthanasia by cervical dislocation. Organs and adipose tissues, including 
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epididymal (eWAT), inguinal white adipose tissue (iWAT), and mesenteric fat were collected and 
weighed immediately. The experimental design was evaluated and approved by the Institutional 
Animal Care and Use CommiĴee of the China Agricultural University, Beijing, China (No. 
AW81503202-5-2). All procedures were performed in accordance with the National Research 
Council’s Guide for the Care and Use of Laboratory Animals. 

Table 1. Dietary composition and energy density in animal experiments. 

Product D12450J (LFD) D12492 (HFD) * 

 gm% kcal% gm% kcal% 

Protein 19.2 20.0 26 20.0 
Carbohydrate 67.3 70.0 26 20.0 

Fat 4.3 10.0 35 60.0 

Ingredient gm kcal gm kcal 
Casein, 30 Mesh 200 800 200 800 

L-Cystine 3 12 3 12 
Corn Starch 506.2 2024.8 0 0 

Maltodextrin 10 125 500 125 500 
Sucrose 68.8 275.2 68.8 275.2 

Cellulose, BW 200 50 0 50 0 
Soybean Oil 25 225 25 225 

Lard 20 180 245 2205 
Mineral Mix S10026 10 0 10 0 

Dicalcium Phosphate 13 0 13 0 
Calcium Carbonate 5.5 0 5.5 0 

Potassium Citrate·1H2O 16.5 0 16.5 0 
Vitamin Mix V10001 10 40 10 40 

Choline Bitartrate 2 0 2 0 
FD&C Yellow Dye #5 0.04 0 0 0 
FD&C Red Dye #40 0 0 0 0 
FD&C Blue Day #1 0.01 0 0.05 0 

Total 1055.05 4057 773.85 4057 
kcal/gm 3.85 5.24 

* As for D12492, the content of cholesterol is 279.6 mg/kg. 

2.6. Biochemical Assay of Blood Serum 
Total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein 

cholesterol (LDL-C), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in serum 
were measured using the Hitachi Automatic Analyzer 3100 (Hitachi, Japan), which was performed 
by biomedical assay kits (Maccura Biotechnology Ltd., Chengdu, China).  

2.7. Liver Histological Analysis 
Liver tissues were fixed in 4% paraformaldehyde, followed by progressively dehydrated and 

embedded in paraffin wax. Then, the liver tissues were cut into 4 µm sections and stained with 
hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS). The fields were randomly selected and 
observed under a light microscope (Leica, Germany). 

2.8. Statistical Analysis 
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The statistical differences among experimental groups were determined by one-way ANOVA, 
followed by Tukey’s post hoc test using GraphPad Prism software (version 9.0.0). The data were 
presented as mean ± standard deviation (SD) in this study. The P value < 0.05 was considered as 
statistically significant. 

3. Results and Discussion 
3.1. Lp. Plantarum Lp20 Exhibited the Highest GDCA Hydrolase Activity 

Twenty-eight Lp. plantarum strains were investigated to produce BSH activity by bile salt plate 
method. Of these strains, 23 were able to produce precipitation halos on GDCA plates. Notably, Lp. 
plantarum Lp20 produced the most prominent precipitation halos on GDCA plate. The reference 
strain Lp. plantarum WCFS1 only produced white colonies with opaque granular precipitate halos 
(Figure 1). However, none of these strains formed precipitation halos on TDCA plates (Figure S1). 

 
Figure 1. BSH activity of (A) Lp. plantarum WCFS1 and (B) Lp. plantarum Lp20 was assessed on bile 
salt-MRS plates containing GDCA. 

The BSH activity of 28 Lp. plantarum strains was further measured using the ninhydrin assay. 
Most results were consistent with those of plate assay. Lp. plantarum Lp20 exhibited the highest 
GDCA hydrolysis activity, with a hydrolysis rate of 91.62% (Figure 2). In addition, Lp. plantarum 
Lp255, 260, 274, 277, and 282 produced no deconjugation precipitation halos and showed  GDCA 
hydrolysis rate below 15%. The bile salt plate method proves to be an effective and rapid screening 
method for identifying BSH-active strains. Consequently, Lp20 was selected to investigate the 
correlation between its BSH activity and the presence of bile salt hydrolase genes. 

 
Figure 2. BSH activities of twenty-eight Lactiplantibacillus plantarum strains toward GDCA. 

BSH is prevalent within Lactiplantibacillus genus[42], in particular, the bsh1 gene contributes 
significantly to the activity. Here we found that most Lactiplantibacillus plantarum strains have a strong 
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specificity to glycine-conjugated bile salts, which is likely because Lp. plantarum is one of the prevalent 
strains in the human intestinal microbiota. The existence of BSH activity is considered a conservative 
microbial adaptation to the human intestinal environment[43,44]. Given that more than 60% of bile 
acids in the human bile acid pool are glycine-conjugated, the general deconjugating activity and 
preference for glycine-conjugated bile salts by Lactiplantibacillus likely result from the evolutionary 
conservation of the bsh1 gene[45,46]. 

3.2. BSH-Like Genes Were Located in the Chromosome of Lp. Plantarum Lp20  
Draft genome sequencing demonstrated that Lp. plantarum Lp20 contains 4 choloylglycine 

hydrolase (CGH) family genes, identified as bsh1, pva1, pva2 and pva3. However, pva2 gene appears 
to be a pseudogene due to a frame-shift at 109 bp downstream the start codon in Lp. plantarum Lp20 
(Figure 3). When compared to the amino acid sequences of Bsh1, Pva1 and Pva3 in Lp. plantarum 
WCFS1, the corresponding sequences in Lp. plantarum Lp20 showed similarities of 99.69%, 99.69%, 
and 97.48%, respectively. It was found that pva2 and pva4 were conservative for penicillin acylase 
activity, while bsh1 contributed the major BSH activity in Lp. plantarum WCFS1[27,47]. Therefore, the 
high BSH activity in Lp. plantarum Lp20 might be aĴributed to the gene bsh1.  

 
Figure 3. CGH genes were located in chromosome of Lp. plantarum Lp20 by comparing genomes with 
Lp. plantarum WCFS1. (A) Comparative genomic analysis of Lp. plantarum Lp20 strains based on 
BLAST_VERSION1 bin analysis. Matches with < 50% identity or regions with no BLAST matches 
appear as blank spaces in the outer ring. The inner circle represents the reference sequence of Lp. 
plantarum Lp20. Ring of outer strain is Lp. plantarum WCFS1. (B) Schematic diagram of Lp. plantarum 
Lp20 cholylglycine hydrolase. 

3.3. Bsh1 Played a Key Role in the GDCA Hydrolysis Activity of Lp. Plantarum Lp20 
The bsh1-deleted strain, Lp. plantarum Lp20-Δbsh1, and complementary strain, Lp. plantarum 

Lp20-Δbsh1+, were constructed in this study (Figure S2 and S3). The results revealed the absence of 
precipitation halo formation in the Lp. plantarum Lp20-Δbsh1 mutant on GDCA plate (Figure 4A and 
B). Meanwhile, the rate of bile salt hydrolysis was only 5.86% (Figure 4C). The complementation of 
the bsh1 gene into the Lp. plantarum Lp20-Δbsh1 strain restored its hydrolysis activity (Figure 4D and 
E). These results confirm that the bsh1 gene confers GDCA hydrolysis activity to Lp. plantarum Lp20. 
Our findings are consistent with previous studies on Lp. plantarum WCFS1, where the knockout of 
bsh1 led to the loss of GDCA hydrolysis activity[47]. Subsequently, Lp. plantarum Lp20 and Δbsh1 
mutant strain were used to investigate the relationship between bile salt hydrolase activity and 
obesity amelioration. 

It is well known that bacteria with high BSH-producing ability could affect host energy 
harvesting and body weight gain. Lactiplantibacillus plantarum H-87 with excellent bile salts 
hydrolysis ability could inhibit HFD-induced body weight gain, fat accumulation and liver 
lipogenesis in C57BL/6J mice[14]. Bsh1 from Ligilactobacillus salivarius strains significantly reduces 
weight gain in mice fed normal or high-fat diets and also reduces serum LDL cholesterol and liver 
triglycerides in mice[15]. The supplementation of BSH-producing bacteria may be an effective way 
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to alleviate obesity achieved by regulating the bile acid related lipid metabolism pathway to influence 
host triglyceride homeostasis, energy storage and fat digestion. Accordingly, to correlate Bsh1 from 
Lp. plantarum Lp20 with weight gain in animals, Lp. plantarum Lp20 and Δbsh1 mutant strain were 
administered daily for 8 weeks to diet-induced obese mice, respectively.  

 
Figure 4. Identification of hydrolase activity of wild type and mutant strains. Bile salt agar 
precipitation halos assay of Lp. plantarum Lp20 wild type strain (A) and Lp. plantarum Lp20-Δbsh1 
strain (B). (C) GDCA hydrolysis rate of Lp. plantarum Lp20 and its bsh1 mutant strain Lp. plantarum 
Lp20-Δbsh1. (D) Bsh1 complementation strain Lp. plantarum Lp20-Δbsh1+. (E) GDCA hydrolysis rate 
of bile salt in the Lp. plantarum Lp20-Δbsh1 and Lp. plantarum Lp20-Δbsh1+ strains complemented with 
pNZ11 (as control) and pNZbsh1 vector. Data are reported as the mean ± SD from three independent 
experiments (*** P < 0.001). 

3.4. Lp. Plantarum Lp20 Decreased Weight Gain and Fat Accumulation in Obese Mice 
The obesity induced by high fat diet in mice and the grouping intervention scheme are shown 

in Figure 5A. The bodyweight of HFD group mice reached 41.03 g after 12 weeks, which was 1.21-
fold higher than that of LFD group mice, indicating the successful establishment of an obese mouse 
model (Figure 5B). After 8 weeks Lp. plantarum intervention, the net bodyweight gains in HFD, HFD 
+ Lp20-WT and HFD + Lp20-Δbsh1 group mice were 8.58 g, 3.18 g and 8.81 g, respectively. These 
results showed that wild type Lp. plantarum Lp20 with BSH enzyme activity significantly reduced a 
net bodyweight gain compared with that of HFD group, while no difference was observed between 
the mutant strain group and HFD group (Figure 5B). Moreover, Lp. plantarum Lp20 treatment 
decreased fat mass ratio in body composition compared with the Lp. plantarum Lp20-Δbsh1 mutant 
treatment group, without affecting the lean mass (Figure 5C). Furthermore, there is no difference on 
the mass of eWAT among the three groups, but the mass of iWAT and mesenteric fat in wild-type Lp. 
plantarum Lp20 treated mice was significantly reduced than both the mutant strain group and HFD 
group (Figure 5C). However, no difference was observed between the mutant stain group and HFD 
group. Taken together, the bile salt hydrolase Bsh1 of Lp. plantarum Lp20 contributes to ameliorating 
obese-related syndromes by reducing weight gain and body fat accumulation. 
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Figure 5. Effects of wild-type Lp. plantarum Lp20 and mutant strain Lp. plantarum Lp20-Δbsh1 on 
bodyweight and adipose tissue mass analysis in mice. (A) Animal experiment design. (B) Body weight 
change and net body weight gain of four treatment groups. (C) Body composition analysis and 
adipose tissue mass analysis including eWAT, iWAT and mesenteric fat mass. Values are expressed 
as mean ± SD (n=6). ns, no significant difference; * P  0.05, ** P  0.01 and *** P  0.001 represent 
differences between HFD-induced obese mice and LFD-fed mice during 1-12 weeks. ## P  0.01 and 
### P  0.001 represent differences between HFD group and Lp20-WT group. $ P  0.05 represents 
difference between Lp20-WT and Lp20-Δbsh1 group. 

3.5. Bsh1 Decreased Serum Cholesterol in Obese Mice 
The changes of serum cholesterol levels in four experimental groups are shown in Figure 6. After 

8 weeks feeding with HFD diet, the TC levels of HFD group increased to 9.15 mmol/L, which was 
1.76-fold higher than that in LFD group mice. Notably, only wild-type Lp. plantarum Lp20 treatment 
significantly reduced the total serum cholesterol compared with HFD group, while no significant 
difference was observed between mutant and HFD group (Figure 6A). Further analysis revealed that 
wild-type Lp. plantarum Lp20 primarily decreased serum LDL-C levels, with no significant impact on 
serum HDL-C levels (Figure 6B and C). Therefore, the bile salt hydrolase Bsh1 of the Lp. plantarum 
Lp20 appears to play a role in mitigating abnormal blood lipid levels by regulating serum cholesterol 
levels in obese mice. Furthermore, in comparison to the HFD + Lp20-Δbsh1 group, the Lp. plantarum 
Lp20 group exhibited a 76.6% reduction in serum ALT levels and a 45.3% reduction in AST levels, 
respectively (Figure 6D and E). 

Increased alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels in the 
bloodstream are typically indicative of liver injury or steatosis[48]. Elevated ALT and AST levels may 
reflect inflammation and damage to liver cells. Therefore, it can be inferred that BSH activity might 
play a protective role against liver injury. 
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Figure 6. Impacts of Bsh1 on serum bio-markers levels in obese mice (n=6). (A), (B) and (C) represent 
serum total cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol, 
respectively. (D) Serum alanine aminotransferase. (E) Serum aspartate aminotransferase. ns, no 
significant difference; ** P  0.01 and *** P  0.001 showed the significant difference with ANOVA 
analysis. 

3.6. Bsh1 Alleviated Liver Steatosis in Obese Mice 
Due to the effect of Bsh1 on ALT and AST in serum, a histological analysis of the liver was carried 

out. In this study, hepatic steatosis with enlarged, yellowish liver cells were obviously observed in 
the HFD and HFD + Lp20-Δbsh1 groups. In contrast, a healthier and reddish liver was observed in 
the Lp. plantarum Lp20 and LFD groups (Figure S4). The liver weight in the HFD + Lp20-WT group 
was 1.20 g, which was lower than that in the HFD + Lp20-Δbsh1 group (Table S5). Additionally, there 
was no significantly difference in liver weight between the HFD + Lp20-WT group and LFD group. 
All these findings collectively suggest that BSH activity plays a protective role against liver injury. 

Hepatocytes in LFD group mice displayed a purple-red cytoplasm with uniformly stained 
chromatin, indicating an absence of significant fat accumulation or steatosis (Figure 7). In contrast, 
varying degrees of vacuolation, indicative of lipid accumulation within hepatocytes, were observed 
in HFD-fed mice. This result was also confirmed by PAS staining, which distinguished steatosis from 
glycogen or other polysaccharides accumulation (Figure S5). It is worth noting that the HFD + Lp20-
WT group exhibited a darker cytoplasm and a substantial reduction in lipid droplets. However, the 
Δbsh1 group exhibited a same level of steatosis as the HFD group in both droplet size and quantity. 
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Figure 7. The impact of a high-fat diet and Lp. plantarum Lp20 bile salt hydrolase on liver steatosis. 
H&E stained liver sections from LFD (A), HFD (B), HFD+Lp20-WT (C), and HFD+Lp20-Δbsh1 (D) 
group. Scale bar in the image is 100 µm. 

HFD-induced liver steatosis has been reported in previous studies[49,50]. Treatment with 
Lactobacillus strains has shown significant improvement for steatosis[51,52]. However, there are few 
studies which confirmed the anti-liver steatosis effect of Bsh1 in Lactobacillus strains. The reduction 
in serum ALT and AST levels and the histopathological improvements observed through H&E and 
PAS staining provide strong evidence for the liver-protective role of Bsh1 from Lp. plantarum Lp20. 
Consequently, these results indicate that wild-type Lp. plantarum Lp20 with bsh1 significantly 
alleviates liver lipid accumulation, suggesting a potential therapeutic benefit of BSH in Non-
Alcoholic FaĴy Liver Disease (NAFLD). Given the close relationship between the enterohepatic 
circulation of bile acids and host metabolism, further analysis of the host's bile acid pool is crucial for 
understanding the mechanism through which Bsh1 participates in metabolic regulation. Additionally, 
recent studies have revealed that BSH not only deconjugates amide bonds but also possesses 
acyltransferase activity, broadening our understanding of BSH functionality[53]. The modification of 
the bile pool composition by BSH may significantly impact the role of these strains in their ecological 
niche, highlighting the need for further research to elucidate these effects.  

4. Conclusions 
The BSH is recognized as a metabolic marker for probiotics with the ability to reduce lipid 

accumulation. In this study, Lp. plantarum Lp20 was screened out for its highest BSH activity among 
28 candidate strains. To further validate the relationship between BSH and its anti-obesity effects, a 
bsh1 knock-out mutant confirmed that the anti-obesity effects of Lp. plantarum Lp20 are BSH-
dependent. In obese mice, the wild-type strain significantly inhibited body weight gain, reduced 
serum cholesterol, and improved liver steatosis, whereas no identical results were observed in BSH-
deficient mutant strain treated mice. These findings highlight the crucial role of the BSH gene and 
povide direct evidence that BSH activity in the obesity-ameliorating effects of Lactiplantibacillus 
strains. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Table S1: Bacteria strains and plasmids used in this study; Table S2: Primers used 
in this study; Table S3: Mice average daily energy intake during the modeling period; Table S4: Mice average 
daily energy intake during treatment; Table S5: Liver weight and liver index of mice after 8 weeks of intervention; 
Figure S1: Negative results in precipitation halo assay for Lactiplantibacillus BSH activity on GDCA plates; Figure 
S2: A schematic representing the generation of a markerless bsh1 deletion in Lp. plantarum Lp20 using the 
pUCbsh1arm suicide plasmid; Figure S3: Illustrations of the PCR detection of bsh1 single crossover insertion 
vectors using primer pairs DF/UF and DR/UR; Figure S4: Fat distribution in abdominal cavity and schematic 
diagram of liver in mice; Figure S5: The impact of a high-fat diet and Lp. plantarum Lp20 bile salt hydrolase on 
liver damage and steatosis. 
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