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Combination of Lacticaseibacillus paracasei
BEPC22 and Lactiplantibacillus plantarum BELP53
attenuates fat accumulation and alters the
metabolome and gut microbiota in mice with
high-fat diet-induced obesity†
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This study evaluated the effects of formulations with Lacticaseibacillus paracasei BEPC22 and

Lactiplantibacillus plantarum BELP53 on adiposity, the alteration of microbiota, and the metabolome in

high-fat diet-fed mice. The strains were selected based on their fat and glucose absorption inhibitory

activities and potential metabolic interactions. The optimal ratio of the two strains in the probiotic formu-

lation was determined based on their adipocyte differentiation inhibitory activities. Treatment of formu-

lations with BEPC22 and BELP53 for 10 weeks decreased body weight gain at 6 weeks; it also decreased

the food efficiency ratio, white adipose tissue volume, and adipocyte size. Moreover, it decreased the

expression of the lipogenic gene Ppar-γ in the liver, while significantly increasing the expression of the fat

oxidation gene Ppar-α in the white adipose tissue. Notably, treatment with a combination of the two

strains significantly reduced the plasma levels of the obesity hormone leptin and altered the microbiota

and metabolome. The omics data also indicated the alteration of anti-obesity microbes and metabolites

such as Akkermansia and indolelactic acid, respectively. These findings suggest that treatment with a

combination of BEPC22 and BELP53 exerts synergistic beneficial effects against obesity.

Introduction

Obesity is a major global health issue that is associated with
several diseases, including diabetes, and some types of
cancer.1 Hormonal and medical treatments for obesity may
lack long-term sustainability in terms of their effectiveness

and potential adverse effects.2 Therefore, numerous research
groups have endeavoured to develop effective anti-obesity treat-
ments with few side effects.

Probiotics are known to confer health benefits without
adverse side effects when consumed in adequate amounts.
Some probiotics exhibit anti-obesity effects by regulating
glucose and lipid metabolism.3 In particular, Lactobacillus
species (e.g. L. rhamnosus, L. brevis, L. plantarum, and
L. paracasei) lower lipid levels, reduce body weight, and
increase glucose and lipid metabolism by modulating the pro-
duction of hormones and expression of genes related to
obesity and inhibiting adipogenesis.4 Other anti-obesity
mechanisms of probiotics include the augmentation of short-
chain fatty acid production and modulation of bile acid metab-
olism.5 However, such functions of probiotics are strain
specific; thus, combining multiple strains may result in sym-
biotic and synergistic effects.6 Many probiotics are composed
of multiple strains because they are more effective than those
composed of individual strains.2,7

The gut microbiota plays diverse roles in obesity, from
influencing lipid metabolism to modulating appetite.8–11 The

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3fo03557c
‡These authors contributed equally to this work.

aResearch Institute for Bioactive-Metabolome Network, Konkuk University, Seoul

05029, Republic of Korea
bPreclinical Research Center, Daegu-Gyeongbuk Medical Innovation Foundation

(K-MEDI Hub), Daegu 41061, Republic of Korea. E-mail: kslac@kmedihub.re.kr
cR&D Center, Hecto Healthcare Co., Ltd, Seoul 06142, Republic of Korea.

E-mail: jinkim@hetco.co.kr
dDepartment of Bioscience and Biotechnology, Konkuk University, Seoul 05209,

Republic of Korea
eCognitive Science Research Group, Korea Brain Research Institute Daegu 41062,

Republic of Korea
fCollege of Veterinary Medicine, Kyungpook National University, 80 Daehakro, Buk-

gu, Daegu 41566, Korea

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 647–662 | 647

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

02
5/

7/
19

  1
2:

38
:4

1.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0002-1985-0692
http://orcid.org/0000-0003-1298-2817
https://doi.org/10.1039/d3fo03557c
https://doi.org/10.1039/d3fo03557c
https://doi.org/10.1039/d3fo03557c
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo03557c&domain=pdf&date_stamp=2024-01-17
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo03557c
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015002


composition and biodiversity of the gut microbiome signifi-
cantly differ between individuals with and without
obesity.12–14 The Firmicutes/Bacteroidetes (F/B) ratio, which is
positively correlated with the BMI, is high in patients with
obesity, but treatment with Lacticaseibacillus probiotics can
decrease the F/B ratio, as well as the lipoprotein cholesterol
levels and body weight.15,16 The gut microbiome plays a vital
role in obesity and is linked to alterations in constituent
metabolites during obesity progression.17

Therefore, in this study, we paired two strains selected
through in vitro assays and metabolic characterisation to maxi-
mise their anti-obesity effects. Then, we evaluated the anti-
obesity activity of the probiotic pair in a high-fat diet (HFD)-
induced obese mouse model and analysed its effect on the
microbiome and metabolome.

Materials and methods
Isolation and identification of lactic acid bacteria (LAB)

This study was approved by the Public Institutional Review
Board designated by the Ministry of Health and Welfare (IRB
number: P01-201712-33-002). Human-derived sampling was
conducted in accordance with the protocols approved by the
Korea’s Bioethics and Safety Act no. 16372. All subjects pro-
vided written informed consent. Samples of healthy lean adult
and infant faeces, raw milk, and kimchi were collected to
isolate LAB strains. The samples were mixed with 0.85% NaCl
saline for 10 min and then streaked onto De Man–Rogosa–
Sharpe (MRS) (Difco-BD, Sparks, MD, USA) agar. The agar
plates were incubated anaerobically at 37 °C for 48–72 h. For
identification, representative colonies were isolated from
plates and inoculated into fresh MRS broth. The isolates were
characterised through Gram staining and then subjected to
biochemical identification using an API 50 CHL kit
(BioMérieux, Marcy, Lyon, France) and 16S ribosomal RNA
(rRNA) gene sequencing. For the latter, DNA was extracted
using a commercial G-spin kit from each strain (Intron,
Gyeonggi, Korea), and the genes were amplified by PCR using
the following universal primers: 27F (5′-
GAGTTGGATCCTGGCTCAG-3′) and 1492R (5′-
AAGGAGGGGATCCAGCC-3′). The isolates were identified
through 16S rRNA gene sequence homology analysis using the
GenBank database (NCBI, Bethesda, MD, USA).

Bacterial strains

Four initially selected strains, Lacticaseibacillus paracasei
BEPC22 (BEPC22), Lactiplantibacillus plantarum BELP53
(BELP53), Lactobacillus helveticus BELH04 (BELH04), and
Limosilactobacillus fermentum BELF01 (BELF01), were isolated
from Korean faeces. The patents deposited in the Korean
Collection for Type Cultures (KCTC) are as follows:
Lacticaseibacillus paracasei BCC-LP-02 (KCTC 14808BP),
Lactiplantibacillus plantarum BCC-LPL-53 (KCTC 14809BP),
Lactobacillus helveticus BCC-LH-04 (KCTC 148010BP), and
Limosilactobacillus fermentum BCC-LF-01 (KCTC14461BP). The

NCBI GenBank accession numbers for these sequences are
OL988622, OL988624, OL988623, and OL988625, respectively.

Fatty acid absorption assay

Each strain was activated anaerobically in an MRS medium at
37 °C for 18 h. Subsequently, 1% of the culture was inoculated
in MRS medium containing 0.5% (w/v) Brij 58 (Sigma-Aldrich,
St Louis, MO, USA) and 0.25 mmol L−1 sodium palmitate
(Tokyo Chemical Industry Co., Ltd, Tokyo, Kanagawa, Japan)
and then incubated at 37 °C for 24 h. The concentrations of
fatty acids in the culture media were measured using the
EnzyChrom™ free fatty acid assay kit (Bio-Assay Systems,
Hayward, CA, USA). The remaining palmitic acid (standard) in
the culture medium was quantified to select fatty acid-absorb-
ing bacteria.

Metabolite analyses of the bacterial culture medium

Four strains (BELP53, BEPC22, BELF01, and BELH04) with
potential anti-obesity effects were anaerobically cultured in
MRS medium at 37 °C for 20 h. The growth of each strain was
measured by obtaining the absorbance at 600 nm, and 1 mL of
the supernatant was collected at different cell growth phases,
including starting, mid-exponential, late-exponential, early
stationary, and stationary, for metabolite analyses.

The filtered supernatant (500 µL) was dried and then dis-
solved in 100% methanol to obtain a 10 000 ppm solution.
The derivatisation for gas chromatography time-of-flight mass
spectrometry (GC-TOF-MS) was conducted as follows: (1) incu-
bation for 90 min at 30 °C after adding 50 μL of 20 mg mL−1

methoxyamine hydrochloride in pyridine and (2) incubation
for 30 min at 37 °C after adding 50 μL of N-Methyl-N-(tri-
methylsilyl)trifluoroacetamide (Sigma-Aldrich). For instrumen-
tal analysis, an Agilent 7890A GC system (Agilent
Technologies, Santa Clara, CA, USA) coupled with an Agilent
7693 auto-sampler and a Pegasus® HT TOF-MS (LECO Corp.,
St Joseph, MI, USA) was utilised. An Rtx-5MS (J&W Scientific,
Folsom, CA, USA) column was used. The GC-TOF-MS analysis
settings were modified based on previous studies.18,19 Each
sample was analysed in triplicate.

Glucose uptake and pancreatic lipase activity assays

Each strain was co-cultured with Caco-2 cells obtained from
the American Type Culture Collection (ATCC, Manassas, VA,
USA) for glucose uptake analysis. Caco-2 cells were cultured in
a 24-well plate for 15 days until a 3D cell surface layer was
formed, with monitoring of the changes in the media every 2
days. LAB (1.0 × 107 CFU−1 mL) were co-cultured with Caco-2
cells for 6 h, and then the bacteria and medium were removed.
Intracellular glucose concentrations in Caco-2 cells were
measured using a Glucose Uptake-Glo Assay Kit (Promega,
Madison, WI, USA). All experiments were independently per-
formed in triplicate.

Pancreatic lipase activity was examined following the
method described by Han et al.20 Subsequently, 100 µL of the
bacterial suspension in TES buffer and 50 μL of pancreatic
lipase (10 units) were mixed with 100 μL of fat emulsion, and
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then the mixture was incubated at 37 °C for 30 min. The reac-
tion was terminated by incubation in boiling water (100 °C) for
at least 2 min. The blank sample was heated immediately after
the addition of lipase. The amount of fatty acids in the
mixture was measured using the EnzyChrom™ free fatty acid
assay kit (Bio-Assay Systems).

Adipocyte differentiation assay

The selected strains were cultured as previously described for
18 h, sterilised at 121 °C, and then freeze dried. Adipocyte
differentiation analysis was performed as previously described
by Song et al.21 3T3-L1 pre-adipocytes (ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 0.5 mmol L−1 3-isobutyl-1-methylxanthine (Sigma-
Aldrich) and 1 mol L−1 dexamethasone (Sigma-Aldrich) for 2
days. Then, the medium was replaced with DMEM containing
10% FBS and 1 g mL−1 insulin (Sigma-Aldrich) with or without
lyophilised powder (1 mg mL−1) of the four LAB. After 4 days
of treatment with the differentiation medium, fresh DMEM
containing 10% FBS was added, and the medium was replaced
every 2 days. The differentiated 3T3-L1 cells were fixed in 10%
formaldehyde, and then stained with Oil Red O solution. After
treating the cells with isopropanol, the lipid content was
measured by obtaining the absorbance at 510 nm.

Animal and experimental design

Specific pathogen-free male C57BL/6J mice (6-weeks old,
20–25 g, n = 30) (Charles River) were allowed ad libitum access
to food and water. The animal experiments were approved by
the Institutional Animal Care and Use Committee (IACUC) of
Daegu-Gyeongbuk Medical Innovation Foundation (DGMIF)
(approval no. DGMIF-21092702-00). All efforts were made to
minimise pain, and the mice were euthanised in accordance
with the endpoint criteria of an IACUC-approved protocol. All
animal experiments were conducted in accordance with
Korea’s Animal Protection Act no. 18853 and Laboratory
Animal Act no. 18969.

The mice were randomly assigned to one of the following
five groups (n = 6 per group): (1) normal diet (ND), (2) high fat
diet (HFD), (3) HFD group treated with BEPC22 (HFDPC), (4)
HFD group treated with BELP53 (HFDLP), and (5) HFD group
treated with the formulation (HFDF). The mice in HFDPC and
HFDLP groups were orally administered with 2 × 109 CFU per
200 μL of BEPC22 and BELP53, respectively, daily for 10 weeks.
In the HFDF group, mice were orally administered with 2 × 109

CFU per 200 μL of BEPC22 and BELP53 at a ratio of 6 : 4. The
mice in the ND group were fed a standard diet (SAFE A40,
SAFE Inc., Augy, France) containing 3.2% fat, whereas those in
the HFD group were freely provided 60 kcal% fat rodent diet
(D12492, Research Diets Inc., New Brunswick, NJ, USA) con-
taining 60% fat, 20% protein, and 20% carbohydrates.

The body weight and food intake of the mice were
measured twice a week. The food efficiency ratio was calcu-
lated as the total body weight gained from the diet divided by
the total diet consumed during the experiments.

After 10 weeks of treatment, the liver and white adipose
tissues (epididymal, mesenteric, perirenal, and subcutaneous)
were dissected and weighed, and then frozen in liquid nitro-
gen for qRT-PCR. The epididymal adipose tissue was fixed in
10% neutral buffered formalin (BBC Biochemical, Mount
Vernon, WA, USA) for histological analysis. Blood samples
were collected from the abdominal aortas of the mice under
isoflurane (Hana Pharm, Co., Ltd, Seoul, Korea) anaesthesia
and then centrifuged for 3 min at 8000g for plasma separation.
Faecal samples were obtained from each of the 30 mice
directly into sterile 1.5 mL Eppendorf tubes and stored
at−80 °C until use.

Plasma biochemical analysis

Plasma levels of GIP, GLP-1, glucagon, insulin, leptin, PAI-1,
and resistin were measured using a Bio-plex Pro Mouse
Diabetes 8-plex Assay Kit (Bio-Rad Laboratories, Hercules, CA,
USA). Adiponectin levels were measured using an adiponectin
ELISA kit (Thermo Fisher Scientific, Waltham, MA, USA) in
accordance with the manufacturer’s instructions.

Histological analysis

For histological analysis, epididymal adipose tissue was pre-
pared using a tissue processor (Thermo Fisher Scientific).
Sections (4 µm) were obtained from paraffin-embedded blocks
and then stained with haematoxylin and eosin using an auto-
stainer (Dako Coverstainer, Agilent, Santa Clara, CA, USA).
Adipocyte size was measured using an IX83 microscope
(Olympus Corporation, Tokyo, Kanagawa, Japan).

Transcriptional analysis

Total RNA was extracted from the liver and epididymal adipose
tissues by using a RNeasy Mini Kit and RNeasy Lipid Tissue
Mini Kit (Qiagen, Hilden, Nordrhein-Westfalen, Germany),
respectively, in accordance with the manufacturer’s instruc-
tions. The extracted RNA was reverse-transcribed using a
SuperScript IV First-Strand Synthesis Kit (Thermo Fisher
Scientific). Quantitative PCR (qPCR) was performed using an
Exicycler 384 qPCR system (Bioneer, Daejeon, Korea) with the
AccuPower 2X GreenStar qPCR Master Mix (Bioneer). The rela-
tive expression levels of the target genes (Ppar-α, Ppar-γ, Cpt1a,
and Ucp2) were calculated using the 2−ΔΔCT method. Gapdh
was used as the internal reference gene.

Metabolite extraction

Metabolites were extracted from the plasma as follows. Mouse
plasma (100 µL) was added with methanol (500 µL) containing
10 ppm of 2-chlorophenylalanine as an internal standard. The
mixture was homogenised using a Retsch MM400 Mixer Mill
(Retsch GmbH & Co., Haan, Nordrhein-Westfalen, Germany) at
30 s−1 for 10 min and then sonicated for 10 min (Hettich
Zentrifugen Universal 320, Tuttlingen, Baden-württemberg,
Germany). The samples were allowed to settle at −20 °C for
1 h. Subsequently, the mixtures were centrifuged at 27 000g for
10 min at 4 °C.
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Metabolites were extracted from the faeces as follows.
Faecal samples (100 mg) were added with 1 mL of methanol
(containing the same amount of the internal standard).
Subsequent procedures were the same as those used in plasma
extraction but without resting in a freezer.

The supernatants were filtered into new Eppendorf tubes
using Millex GP 0.22 μm filters (Merck Millipore, Billerica, MA,
USA) and dried utilising a speed vacuum concentrator
(Biotron, Seoul, Korea). The dried samples were re-dissolved in
100% methanol to obtain a final concentration of 5000 ppm.

Metabolome analysis

For GC-TOF-MS analysis, 100 μL of the re-dissolved samples
was dried again using a speed vacuum concentrator. The dried
samples were derivatised as described earlier. The analytical
parameters were adapted from a previous study.19

Ultra-high-performance liquid chromatography-linear trap
quadrupole-orbitrap-tandem mass spectrometry
(UHPLC-LTQ-Orbitrap-ESI-MS/MS) was performed using a
Vanish binary pump H system (Thermo Fisher Scientific)
coupled with an autosampler and column compartments. A
Phenomenex KINETEX® C18 column (100 mm × 2.1 mm,
1.7 μm particle size; Torrance, CA, USA) was used to separate
the sample analytes. The injection volume was 5 μL. The
column temperature was maintained at 40 °C, and the flow
rate was 0.3 mL min−1. The MS data were collected at
100–1500 m/z in negative and positive ion modes by using an
Orbitrap Velos Pro™ system combined with an ion-trap mass
spectrometer (Thermo Fisher Scientific) coupled with an
HESI-II probe. The analytical parameters were adopted from a
previous study.18

Raw data obtained from GC-TOF-MS and
UHPLC-LTQ-Orbitrap-ESI-MS/MS were converted to NetCDF (*.
cdf). Subsequently, the NetCDF files were processed using
MetAlign software (https://www.metalign.nl, Wageningen,
Netherlands) for data alignment in accordance with peak mass
(m/z) and retention time (min).28 Metabolites were tentatively
identified by comparison with various analysis data, such as
molecular weight, formula, retention time, mass fragment pat-
terns, and mass spectra of the standard compounds; previous
publications; an in-house library; and commercial databases,
such as the National Institutes of Standards and Technology
Library (version 2.3, FairCom, Gaithersburg, MD, USA) and the
Human Metabolome Database (https://www.hmdb.ca/
(accessed on Sep 2022)).

Extraction of genomic DNA from mouse faecal samples

Total genomic DNA was extracted from 200 mg of faecal
samples using a Maxwell® RSC PureFood GMO and
Authentication Kit (Promega) following the manufacturer’s
instructions. The concentration and quantity of DNA were
determined using a UV-vis spectrophotometer (NanoDrop
2000c, Wilmington, DE, USA) and a QuantiFluor® ONE dsDNA
System (Promega), respectively.

Gut microbiota analysis using next-generation sequencing

The gut microbiota composition of the mice was analysed
through 16S rRNA amplicon sequencing using an Illumina
MiSeq platform (Illumina, San Diego, CA, USA) in accordance
with the manufacturer’s instructions. The V3–V4 region of the
bacterial 16S rRNA gene was amplified using the primer set
F319 and R806.

The gut microbiota data were analysed using the QIIME 2
2022.02 pipeline.22 Paired-end sequence data were demulti-
plexed using MiSeq Reporter and joined using the 12-vsearch
plugin. Merged sequences were filtered using the q2-quality-
filter plugin and then denoised with Deblur (via q2-deblur).23

All amplicon sequence variants (ASVs) were aligned with mafft
(via q2-alignment).24 Alpha–diversity metrices (Shannon and
Simpson diversity), beta-diversity metrics (Bray–Curtis dissimi-
larity), and principal coordinate analysis (PCoA) were esti-
mated using q2-diversity after the samples were rarefied (sub-
sampled without replacement).25–27 Taxonomy was assigned to
ASVs using the q2-feature–classifier classify–sklearn naïve
Bayes taxonomy classifier against the SILVA database v138.28,29

Significant differences in the bacterial structure and taxonomy
were determined using permutational multivariate analysis of
variance and linear discriminant analysis (LDA) effect size
(LEfSe) analysis (LDA score > 3.0), respectively.30,31 The corre-
lation between variables was assessed using the ‘cor’ function
of R, and the Spearman correlation coefficient was calculated
using the ‘psych’ (v2.2.9) package to assess the correlation
strength. The Benjamini–Hochberg correction was conducted
to account for multiple testing. Heatmaps were generated
using the ‘pheatmap’ (1.0.12) package to visualise the corre-
lation patterns between variables.

Statistical analysis

Statistical analysis of in vivo data was performed using Prism 9
software (GraphPad Software Inc., San Diego, CA, USA). For
comparisons of more than two groups, a one-way or two-way
ANOVA was performed, followed by a post hoc test with
Dunnett’s correction for pairwise group differences. All data
are expressed as the mean ± SD (standard deviation) or stan-
dard error of the mean (SEM), and p < 0.05 was considered
statistically significant.

Multivariate statistical analysis of the metabolome data was
conducted using SIMCA-P + software (version 15.0.2, Umetrics,
Umea, Sweden). Principal component analysis (PCA) and
partial least squares discriminant analysis (PLS-DA) were con-
ducted to compare the metabolites among the samples. The
discriminant metabolites were selected based on the variable
importance in the projection (VIP) value > 0.7 and p-value <
0.05.

Results
Fatty acid absorption by Lactobacillus strains

The fatty acid absorption capacities of more than 300 strains
of Lactobacillus, Lactiplantibacillus, Lacticaseibacillus,
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Limosilactobacillus, Ligilactobacillus, Lactococcus, and
Bifidobacterium species were evaluated by culturing them in
MRS broth containing 0.25 mmol L−1 sodium palmitate for
24 h and measuring the fatty acid concentration in the culture
broth. Interestingly, Lactobacillus spp. showed a higher free
fatty acid (FFA) absorption capacity than Lactococcus and
Bifidobacterium spp. (data not shown). Strains of
Lactiplantibacillus plantarum (LPL), Lacticaseibacillus paracasei
(LP), Limosilactobacillus fermentum (LF), and Lactobacillus helve-
ticus (LH) showed notable decreases in total fatty acids in the
medium (Fig. 1A). Specifically, LP and LPL strains absorbed
83.9%–86.6% (p < 0.01) of fatty acids in the medium. Thus,
the strains of LPL, LP, LF, and LH with the highest FFA absorp-
tion capacity (BELP53, BEPC33, BELF01, and BELH04, respect-
ively) were selected for further analyses.

Pancreatic lipase inhibition by selected strains

Considering the key roles of pancreatic lipase in intestinal
lipid metabolism and absorption, we investigated the inhibi-
tory effects of the four selected strains on pancreatic lipase
activity using fat emulsions.32 BEPC22, BELP53, and BELH04
inhibited pancreatic lipase activity by 25.8%, 45.0%, and
34.4%, respectively, compared with the negative control
(strain-untreated), whereas BELF01 exerted no inhibitory effect
on pancreatic lipase activity (Fig. 1B).

Selection of the best pair of two strains

To identify the optimal pairs among the four strains, we com-
pared their metabolic characteristics, including nutritional
source utilisation and byproduct generation patterns, during

cell growth. Metabolite analyses were conducted at the start,
mid-exponential, late exponential, early stationary, and station-
ary growth phases of each strain (Fig. 2A). Primary metabolites
essential for cell survival in the culture medium of the four
selected anti-obesity candidates (BELH04, BEPC22, BELP53,
and BELF01) were analysed using GC-TOF-MS. Significantly
different metabolites were selected based on the VIP value
(>0.7) using PLS-DA and p-value (<0.05) to investigate the
metabolite changes of the four strains. We profiled 74 distinct
metabolites, containing amino acids, organic acids, and carbo-
hydrates, and analysed the metabolite consumption and pro-
duction patterns of the strains (data not shown). Metabolites
produced by all strains and/or fluctuating over the cell cultiva-
tion period were not of interest because they might not affect
other strains in the microorganism formulation.
Consequently, five metabolites (aconitic acid, malic acid, glu-
conic acid, orotic acid, and glyceric acid) were listed as poten-
tially important for microorganism pairing based on the con-
sumption and production patterns of each strain (Fig. 2B). Six
pairs were formed from the four strains, but three of these
pairs were excluded (BELH04–BELF01, BEPC22–BELP01, and
BELP53–BELF01) because their same consumption patterns as
the five abovementioned metabolites may cause competition
between members and amensalism. Thus, three noncompet-
ing pairs (BELH04–BEPC22, BELH04–BELP53 and BEPC22–
BELP53) were used in the subsequent experiments. In the
BELH04–BEPC22 pair, orotic acid and glyceric acid produced
by BEPC22 can feed on BELH04, potentially forming com-
mensalism. Intriguingly, between the BELH04 and BELP53
pair, the aconitic acid produced from BELH04 can be used by

Fig. 1 Screening of the Lactobacillus strains inhibiting fat absorption. (A) Fatty acid absorption by Lactobacillus during cultivation. (B) Pancreatic
lipase activity of the strains. Values represent the mean ± SD of three independent experiments. Significance is indicated by *p < 0.05, **p < 0.01,
and ***p < 0.001 as compared with the untreated group. LP, Lactiplantibacillus plantarum; PC, Lacticaseibacillus paracasei; LF, Limosilactobacillus
fermentum; LH, Lactobacillus helveticus.
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BELP53, while BELH04 can take up orotic acid which was
excreted by BELP53. Similarly, in the BEPC22–BELP53 pair, gly-
ceric acid produced by BEPC22 can be consumed by BELP53,
whereas malic acid produced by BELP53 can be utilised by
BEPC22. To select the best pair of the two pairs, we considered
the distance of each metabolite from the central metabolism
based on the hypothesis that the metabolite close to the
central metabolism may be utilized more easily and more
demanding by the microorganism. According to the hypoth-
esis, orotic acid, produced in the pyrimidine metabolism, is
distant from the central metabolism as compared to the malic
acid and glyceric acid. Thus, we assumed that BEPC22 and
BELP53 can form the best mutualism by cross-feeding glyceric
acid and malic acid.

Glucose uptake inhibition by the selected strains

Fatty acids converted from excess sugar promote triglyceride
synthesis and contribute to adipocyte accumulation.33 In the
present study, the inhibitory effects of BEPC22, BELP53,
BELF01 and BELH04 on glucose uptake were investigated in
human colon epithelial Caco-2 cells. Treatment of Caco-2 cells
with BELP53 and BELF01 decreased glucose uptake by 37.9%
and 43.1%, respectively (Fig. 3A).

Adipocyte differentiation inhibition by selected strains

Adipocyte differentiation is essential in obesity development.
Therefore, inhibition of this process could be an anti-obesity
mechanism of various LAB.4,34,35 In the present study, the
inhibitory effects of BEPC22, BELP53, BELF01 and BELH04 on
adipocyte differentiation were investigated in 3T3-L1 pre-adi-
pocytes. Results showed that BEPC22, BELP53, BELF01 and

BELH04 significantly decreased lipid contents in pre-adipo-
cytes by 78.7%, 64.9%, 17.7% and 72.4%, respectively (p <
0.05; Fig. 3B). BELP22 showed the strongest inhibition of adi-
pocyte differentiation. Therefore, we selected BEPC22 and
BELP53 as the best probiotic pair for further analyses for their
functionality properties.

Formulation synergistic effect with BEPC22 and BELP53

In the present study, the inhibitory effects of BEPC22 and
BELP53 on adipocyte differentiation were evaluated. Results
showed that BEPC22 and BELP53 significantly decreased lipid
contents in 3T3-L1 pre-adipocytes (p < 0.01; Fig. 3D). These
two strains were not cytotoxic to 3T3-L1 cells (data not shown).
To determine the optimum formulation (F) ratio of the probio-
tics with anti-obesity effects, we treated 3T3-L1 pre-adipocytes
with a combination of BEPC22 and BELP53 at different ratios
of 8 : 2 (F1), 6 : 4 (F2), 4 : 6 (F3), and 2 : 8 (F4). Each formu-
lation-treated group exhibited a different degree of adipocyte
differentiation (Fig. 3B and C). Interestingly, the 3T3-L1 cells
treated with F2, F3, and F4 exhibited lower differentiation than
those treated with the individual strains, suggesting a poten-
tial synergistic action between BEPC22 and BELP53. Among
the formulations, F2 (6 : 4) demonstrated the strongest inhibi-
tory effect (91.3%) on adipogenesis.

Inhibition of body weight gain and fat accumulation by
probiotic administration in HFD-induced obese mice

We investigated the anti-obesity effects of the probiotics as
individual strains or in combination on HFD-fed mice. As
shown in Fig. 4A, the body weight gain of the mice in the HFD
group was significantly higher than that of the mice in the ND

Fig. 2 Metabolic characteristics of the selected strains during cultivation. (A) Bacterial growth curves of the four candidates with potential anti-
obesity effects. (B) Consumption and production patterns of potentially important metabolites for constructing microbial relationships during cell
growth of the four candidates.
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group at 10 weeks after treatment (p < 0.0001). The mice in
the HFDPC and HFDLP groups showed relatively lower body
weights than those in the HFD group, but the differences
were not statistically significant. At 38 days after treatment,
the body weights of the mice in the HFDF group signifi-
cantly decreased compared with those in the HFDPC and
HFDLP groups. After 10 weeks, the body weight gain of the
mice in the HFDF group was approximately 36.4% lower
than that of the mice in the HFD group (p < 0.0001).
Meanwhile, the food intake of the mice in the HFDPC and
HFDLP groups was similar to that of the mice in the HFD
group, whereas the mice in the HFDF group showed 1.8-fold
higher food intake than those in the HFD group at 10
weeks. Surprisingly, the food efficiency ratio of the mice in
the HFDF group was 50% lower than that of the mice in

the HFD group, and it was similar to the that of the mice
in the ND group (p < 0.0001, Fig. 4B). Taken together, for-
mulation administration to the HFD-fed mice helped them
gain much less weight even though their food intake
increased by almost twofold.

Compared with ND, HFD increased the weights of all white
adipose tissues, including the subcutaneous, epididymal,
mesenteric, and perirenal ones (Fig. 4C). The weights of all
white adipose tissues showed negligible changes in the
HFDLP group, whereas only the weight of the subcutaneous
white adipose tissue significantly decreased in the HFDPC
group. In contrast, the mice in the HFDF group had 48%,
66%, 42%, and 60% lower weights of the subcutaneous, epidi-
dymal, mesenteric, and perirenal adipose tissues, respectively,
than the mice in the HFD group (p < 0.0001 for subcutaneous,

Fig. 3 Glucose absorption and adipocyte production of the selected strains. (A) Glucose uptake inhibition of strains in Caco-2 cells. (B) Adipocyte
differentiation inhibitory activity by the strains. (C) Images of the cell culture plate of 3T3-L1 cells after staining lipid droplets with oil red O. (D)
Adipocyte differentiation inhibitory activity by the formulation of BEPC22 and BELP53 in a synergistic way. (E) Images of the cell culture plate of 3T3-
L1 cells after staining lipid droplets with oil red O. Quantitative analysis of lipid accumulation was performed by measuring absorbance on a micro-
plate reader. Values represent the mean ± SD of three independent experiments. Significance is indicated by *p < 0.05 and **p < 0.01 as compared
with the untreated group.
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p < 0.01 for mesenteric, epididymal, and perirenal).
Additionally, haematoxylin and eosin (H&E) staining revealed
that the average adipocyte size was dramatically larger in the
HFD group than in the ND group, whereas the adipocyte sizes
in the HFDPC, HFDLP, and HFDF groups were approximately
25%, 20%, and 40% smaller, respectively, than those in the
HFD group (Fig. 4D).

Reduction in the plasma levels of obesity-related hormones by
probiotics

To understand the mechanisms underlying the anti-obesity
effects of the formulation, we first measured the plasma levels
of obesity-related hormones, such as adiponectin, ghrelin,
GIP, insulin, leptin, PAI-1, resistin, and glucagon. The plasma

Fig. 4 Effect of the probiotic formulation on high-fat diet-fed obese mice. (A) Body weight gain in mice, (B) food efficiency ratio at day 70, (C)
weight of the four types of the white adipose tissue, and (D) representative haematoxylin & eosin staining images of the epididymal adipose tissue
and adipocyte mean area. Values represent the mean ± SD (n = 6 per group). Significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 as compared with the ND group. Scale bars: 200 μm. HFD, high fat diet; HFDPC, HFD with Lacticaseibacillus paracasei BEPC22;
HFDLP, HFD with Lactiplantibacillus plantarum BELP53; HFDF, HFD with the combination of two strains.
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levels of these hormones, except for PAI-1 and glucagon,
showed opposite patterns in the HFD and ND groups (Fig. 5
and ESI Fig. 1†). Treatment with the probiotics significantly
altered the plasma levels of ghrelin and leptin but not those of
adiponectin, insulin, PAI-1, resistin, GIP, and glucagon. The
plasma level of ghrelin was approximately 1.53-fold higher in
the HFDF group than in the HFD group (p < 0.05, Fig. 5A). The
plasma level of leptin was approximately 50% lower in the
HFDF group than in the HFD group (p < 0.05, Fig. 5B).

Effect of probiotics on the mRNA expression of obesity-related
genes

We analysed the expression patterns of obesity-related genes in
the liver and adipose tissue to understand the mechanisms by
which probiotic administration reduces body weight gain. In
the liver, the mRNA expression of Ppar-γ in the HFDF group
was significantly lower than that in the HFD group (p < 0.05),
whereas the mRNA expression of Ppar-γ in the HFD group was
significantly higher than that in the ND group (Fig. 6A, p <
0.01). The mRNA expression of Ucp2 in the HFDPC, HFDLP,
and HFDF groups was significantly lower than that in the HFD
group (p < 0.05 for HFDPC and HFDLP, p < 0.001 for HFDF,
Fig. 6B). However, the relative expression levels of Ppar-α and
Cpt1a showed no significant changes in the groups, except for
the ND group (ESI Fig. 2A and B†).

In the epididymal adipose tissue, the mRNA expression of
Ppar-α in the HFDF group was approximately 2.5-fold higher
than that in the HFD group (p < 0.0001, Fig. 6C), whereas the
mRNA expression of Ucp2 in the HFDF group was significantly
lower than that in the HFD group (p < 0.001, Fig. 6D). In
addition, the mRNA expression of Ppar-γ in the HFDF group
was approximately 80% higher than that in the HFD group (p
< 0.001, ESI Fig. 2C†), whereas the mRNA expression of Cpt1a

in the HFD, HFDPC, HFDLP, and HFDF groups was higher
than that in the ND group (ESI Fig. 2D†).

Changes of the metabolome by probiotics

To identify the metabolites relevant to reduced weight gain, we
performed non-targeted metabolomic analysis using mouse
faeces and plasma. Multivariate statistical analysis revealed
different patterns depending on the specimens and analytical
instruments used (Fig. 7). PLS-DA of the faecal metabolomic
data obtained using GC-TOF-MS showed a clear distinction
between the HFDF and HFD groups (Fig. 7A). Interestingly,
PLS-DA of the faecal metabolomic data obtained using
UHPLC-LTQ-Orbitrap-MS/MS showed dissimilar patterns. The
HFDF group clustered with the HFDLP group, and they were sep-
arate from the HFD and HFDPC groups (Fig. 7A). A total of 39 dis-
tinct metabolites were identified in the faeces, of which 20 and
19 were identified using GC-TOF-MS and UHPLC-LTQ-Orbitrap-
MS/MS, respectively (ESI Tables 1 and 2†). The identified metab-
olites included 2 organic acids, 9 amino acids, 16 lipids (4 fatty
acids and their derivatives, 10 glycerophospholipids, 1 sphingoli-
pid, and 1 bile acid), 1 carbohydrate, 2 nucleotides, 2 benzenoids,
1 flavonoid, and 3 bacteriocins. Most amino acids, carbohydrates,
benzenoids, bacteriocins, and some lipids were more abundant
in the HFD group than in the other probiotic-treated groups. The
HFDPC group showed significantly reduced levels of organic
acids, amino acids, carbohydrates, nucleotides, benzenoids, bac-
teriocins, and some lipids in the faeces (Fig. 7B). In contrast, the
HFDLP group showed lower reduction in the amounts of carbo-
hydrates and some amino acids and alteration in lipid compo-
sition than the HFDPC group. The lipid composition in the
HFDF group was similar to that in the HFDLP group. Notably,
the HFDF group showed increased levels of guanosine and
decreased levels of bacteriocins.

Fig. 5 Obesity-related hormone level in the plasma of probiotic-administered mice. (A and B) Graphs showing the results of the quantitative ana-
lysis of the statistically significant levels of the hormones ghrelin and leptin. Values represent the mean ± SD (n = 6 per group). Significance is indi-
cated by *p < 0.05, **p < 0.01, and ***p < 0.001 as compared with the ND group. HFD, high fat diet; HFDPC, HFD with Lacticaseibacillus paracasei
BEPC22; HFDLP, HFD with Lactiplantibacillus plantarum BELP53; HFDF, HFD with the combination of two strains.
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The PLS-DA score plots of the plasma based on GC-TOF-MS
and UHPLC-LTQ-Orbitrap-MS/MS analyses were dissimilar
(Fig. 7A). Seven metabolites, including 1 organic acid, 2 amino

acids, 1 lipid, 2 benzenoids, and 1 indole derivative, were identi-
fied in the plasma (ESI Tables 3 and 4†). Most of the identified
metabolites were abundant in the HFDF group (Fig. 7C).

Fig. 6 mRNA expression of obesity-related genes in the liver and white adipose tissue. qPCR analysis of Ppar-γ and Ucp2 expression in the (A and B)
liver and (C and D) epididymal adipose tissue. Values represent the mean ± SD (n = 6 per group). Significance is indicated by *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 as compared with the high-fat diet group. HFD, high fat diet; HFDPC, HFD with Lacticaseibacillus paracasei
BEPC22; HFDLP, HFD with Lactiplantibacillus plantarum BELP53; HFDF, HFD with the combination of two strains; Ppar-α or γ, peroxisome prolifera-
tor-activated receptor alpha or gamma; Ucp2, uncoupling protein2; Cpt1a, carnitine palmitoyltransferase1a.

Fig. 7 Metabolome alteration by probiotic administration. (A) Sparse partial least-squares discriminant analysis (PLS-DA) score plots for the metabo-
lome of faeces and plasma of the four (HFD, high fat diet; HFDPC, HFD with Lacticaseibacillus paracasei BEPC22; HFDLP, HFD with
Lactiplantibacillus plantarum BELP53; HFDF, HFD with the combination of two strains) groups based on GC-TOF-MS and UHPLC-LTQ-Orbitrap-MS/
MS data sets. Heatmap analysis of the (B) faeces and (C) plasma based on the GC-TOF-MS and UHPLC-LTQ-Orbitrap-MS/MS data. The heatmap rep-
resents the relative abundance of significantly discriminant metabolites (VIP > 0.7, p < 0.05) based on the PLS-DA model.
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To evaluate the metabolites relevant to weight gain
reduction, we conducted correlation analyses using discrimi-
nant metabolites in the faeces and plasma based on the
mouse phenotype data. In the faeces, Cer(d18 : 0/0 : 0), guano-
sine, and tetrahydroxyflavone levels were negatively correlated
with epididymal and perirenal fat weights (ESI Fig. 3†). Three
metabolites, tentatively identified as bacteriocins, were nega-
tively correlated with ghrelin levels. In the plasma, lysoPC
(18 : 3/0 : 0), hippuric acid, and indolelactic acid were nega-
tively correlated with fat weight and positively correlated with
Ppar-α expression (ESI Fig. 4†).

Microbiome changes by probiotics

To investigate the effect of probiotics on the gut microbiota,
we conducted a 16S metagenomic analysis of faecal samples.
No difference in the Shannon index was found (ESI Fig. 5A†),
but PCoA analysis showed a marked difference (p < 0.001) at
10 weeks between the HFD and probiotic-treated groups (ESI
Fig. 5B†). At the phylum level, fewer Firmicutes species and
more Bacteroidota species were observed in the HFDPC,
HFDLP, and HFDF groups (Fig. 8A). Thus, the F/B ratio in the
probiotic-treated groups was lower than that in the HFD group
(p < 0.05, only in the HFDPC group, Fig. 8B). At the genus
level, the abundance of Colidextribacter, Tuzzerella, Alistipes,
Muribaculaceae, and Akkermansia significantly differed
between the probiotic-administered groups. In particular, the
abundance of Colidextribacter and Tuzzerella significantly
decreased, whereas that of Alistipes significantly increased in
the HFDPC and HFDF groups. The abundance of
Muribaculaceae significantly increased only in the HFDPC
group, whereas the abundance of Akkermansia significantly
increased in the HFDF group compared with the HFDPC and
HFDLP groups. In addition, LEfSe analysis showed that the
abundance of Christensenellaceae, Paludicola, Ruminococcus,
Butyricicoccus, Oscillospiraceae_UCG-005,
Butyricicoccaceae_UCG-009, Oscillospirales_UCG-010,
Muribaculaceae, and Alistipes significantly increased in the
HFDPC group (Fig. 8D); Atopobiaceae, Ruminococcus,
Coriobacteriaceae, Oscillospirales_UCG-010, Faecalibacterium,
and Alistipes in the HFDLP group; and RF39, Ruminococcus,
Butyricicoccaceae_UCG-009, Oscillospirales_UCG-010,
Faecalibacterium, Akkermansia, and Alistipes in the HFDF group
(Fig. 8D).

Discussion

To develop an anti-obesity probiotic, we selected BEPC22 and
BELP53 with synergistic inhibitory effects on fatty acid absorp-
tion, glucose uptake and metabolite producing/utilizing poten-
tial. Among the metabolites consumed/produced in the
medium of the BEPC22–BELP53 pair, glyceric acid produced
by BEPC22 can be consumed by BELP53, whereas malic acid
produced by BELP53 can be utilised by BEPC22. Thus, we
assumed that BEPC22 and BELP53 can form mutualism by
cross-feeding glyceric acid and malic acid. Subsequently, an

optimal ratio of 6 : 4 with BEPC22 and BELP53 was determined
through in vitro anti-adipogenic assays.

The effects of the single probiotic strains or formulation on
HFD-induced obese mice were assessed. The mice in the
HFDF group had the lowest body weight gain possibly because
of the decreased weights of the subcutaneous and abdominal
adipose tissues in this group, implying the combined treat-
ment of the two strains exhibited a synergistic effect in ameli-
orating obesity when we compared with the single strain admi-
nistered results (HFDPC and HFDLP). Within the gut, the
administered probiotics affected the gut microbiome to
restructure by engaging cross-feeding, which eventually caused
reduction of body weight gain.36

Among obesity-related biomarkers, leptin is a key anti-
obesity hormone that has the greatest impact on body fat
weight and regulates appetite. This hormone is produced by
adipocytes and secreted into the blood, and its production
level correlates with adipocyte size.37,38 Previous studies have
shown that the plasma levels of leptin decrease during weight
loss.38–40 In the present study, the plasma level of leptin in the
HFDF group was almost 50% lower than that in the HFD
group, indicating that the decrease in body weight gain might
be caused by the reduced adipose tissue weight resulting from
the smaller adipocyte size. This result indicated that the pro-
biotic treatment was responsible for the decrease in plasma
leptin levels.

Leptin in the blood increases the expression of Ucp2, the
gene which increases the thermogenic capacity of brown
adipose tissue and helps reduce body fat.41,42 In the present
study, the leptin level and Ucp2 expression decreased in the
liver and epididymal adipose tissue in the HFDF group. This
result suggested that the probiotic treatment decreased the
leptin levels, which contributed to the decreased Ucp2
expression in the liver and epididymal adipose tissue.
Promoting fatty acid oxidation and inhibiting fatty acid syn-
thesis, which are mainly mediated by PPAR family members,
are necessary to reduce fat weight.43 In the adipose tissue,
Ppar-α plays an important role in reducing fat mass and body
weight by promoting the oxidation of fatty acids, inhibiting the
secretion of triglycerides, and increasing energy expenditure
through the regulation of downstream genes, such as Acox and
Cpt1.44–46 In the present study, we observed a relatively higher
Ppar-α expression in the epididymal adipose tissue and, conse-
quently, a lower fat weight in the HFDF group than in the HFD
group. This result might be due to fatty acid oxidation and
increased energy consumption. However, no significant differ-
ence in Cpt1a expression was found between the probiotic-
treated groups and the HFD group, whereas Cpt1a expression
showed significant differences between the HFD and ND
groups. The decrease in body weight and fat weight in the for-
mulation-treated group might have been caused by the rela-
tively higher fatty acid oxidation in the adipose tissue than the
reduction in fatty acid synthesis.

The liver takes up, synthesises, stores, and secretes fatty
acids and triglycerides. Fatty acid synthesis is mainly contribu-
ted by Ppar-γ.47 In the present study, the mRNA expression of
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Ppar-γ in the liver was lower in the probiotic-treated groups
than in the HFD group. Moreover, the HFDF group showed the
lowest Ppar-γ expression. This result indicated that the admin-
istration of BEPC22 and BELP53 hindered Ppar-γ expression in
the liver, which consequently inhibited fatty acid synthesis
and decreased subcutaneous and abdominal fat weights.

The gut microbiome is associated with obesity and related
metabolic disorders, and specific metabolites correlate with
the structure of the gut microbiome.48,49 In the present study,
the metabolome and microbiome analyses including the ND

group showed a significantly distinct pattern between the ND
and HFD groups. The PLS-DA (ESI Fig. 6A†) based on the
metabolome data shows a clear separation between the ND
and HFD (without and with the probiotic-treated groups)
groups. Similarly, microbiome data showed a distinguished
pattern of ND from HFD with the probiotic groups. Among
alpha diversity (ESI Fig. 6B†), the observed features were sig-
nificantly reduced in the HFD group compared to the ND
group, and the alpha diversity in the formulation feeding
group (HFDF) was recovered as much as in the ND group. In

Fig. 8 Effect of the probiotic formulation on the gut microbiota in a high-fat diet-induced obesity mouse model. (A) Taxonomic compositions in
the four (HFD, high fat diet; HFDPC, HFD with Lacticaseibacillus paracasei BEPC22; HFDLP, HFD with Lactiplantibacillus plantarum BELP53; HFDF,
HFD with the combination of two strains) groups and the AVG (average) of each group at the phylum level. (B) Significant differences in the
Firmicutes/Bacteroidota ratio in the four groups. (C) Differences in the microbiota abundance at the genus level. (D) Differing abundance of the bac-
terial communities between each group determined using LEfSe. Significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
as compared with the HFD group.
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the beta diversity (ESI Fig. 6C†) analysis, the ND and HFD
groups showed a significant difference, and the probiotic-
treated groups were not close to the ND group, but the HFDF
group was the closest to the ND group. The microbiome
results indicate that the HFDF group is most similar to the ND
group among the high fat diet-fed groups. In the faecal micro-
biome analysis excluding the ND group, the abundance of
Colidextribacter and Tuzzerella decreased, whereas that of
Alistipes, Akkermansia, and Muribaculaceae increased in the
probiotic-fed groups compared with the HFD group. Previous
studies have reported that the abundance of Colidextribacter
increases in individuals with obesity, whereas the abundance
of Akkermansia, a beneficial bacterium, increases in healthy
lean individuals, but is depleted in those with obesity and
metabolic diseases.50,51 Alistipes is also more prevalent in
healthy lean individuals and less prevalent in individuals with
obesity, and these strains produce small amounts of SCFAs,
which can inhibit Ppar-γ expression and promote fat oxi-
dation.52 Furthermore, it was reported that Alistipes is capable
of synthesizing membrane building blocks by utilizing
medium- and long-chain fatty acids within the gut.53 However,
our results represented reduction of some phospholipids with
significant correlation with Alistipes. We guess the inconsistent
result may be due to the different substrate specificity of the
acyl-acyl carrier protein (ACP) synthetase in Alistipes, which
form phospholipids.

We observed changes in lipids and specific metabolites in
the faecal and plasma samples and correlated these changes
with certain microbiomes. The HFDF group showed a different
lipid composition in the faeces than the other groups. We
assumed that the administered probiotics affected the lipid
pool by modulating the gut microbiota, such as
Faecalibaculum, Ruminococcus, Coriobacteriaceae, and
Atopobiaceae. Among the identified lipids, Cer(d18 : 0/0 : 0) sig-
nificantly correlated with body weight gain, fat weight, and
Ppar-α mRNA expression in the adipose tissue, which is con-
sistent with the results of a previous research.54 Additionally,
as mentioned in previous research, an elevated level of
Faecalibaculum in obesity mouse models was associated with
weight loss.55,56 Our study showed that the level of PG(18 : 2/
0 : 0) is increased along with the Faecalibaculum abundance in
the faeces. As a result, we assumed that Alistipes and
Faecalibaculum are important changers who change the gut
lipid profile, potentially contributing to reduced weight gain.

In addition, the amount of pantothenic acid, a key precur-
sor of coenzyme A, significantly increased in the faeces of the
HFDF group and was positively correlated with Akkermansia,
Coriobacteriaceae, and Atopobiaceae (ESI Fig. 6†).

Furthermore, among the metabolites detected in the
plasma, hippuric acid and indolelactic acid had comparatively
higher levels in the HFDF group than in the other groups and
were significantly correlated with anti-obesity indicators, such
as fat weight and Ppar-α expression, in the epididymal adipose
tissue.

Hippuric acid, possessing the protective effect against
obesity, was relatively higher in the plasma of HFDF mice.57,58

Most studies revealed that the hippuric acid is originated from
polyphenols in fruits and whole grains.58 However, in our
study, we observed hippuric acid even though polyphenols
were not supplied. Thus, we assumed that the hippuric acid
might be produced from phenylalanine by the gut microbiota,
and then, conjugated with glycine in the liver.59 Indole deriva-
tives, which are tryptophan metabolites produced by the gut
microbiota, play crucial roles in influencing gut homeostasis
and immune responses. They are transported through the
bloodstream to regulate lipid metabolism in the liver. Changes
in dietary patterns can lead to metabolic disorders owing to
gut dysbiosis, which can significantly affect indole metab-
olism.60 In the present study, indole-3-propionic acid and
indolelactic acid were detected in the plasma of the HFD-fed
mice, but only indolelactic acid showed a significantly higher
level in the HFDF group, with a notable correlation with
Coriobacteriaceae and Faecalibaculum (ESI Fig. 7†). Previous
studies have shown that the indolelactic acid produced by
L. plantarum modulates the gut environment, thus promoting
the proliferation of Faecalibacterium and Bifidobacterium.61

Taken together, probiotic formulations with BEPC22 and
BELP53 showed an anti-obesity effect not only by perturbation
of lipid metabolism, but with assistance of anti-obesity metab-
olites such as hippuric acid and indole derivatives which
might be synthesized by the changed gut microbiome. We
guess that the altered gut microbial community was more
capable of metabolizing aromatic amino acids (e.g. tryptophan
and tyrosine) that eventually produced host beneficial metab-
olites (e.g. hippuric acid and indole derivatives). Therefore, we
think it is imperative to construct gut microbial communities
by harmonizing some microbes involved in lipid metabolism
and other microorganisms responsible for producing metab-
olites with an anti-obesity effect for better efficacy. Even we
observed an anti-obesity effect of the formulation in this study;
the interaction of the abovementioned metabolites with
specific colonic bacteria and the mechanisms underlying
weight gain are needed to be understood in further studies.

Conclusions

The two-strain formulation effectively alleviated HFD-induced
obesity in mice. The competitive lipid and carbohydrate meta-
bolic characteristics of the two strains, which are expected to
ameliorate obesity, may have resulted in changes in body
weight, body fat mass, gut microbiota, and lipid profiles.
Specifically, the administration of the two strains modulated
the F/B ratio of the gut bacteria, which consequently decreased
the abundance of certain genera associated with obesity.
Furthermore, it increased blood indolelactic acid levels, which
decreased during metabolic abnormalities, and enhanced
intestinal lipid excretion. While our study successfully identi-
fied microbial changes and their corresponding metabolomic
correlates, further investigation at the molecular pathway level
is imperative to gain a deeper understanding of the mecha-
nisms by which these two strains ameliorate obesity. Further
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research in this field will contribute to the development of
obesity prevention strategies.
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