DOI: 10.26599/FSHW.2026.9251261
J. H. Li et al. / Food Science and Human Wellness 17 (2028)

Contents lists available at SciOpen

. ]
Food Science and Human Wellness

N
journal homepage: https://www.sciopen.com/journal/2097-0765 pf,,",‘i:;if,‘;"gn_

Effective probiotics alleviate obesity induced by high-fat diet by regulating bile
acid and short-chain fatty acid metabolism

Jiahe Li*, Ziyuan Wang™“*, Jinyu Gao®, Jiaquan Yan?, Xin Wang®¢, Yuxin Wang®¢, Biyan

Ouyang®®, Lanxiu Yu®®, Jiachao Zhang?, Hui Xue®*

@School of Food Science and Engineering, Key Laboratory of Food Nutrition and Functional Food of Hainan Province, Hainan University,
Haikou 570228, China.
b Classykiss Yogurt (Suzhou) Co., Ltd, Suzhou 215144, China.
¢ ClassyKiss Dairy (Shenzhen) Co., Ltd, Shenzhen 518105, China

ABSTRACT: High-fat diet can cause individuals to metabolic syndrome, including obesity, dyslipidemia, nonalcoholic
fatty liver, fat accumulation, and chronic inflammation. The purpose of this study was to identify effective probiotic
strains that mitigate high-fat diet-induced obesity and elucidate their underlying mechanisms. Golden hamsters, which
exhibit lipid metabolism profiles most similar to humans, were used as the experimental model. In this study, we
evaluated the efficacy of four Bifidobacterium in alleviating obesity induced by high-fat diet. Three effective probiotics,
Bifidobacterium animalis subsp. lactis C-1 (B. lactis C-1), Bifidobacterium animalis subsp. lactis C-2 (B. lactis C-2),
and Bifidobacterium longum subsp. longum C-5 (B. longum C-5) effectively reduced weight gain, improved serum lipid,
decreased fat accumulation, and attenuating hepatic injury and systemic inflammation. Mechanistically, the effective
probiotics enhanced bile salt hydrolase (BSH) activity and Clostridium scindens, promoting fecal bile acid excretion,
reducing intestinal lipid absorption and bile acid reabsorption, which was alleviating obesity induced high-fat diet.
Moreover, the effective probiotics alleviated high-fat diet-induced systemic inflammation and hepatic injury by
increasing short-chain fatty acids (SCFAs) in the gut. In contrast, Bifidobacterium longum subsp. infantis CK2010 (B.
infantis CK2010) showed limited effects. The study provided an in-depth mechanistic insight, detailing the gut microbes
and metabolites which mediate the effects of the effective probiotics.
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1. Introduction

High-fat foods may predispose individuals to metabolic syndrome, including obesity!!), diabetes!?!,
dyslipidemial®!, nonalcoholic fatty liver disease!*, fat accumulation, and sustained inflammatory responses®!.
High-fat Western diet was associated with markedly increased serum triglyceride levels, elevated LDL
cholesterol accumulation, and the initiation of atherosclerotic cardiovascular diseasel®’l. A prior study
reported that, following an eight-week on high-fat diet, mice exhibited significant gains in body and liver,
noticeable fat deposition in both abdominal and epididymal tissues, and enhanced lipid storage within liver
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and fat cells!®). Moreover, evidence suggested that consumption of high-fat diet enhanced the permeability of
the intestinal barrier, upregulated pro-inflammatory cytokines, and enhanced susceptibility to experimental
colitis, while also contributing to progressive liver injury ranging from steatosis to cirrhosis and hepatocellular
carcinomal®!%!l| At the same time, high-fat diet quickly disrupted microbial homeostasis, promoting the
expansion of harmful bacteria and significantly modifying both microbial metabolites and metabolic
pathways!?],

Roughly 100 trillion microorganisms resided within the human digestive system, constituting a highly
intricate microbial community commonly known as the intestinal microbiome!!*!#, Growing scientific data
indicated that disruption of intestinal microbial equilibrium induced by consumption of high-fat diet, played
a pivotal role in the development of obesity, abnormal lipid profiles, elevated blood glucose levels, insulin
resistance, and other aspects associated with metabolic syndrome!!>!6l. For example, myo-inositol markedly
reduced the intestinal uptake in fatty acids, while the gut-resident bacterium Megamonas rupellensis possessed
genes involved in myo-inositol catabolism, which promoted lipid assimilation in the intestine and contributed
to the development of obesity and abnormal lipid metabolism!!”). Enterobacter cloacae, a species capable of
generating endotoxins and originally isolated in the intestinal tract of an obese individual, has been shown to
induce excessive weight gain, elevated blood glucose, and impaired insulin sensitivity in germ-free mice fed
high-fat diet!®]. High-fat feeding increased the abundance of lipopolysaccharides (LPS), gut bacterial
metabolites that contributed to the aggravation of obesity through chronic low-grade inflammation'!.
Therefore, alterations in intestinal microbial communities and their metabolic byproducts, triggered by
consumption of fat-rich diets, played a pivotal role in driving the onset of obesity and related metabolic
disorders.

Probiotics can provide physiological advantages to the host by modulating gut microbiota and their
metabolites!?’!. Therefore, probiotic supplementation represented an important strategy for preventing obesity
and metabolic syndrome induced by high-fat diet. Bifidobacterium adolescentis protected mice against high-
fat diet-induced obesity by affecting intestinal ANGPTL4 which functions as the principal intestinal lipase*!!.
However, not all probiotics were capable of effectively mitigating the adverse effects of a high-fat diet.
Western-style diet led to fat and hepatic lipid accumulation, while oral supplementation with Lactobacillus
rhamnosus GG did not significantly alter body weight or liver fat deposition compared with saline-treated
controls®?!, In high-fat diet-fed mice, supplementation with Bifidobacterium animalis subsp. lactis BB12 did
not significantly reduce serum TC or TG levels compared with the HFD group?*!.

This study evaluated the efficacy of Bifidobacterium in alleviating obesity induced by high-fat diet. Based
on the functional and safety characterization of probiotics, four potential Bifidobacterium isolated from
fermented dairy products were selected, including B. infantis CK2010, B. lactis C-1, B. lactis C-2, and B.
longum C-5. High-fat diet intervention was supplemented with B. infantis CK2010, B. lactis C-1, B. lactis C-
2, B. longum C-5, or saline vehicle control. Fecal samples were collected for shotgun metagenomic

sequencing, and serum and liver tissues were subjected to biochemical analyses. Histopathological
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assessments of liver and adipose tissues were also performed to evaluate tissue-level alterations. This research
aimed to comprehensively investigate the beneficial effects of four representative Bifidobacterium in the
context of a high-fat diet. In addition, this study elucidated the underlying mechanisms through which they
help counteract metabolic dysfunctions associated with obesity and metabolic syndrome induced by high-fat

diet.

2. Materials and methods

2.1 Probiotics and animal experiments

B. infantis CK2010, B. lactis C-1, B. lactis C-2, and B. longum C-5 were provided by Classy Kiss Yogurt
(Suzhou) Co., Ltd (Suzhou, China). All four Bifidobacterium strains were originally isolated from fermented
dairy products.

A total of forty-eight golden hamsters, aged eight weeks, were obtained through Beijing Viton Lihua
Laboratory Animal Technology Company (Beijing, China). The animals were housed in a specific pathogen-
free (SPF) environment, with a regulated 12-hour light/dark schedule, room temperature kept at 25 + 2 °C, and
humidity levels controlled at 55% =+ 10%. During the six weeks of intervention, the hamsters were provided
ad libitum access to regular chow and drinking water. The golden hamsters were randomly allocated into 6
experimental groups, including normal-fat diet group (NFD, n=8), high-fat diet group (HFD, n=8), high-fat
diet supplemented with B. infantis CK2010 group (B. infantis CK2010, n=8), high-fat diet supplemented with
B. lactis C-1 group (B. lactis C-1, n=8), high-fat diet supplemented with B. lactis C-2 group (B. lactis C-2,
n=8), and high-fat diet supplemented with B. longum C-5 group (B. longum C-5, n=8). Randomization was
performed using a computer-generated random number sequence to ensure unbiased group assignment. The
normal-fat diet was composed of 22.8% proteins, 13.8% lipids, and 63.4% carbohydrate content. Conversely,
the high-fat diet included 19.23% proteins, 46.53% lipids, 0.5% added cholesterol, and 33.74% carbohydrate
content. The study procedures involving animals received formal approval from the Ethics Committee of
Hainan University (China), in compliance with the institution “Laboratory Animals Protection and Utilization
Guidelines of Hainan University”. The study was conducted under ethical clearance no. HNUAUCC-2025-

00243, as authorized for animal experimentation.
2.2 Experimental design

Following a one-week acclimatization period, each golden hamster was individually labeled. Animals in
the NFD group received normal-fat diet for six weeks, whereas the remaining groups were fed high-fat diet.
The probiotic-treated cohorts—including B. infantis CK2010, B. lactis C-1, B. lactis C-2, and B. longum C-
S5—were administered daily by gavage with 1x10° CFU suspended in 300 pL of saline, along with the high-
fat diet. Golden hamsters consuming either normal-fat diet or high-fat diet received a daily dose of saline in

equal volume. Body weight was recorded weekly throughout the experiment.

2.3 Blood and tissue sample collection
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Following six weeks of intervention, all golden hamsters underwent a 12-hour fasting period during
which food was withheld, though sterile distilled water remained available ad libitum. At the end of the
experiment, biological samples—including serum, hepatic tissue, fecal matter, and adipose depots (inguinal,
perinephric, and epididymal) were collected. The animals were euthanized via cervical dislocation. Blood
specimens were left at ambient temperature for one hour before being centrifuged at 4 °C, 3500 rpm for 45
minutes to separate serum, which was divided into portions and preserved at —80 °C for subsequent analytical
procedures. Epididymal adipose and liver tissues were washed using ice-cold 0.2 M phosphate buffer solution
(pH 7.2). Portions of the liver were preserved in 4% paraformaldehyde for histological processing and
staining. Additional liver tissue was used for biochemical assays to assess pathological features, including
triglycerides (TG), total cholesterol (TC), malondialdehyde (MDA), superoxide dismutase (SOD), and alanine
aminotransferase (ALT). Remaining hepatic and fat samples were immediately frozen in liquid nitrogen and
kept at —80 °C for subsequent analysis. Fecal samples of BSH activity and bile acid were assessed using
enzyme-linked immunosorbent assay (ELISA) kits obtained from Nanjing Jiancheng Bioengineering Institute
Co., Ltd.

2.4 Quantification of serum biochemical indicators

Serum concentrations of TG, TC, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C), free fatty acids (FFAs), and ALT were assessed using enzyme-linked immunosorbent
assay (ELISA) kits obtained from Nanjing Jiancheng Bioengineering Institute Co., Ltd. Additionally, serum
levels of interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-a) were determined using assay kits

supplied by Shanghai Xinyu Biotechnology Co., Ltd.
2.5 Histological analysis

Samples from the liver, colon, and epididymal adipose tissue were preserved in 4% neutral-buffered
formaldehyde solution. Following the dehydration process, the specimens were paraffin-embedded and sliced
into 5 um-thick sections. The tissue slices were subsequently subjected to hematoxylin and eosin (H&E)
staining for histological assessment of structural alterations in the colon and adipose cells. Additionally,
hepatic lipid deposition was assessed through oil red O staining, with the visualized outcomes examined and

documented using a microscope (Olympus Corporation, Tokyo, Japan).
2.6 Determination of short-chain fatty acids (SCFAs) in colonic contents of golden hamsters

Lyophilized fecal samples were accurately weighed, suspended in saturated sodium chloride solution,
and homogenized on ice. The mixture was acidified by incorporating 10% (v/v) sulfuric acid and subsequently
mixed by vortexing. Subsequently, 800 uL of hexane was added to the solution, which was then left
undisturbed for half an hour. Following this step, the specimens underwent centrifugation at 12,000 x g for 15
minutes at 4 °C, after which the upper phase was carefully retrieved for subsequent chromatographic

examination. The separation was performed using an Agilent HP-INNOWAX gas chromatography column
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(30 x0.320 mmx0.5 um). Injection was carried out in split mode (5:1) with a 1 uL. sample volume, employing
high-purity nitrogen as the carrier gas at a flow rate of I mL/min. Both the injection port and flame ionization
detector were maintained at a constant temperature of 220 °C. The temperature of the column oven was first
stabilized at 60 °C for half an hour, subsequently increased at a gradient of 3.5 °C /min until reaching 180 °C,
and then sustained at this final temperature for an additional 30 minutes. Short-chain fatty acid (SCFA)

concentrations were quantified using an external standard calibration method.
2.7 Shotgun metagenomic sequencing and data analysis

Genomic DNA was isolated from fecal samples utilizing the QIAamp® DNA Stool Mini Kit (Qiagen,
Hilden, Germany). To evaluate quality, the isolated DNA was examined for purity and structural integrity
using 0.8% (w/v) agarose gel electrophoresis, while its concentration was measured at OD 260/280 with a
NanoDrop 2000 spectrophotometer (Novogene Co., Beijing, China). High-throughput metagenomic
sequencing was carried out on the Illumina HiSeq 6000 system, provided by Beijing Novogene Technology
Co., Ltd. Library preparation yielded DNA fragments around 300 base pairs long. The sequences were then
filtered using Sickle to eliminate low-quality regions, and host-derived genetic material was subsequently
excluded. MetaPhlan3 was employed to identify microbial species and calculate their proportional
representation within the metagenomic datasets. Functional pathway annotation was conducted using

HumanN3, referencing the UniRef90 protein database for metabolic profiling.
2.8 Statistical analysis

Statistical computations and data analyses were carried out utilizing both GraphPad Prism and the R
software. Data are presented as mean + SEM. The ANOVA test was used to calculate the significance of data,
and the Tukey test was used for pairwise comparisons thereafter. If data does not meet the normal distribution
or homogeneity of variance, the significance of differences was analyzed using the Kruskal-Wallis test, and
the Dunn test was used for post hoc pairwise comparisons. Microbial a-diversity metrics were computed in
R using the "vegan", "permute", and "lattice" packages. Gut microbiota composition differences were assessed
via Bray—Curtis dissimilarity and tested with the ADONIS function. Heatmaps were generated with the
"pheatmap" package. Graphical representations, including bar charts and violin plots, were created using

GraphPad Prism version 8.0. The predefined criteria used to evaluate statistical relevance were as listed below:

*P <0.05, **P < 0.01, ***P < 0.001.

3. Results

3.1 Bifidobacterium exhibited a strain-specific effect in alleviating weight gain, dyslipidemia, and hepatic
changes induced by high-fat diet

To evaluate the effects of dietary supplementation with four Bifidobacterium in high-fat diet, we

compared their impacts on body weight, serum lipid levels, and hepatic morphology in a golden hamster model

(Fig. 1A). Golden hamster exhibited lipid metabolism profiles most similar to those observed in humans!?*!.
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After 6 weeks of ad libitum high-fat diet feeding, the average body weight increased to 186.79 g, which was
24.33% higher than that of normal-fat diet (150.24 g), indicating that high-fat diet intake leads to rapid weight
gain (Fig. 1B-C). Supplementation with 1x10° CFU of B. infantis CK2010 did not lead to a significant change
in body weight compared with high-fat diet-fed golden hamsters receiving saline. However, high-fat diet
supplementation with B. lactis C-1, B. lactis C-2 and B. longum C-5 elicited significantly lower body weight
t0 169.69 g, 169.26 g, and 170.85 g. In addition, B. lactis C-1, B. lactis C-2 and B. longum C-5 supplementation
significantly improved the abnormal serum lipids induced by the high-fat diet, including TG, TC, LDL-C,
HDL-C and FFAs, with TG reduced by more than 36%, TC reduced by more than 32%, and LDL-C reduced
by more than 49% (Fig. 1D-H). By contrast, we did not detect that B. infantis CK2010 could effectively

alleviate the abnormal serum lipids induced by high-fat diet.
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Fig. 1. Four Bifidobacterium exhibited divergence in high-fat diet-induced weight gain and serum lipid levels. (A) The
experimental design. The golden hamsters in the NFD group received normal-fat diet, whereas the remaining groups were
fed high-fat diet. The probiotic-treated cohorts were respectively administered daily oral with B. infantis CK2010, B. lactis
C-1, B. lactis C-2 and B. longum C-5, along with the high-fat diet. (B) Body weight from week 0 to week 6. (C) Body
weight at the end of the sixth week. (D-G) Serum TG, TC, LDL-C and HDL-C concentrations measured by ELISA. (H)
Serum FFAs. (I) Representative macroscopic images of livers in golden hamster. (J) Liver weight of golden hamster.
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High-fat diets also led to fat accumulation in the liver, which can subsequently cause non-alcoholic fatty
liver. We found that administration of B. lactis C-1, B. lactis C-2, and B. longum C-5 led to a reduction in
liver size and a visibly darker red coloration of the liver, suggesting improved hepatic condition (Fig. 1I).
Compared with liver weight in golden hamster fed high-fat diet, supplementation of B. infantis CK2010 did
not result in any significant changes (Fig. 1J). By contrast, B. lactis C-1, B. lactis C-2, and B. longum C-5
obviously reduced liver weight by 2.24 g, 2.79 g, and 2.04 g, corresponding to decreases of 20.24%, 25.27%,
and 18.43%, respectively. In summary, these data demonstrated the successful development of a mixed
hyperlipidemia model. Furthermore, B. lactis C-1, B. lactis C-2 and B. longum C-5 displayed pronounced anti-
obesity effects, significantly improved serum lipid, and alleviated hepatic hypertrophy. By contrast, B. infantis
CK2010 failed to alleviate obesity symptoms induced by high-fat diet.

3.2 Bifidobacterium exhibited a strain-specific effect in lower fat accumulation in adipose tissue and liver

induced by high-fat diet

Given the increased lipid concentrations observed in the serum of golden hamsters fed high-fat diet, the
potential of four Bifidobacterium to mitigate fat deposition in hepatic and adipose tissues was subsequently
assessed. Consumption of high-fat diet resulted in greater fat accumulation across multiple regions of the
body, notably within the inguinal, perinephric, and epididymal fat depots, in contrast to normal-fat diet (Fig.
2A). Supplementing high-fat diet with B. lactis C-1, B. lactis C-2, or B. longum C-5 significantly decreased
adipose tissue mass relative to the group receiving the high-fat diet alone. Furthermore, we also observed a
slight decrease in the fat tissue of B. infantis CK2010 group, although these changes were not statistically
significant. In addition, histopathological alterations in epididymal adipose tissue were assessed and measured
using H&E-stained sections (Fig. 2B-C). After 6 weeks on high-fat diet, adipose cells exhibited an enlarged
morphology indicative of hypertrophy (Fig. 2B). Quantitative analysis of adipocyte diameter observed that,
except for B. infantis CK2010, treatment with B. lactis C-1, B. lactis C-2 and B. longum C-5 decreased the
size of adipocytes in epididymal fat tissue by 12.17%, 10.99%, and 10.81%, respectively (Fig. 2C). These
results suggested that B. lactis C-1, B. lactis C-2, and B. longum C-5 effectively attenuated fat accumulation
induced by high-fat diet, whereas B. infantis CK2010 did not prevent fat accumulation under the same
conditions.

Liver was a key organ affected by high-fat diet, it is also essential to evaluate and quantify hepatic lipid
deposition. Histological examination of hepatic tissue stained with Oil Red O, which selectively highlighted
neutral lipids such as triglycerides, demonstrated that golden hamsters receiving either the vehicle or B.
infantis CK2010 alongside high-fat diet exhibited substantial lipid droplet accumulation in the liver,
occupying approximately 90% and 83% of the tissue area, respectively (Fig. 2D-E). At the same time,
supplementation of high-fat diet with B. lactis C-1, B. lactis C-2, and B. longum C-5 significantly reduced
hepatic lipid accumulation compared to the high-fat diet alone, with lipid droplet areas decreased by 21.04%,
32.35%, and 18.74%, respectively (Fig. 2D-E). Moreover, the level of hepatic TG and TC further revealed

that B. lactis C-1, B. lactis C-2 and B. longum C-5 supplementation was able to attenuate lipid accumulation
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in liver caused by high-fat diet (Fig. 2F). In contrast, hepatic TG and TC levels were not markedly improved
by B. infantis CK2010 supplementation. In conclusion, high-fat diet supplementation with B. lactis C-1, B.
lactis C-2 or B. longum C-5 significantly mitigated the lipid accumulation in adipose and liver tissue, whereas
B. infantis CK2010 did not exhibit a comparable effect. This further confirmed that B. lactis C-1, B. lactis C-
2, and B. longum C-5 effectively alleviated obesity induced by high-fat diet, while B. infantis CK2010 did not.
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(%) = Lipid droplet area / total area x 100%. (F) Liver TG and TC concentrations measured by ELISA.
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3.3 Bifidobacterium exhibited a strain-specific effect in reducing markers of liver injury and systemic

inflammation induced by high-fat diet

In addition to promoting lipid accumulation, high-fat diet also induced liver injury and systemic
inflammatory responses. To assess liver injury, we measured ALT levels in both liver tissue and serum, along
with hepatic oxidative stress markers MDA and SOD. Compared with normal-fat diet, high-fat diet had
significantly increased ALT levels in liver and serum, elevated MDA, and decreased SOD, collectively
indicating liver injury (Fig. 3A-D). By contrast, supplementation with B. lactis C-1, B. lactis C-2 and B.
longum C-5 markedly decreased ALT, reduced MDA, and restored SOD in the liver, while B. infantis CK2010

did not significantly ameliorate hepatic injury induced by high-fat diet.
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Beyond hepatic injury, high-fat diet consumption is also known to induce systemic inflammation. The
results showed that high-fat diet significantly increased IL-6 and TNF-a levels, while supplementation with
B. infantis CK2010 had no significant effect on these pro-inflammatory cytokines (Fig. 3E-F). However, B.
lactis C-1, B. lactis C-2 and B. longum C-5 reduced IL-6 levels by more than 30% and TNF-a levels by more
than 16%. In the colon tissue, consumption of high-fat diet resulted in a reduction of goblet cells accompanied
by increased infiltration of inflammatory cells (Fig. 3G). In receiving B. lactis C-1, B. lactis C-2 and B. longum
C-5, goblet cell counts were elevated, while immune cell infiltration in the tissue was notably diminished.
However, pronounced inflammatory cell presence remained evident in the group receiving B. infantis CK2010
treatment. Collectively, these findings indicated that B. lactis C-1, B. lactis C-2, and B. longum C-5 alleviated
pro-inflammatory cytokines and intestinal inflammation induced by high-fat diet, whereas B. infantis CK2010
showed limited protective effects.

In summary, B. lactis C-1, B. lactis C-2, and B. longum C-5 were effective probiotics against high-fat
diet challenge, alleviating obesity, improving serum lipid, reducing fat accumulation, attenuating hepatic
injury and systemic inflammation induced by high-fat diet. In contrast, supplementation of B. infantis CK2010

did not exhibit comparable benefits.

3.4 The effective probiotics B. lactis C-1, B. lactis C-2, or B. longum C-5 modulated the composition in gut

microbiota

To elucidate the mechanisms by which the effective probiotics B. lactis C-1, B. lactis C-2, or B. longum
C-5 alleviated obesity induced by high-fat diet, we performed an in-depth analysis of the gut microbiome.
Following high-fat diet consumption, the relative abundance of the phylum Firmicutes markedly increased,
while that of Bacteroidota significantly decreased, indicating that high-fat diet altered the ratio between
Firmicutes and Bacteroidota (Fig. 4A). Compared with high-fat diet, no notable alterations were detected in
a-diversity of the intestinal microbiota in groups of supplementing with Bifidobacterium (Fig. 4B). However,
we found that based on Bray—Curtis distance, the microbial community structure revealed significant
differences among the six groups (Fig. 4C). Further analyzing the gut microbiota structure, supplementation
with different Bifidobacterium resulted in distinct gut microbial compositions (Fig. 4D-G). Interestingly,
supplementation with each probiotic (B. lactis C-1, B. lactis C-2, and B. longum C-5) significantly increased
in the gut abundances of Clostridium scindens and Peptostreptococcus russellii. Meanwhile, administration
of B. lactis C-2 and B. longum C-5 was also associated with a reduction in Megamonas rupellensis. Notably,
Peptostreptococcus russellii and Megamonas rupellensis were two key gut microbes closely associated with
obesity!!”-?326] In contrast, B. infantis CK2010 neither significantly enriched Peptostreptococcus russellii nor
Megamonas rupellensis and showed limited effects on gut microbial composition.

In addition, each Bifidobacterium also induced distinct species-specific changes in the gut microbiota.
Specifically, B. lactis C-1 increased the abundance of Ligilactobacillus salivarius. B. lactis C-2 promoted the
enrichment of Faecalibacterium prausnitzii, Ligilactobacillus ruminis and Eubacterium ventriosum. B.

longum C-5 elevated the levels of Bifidobacterium catenulatum and Lacticaseibacillus rhamnosus. In
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addition, B. infantis CK2010 led to an increase in Bifidobacterium animalis and Lactobacillus gasseri. These
results suggested that the beneficial effects of the three probiotics (B. lactis C-1, B. lactis C-2, and B. longum
C-5) may be attributable to their ability to modulate key obesity-associated gut microbes, thereby contributing
to the alleviation of high-fat diet-induced obesity in the host. In contrast, B. infantis CK2010 did not markedly

alter key gut microbes and showed limited effects on gut microbial composition.
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Fig. 4. Effects of four Bifidobacterium on intestinal microbiota in high fat diet. (A) The relative abundances of gut
microbiota in phylum. (B) The Simpson index. (C) PCoA analysis, utilizing the Bray-Curtis distance, showed variations in
the composition of microbial communities across different groups. (D-G) The microbial species that showed significant
variations in the gut between each group. The depth of color represents the relative abundance of the species (red represents
high abundance and blue represents low abundance).

3.5 The effective probiotics B. lactis C-1, B. lactis C-2, or B. longum C-5 modulated bile acid metabolism to
decrease lipid accumulation induced by high-fat diet

After establishing that probiotic supplementation under high-fat diet conditions reshaped key gut
microbes, we further assessed changes in gut metabolites, focusing first on bile acid metabolism due to its
close relevance to high-fat diet. The results showed that high-fat diet feeding reduced gut BSH activity and
decreased fecal bile acid excretion (Fig. 5SA-B). In high-fat diet, supplementation with B. lactis C-1, B. lactis
C-2, or B. longum C-5 significantly restored gut BSH activity and increased fecal total bile acid excretion.
However, B. infantis CK2010 did not significant affect BSH activity or bile acid excretion relative to the HFD
group. The results suggested that supplementation with the effective probiotics led to a restoration of gut

microbial metabolic functions. Bile acid metabolism can influence host metabolic homeostasis by
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adipocytokines and hepatic lipid metabolism!*’l. Imbalances in adipocytokines, including adiponectin (ADP)

and leptin, played a pivotal role in the development of obesity!?®

1. The findings revealed that consumption of
high-fat diet resulted in a decrease in ADP and an increase in leptin (Fig. 5C-D). However, the effective
probiotic B. lactis C-1, B. lactis C-2, or B. longum C-5 were able to reverse these disturbances, restoring
adipokine levels to those comparable with the normal-fat diet group. Moreover, the effective probiotics
reduced FAS by over 20%, thereby potentially attenuating lipid accumulation and lipogenesis, as FAS was a
key enzyme catalyzing the synthesis of long-chain fatty acids (Fig. SE). However, B. infantis CK2010 failed
to significantly improve the dysregulation of adipokines and FAS. Correlation analysis further revealed that
fecal bile acid excretion was significantly and positively correlated with serum ADP, while showing
significant negative correlations with leptin and FAS (Fig. 5F). These findings suggested that supplementation
with the effective probiotics B. lactis C-1, B. lactis C-2, or B. longum C-5 enhanced BSH activity and increased
the abundance of Clostridium scindens in the gut, thereby promoting total bile acid excretion in the gut (Fig.
5@G). In parallel, bile acids function as signaling molecules and were associated with changes in adipokines

and hepatic fatty acid synthasel*

1. Taken together, these findings suggested that the effective probiotics
modulated gut microbial metabolites, particularly bile acids, to restore host metabolic balance, thereby
alleviating lipid accumulation and obesity-related metabolic disturbances.
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Fig. 5. The effective probiotics modulated bile acid metabolism to decrease lipid accumulation. (A) BSH activity levels in
intestinal contents. (B) Fecal bile acid excretion. (C) Adiponectin in serum. (D) Leptin in serum. (E) FAS in liver. (F)
Correlation relationships between bile acid and adiponectin, leptin, and leptin. (G) Correlation network illustrates the
relationships among effective probiotics, gut metabolite, gut bacterium, host metabolic markers and biochemical indicators.
Edge color (red: positive correlation; blue: negative correlation) is proportional to the strength of the Spearman correlation.

3.6 The effective probiotics B. lactis C-1, B. lactis C-2, or B. longum C-5 modulated SCFAs to influence host

metabolism

In addition to bile acids, SCFAs were important gut metabolites that played beneficial roles in host,
whereas high-fat diet feeding was associated with a reduction in SCFA production!?). The results showed that
high-fat diet disrupted the production of SCFAs in the gut, whereas supplementation with three effective
probiotics significantly enhanced SCFA production, including propionic acid, butyric acid, isovaleric acid and
valeric acid (Fig. 6A). High-fat diet feeding resulted in a decrease in total SCFAs (Fig. 6B). Compared with
the HFD group, effective probiotics increased the total SCFAs in the gut, while B. infantis CK2010
supplementation did not significantly increase SCFAs (Fig. 6B). These results indicate that high-fat diet
decreased the levels of SCFAs in the gut, while supplementation with effective probiotics significantly restores
SCFAs levels. In the correlation analysis, the total SCFAs was negatively correlated with ALT, MDA, IL-6
and TNF-a, while showing positive correlations with SOD (Fig. 6C). This suggests a close relationship
between SCFAs and hepatic injury as well as inflammation. Combined with changes in gut microbiota
abundance, correlation network analysis revealed that B. lactis C-1, B. lactis C-2, and B. longum C-5 were
positively correlated with Ligilactobacillus salivarius, Ligilactobacillus ruminis, Faecalibacterium
prausnitzii, and Lacticaseibacillus rhamnosus in the gut, respectively (Fig. 6D). Moreover, Ligilactobacillus
salivarius, Ligilactobacillus ruminis, Faecalibacterium prausnitzii, and Lacticaseibacillus rhamnosus showed
positive correlations with short-chain fatty acids. Overall, these results suggest that the effective probiotics
increase short-chain fatty acid levels through modulation of the gut microbiota, thereby alleviating hepatic

injury and inflammation induced by a high-fat diet.
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Fig. 6. The effective probiotics alleviate hepatic injury and inflammation induced by high-fat diet through increased SCFAs.
(A) The content of SCFAs in gut was measured, such as propionic, isobutyric, butyric, isovaleric and valeric acid. (B) Total
SCFAs concentration. (C) Correlation relationships between total SCFAs and hepatic injury (ALT, MDA, and SOD),
inflammation (IL-6, and TNF-a). (D) Correlation network illustrates the relationships among effective probiotics, gut
bacterium, SCFAs and biochemical indicators. Edge color (red: positive correlation; blue: negative correlation) is
proportional to the strength of the Spearman correlation.

4. Discussion

High-fat diet intake was known to metabolic syndrome, including obesity, hyperlipidemia, hepatic
steatosis, and low-grade inflammation®*!. Our results confirmed that high-fat diet led to significant increases
in body weight, serum triglycerides, and liver lipid accumulation. B. longum CCFM1077 was a probiotic

shown to reduce TC by 13.86% and LDL-C by 13.88% in individuals with hyperlipidemial*!!. Compared with
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high-fat diet-fed mice, supplementation with Bifidobacterium animalis subsp. lactis BB12 did not
significantly reduce serum TC or TG levels?*!. In this study, B. lactis C-1, B. lactis C-2 and B. longum C-5
significantly improved the abnormal serum lipids induced by the high-fat diet, with TG reduced by more than
36%, TC reduced by more than 32%, and LDL-C reduced by more than 49%. By contrast, B. infantis CK2010
failed to alleviate obesity symptoms induced by high-fat diet. In the liver, prolonged intake of high-fat diet
led to significantly elevated levels of TC, TG, and MDA, ALT, SOD, indicating the occurrence of hepatic

32331 Administering high-fat diet to mice induced pathological features resembling human non-

damage!
alcoholic fatty liver disease (NAFLD), such as hepatic enlargement, fat accumulation, hepatocellular
inflammation, and fibrotic changes*!. B. lactis C-1, B. lactis C-2, and B. longum C-5 obviously reduced liver
weight by 2.24 g, 2.79 g, and 2.04 g, respectively. Supplementation with B. animalis subsp. lactis BB12
reduced liver weight by 0.85 ¢!, In addition, B. lactis C-1, B. lactis C-2, or B. longum C-5 can attenuate
hepatic injury induced by high-fat diet, as reflected by decreased ALT and MDA levels, and restored SOD
activity, indicating reduced hepatic damage and oxidative stress. These results highlighted the
hepatoprotective potential of three effective probiotics supplementation in high-fat diet. Moreover, multiple
investigations have demonstrated elevated concentrations of systemic inflammatory mediators, including
TNF-a and IL-6, in obese individuals and in animal models subjected to high-fat diet*>*7], In this study, the
observed improvements in inflammatory markers (IL-6 and TNF-a) and colon histology further supported the
role of three effective probiotics in suppressing systemic and intestinal inflammation. In summary, we found
that, among the four Bifidobacterium, three effective probiotics (B. lactis C-1, B. lactis C-2, and B. longum
C-5) showed superior efficacy in alleviating weight gain, improving serum lipid, reducing fat accumulation
in both adipose and hepatic tissues, and attenuating markers of hepatic injury and systemic inflammation. In
contrast, B. infantis CK2010 failed to produce significant improvements across most parameters, highlighting
the strain-specific nature of probiotic efficacy in metabolic regulation.

Based on our results demonstrating that B. lactis C-1, B. lactis C-2, and B. longum C-5 exerted significant
anti-obesity effects, whereas B. infantis CK2010 showed limited efficacy, we further compared gut
microbiome among groups to explore the potential mechanisms by which effective probiotics ameliorate high-
fat diet-induced obesity. Brief exposure to high-fat diet markedly shifted microbial composition in the gut,
whereas prolonged consumption leads to broader structural modifications of the microbiome!*®*!. In this
study, analysis at the phylum classification revealed that high-fat diet led to an increased
Firmicutes/Bacteroidota ratio. In bile acid metabolism, compared with B. infantis CK2010, the effective
probiotics B. lactis C-1, B. lactis C-2, and B. longum C-5 not only enhanced BSH activity but also increased
the abundance of Clostridium scindens in the gut. BSH, an enzyme commonly found in the intestinal
microbiota of both humans and other mammals, catalyzed the breakdown of conjugated bile salts into
unconjugated bile acids and their corresponding amino acids“**!). Clostridium scindens possessed the 7a-
dehydroxylation capability, enabling the conversion of unconjugated primary bile acids into secondary bile

(42,43

acids!*>*. Unconjugated bile acids and secondary bile acids reduced host intestinal lipid absorption and, due
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to their higher hydrophobicity, were less efficiently reabsorbed in the intestine, thereby promoting their
elimination through fecal excretion.*!! In this study, we observed that supplementation with effective
probiotics significantly increased bile acid excretion compared with the HFD group, whereas B. infantis
CK2010 did not induce significant changes. Increased bile acid excretion promoted hepatic conversion of
cholesterol into bile acids, helping maintain enterohepatic balance!*?). Collectively, these findings indicated
that the effective probiotics reshape gut bile acid metabolism by enhancing BSH activity and increasing the
abundance of Clostridium scindens, thereby promoting fecal bile acid excretion. Increased fecal bile acid loss
can reduce intestinal lipid absorption and diminish bile acid reabsorption, thereby alleviating high-fat diet-
induced obesity.

Bile acids were not only important metabolites involved in lipid digestion and absorption but also act as
systemic regulatory molecules and signaling factors with hormone-like functions!*®!. In this study, the effective
probiotics elevated bile acid levels in the intestine. Elevated bile acid levels can activate FXR signaling, which
acts in the intestine—liver axis and peripheral tissues such as adipose tissue to modulate lipid metabolism and

(45461 Supplementation with effective probiotics normalized the HFD-induced

maintain metabolic homeostasis
adipokine imbalance and reduced hepatic FAS levels, thereby suppressing lipogenesis and decreasing lipid
accumulation in serum, adipose tissue, and liver. In contrast, B. infantis CK2010 did not significantly
ameliorate adipokine or FAS dysregulation. Besides, effective probiotics reversed the HFD-induced changes
of key bacteria closely associated with obesity, such as Peptostreptococcus russellii and Megamonas
rupellensis. Peptostreptococcus russellii is capable of converting tryptophan into indole-3-propionic acid
(IPA), which has been shown to enhance leptin sensitivity by targeting the STAT3 pathway, thereby exerting

(25.26]  Both in vitro and in vivo studies have identified that

protective effects against diet-induced obesity
Megamonas rupellensis harbors genes involved in myo-inositol degradation. Since myo-inositol has been
shown to effectively inhibit fatty acid absorption in intestinal organoids, the presence of Megamonas
rupellensis may enhance intestinal lipid uptake, thereby contributing to obesity!’].

SCFAs, functional gut microbial metabolites, were produced through the fermentation of undigested
dietary fibers and providing various benefits to host metabolism!*7*¢]. Meanwhile, high-fat diet significantly
increased IL-6 and TNF-a. Beyond promoting inflammation, high-fat diet feeding also induced liver injury
and dysfunction. SCFAs have been shown to reduce inflammation by modulating the production of pro-
inflammatory cytokines such as IL-6 and tumor necrosis factor'®, and to alleviate hepatic injury®*!l, In
groups of effective probiotics, there was a notable elevation in the concentrations of SCFAs within the
intestine. Meanwhile, effective probiotics alleviated high-fat diet-induced systemic inflammation and hepatic
injury. Compared with the HFD group, B. infantis CK2010 supplementation did not significantly increase
SCFAs levels of the gut and no effect on pro-inflammatory cytokines or liver injury. Following effective
probiotics supplementation, a marked elevation was detected in the abundance of Ligilactobacillus salivarius,

Ligilactobacillus ruminis, Faecalibacterium prausnitzii, and Eubacterium ventriosum. These microbes were

recognized SCFA producers that contribute to intestinal SCFA generation'>?]. These results indicate that the
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effective probiotics alleviated high-fat diet-induced systemic inflammation and hepatic injury by enriching

gut bacteria capable of producing short-chain fatty acids, thereby increasing intestinal SCFA levels.
5. Conclusions

This study evaluated the efficacy of four Bifidobacterium in alleviating obesity induced by high-fat diet.
Our results found that Bifidobacterium exhibited a strain-specific effect, three effective probiotics (B. lactis
C-1, B. lactis C-2, and B. longum C-5) showed superior efficacy in alleviating weight gain, improving serum
lipid, reducing fat accumulation in both adipose and hepatic tissues, and attenuating markers of hepatic injury
and systemic inflammation. In contrast, B. infantis CK2010 failed to alleviate obesity induced by high-fat diet.
We therefore further explored the potential mechanisms underlying the protective effects of the effective
probiotics. Mechanistically, compared with B. infantis CK2010, the effective probiotics enhanced BSH
activity and Clostridium scindens, promoting fecal bile acid excretion, reducing intestinal lipid absorption and
bile acid reabsorption, which was associated with alleviating obesity induced high-fat diet. In addition, the
effective probiotics modulated bile acid signaling, helping maintain adipokine balance and reducing hepatic
FAS levels, thereby suppressing lipogenesis and decreasing lipid accumulation in serum, adipose tissue, and
liver. In contrast, B. infantis CK2010 did not significantly ameliorate adipokine or FAS dysregulation.
Moreover, the effective probiotics alleviated high-fat diet-induced systemic inflammation and hepatic injury

by increasing SCFAs in the gut.
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