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Abstract

Intestinal microbiota is a potential determinant of obesity, with probiotic bile salt hydrolase (BSH) as one of the key mechanisms in the anti-obesity
effects. In this study, we present a Lactobacillus acidophilus GOLDGUT-LA100 (LA100) with high BSH activity, good gastric acid and bile salt
tolerance, and a potential anti-obesity effect. LA100’s anti-obesity effects were evaluated in a high-fat diet-induced, obese mouse model. LA100
administration alleviates high-fat diet-induced pathophysiological symptoms, such as body weight gain, high serum glucose and cholesterol
level, hepatic lipid accumulation, and adipose inflammation. These results demonstrate concrete anti-obesity benefit in animal models and show

promising applications in future clinical studies.

Impact Statement

This study established a reliable pipeline to screen probiotics with high bile salt hydrolase (BSH) activity, and our results suggested that Lacto-
bacillus acidophilus LA100 with high BSH activity has the potential to prevent obesity-associated pathophysiological symptoms.

Keywords: probiotics; Lactobacillus acidophilus; obesity; high-fat diet

Introduction

The global prevalence of metabolic syndrome is currently on
the rise, exacerbating the risk of severe health ailments such as
coronary heart disease and stroke. Metabolic syndrome is in-
fluenced by numerous factors, with obesity and a lack of phys-
ical activity being the primary contributors. Obesity is associ-
ated with various metabolic conditions such as hypertension,
insulin resistance, type 2 diabetes mellitus, dyslipidemia, and
non-alcoholic fatty liver disease (Jung and Choi 2014, Martin
et al. 2015, Gil-Rodriguez and Beresford 2021). Recognized
as a worldwide epidemic, obesity is escalating amongst both
adults and children (Kobyliak et al. 2018), making it a signif-
icant health concern in the 21st century.

Obesity primarily results from an imbalance where energy
intake exceeds consumption, predominantly due to overcon-
sumption of fats and refined sugars (Gil-Rodriguez and Beres-
ford 2021). Dietary fats necessitate hydrolysis into smaller
molecules via lipases for intestinal absorption (Tucci et al.
2010). Bile, comprising bile acids, cholesterol, phospholipids,
and the pigment biliverdin, is a crucial component of fat di-
gestion, functions to emulsify and solubilize lipids (Begley
et al. 2006). The bile salt hydrolase (BSH) enzyme catalyze
the deconjugation of conjugated bile salts into free bile salts
and amino acids (Liong and Shah 2005). The BSHs produced
by intestinal bacteria, including Actinobacteria, Bacteroidetes,
Euryarchaeota, Firmicutes, and Proteobacteria, as well as in-
testinal archaea (Jones et al. 2008, Jia et al. 2021). Increased
BSH expression leads to a rise in free bile salt in the intesti-

nal lumen, which is less efficiently absorbed than conjugated
bile salts (Gil-Rodriguez and Beresford 2021). Moreover, the
limited lipid emulsifying capacity in the small intestine in-
creases the excretion of dietary fat and cholesterol with fe-
ces (Begley et al. 2006, Gil-Rodriguez and Beresford 2021).
Hence, intestinal BSH plays a pivotal role in host fat digestion,
lipid metabolism, and dietary energy harvest by reducing total
cholesterol (TC) level in serum (Geng and Lin 2016).

The role of probiotics in preventing and reducing obesity
has also been widely studied in animal models and humans
(Barengolts 2016, Gérard 2016, Kobyliak et al. 2018, Ma-
zloom et al. 2019, Aoun et al. 2020), and enzymatic deconju-
gation of bile acids by BSH produced by probiotics is one po-
tential mechanism (Klaver and van der Meer 1993, Tahri et al.
1996, 1997, Usman and Hosono 1999). BSH genes are no-
tably abundant in lactic acid bacteria, like Lactobacilli and Bi-
fidobacteria, recognized as health-promoting probiotics. Re-
cent studies have reported that Lactobacillus spp. reduce high-
fat diet (HFD)-induced obesity (Naito et al. 2011, Arora et al.
2012, Heo et al. 2016, Ondee et al. 2021, Kang et al. 2022).
Lactobacillus acidophilus is an indigenous and dominant Lac-
tobacillus species that is present in the gastrointestinal tract
of most healthy adults (Tannock 1995) and is widely rec-
ognized to have probiotic effects as one of the most com-
monly suggested organism for dietary use (Shah 2007). Many
reports have been published on the deconjugation of bile
acids by L. acidophilus (Gilliland and Speck 1977, Walker
and Gilliland 1993, Buck and Gilliland 1994). Therefore,
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incorporating probiotics like L. acidophilus into the diet as
a supplement may lead to anti-obesity advantages.

In this work, we aimed to isolate probiotics with high
BSH activity and evaluated its anti-obesity effect in an
HFD-induced obese murine model. A strain L. acidophilus
GOLDGUT-LA100 (LA100), isolated from a healthy human
fecal sample, displayed high BSH activity i1 vitro and promis-
ing anti-obesity effects in vivo.

Materials and methods

Sample collection and isolation of LAB strains

Fecal samples were collected from healthy adults and imme-
diately stored at —80°C in 25% glycerol supplemented with
0.5g 17! L-cysteine HCI for subsequent processing. Single
clones were isolated by the pour plate method. The fecal sam-
ples were diluted and cultivated on MRS agar plates (Huankai
Microbial Sci. & Tech. Co., Ltd, Guangdong, China), plates
were incubated at 37°C for 48 h under anaerobic condi-
tions. Smooth and shiny colonies were selected and purified
through successive subcultures. Single clones were cultured
in MRS broth containing 0.5 g 17! L-cysteine HCI under
anaerobic conditions at 37°C for 18 h. Isolated strains were
preserved in a sterile glycerol/MRS broth mixture (3:1, v/v)
at —80°C.

Taxonomic identification was carried out by 16S rRNA se-
quence analysis using universal primers 27F and 1492R. The
PCR amplification steps were as follows: 98°C, 3 min; 98°C,
10s,56°C,5s,72°C, 15 s, 30 cycles; 72°C, 5 min. 16S rRNA
sequencing was conducted by Tsingke Biotechnology Co., Ltd,
Beijing, China. The obtained sequences were aligned with the
NCBI GenBank database to achieve taxonomic classification
at the species level. 16S rRNA sequence of L. acidophilus
LA100 was deposited at GenBank under accession number
OR775343.1.

Bile salt tolerance test

The bile salt tolerance ability of isolates was estimated and
calculated from its survival rates. In brief, 20 ul overnight cul-
ture of strains was mixed with 900 ul MRS supplemented with
sodium glycocholate and sodium taurocholate (n/n, 2:1) at a
final concentration 10 pumol 171, Cells were anaerobically in-
cubated at 37°C for 18 h, and the OD600 was measured.

Gastric acid tolerance test

The gastric acid tolerance assays were carried out by the IN-
FOGEST method (Brodkorb et al. 2019). A volume of 100 ul
bacterial culture from each strain was mixed with 100 ul arti-
ficial human gastric fluid (Xiao Dong Pro-Health Instrumen-
tation Co., Ltd, Suzhou, China) in a 96-well plate. The plate
was then incubated under anaerobic conditions at 37°C for 2
h. PBS buffer was used as control. The number of viable cells in
the suspension incubated with either artificial human gastric
fluid or PBS buffer was assessed using the pour plate method
on MRS agar plates. The survival rate for each strain was cal-
culated as follows: Survival rate (%) = A1/A0 x 100%, where
A1 represents the number of viable cells in the suspension in-
cubated with artificial human gastric fluid, and AO represents
the number of viable cells in the suspension incubated with
PBS buffer.
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BSH activity assay

The BSH hydrolyzing activities were performed as previously
described (Grill et al. 2000). The overnight cultures were har-
vested (6000 rpm, 10 min), washed twice with equal volume
of PBS buffer. The bacterial pellet was then resuspended in
3 ml PBS buffer, and the OD was adjusted to the same value
with purified water.

The enzymes from cells were obtained by a tissue grinder
at 70 Hz for 60 times (grinding for 20 s, resting for 10 s) with
glass beads. The ground cell suspensions were centrifuged at
12000 rpm for 5 min at 4°C. The supernatant (950 ul) was
collected and mixed with 50 pul 0.4 moll~! bile salts (sodium
glycocholate or sodium taurocholate), then incubated at 37°C
for 30 min. The reaction was quenched by adding 500 ul of
15% trichloroacetic acid (v/v%), and the mixture was cen-
trifuged at 12 000 rpm for 5 min to remove precipitated pro-
teins. A volume of 200 ul supernatant was then collected and
mixed with 1 ml of sodium-citrate buffer with a pH of 5.5 and
1 ml ninhydrin reagent, and boiled for 30 min. The mixture
was then cooled with cold water and mixed with 2.8 ml of
70% ethanol. The amount of glycine or taurine released was
measured at 570 nm using a spectrophotometer, and standard
curves were established with free glycine and taurine.

Acute oral toxicity test

Six-week Kunming mice were used for acute oral toxicity
test following the methods described in Standard GB15193.3-
2014 (NHFPC, 2014) and approved by the Institutional An-
imal Care and Use Ethics Committee of Institute of Microbi-
ology, Guangdong Academy of Sciences under protocol GT-
TACUC202211163. After fasting for 6 h, 10 male and 10
female mice were orally administrated with L. acidophilus
LA100 at a dose of 5000 mgkg~! body weight. All mice were
observed for 14 days after L. acidophilus LA100 administra-
tion. The body weight was measured on day 0 and 14.

Animals and experimental design

Specific pathogen-free C57BL/6 mice (4—6 weeks of age) were
purchased from Huayuan Shidai Technology Co., Ltd, Bei-
jing, China. Animal experiments were conducted in accor-
dance with the guidelines for laboratory animal use and care
under protocol HYSD2022-07 approved by the Animal Ethics
Committee of HuaYuan Shidai Biotech Co., Ltd. The mice
were housed in a controlled environment (12 h light/dark cy-
cle at 25 £ 2°C) with food and water ad libitum. A total of
38 mice were randomly divided into two groups, 8 mice fed
with normal diet (ND) (20.6% protein, 67.4% carbohydrate,
12% fat, 3.64 kcal g=!) and 30 mice fed with high-fat diet
(HFD) (20% protein, 20% carbohydrate, 60% fat, 5.24 kcal
g~ ) for 8 weeks. Two mice from the HFD group that had
<20% weight gain than ND group were excluded. The ND
(n = 8): continued feeding with ND for another 6 weeks. For
the remaining HFD group mice, the animals were divided into
three groups: (i) HFD (7 = 10): continued feeding with HFD
for another 6 weeks and gavage with 500 ul saline solution
every day; (ii) HFD + probiotics (HFD + LA100) (z = 10):
continued feeding with HFD for 6 weeks and gavage with 500
wul 2 x 10° CFU ml~! L. acidophilus LA100 in saline solu-
tion every day; and (iii) HFD + weight-losing drug orlistat
(HFD + orlistat) (7 = 8): continued feeding with HFD and
gavage with 80 mg kg™! orlistat in saline solution every day
for 6 weeks. Body weight was measured every week. After
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Figure 1. Isolation of potential probiotics with high BSH activity. (a) Cell density of strains after bile salt treatment. (b) Survival rate of strains with high
bile salt resistant in artificial gastric juice. Glycine (c) and taurine (d) yield in BSH activity assay. Values are presented as mean + SEM from three

independent experiments.

treatment, animals were euthanized, blood and tissues were
collected for further analysis.

Isolation and detection of visceral adipocytes

The epididymal adipose tissue and hepatic adipose tissue were
cut into 2 mm x 2 mm pieces with ophthalmic scissors, then
collagenase type II was added, and the adipose tissue was di-
gested into chyme for 30 min in a water bath at 37°C. The
adipose tissue was centrifuged (1500 rpm, 5 min), the upper
layer of the adipose tissue was discarded, and the cells were
washed and resuspended in PBS. The resuspended cells were
identified by flow cytometry after antibody staining with PE
anti-mouse F4/80 Phycoerythrin, PerCP anti-mouse CD11¢,
and FITC anti-mouse CD11b. The infiltration of macrophages
in adipose tissue is calculated according to the results of flow
cytometry detection.

Serum biochemical analysis

Mouse serum samples were taken and tested for serum leptin
levels using ELISA kit (Millipore). Blood levels of TC were
measured by a automated biochemical analyzer and blood
glucose level was measured by blood glucose meter.

Histological examination

Liver tissue was fixed in 4% paraformaldehyde and embedded
in paraffin to make 5-um sections. Oil Red O staining was
performed and examined by optical microscope to determine
the level of lipid accumulation.

Statistical analysis

All analyses were analyzed using GraphPad Prism version 8.0
software, and the results were presented as mean + standard
error of the mean (SEM). The differences between mean val-
ues of two groups were evaluated by the Student’s t test. The
differences between mean values of multiple groups were eval-
uated by one-way analysis of variance (ANOVA) with Dun-
nett’s method.

Results and discussion

Screening of microbial strain with bile tolerance
and high BSH activity

The typical, round, smooth, and shiny colonies were isolated
and purified from the fecal samples of healthy adults. To ob-
tain strains with increased resistance to bile salt and gas-
tric acid, 61 isolated stains were inoculated into MRS with
10 pumol 1! bile salts for 18 h. A total of 19 strains exhibited
high survival rate after bile salt treatment as determined by
OD 600 values (Fig. 1a). These strains were tested for gastric
acid tolerance by counting cell numbers of microbes cultured
in artificial human gastric fluid vs PBS for 2 h (Fig. 1b). Strains
with >50% survival rate in artificial gastric fluid were selected
for further analysis.

To determine the BSH activity of potential strains, bacterial
proteins extracted with a tissue grinder were incubated with
40 mmol I~ bile salts (sodium glycocholate or sodium tauro-
cholate, respectively) for 30 min and then ninhydrin reagent
was used to determine the amino acid produced to compare
BSH activity between strains (Fig. 1¢ and d). Strain LA100,
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Table 1. Toxic effects of L. acidophilus LA100 on Kunming mice
Dose (mg Body weight (g) Number of MTD (mg LDso (mg
Sex kg=1 BW) Day 0 Day 14 deaths kg~! BW) kg~! BW)
Female 5000 19.7 + 0.1 32.6 £ 0.2 0 >5000 >5000
Male 5000 19.0 + 0.1 394 +£ 0.2 0 >5000 >5000
Data are presented as means =+ SD, 7 = 10. MTD, maximum tolerated dose; LDsy, the half lethal dose.
(a)
ND | Normal Diet |
HFD | High Fat Diet |
HFD + LA100 | High Fat Diet I High Fat Diet + LA100 2 x 10° CFU/day |
HFD + orlistat | High Fat Diet | | High Fat Diet + Orlistat 80 mg/kg/day |
1 8 weeks | 6 weeks I
(b) (c) (d)
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Figure 2. LA100 administration reduced body weight gain induced by HFD. (a) Experimental design of obese animal model and probiotics administration.
ND, normal diet group; HFD, high-fat diet group; HFD + LA100, L. acidophilus LA100 administration group; HFD + orlistat, orlistat administration group.
(b) Body weight change after intervention. (c) Body weight gain and (d) percentage of weight gain at the end of intervention. Values are presented as

mean 4+ SEM.

characterized as L. acidophilus by 16S rRNA gene sequencing
analysis, demonstrated good gastric acid tolerance and high
BSH activity and was selected for animal experiment.

To evaluate the safety of the L. acidophilus LA100 using in
vivo approach, L. acidophilus LA100 was orally administered
at a dose of 5000 mg kg~' BW to Kunming mice. Body weights
during 14-day observation period are shown in Table 1. No
weight loss, death, or any abnormal symptoms in the physi-
cal appearance and behavior were observed after toxicity test.
The maximum tolerated dose and LDjsy exceeded 5000 mg
kg~!. These results demonstrated that L. acidophilus 1L.A100
is safe as a probiotic.

LA100 controls weight gain fed with HFD

To examine the effect of LA100 on weight control, obese mice
model was established with HFD. Following obese mice model
established, LA100, orlistat as positive control, saline solu-
tion as negative control were gavaged daily, with same HFD

provided for 6 weeks. ND group was used as blank control
(Fig. 2a).

Figure 2b shows the body weight changes in the four groups
after intervention. Both the LA100 and orlistat interventions
significantly reduced the body weight of mice after 6 weeks
compared to the HFD control group (Fig. 2¢). LA100 in-
tervention was also significantly lower than HFD group in
terms of the percentage of weight gain during the intervention
(Fig. 2d). These results suggest that L. acidophilus LA100 in-
tervention was able to slow down HFD-induced weight gain
in obese mice.

LA100 reduced metabolic disorder and adipose
tissue inflammation induced by HFD

To investigate how LA100 helps control body weight gain fed
with HFD, liver tissues were collected at the end of the inter-
vention, and subjected to oil red O staining to assess hepatic
lipid accumulation. As shown in Fig. 3a, HFD induced signif-
icant hepatic lipid accumulation; however, this accumulation
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Figure 3. LA100 alleviated metabolic disorder induced by HFD. (a) Representative liver tissue Oil red O staining image and liver accumulation in mice.
Blood glucose (b) and total blood cholesterol (c) levels after intervention. Flow cytometry result (d) and calculated (e) M1 macrophage percentage in

adipose tissue. Values are presented as mean + SEM.

was notably reduced following intervention with orlistat and
LA100.

To further investigate the effect of LA100 on metabolic reg-
ulation, the blood and serum were separated after interven-
tion, blood glucose level and the TC content were measured.
The results showed that the probiotic L. acidophilus LA100
intervention reduced both blood glucose levels (Fig. 3b) and
TC content of the mice (Fig. 3¢) compared to HFD group.

Metabolic inflammation in adipose tissue is frequently ob-
served as a result of diet-induced obesity in human and ro-
dent studies. The effect of LA100 on adipose tissue inflamma-
tion was investigated. Flow cytometry results (Fig. 3d) and the
M1 macrophage quantification results (Fig. 3e) showed that
the positive drug orlistat significantly reduced the number of
M1 macrophages and decreased adipose tissue inflammation.
Probiotic L. acidophilus LA100 intervention showed similar
trend, indicated that L. acidophilus LA100 may also alleviate
HFD-induced adipose inflammation.

The prevalence of obesity has continuously increased
worldwide over the last few decades. The incidence of
metabolic syndrome in humans is also increasing globally, and
people are at a higher risk of developing coronary heart dis-
ease, stroke, and other serious health problems (Kobyliak et al.
2018). Obesity-induced metabolic conditions include hyper-
tension, insulin resistance and type 2 diabetes, dyslipidemia,
and NAFLD. With the improvement of people’s living stan-
dards and changes in their lifestyles, the incidence of obesity is
rising rapidly worldwide and has become a health problem of
widespread concern (Jung and Choi 2014, Martin et al. 20135,
Gil-Rodriguez and Beresford 2021).

The intestinal microbiota has been reported to be one of
the potential determinants of obesity in recent human and an-
imal studies (Gérard 2016, Aoun et al. 2020). BSH produced
by intestinal bacteria can hydrolyze conjugated bile salts into

free bile salts and amino acid residues. Expression of BSH in-
creases the amount of free bile salts in the intestinal lumen,
which are less soluble and less efficiently absorbed compared
to conjugated bile salts (Gil-Rodriguez and Beresford 2021).
Consequently, the reabsorption and reutilization of bile salts
are reduced, thereby increasing the synthesis of bile salts in the
liver. This synthesis requires the migration of cholesterol from
the blood to the liver, thereby reducing serum TC levels. In ad-
dition, the capacity of the small intestine to emulsify lipids is
limited, thus increasing the excretion of dietary fat and choles-
terol with the feces (Gil-Rodriguez and Beresford 2021). The
BSH gene is particularly abundant in lactic acid bacteria such
as Lactobacillus and Bifidobacterium, which are of value to
be explored intensively in the direction of lowering cholesterol
(Adebola et al. 2020). In our study, we developed a pipeline
to isolate probiotics with high BSH activity and successfully
isolated L. acidophilus LA100 with high BSH activity, high
bile salt, and gastric acid tolerance from healthy human fe-
ces, which proved that a reliable screening method has been
established.

The main cause of obesity is that energy intake exceeds en-
ergy expenditure, especially related to excessive intake of fat
and refined carbohydrates. Excessive fat intake causes an in-
crease in serum cholesterol levels, which are an important fac-
tor in many cardiovascular diseases. Administration of probi-
otics had been reported to significantly reduce body weight
in high-calorie-fed mice (Alard et al. 2016, Kim et al. 2016,
Jietal. 2019, Kong et al. 2019). In our study, we established
obesity with HFD in mouse model and evaluated the weight
management effect of LA100 with high BSH activity. After
obese model was established, L. acidophilus LA100, orlistat,
and PBS were gavaged. At the beginning of the intervention,
body weight dropped and then increased (Fig. 2b), probably
due to gavage treatment. After the animals are adapted to gav-
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age treatment, body weight started to increase. At the end of
the treatment, the body weight (Fig. 2c) and percent weight
gain (Fig. 2d) of L. acidophilus LA100 group were signifi-
cantly lower than HFD group, demonstrated the effect of L.
acidophilus LA100 on weight control.

The impact of an HFD on various pathophysiological
symptoms of obesity is well established and supported in
current literature (Lee 2013, Chandler et al. 2017, Ludwig
et al. 2018). In our animal model, we observed increased body
weight (Fig. 2), accompanied by significant increase of blood
glucose and cholesterol levels and hepatic fat accumulation,
as well as adipose tissue inflammation (Fig. 3). In our study,
L. acidophilus LA100 can significantly reverse the pathophys-
iological symptoms, which proved L. acidophilus LA100’s
promising anti-obesity effect. Since we only intervened with
L. acidophilus LA100 for 6 weeks, we hypothesize that an ex-
tended intervention would result in a more significant decrease
in obesity as determined by body weight.

Conclusions

We successfully screened a L. acidophilus LA100 with high
BSH activity, as well as bile salts and gastric acid tolerance.
Animal studies further indicated that this strain could signif-
icantly mitigate the pathophysiological symptoms caused by
HEFD. Clinical trials should be further conducted to verify the
anti-obesity effect in obese populations.
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