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Abstract: Obesity has emerged as one of the most prevalent chronic diseases worldwide. Our study
was conducted to investigate the anti-obese potential of novel probiotic Bifidobacterium longum subsp.
infantis FB3-14 (FB3-14) and the underlying molecular mechanisms in high-fat diet (HFD)-fed mice.
The results demonstrated that an 8-week FB3-14 intervention significantly suppressed the HFD-
induced body and fat weight gain and abnormal alterations of the serum lipid parameter, restoring
the levels of cholesterol (4.29 mmol/L) and low-density lipoprotein cholesterol (3.42 mmol/L).
FB3-14 treatment also attenuated adipocyte expansion, hepatic injury, and low-grade systemic in-
flammation and restored the expressions of lipid-metabolism-related genes, including Hsl, Leptin,
and Adiponectin. Furthermore, FB3-14 was observed to reduce the Firmicutes/Bacteroidetes ra-
tio in obese mice; increase the abundance of Akkermansia muciniphila, unclassified_Muribaculaceae,
Lachnospiraceae_NK4A136_group, and Bifidobacterim; and upregulate G protein-coupled receptor41
associated with higher levels of butyric acid. These results indicate the protective effectiveness of
FB3-14 in HFD-driven obesity and gut microbiota disorders, highlighting the promising potential of
FB3-14 as a functional nutrition supplement.

Keywords: Bifidobacterium longum subsp. infantis; high-fat diet; obesity; gut microbiota; lipid
metabolism; liver function

1. Introduction

Along with the development of food consumption toward higher quality and ex-
cess nutrition, obesity induced by a high-fat diet (HFD) has become the most prevalent
chronic disease worldwide, severely endangering human health. Excessive lipid accumu-
lation is strongly associated with the progression of metabolic complications, including
hyperglycemia, cardiovascular disease (CVD), steatohepatitis, and nonalcoholic fatty liver
disease (NAFLD) [1]. Obesity is often typical of dyslipidemia, systemic inflammation, and
intestinal dysfunction [2]. Previous studies have demonstrated the controlling effects of the
gut microbiota on organism metabolism in germ-free mice and revealed its vital impact
on the pathogenesis of obesity [3,4]. The variation and plasticity of gut microbiota are
determined by both internal genetic and external factors, and gut microbiota dysbiosis
induced by HFD was shown to be a cause of obesity rather than a result [5]. In view of the
challenges of polypharmacy, reduced compliance, and side effects of synthetic drugs in the
treatment of obesity for humans [6,7], the natural and promising alternatives targeting the
gut microbiome are critical to obesity prevention.

Manipulating the intestinal microbiota with probiotics is considered a potential strat-
egy to improve metabolic syndrome [8]. Among them, Bifidobacterium, as one of the
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principal symbiotic members in the gut, was found to be significantly enriched in the
anti-obesity treatment of prebiotics (such as fiber and polyphenols), suggesting the correla-
tion between strains and anti-obesity effects [9–11]. Additionally, certain edible probiotics
belonging to the species B. adolescentis, B. animalis, B. bifidum, and B. longum have been
widely used as nutritional supplements contributing to human health [12]. Bifidobacte-
ria were also reported to reduce weight gain, inhibit serum and liver total cholesterol
and triglycerides, improve fat deposition and glucose homeostasis, and notably, affect
energy and/or lipid metabolism in a strain-dependent manner [12–14]. Although probiotic
interventions have been recognized to alleviate metabolic disorders by altering the gut
microbiota or its metabolites [15], given the presence of commensal bacteria, there is still a
lack of studies on the anti-obesity roles of B. longum subsp. infantis. Particularly, the benefits
of Bifidobacterium delivery on intestinal microecology and the molecular mechanism of
promoting metabolism have not been fully explored.

Herein, we established an HFD-induced obesity model for C57BL/6J mice designed
to evaluate the ameliorating potential of Bifidobacterium longum subsp. infantis FB3-14
(FB3-14), a novel probiotic strain isolated from breastfed infant feces. Several aspects,
including weight comparison, histopathology, serum lipid level, hepatic function, and lipid-
metabolism-related gene expression profiling, were investigated to assess the protective
effects. Moreover, 16S ribosomal RNA (rRNA) sequencing was used to explore the effect of
FB3-14 on the gut microbial population, thus identifying the role of intestinal microecology
against obesity mediating FB3-14. Our study aimed to provide an alternative nutrition
strategy for prophylaxis and treating obesity and related metabolic diseases.

2. Materials and Methods
2.1. Probiotic Strain

The probiotic strain Bifidobacterium longum subsp. infantis FB3-14 (FB3-14) used in this
study was screened from the feces of breastfed healthy infants. The probiotic properties and
safety of this strain were evaluated, as shown in Figure S1, and it is recognized as a safe and
edible strain. FB3-14 was stored in the General Microbiology Center of China Microbiologi-
cal Culture Preservation Management Committee (CGMCC) with preservation number No.
25762. The strain was strictly anaerobically cultured at 37 ◦C in an anaerobic workstation
using modified MRS broth/agar medium (de Man, Rogosa and Sharpe) supplemented
with 0.05% (w/v) L-cysteine hydrochloride.

2.2. Animal Experiments

The specific-pathogen-free C57BL/6J mice (4–6 weeks, male) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and housed in
the Nankai University Laboratory Animal Center under controlled conditions (temperature,
20–25 ◦C; humidity, 50–60%; 12/12 h light/dark cycle). After acclimatization for one
week, all mice were randomly divided into 3 groups (n = 8), as follows: the normal diet
control (CON) group (3.44 kcal/g, 10% energy from fat), the high-fat-diet model (HFD)
group (4.23 kcal/g, 60% energy from fat), and the HFD + FB3-14 treatment (FB3-14) group
(4.23 kcal/g, 60% energy from fat, supplemented with Bifidobacterium longum subsp. infantis
FB3-14 1 × 109 CFU/mouse/day). The composition and energy-supplying ratio of each
diet are shown in Tables S1 and S2. The mice were allowed access to food and water ad
libitum throughout the study. Body weights of mice were measured weekly, and food
intake was also monitored. After 8-week treatment, three groups of mice were anesthetized
and sacrificed to collect serum, liver, epididymal fat, cecal contents, and colon.

2.3. Serum Biochemical Analysis

For the determination of hyperlipidemic markers in the blood, the levels of total
cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-
density lipoprotein cholesterol (HDL-C) were determined using Nanjing Jiancheng Institute
of Bioengineering ELISA kits (Nanjing, China). Liver function indicator (serum aspartate
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transaminase (AST) and alanine transaminase (ALT)) and gut-secreted hormone (glucagon-
like peptide-1 (GLP-1) and peptide YY (PYY)) levels were determined using Nanjing
Jiancheng Institute of Bioengineering ELISA kits (Nanjing, China). On the last day of the
7th week, fasting blood glucose (FBG) levels of different groups of mice were measured
after 16 h of fasting.

2.4. Histological Examination

The tissues were fixed in 10% neutral-buffered formalin, followed by paraffining, em-
bedding and sectioning, hematoxylin–eosin (H&E) staining, and microscopic examination
to complete the pathological evaluation. The adipocyte area was quantified using ImageJ
1.54 software. The histological scoring criteria for the liver tissue are shown in Table S3.

2.5. Quantification of Gene Expression

Previous research methods were used [16]. Briefly, the RNA was extracted using
TriQuick reagent and reverse-transcribed into cDNA. The mRNA-expression-level-related
genes were examined using RT-qPCR technique. The specific primer sequences applied
are shown in Table S4. Relative quantification was normalized using β-actin control and
calculated in accordance with the comparative 2−∆∆Ct method.

2.6. Short-Chain Fatty Acid (SCFAs) Determination

SCFAs in cecal content were determined as previous instructions [17]. In brief, about
0.2 g of fresh fecal samples was homogenized with 1 mL ultra-pure water and two steel
balls, followed by centrifugation (12,000× g, 5 min) to collect the supernatant. Then, 100 µL
10% sulfuric acid was added to acidize, and 0.5 mL ethyl ether was added to extract SCFAs.
The upper layer of organic phase after static extraction was filtered using 0.22 µm nylon
membranes and collected in 2 mL brown autosampler vials for detection. DB-FFAP capillary
column (30 m × 0.25 mm i.d., 0.25 µm, Agilent, Santa Clara, CA, USA) was performed with
gas chromatography to quantify SCFAs in our study. The single standard solution was
injected first, with the relative peak time recorded. Then, the standard mixtures of different
concentrations were injected, and the relative peak area was recorded for the construction
of standard curves. Different groups of samples were injected finally, and the concentration
of each sample was calculated.

2.7. Gut Microbiota Profiling

Total cecal content DNA was extracted and qualified. The V3-V4 regions of the bacterial
16S rDNA genes were amplified by PCR using the primers 338F: 5′-ACTCCTACGGGAGG
CAGCA-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′. Qiime (version 1.9.1) was used
to estimate alpha diversity within samples and beta diversity between samples. A principal
coordinate analysis (PCoA) based on the bray_curtis distance algorithm of the OTUs was
performed to investigate the β diversity. Differentially abundant taxa were determined using
linear discriminant analysis effect size (LEfSe). Spearman correlation analysis was conducted
to explore the correlation between intestinal microbiota and metabolic parameters.

2.8. Statistical Analysis

Prism 8.0.1 (GraphPad, La Jolla, CA, USA) was used for experimental data analysis,
and all the results were presented as the mean ± SD. Statistical analysis of different
groups was performed using one-way analysis of variance (ANOVA), Dunnett’s multiple
comparison tests, and Kruskal–Wallis test for liver histological score. Statistical significance
was set at * p < 0.05, ** p < 0.01, or *** p < 0.001.

3. Results
3.1. FB3-14 Inhibited Overweight and Dyslipidemia

After one week of acclimatization, obesity was successfully induced by continuous
HFD feeding of C57/BL6J mice for the next 8 weeks (Figure 1A). The body weight of
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mice in the HFD group was significantly distinguished from that of CON group mice
starting in the 5th week, while FB3-14 treatment suppressed the dramatic rise (Figure 1B).
At the end of the treatment, the FB3-14 group mice showed prominently lower weight
gain (Figure 1C), even though the mice in this group consumed more food and energy per
day (Figure 1D,E). The energy efficiency comparison suggested that Bifidobacterium longum
subsp. infantis FB3-14 alleviated HFD-induced overweight, mainly by decreasing energy
efficiency (Figure 1F).
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Figure 1. FB3-14 inhibited overweight and dyslipidemia in high-fat-diet-fed mice. (A) Schematic
diagram of C57/BL6J mice high-fat diet induction and FB3-14 intervention model. (B) Body weight
during the entire experimental period. (C) Weight gain after 8-week intervention. (D) Average daily
food intake. (E) Average daily energy intake. (F) Energy efficiency. (G) Serum TG, TC, LDL-C, and
HDL-C levels. Data are shown as the mean ± SD (n = 8). (B) * p < 0.05, ** p < 0.01, and *** p < 0.001
versus the HFD group. (C–G) The mean value with different letters indicates significant differences
(p < 0.05). CON: control; HFD: high-fat-diet-fed mice; FB3-14: high-fat-diet-fed mice treated with
Bifidobacterium longum subsp. infantis FB3-14.

Additionally, serum lipid indicators proved that HFD caused dyslipidemia in obese
mice (Figure 1G). Conversely, FB3-14 significantly inhibited the obvious increase in serum
TC and LDL-C levels and reversed the abnormal changes in serum TG and HDL-C in
HDF-fed mice to a certain extent. To summarize, these results preliminarily demonstrate
that FB3-14 effectively reduced HFD-induced overweight and dyslipidemia in mice.

3.2. FB3-14 Alleviated Lipid Accumulation and Lipid Metabolism Disorders

HFD-fed mice had remarkably higher epididymal fat weight than the other two groups
(Figure 2A). The epididymal fat weight/body weight ratio was calculated to evaluate the
degree of obesity in mice. As shown in Figure 2B, the proportion of epididymal fat weight to
body weight of mice in the HFD group was prominently increased, while it was significantly
decreased after the intervention of FB3-14. Histopathological observation of epididymal
fat visually revealed the excessive adipocyte expansion caused by HFD and the significant



Nutrients 2023, 15, 4104 5 of 14

inhibitory effect of FB3-14 intervention on this pathological lesion (Figure 2C,D). Further,
to explore the roles of FB3-14 on lipid metabolism in HFD-induced obese mice, mRNA
expression levels of relevant indicators were measured in the experiment. Two genes, Leptin
and AdipoQ in the epididymal fat of HFD group mice, were shown to vary significantly
after 8-week treatment, and this effect was prevented by FB3-14 (Figure 2E). Moreover,
HFD also caused a significant upregulation of inflammation-related mRNA expression in
epididymal fat, but the gene expression of Il-6 and Tnf-α was effectively decreased due to
the effects of FB3-14 (Figure 2E).
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Figure 2. FB3-14 alleviated lipid accumulation and lipid metabolism disorders in high-fat-diet-
fed mice. (A) Epididymal fat weight. (B) Epididymal fat/body weight ratio. (C) Adipocyte area.
(D) Representative histologic images of hematoxylin and eosin (H&E) staining of epididymis adipose
sections. (E) Relative mRNA expression of Acc, Hsl, Leptin, Pparα, Pgc1α, AdipoQ, Il-1β, Il-6, and Tnf-α
in the epididymal adipose tissue. Data are shown as the mean ± SD (n = 8). The mean value with
different letters indicates significant differences (p < 0.05). CON: control; HFD: high-fat-diet-fed mice;
FB3-14: high-fat-diet-fed mice treated with Bifidobacterium longum subsp. infantis FB3-14.

Taken together, these results suggest that the FB3-14 intervention remarkably inhibited
the lipid accumulation and aberrant expression of obesity-related genes in HFD-fed mice.

3.3. FB3-14 Ameliorated Impaired Liver Function and Systemic Low-Grade Inflammation

Mice in the FB3-14 group had lower liver weight, while HFD and FB3-14 treat-
ments had no significant effect on the liver weight/body weight ratio in mice generally
(Figure 3A,B). Serum ALT and AST are important indicators of liver function [18]. FB3-
14 intervention significantly inhibited the abnormal elevation of ALT and AST levels in
obese mice (Figure 3C,D). The histological section of liver tissue in Figure 3E,F shows the
hepatocyte morphology and scores of liver tissue in different groups of mice. Steatosis,
vacuoles formed after the dissolution of lipid droplets (yellow arrow), accompanied by
a small quantity of inflammatory infiltration (green arrow), was observed in hepatocytes
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of the HFD group mice compared to the CON group. FB3-14 intervention ameliorated
hepatocyte swelling and cytoplasmic boundary indistinction caused by HFD in obese mice.
Furthermore, LPS has been identified as a triggering factor for inflammatory cytokines,
which lead to metabolic diseases such as obesity [19]. HFD significantly increased serum
LPS levels and pro-inflammatory factors, including IL-6, IL-1β, and TNF-α, in obese mice,
while these markers were significantly decreased in the serum of the FB3-14 treatment mice
(Figure 3G–J).

Nutrients 2023, 15, x FOR PEER REVIEW 6 of 15 
 

 

Taken together, these results suggest that the FB3-14 intervention remarkably 
inhibited the lipid accumulation and aberrant expression of obesity-related genes in HFD-
fed mice. 

3.3. FB3-14 Ameliorated Impaired Liver Function and Systemic Low-Grade Inflammation 
Mice in the FB3-14 group had lower liver weight, while HFD and FB3-14 treatments 

had no significant effect on the liver weight/body weight ratio in mice generally (Figure 
3A,B). Serum ALT and AST are important indicators of liver function [18]. FB3-14 
intervention significantly inhibited the abnormal elevation of ALT and AST levels in obese 
mice (Figure 3C,D). The histological section of liver tissue in Figure 3E,F shows the 
hepatocyte morphology and scores of liver tissue in different groups of mice. Steatosis, 
vacuoles formed after the dissolution of lipid droplets (yellow arrow), accompanied by a 
small quantity of inflammatory infiltration (green arrow), was observed in hepatocytes of 
the HFD group mice compared to the CON group. FB3-14 intervention ameliorated 
hepatocyte swelling and cytoplasmic boundary indistinction caused by HFD in obese 
mice. Furthermore, LPS has been identified as a triggering factor for inflammatory 
cytokines, which lead to metabolic diseases such as obesity [19]. HFD significantly 
increased serum LPS levels and pro-inflammatory factors, including IL-6, IL-1β, and TNF-
α, in obese mice, while these markers were significantly decreased in the serum of the 
FB3-14 treatment mice (Figure 3G–J). 

Taken together, these results suggest that FB3-14 intervention alleviated hepatic 
steatosis and liver function impairment in HFD-fed mice, as well as suppressing the 
development of HFD-driven systemic low-grade inflammation. 

 
Figure 3. FB3-14 ameliorated impaired liver function and systemic low-grade inflammation in high-
fat-diet-fed mice. (A) Liver weight. (B) Liver/body weight ratio. (C) Serum AST levels. (D) Serum 
ALT levels. (E) Representative histologic images of hematoxylin and eosin (H&E) staining of liver 
sections. (F) Histology score of liver. (G) Serum LPS levels. (H) Serum IL-1 levels. (I) Serum IL-6 
levels. (J) Serum TNF-α levels. Data are shown as the mean ± SD (n = 8). The mean value with 
different letters indicates significant differences (p < 0.05). CON: control; HFD: high-fat-diet-fed 
mice; FB3-14: high-fat-diet-fed mice treated with Bifidobacterium longum subsp. infantis FB3-14. 

Figure 3. FB3-14 ameliorated impaired liver function and systemic low-grade inflammation in high-
fat-diet-fed mice. (A) Liver weight. (B) Liver/body weight ratio. (C) Serum AST levels. (D) Serum
ALT levels. (E) Representative histologic images of hematoxylin and eosin (H&E) staining of liver
sections. (F) Histology score of liver. (G) Serum LPS levels. (H) Serum IL-1 levels. (I) Serum IL-6
levels. (J) Serum TNF-α levels. Data are shown as the mean ± SD (n = 8). The mean value with
different letters indicates significant differences (p < 0.05). CON: control; HFD: high-fat-diet-fed mice;
FB3-14: high-fat-diet-fed mice treated with Bifidobacterium longum subsp. infantis FB3-14.

Taken together, these results suggest that FB3-14 intervention alleviated hepatic steato-
sis and liver function impairment in HFD-fed mice, as well as suppressing the development
of HFD-driven systemic low-grade inflammation.

3.4. Effects of FB3-14 on Intestinal Flora Structure Disturbance

The Venn diagram showed the composition of the intestinal microbiota in response to
different dietary interventions. The CON, HFD, and FB3-14 groups resulted in 3745, 3462,
and 949 specific operational taxonomic units (OTUs), respectively, and shared 412 overlap-
ping OTUs for clustering all high-quality sequences with 97% identity (Figure 4A). The
Chao1 index and Shannon index were used to evaluate the alpha diversity of intestinal
microbes in different groups of mice. Figure 4B showed that HFD caused a significant
increase in the Shannon index, the value of which decreased after FB3-14 intervention.
After eight weeks of treatment, the Chao1 index of the FB3-14 group was significantly lower
than the HFD group. In addition, beta diversity was assessed by PCoA, which showed
clear clustering at the OTU level among the healthy mice, obese mice, and FB3-14-treated
mice. The separation of the three groups demonstrated the shifts in microbial structure
caused by HFD and implicated the dramatic impact of FB3-14 on the changes in microbial
composition (Figure 4C).
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Figure 4. Effects of FB3-14 on intestinal flora structure disturbance in high-fat-diet-fed mice. (A) Venn
diagrams of groups. (B) Chao1 index and Shannon index. (C) PCoA. (D) Bacterial community
structure at the phylum level. (E) Bacterial community structure at the genus level. (F) Relative abun-
dance of Firmicutes and Bacteroidota. (G) Firmicutes/Bacteroidetes ratio. (H) Relative abundance of
Verrucomicrobiota. (I) Relative abundance of the significantly differential flora at the genus level.
(J) Branch diagram depicting the output of the LEfSe analysis. Data are shown as the mean ± SD
(n = 8). The mean value with different letters indicates significant differences (p < 0.05). CON: control;
HFD: high-fat-diet-fed mice; FB3-14: high-fat-diet-fed mice treated with Bifidobacterium longum subsp.
infantis FB3-14.
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To further explore the preventive effects and potential mechanisms of FB3-14 on HFD-
induced obesity, we present a histogram of the relative richness histogram of the top 10/15
annotated species at the phylum/genus level in Figure 4D,E, respectively. At the phylum
level, Firmicutes and Bacteroides were the dominant phyla in all three groups, account-
ing for 44.11% and 19.21% of the microbial profiles in the CON group, but significantly
changed to 56.13% and 8.05% after HFD treatment (Figure 4F). Strikingly, FB3-14 effec-
tively reversed and normalized the Firmicutes/Bacteroides ratio imbalance caused by HFD
(Figure 4G). Moreover, FB3-14 restored the markedly reduced abundance of Verrucomicro-
biota in HFD mice (Figure 4H). Furthermore, the gut microbiota at the genus level were
different in each group. HFD caused significant variation in Anaerotruncus, Ligilactobacillus,
and Akkermansia muciniphila abundance, while FB3-14 intervention prominently enhanced
the abundance of unclassified_Muribaculaceae, Akkermansia muciniphila, and Bifidobacterium
compared to the HFD group (Figure 4I). LEfSe analysis was used to taxonomize specific
phylogenetic types significantly related to the intervention and analyze intestinal microor-
ganism biomarkers in the three groups. As illustrated in Figure 4J, the bacteria from the
genera of unclassified_Cyanobacteriales and unclassified_Bacteria were enriched in the HFD
group, and higher levels of unclassified_Muribaculaceae, Lachnospiraceae_NK4A136_group,
and unclassified_Oscillospiraceae were observed in the FB3-14 group.

In summary, these results suggest that FB3-14 modified metabolic disorders in HFD-
fed mice by reprogramming the gut microecology.

3.5. FB3-14 Restored Lipid Metabolism by Upregulating Butyric Aid Content

As one of the metabolites of gut microbes, SCFAs play an indispensable role in main-
taining gut and metabolic health [20]. HFD resulted in an obvious decrease in acetic acid,
butyric acid, and valeric acid in the cecum contents of mice, but FB3-14 intervention sig-
nificantly upregulated their butyric acid levels (Figure 5A). As expected, compared with
the CON group, the mRNA relative expression levels of SCFA receptors GPR41, GPR43,
and GPR109A in the HFD group were significantly reduced, while FB3-14 intervention
mitigated the damage to GPR41 (Figure 5B). Since butyric acid increases the expression
of PYY and GLP-1 by GPR41 and GPR43 in the colon [21], we measured the serum levels
of PYY and GLP-1. The results showed that PYY and GLP-1 levels in the FB3-14 group
were noteworthily higher than those in the HFD group (Figure 5C,D). Meanwhile, FB3-14
intervention also prominently suppressed fasting blood glucose concentrations in HFD
mice (Figure 5E). Further, the relative mRNA expression levels of Adiporq and Adipor2
in HFD-fed mice were found to be significantly decreased, while FB3-14 effectively up-
regulated the relative expression level of Adipor1 and restored the expression of Adiporq
(Figure 5F).

Taken together, these results suggest that FB3-14 intervention increased GPR41 levels
associated with higher levels of butyric acid content, increased the PYY and GLP-1 levels,
and upregulated the mRNA relative expression of Adipor1 and Adiporq, thereby alleviating
HFD-induced obesity.

3.6. Correlation Analysis between Intestinal Microbiota and Metabolic Parameters

To identify specific microbial strains that may mediate FB3-14 in alleviating obesity,
Spearman’s correlation analysis was used to evaluate the correlation between gut microbes
and obesity-related indicators, as shown in the heatmap (Figure 6). The 30 most abundant
OTUs were selected for analysis, of which 25 OTUs were relevant to at least one obesity
metabolism index. Bifidobacterim, unclassified_Muribaculaceae, and unclassified_UCG_010
were negatively associated with body weight gain and levels of inflammatory factors TNF-
α and IL-1β. Moreover, Akkermansia, Alistipes, and Rikenella were significantly negatively
correlated with serum TC and LDL-C levels. These results suggest that these intestinal
bacteria negatively related to obesity phenotypes might be the valuable bacterial genera
conducive to FB3-14’s anti-obesity effects.



Nutrients 2023, 15, 4104 9 of 14

Nutrients 2023, 15, x FOR PEER REVIEW 9 of 15 
 

 

3.5. FB3-14 Restored Lipid Metabolism by Upregulating Butyric Aid Content 
As one of the metabolites of gut microbes, SCFAs play an indispensable role in 

maintaining gut and metabolic health [20]. HFD resulted in an obvious decrease in acetic 
acid, butyric acid, and valeric acid in the cecum contents of mice, but FB3-14 intervention 
significantly upregulated their butyric acid levels (Figure 5A). As expected, compared 
with the CON group, the mRNA relative expression levels of SCFA receptors GPR41, 
GPR43, and GPR109A in the HFD group were significantly reduced, while FB3-14 
intervention mitigated the damage to GPR41 (Figure 5B). Since butyric acid increases the 
expression of PYY and GLP-1 by GPR41 and GPR43 in the colon [21], we measured the 
serum levels of PYY and GLP-1. The results showed that PYY and GLP-1 levels in the FB3-
14 group were noteworthily higher than those in the HFD group (Figure 5C,D). 
Meanwhile, FB3-14 intervention also prominently suppressed fasting blood glucose 
concentrations in HFD mice (Figure 5E). Further, the relative mRNA expression levels of 
Adiporq and Adipor2 in HFD-fed mice were found to be significantly decreased, while FB3-
14 effectively upregulated the relative expression level of Adipor1 and restored the 
expression of Adiporq (Figure 5F). 

Taken together, these results suggest that FB3-14 intervention increased GPR41 levels 
associated with higher levels of butyric acid content, increased the PYY and GLP-1 levels, 
and upregulated the mRNA relative expression of Adipor1 and Adiporq, thereby alleviating 
HFD-induced obesity. 

 
Figure 5. FB3-14 restored lipid metabolism in high-fat-diet-fed mice by upregulating butyric acid 
content. (A) Concentration of acetic acid, propionic acid, butyric acid, and valeric acid in mice cecal 
contents. (B) Relative mRNA expression of Gpr41, Gpr43, and Gpr109a. (C) Serum PYY levels. (D) 
Serum GLP-1 levels. (E) Fasting blood glucose (FBG) concentration. (F) Relative mRNA expression 
of Adipor1, Adipor2, and Adiporq. Data are shown as the mean ± SD (n = 8). The mean value with 
different letters indicates significant differences (p < 0.05). CON: control; HFD: high-fat-diet-fed 
mice; FB3-14: high-fat-diet-fed mice treated with Bifidobacterium longum subsp. infantis FB3-14. 

Figure 5. FB3-14 restored lipid metabolism in high-fat-diet-fed mice by upregulating butyric acid
content. (A) Concentration of acetic acid, propionic acid, butyric acid, and valeric acid in mice
cecal contents. (B) Relative mRNA expression of Gpr41, Gpr43, and Gpr109a. (C) Serum PYY levels.
(D) Serum GLP-1 levels. (E) Fasting blood glucose (FBG) concentration. (F) Relative mRNA expression
of Adipor1, Adipor2, and Adiporq. Data are shown as the mean ± SD (n = 8). The mean value with
different letters indicates significant differences (p < 0.05). CON: control; HFD: high-fat-diet-fed mice;
FB3-14: high-fat-diet-fed mice treated with Bifidobacterium longum subsp. infantis FB3-14.
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4. Discussion

With the progress and development of society, plenty of precipitating factors such as di-
ets, sedentary lifestyle, mental stress, and genetic inheritance may induce lipid metabolism
disorders, thereby causing obesity and other related metabolic diseases, including type 2
diabetes, CVD, and NAFLD [22]. The gut microbiome and its metabolites have been shown
to affect energy homeostasis and have emerged as key regulators of host metabolism [23].
Therefore, increasing studies have emphasized suppressing abnormal lipid accumulation
by targeting gut microbiota, thus attenuating obesity symptoms. As a functional food, pro-
biotics represented by Lactobacillus and Bifidobacterium can exert health benefits by rapidly
and reproducibly altering the gut microbiota [24]. Until now, probiotics have been consid-
ered novel and effective anti-obesity treatments [25,26], while the studies on mechanisms
of Bifidobacterium longum subsp. infantis alleviating obesity is still limited.

In our study, an HFD-induced obese model was established to evaluate the potential
of Bifidobacterium longum subsp. infantis FB3-14 in normalizing lipid glucose metabolism
disorders and preventing obesity. First, the lower weight growth rate and adipose/body
weight ratio of FB3-14 group mice intuitively confirmed the anti-obesity ability of FB3-
14. Meanwhile, FB3-14 supplementation significantly improved diet-induced metabolic
syndrome lipid profile markers and fasting blood glucose. These results were in line with
other previous animal experiments aiming at probiotics, including Lactobacillus kefiri DH5,
Lactobacillus paracasei, Bifidobacterium animalis 01, and Bifidobacterium sp. MKK4 showed
consistent results in inhibiting lipid metabolism disorders by reducing serum TC, TG, and
LDL-C and raising HDL-C levels in mice/rats [27–30].

Adipose tissue and the liver are essential organs for lipid metabolism as the main sites
for the release of enzymes and adipokines concerned with the processes of adipogenesis,
lipogenesis, and lipolysis [16]. FB3-14 intervention was found to effectively alleviate HFD-
induced histological damage, including the abnormal expansion of epididymal adipocytes
as well as steatosis and low-grade inflammation in hepatocytes, while the underlying
molecular mechanisms were worthy of further investigation. Fat tissue secretes many
adipokines and constitutes an extremely active endocrine organ [31]. These adipokines
include hormones (such as leptin and adiponectin), cytokines, growth factors, and vasoac-
tive factors, which not only affect adipobiology and function but are also released into the
blood to regulate numerous biological processes [32]. Notably, our results showed that
FB3-14 prominently upregulated the relative expression level of the gene Hsl, an enzyme
associated with lipolysis. Lipids are stored primarily in the form of triacylglycerol (TAG)
in mature white fat cells; hormone-sensitive lipase (HSL) is involved in the hydrolysis
process of hydrolyze diglycerol (DAG), although it also has TAG hydrolyzing activity [33].
Previous studies also found that probiotics, Lactobacillus sakei and Lactobacillus plantarum
HAC01, improved adipose tissue dysfunction by upregulating lipolytic-enzyme-related
genes or downregulating genes encoding lipogenic enzymes [34,35]. FB3-14 also promi-
nently inhibited the abnormal expression of leptin and adiponectin genes induced by HFD.
Leptin signaling regulates the sympathetic structure of adipose tissue via a top-down
neural pathway and is crucial for energy homeostasis [36]. Leptin is secreted by adipose
tissue, and its content in serum is positively related to the size of adipose tissue [37], which
was also observed in our study. Low levels of adiponectin signaling lead to severe insulin
resistance [38], while FB3-14 intervention enhanced the expression of the AdipoQ gene in fat
tissue significantly. Moreover, impaired liver function homeostasis and low-grade systemic
inflammation are closely associated with the development of obesity and other metabolic
diseases. One study showed that locally produced inflammatory mediators, especially
tumor necrosis factor (TNF), regulate basal lipolysis through specific signal transduction
pathways [39]. FB3-14 intervention relieved hepatocyte damage and systemic low-grade
inflammation in obese mice by reducing AST, ALT, and pro-inflammatory factor levels in
serum and adipose tissue.
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The findings of Fredrik Backhed et al. suggested that the gut microbiome influenced
energy harvest from the diet and energy storage in the host [3]. Primarily, numerous
studies, including our experiment, found that long-term HFD intervention induction
increased the Firmicutes/Bacteroidetes (F/B ratio) in obese individuals [40]. However,
the FB3-14 treatment significantly reduced the F/B ratio in HFD-fed mice. Shanthi G
Parkar et al. also found that polyphenols stimulated the proliferation of Bifidobacterium
spp., decreased the F/B ratio, and facilitated SCFA production, demonstrating an as-
sociation between bifidobacteria and anti-obesity effects [41]. Next, by comparing the
intestinal microbiota structure of mice in different intervention groups, at the genus level,
the abundance of Anaerotruncus, Ligilactobacillus, Akkermansia muciniphila, Rikenella, unclassi-
fied_Muribaculaceae, Lachnospiraceae_NK4A136_group, and Bifidobacterim showed significant
difference in this study. As in previous studies, we also found that the abundance of the
opportunistic pathogen Anaerotruncus was amplified in HDF-fed mice [42]. Importantly,
FB3-14 intervention remarkably reversed the reduction in Akkermansia muciniphila and
unclassified_Muribaculaceae. Studies have shown that the relative abundance of probiotic
Akkermansia muciniphila was low in obese and diabetic mice, indicating that Akkermansia
muciniphila was negatively correlated to the pathogenesis of obesity [43]. Moreover, Murib-
aculaceae was also shown to suppress obesity by participating in mitochondrial energy
metabolism and inflammatory processes [44].

On the other hand, in part, HFD induces obesity by affecting the levels of calculating
microbial metabolites, which can contribute to alterations in satiety, energy metabolism,
lipid accumulation, and systemic inflammation [45]. In our experiments, FB3-14 treatment
was found to significantly upregulate butyric acid content in HFD-fed mice, accompanied
by the rising level of GPR41. Butyrate, which is produced by some species from Ruminococ-
caceae, Lachnospiraceae, Erysipelotrichaceae, and Clostridiaceae, was reported to increase the
expression of PYY and GLP-1 in the colon by activating endogenous GPR41 and 43 and
improve glucose homeostasis [21,46]. PYY and GLP-1, the gastrointestinal hormones syn-
thesized and secreted by enteroendocrine L cells in the distal intestine, are implicated in
appetite, gut motility, and insulin regulation [47]. Additionally, after binding to GPR41/43,
SCFAs were found to play an anti-inflammatory role by inhibiting the activation of NF-κB
in the host immune cells [45,48]. The remission of inflammation was also found in our
study by observing the decreasing levels of proinflammatory factors in the serum and
livers of mice. Overall, FB3-14 treatment might mitigate obesity and inflammation by
mediating GPR41 to upregulate the serum PYY and GLP-1 levels by increasing the butyric
acid content.

In our study, FB3-14 was observed to relieve the HFD-induced adverse influences on
lipid metabolism and intestinal microbiota. Our results might provide a theoretical basis
for the preventive potentials of Bifidobacterium longum subsp. infantis FB3-14 on obesity
and related metabolic diseases. Nevertheless, there is still a need for long-term clinical
verifications to confirm its efficacy in distinguished dietary backgrounds.

5. Conclusions

In our study, the positive anti-obesity effects of the strain Bifidobacterium longum subsp.
infantis FB3-14 ameliorated abnormal weight gain, dyslipidemia, lipid accumulation, liver
function impairment, low-grade systemic inflammation, and differential expression of
genes related to lipid metabolism in HFD-fed mice. Moreover, FB3-14 treatment also repro-
grammed the intestinal microbial composition; promoted the abundance of Akkermansia
muciniphila, unclassified_Muribaculaceae, Lachnospiraceae_NK4A136_group, and Bifidobacterim,
which were inversely associated with obesity-related parameters; and might enhance the
secretion of PYY and GLP-1 by upregulating the butyric acid level mediating GPR41. Our
findings provide evidence that the novel strain Bifidobacterium longum subsp. infantis FB3-14
can inhibit HFD-induced overweight and relieve gut microbiome dysregulation and may
also offer a new nutritional strategy for alleviating obesity and related metabolic diseases.



Nutrients 2023, 15, 4104 12 of 14

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/nu15194104/s1, Figure S1: Safety evaluations of Bifidobac-
terium longum subsp. infantis FB3-14. (A) Hemolysis Assays. (B) Determination of nitrate reductase
activity. (C) Determination of amino acid decarboxylase activity. FB3-14: Bifidobacterium longum subsp.
infantis FB3-14. Table S1: Primer sequences for qPCR. Table S2: Mass Ratio and Energy Supply Ratio.
Table S3: Histological Score of Liver Tissue. Table S4: Specific Primer Sequences for RT-qPCR.

Author Contributions: Conceptualization, Investigation, Writing—Original draft preparation and
Review and Editing, R.K. and J.W.; Formal analysis and Visualization, R.K.; Data curation, A.L.;
Methodology, Y.W.; Resources, B.Z.; Validation, J.L. and Y.S.; Project administration, Funding ac-
quisition, and Supervision, S.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Natural Science Foundation of Tianjin city (grant no. 21JC-
QNJC00270) and the Fundamental Research Funds for the Central Universities of Nankai University
(grant no. 63231169, 9235000312, 63231215).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Committee of Nankai University (protocol code SYXK-2019-0001 and date of approval
14 January 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anhê, F.F.; Nachbar, R.T.; Varin, T.V.; Trottier, J.; Dudonné, S.; Le Barz, M.; Feutry, P.; Pilon, G.; Barbier, O.; Desjardins, Y.; et al.

Treatment with camu camu (Myrciaria dubia) prevents obesity by altering the gut microbiota and increasing energy expenditure in
diet-induced obese mice. Gut 2019, 68, 453–464. [CrossRef]

2. Zhou, F.; Li, Y.-L.; Zhang, X.; Wang, K.-B.; Huang, J.-A.; Liu, Z.-H.; Zhu, M.-Z. Polyphenols from Fu Brick Tea Reduce Obesity via
Modulation of Gut Microbiota and Gut Microbiota-Related Intestinal Oxidative Stress and Barrier Function. J. Agric. Food Chem.
2021, 69, 14530–14543. [CrossRef]

3. Bäckhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Young, G.; Koh, A.N.; Clay, F.; Semenkovich, J.I.G. The gut microbiota as an
environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004, 101, 15718–15723. [CrossRef]

4. Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Cheng, J.; Duncan, A.E.; Kau, A.L.; Griffin, N.W.; Lombard, V.; Henrissat, B.; Bain, J.R.; et al.
Gut Microbiota from Twins Discordant for Obesity Modulate Metabolism in Mice. Science 2013, 341, 1241214. [CrossRef]

5. Redondo-Useros, N.; Nova, E.; González-Zancada, N.; Díaz, L.E.; Gómez-Martínez, S.; Marcos, A. Microbiota and Lifestyle: A
Special Focus on Diet. Nutrients 2020, 12, 1776. [CrossRef]

6. Gadde, K.M.; Martin, C.K.; Berthoud, H.-R.; Heymsfield, S.B. Obesity: Pathophysiology and Management. J. Am. Coll. Cardiol.
2018, 71, 69–84. [CrossRef]

7. Heymsfield, S.B.; Longo, D.L.; Wadden, T.A. Mechanisms, Pathophysiology, and Management of Obesity. N. Engl. J. Med. 2017,
376, 254–266. [CrossRef]

8. Greiner, T.; Bäckhed, F. Effects of the gut microbiota on obesity and glucose homeostasis. Trends Endocrinol. Metab. 2011, 22,
117–123. [CrossRef]

9. Berger, K.; Burleigh, S.; Lindahl, M.; Bhattacharya, A.; Patil, P.; Stålbrand, H.; Nordberg Karlsson, E.; Hållenius, F.; Nyman, M.;
Adlercreutz, P. Xylooligosaccharides Increase Bifidobacteria and Lachnospiraceae in Mice on a High-Fat Diet, with a Concomitant
Increase in Short-Chain Fatty Acids, Especially Butyric Acid. J. Agric. Food Chem. 2021, 69, 3617–3625. [CrossRef]

10. Ma, G.; Chen, Y. Polyphenol supplementation benefits human health via gut microbiota: A systematic review via meta-analysis.
J. Funct. Foods 2020, 66, 103829. [CrossRef]

11. Arboleya, S.; Ruas-Madiedo, P.; Margolles, A.; Solís, G.; Salminen, S.; de los Reyes-Gavilán, C.G.; Gueimonde, M. Characterization
and in vitro properties of potentially probiotic Bifidobacterium strains isolated from breast-milk. Int. J. Food Microbiol. 2011, 149,
28–36. [CrossRef]

12. Zhu, G.; Ma, F.; Wang, G.; Wang, Y.; Zhao, J.; Zhang, H.; Chen, W. Bifidobacteria attenuate the development of metabolic disorders,
with inter- and intra-species differences. Food Funct. 2018, 9, 3509–3522. [CrossRef]

13. Yin, Y.-N. Effects of fourBifidobacteriaon obesity in high-fat diet induced rats. World J. Gastroenterol. 2010, 16, 3394. [CrossRef]
14. Kim, G.; Yoon, Y.; Park, J.H.; Park, J.W.; Noh, M.-G.; Kim, H.; Park, C.; Kwon, H.; Park, J.-H.; Kim, Y.; et al. Bifidobacterial

carbohydrate/nucleoside metabolism enhances oxidative phosphorylation in white adipose tissue to protect against diet-induced
obesity. Microbiome 2022, 10, 188. [CrossRef]

https://www.mdpi.com/article/10.3390/nu15194104/s1
https://doi.org/10.1136/gutjnl-2017-315565
https://doi.org/10.1021/acs.jafc.1c04553
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1126/science.1241214
https://doi.org/10.3390/nu12061776
https://doi.org/10.1016/j.jacc.2017.11.011
https://doi.org/10.1056/NEJMra1514009
https://doi.org/10.1016/j.tem.2011.01.002
https://doi.org/10.1021/acs.jafc.0c06279
https://doi.org/10.1016/j.jff.2020.103829
https://doi.org/10.1016/j.ijfoodmicro.2010.10.036
https://doi.org/10.1039/C8FO00100F
https://doi.org/10.3748/wjg.v16.i27.3394
https://doi.org/10.1186/s40168-022-01374-0


Nutrients 2023, 15, 4104 13 of 14

15. Aoki, R.; Kamikado, K.; Suda, W.; Takii, H.; Mikami, Y.; Suganuma, N.; Hattori, M.; Koga, Y. A proliferative probiotic Bifidobac-
terium strain in the gut ameliorates progression of metabolic disorders via microbiota modulation and acetate elevation. Sci. Rep.
2017, 7, 43522. [CrossRef]

16. Li, A.; Wang, J.; Zhang, X.; Kou, R.; Chen, M.; Zhang, B.; Liu, J.; Peng, B.; Zhang, Y.; Wang, S. Cold-Brewed Jasmine Tea Attenuates
High-Fat Diet-Induced Obesity and Gut Microbial Dysbiosis. Nutrients 2022, 14, 5359. [CrossRef]

17. Wang, Y.; Zou, Y.; Wang, J.; Ma, H.; Zhang, B.; Wang, S. The Protective Effects of 2′-Fucosyllactose against E. coli O157 Infection
Are Mediated by the Regulation of Gut Microbiota and the Inhibition of Pathogen Adhesion. Nutrients 2020, 12, 1284. [CrossRef]

18. He, M.M.; Fang, Z.; Hang, D.; Wang, F.; Polychronidis, G.; Wang, L.; Lo, C.H.; Wang, K.; Zhong, R.; Knudsen, M.D.; et al.
Circulating liver function markers and colorectal cancer risk: A prospective cohort study in the UK Biobank. Int. J. Cancer 2020,
148, 1867–1878. [CrossRef]

19. Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C.; et al.
Metabolic Endotoxemia Initiates Obesity and Insulin Resistance. Diabetes 2007, 56, 1761–1772. [CrossRef]

20. Blaak, E.E.; Canfora, E.E.; Theis, S.; Frost, G.; Groen, A.K.; Mithieux, G.; Nauta, A.; Scott, K.; Stahl, B.; van Harsselaar, J.; et al.
Short chain fatty acids in human gut and metabolic health. Benef. Microbes 2020, 11, 411–455. [CrossRef]

21. Liu, H.; Wang, J.; He, T.; Becker, S.; Zhang, G.; Li, D.; Ma, X. Butyrate: A Double-Edged Sword for Health? Adv. Nutr. 2018,
9, 21–29. [CrossRef]

22. Hou, C.; Zhang, W.; Li, J.; Du, L.; Lv, O.; Zhao, S.; Li, J. Beneficial Effects of Pomegranate on Lipid Metabolism in Metabolic
Disorders. Mol. Nutr. Food Res. 2019, 63, 1800773. [CrossRef]

23. Cani, P.D.; Van Hul, M.; Lefort, C.; Depommier, C.; Rastelli, M.; Everard, A. Microbial regulation of organismal energy homeostasis.
Nat. Metab. 2019, 1, 34–46. [CrossRef]

24. Kobyliak, N.; Conte, C.; Cammarota, G.; Haley, A.P.; Styriak, I.; Gaspar, L.; Fusek, J.; Rodrigo, L.; Kruzliak, P. Probiotics in
prevention and treatment of obesity: A critical view. Nutr. Metab. 2016, 13, 14. [CrossRef] [PubMed]

25. Schellekens, H.; Torres-Fuentes, C.; van de Wouw, M.; Long-Smith, C.M.; Mitchell, A.; Strain, C.; Berding, K.; Bastiaanssen, T.F.S.;
Rea, K.; Golubeva, A.V.; et al. Bifidobacterium longum counters the effects of obesity: Partial successful translation from rodent
to human. EBioMedicine 2021, 63, 103176. [CrossRef]

26. Sohn, M.; Jung, H.; Lee, W.S.; Kim, T.H.; Lim, S. Effect of Lactobacillus plantarum LMT1-48 on Body Fat in Overweight Subjects A
Randomized, Double-Blind, Placebo-Controlled Trial. Diabetes Metab. J. 2021, 47, 92–103. [CrossRef] [PubMed]

27. Kim, D.-H.; Jeong, D.; Kang, I.-B.; Kim, H.; Song, K.-Y.; Seo, K.-H. Dual function ofLactobacillus kefiriDH5 in preventing
high-fat-diet-induced obesity: Direct reduction of cholesterol and upregulation of PPAR-α in adipose tissue. Mol. Nutr. Food Res.
2017, 61, 1700252. [CrossRef] [PubMed]

28. Dang, F.; Jiang, Y.; Pan, R.; Zhou, Y.; Wu, S.; Wang, R.; Zhuang, K.; Zhang, W.; Li, T.; Man, C. Administration of Lactobacillus
paracasei ameliorates type 2 diabetes in mice. Food Funct. 2018, 9, 3630–3639. [CrossRef]

29. Zhang, J.; Wang, S.; Zeng, Z.; Qin, Y.; Shen, Q.; Li, P. Anti-diabetic effects of Bifidobacterium animalis 01 through improving
hepatic insulin sensitivity in type 2 diabetic rat model. J. Funct. Foods 2020, 67, 103843. [CrossRef]

30. Ray, M.; Hor, P.K.; Ojha, D.; Soren, J.P.; Singh, S.N.; Mondal, K.C. Bifidobacteria and its rice fermented products on diet induced
obese mice: Analysis of physical status, serum profile and gene expressions. Benef. Microbes 2018, 9, 441–452. [CrossRef]

31. Rodríguez, A.; Ezquerro, S.; Méndez-Giménez, L.; Becerril, S.; Frühbeck, G. Revisiting the adipocyte: A model for integration of
cytokine signaling in the regulation of energy metabolism. Am. J. Physiol. Endocrinol. Metab. 2015, 309, E691–E714. [CrossRef]
[PubMed]

32. Falcão-Pires, I.; Castro-Chaves, P.; Miranda-Silva, D.; Lourenço, A.P.; Leite-Moreira, A.F. Physiological, pathological and potential
therapeutic roles of adipokines. Drug Discov. Today 2012, 17, 880–889. [CrossRef] [PubMed]

33. Morigny, P.; Boucher, J.; Arner, P.; Langin, D. Lipid and glucose metabolism in white adipocytes: Pathways, dysfunction and
therapeutics. Nat. Rev. Endocrinol. 2021, 17, 276–295. [CrossRef] [PubMed]

34. Park, S.; Ji, Y.; Jung, H.-Y.; Park, H.; Kang, J.; Choi, S.-H.; Shin, H.; Hyun, C.-K.; Kim, K.-T.; Holzapfel, W.H. Lactobacillus
plantarum HAC01 regulates gut microbiota and adipose tissue accumulation in a diet-induced obesity murine model. Appl.
Microbiol. Biotechnol. 2016, 101, 1605–1614. [CrossRef] [PubMed]

35. Jang, H.M.; Han, S.K.; Kim, J.K.; Oh, S.J.; Jang, H.B.; Kim, D.H. Lactobacillus sakei Alleviates High-Fat-Diet-Induced Obesity and
Anxiety in Mice by Inducing AMPK Activation and SIRT1 Expression and Inhibiting Gut Microbiota-Mediated NF-κB Activation.
Mol. Nutr. Food Res. 2019, 63, 1800978. [CrossRef] [PubMed]

36. Wang, P.; Loh, K.H.; Wu, M.; Morgan, D.A.; Schneeberger, M.; Yu, X.; Chi, J.; Kosse, C.; Kim, D.; Rahmouni, K.; et al. A
leptin–BDNF pathway regulating sympathetic innervation of adipose tissue. Nature 2020, 583, 839–844. [CrossRef]

37. Friedman, J.M.; Halaas, J.L. Leptin and the regulation of body weight in mammals. Nature 1998, 395, 763–770. [CrossRef]
38. Maeda, N.; Shimomura, I.; Kishida, K.; Nishizawa, H.; Matsuda, M.; Nagaretani, H.; Furuyama, N.; Kondo, H.; Takahashi, M.;

Arita, Y.; et al. Diet-induced insulin resistance in mice lacking adiponectin/ACRP30. Nat. Med. 2002, 8, 731–737. [CrossRef]
39. Langin, D.; Arner, P. Importance of TNFα and neutral lipases in human adipose tissue lipolysis. Trends Endocrinol. Metab. 2006,

17, 314–320. [CrossRef]
40. Magne, F.; Gotteland, M.; Gauthier, L.; Zazueta, A.; Pesoa, S.; Navarrete, P.; Balamurugan, R. The Firmicutes/Bacteroidetes Ratio:

A Relevant Marker of Gut Dysbiosis in Obese Patients? Nutrients 2020, 12, 1474. [CrossRef]

https://doi.org/10.1038/srep43522
https://doi.org/10.3390/nu14245359
https://doi.org/10.3390/nu12051284
https://doi.org/10.1002/ijc.33351
https://doi.org/10.2337/db06-1491
https://doi.org/10.3920/BM2020.0057
https://doi.org/10.1093/advances/nmx009
https://doi.org/10.1002/mnfr.201800773
https://doi.org/10.1038/s42255-018-0017-4
https://doi.org/10.1186/s12986-016-0067-0
https://www.ncbi.nlm.nih.gov/pubmed/26900391
https://doi.org/10.1016/j.ebiom.2020.103176
https://doi.org/10.4093/dmj.2021.0370
https://www.ncbi.nlm.nih.gov/pubmed/35487505
https://doi.org/10.1002/mnfr.201700252
https://www.ncbi.nlm.nih.gov/pubmed/28691342
https://doi.org/10.1039/C8FO00081F
https://doi.org/10.1016/j.jff.2020.103843
https://doi.org/10.3920/BM2017.0056
https://doi.org/10.1152/ajpendo.00297.2015
https://www.ncbi.nlm.nih.gov/pubmed/26330344
https://doi.org/10.1016/j.drudis.2012.04.007
https://www.ncbi.nlm.nih.gov/pubmed/22561894
https://doi.org/10.1038/s41574-021-00471-8
https://www.ncbi.nlm.nih.gov/pubmed/33627836
https://doi.org/10.1007/s00253-016-7953-2
https://www.ncbi.nlm.nih.gov/pubmed/27858139
https://doi.org/10.1002/mnfr.201800978
https://www.ncbi.nlm.nih.gov/pubmed/30636176
https://doi.org/10.1038/s41586-020-2527-y
https://doi.org/10.1038/27376
https://doi.org/10.1038/nm724
https://doi.org/10.1016/j.tem.2006.08.003
https://doi.org/10.3390/nu12051474


Nutrients 2023, 15, 4104 14 of 14

41. Parkar, S.G.; Trower, T.M.; Stevenson, D.E. Fecal microbial metabolism of polyphenols and its effects on human gut microbiota.
Anaerobe 2013, 23, 12–19. [CrossRef] [PubMed]

42. Kong, C.; Gao, R.; Yan, X.; Huang, L.; Qin, H. Probiotics improve gut microbiota dysbiosis in obese mice fed a high-fat or
high-sucrose diet. Nutrition 2019, 60, 175–184. [CrossRef] [PubMed]

43. Cani, P.D.; de Vos, W.M. Next-Generation Beneficial Microbes: The Case of Akkermansia muciniphila. Front. Microbiol. 2017, 8,
1765. [CrossRef] [PubMed]

44. Chen, S.; Xu, M.; Zhou, M.; He, Y.; Li, Y.; Lang, H.; Wei, X.; Yan, L.; Xu, H. Hibiscus manihot L improves obesity in mice induced
by a high-fat diet. J. Funct. Foods 2022, 89, 104953. [CrossRef]

45. Liu, J.; He, Z.; Ma, N.; Chen, Z.-Y. Beneficial Effects of Dietary Polyphenols on High-Fat Diet-Induced Obesity Linking with
Modulation of Gut Microbiota. J. Agric. Food Chem. 2019, 68, 33–47. [CrossRef]

46. Louis, P.; Duncan, S.H.; McCrae, S.I.; Millar, J.; Jackson, M.S.; Flint, H.J. Restricted Distribution of the Butyrate Kinase Pathway
among Butyrate-Producing Bacteria from the Human Colon. J. Bacteriol. 2004, 186, 2099–2106. [CrossRef]

47. Murphy, K.G.; Bloom, S.R. Gut hormones and the regulation of energy homeostasis. Nature 2006, 444, 854–859. [CrossRef]
48. Maslowski, K.M.; Vieira, A.T.; Ng, A.; Kranich, J.; Sierro, F.; Di, Y.; Schilter, H.C.; Rolph, M.S.; Mackay, F.; Artis, D.; et al.

Regulation of inflammatory responses by gut microbiota and chemoattractant receptor GPR43. Nature 2009, 461, 1282–1286.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.anaerobe.2013.07.009
https://www.ncbi.nlm.nih.gov/pubmed/23916722
https://doi.org/10.1016/j.nut.2018.10.002
https://www.ncbi.nlm.nih.gov/pubmed/30611080
https://doi.org/10.3389/fmicb.2017.01765
https://www.ncbi.nlm.nih.gov/pubmed/29018410
https://doi.org/10.1016/j.jff.2022.104953
https://doi.org/10.1021/acs.jafc.9b06817
https://doi.org/10.1128/JB.186.7.2099-2106.2004
https://doi.org/10.1038/nature05484
https://doi.org/10.1038/nature08530

	Introduction 
	Materials and Methods 
	Probiotic Strain 
	Animal Experiments 
	Serum Biochemical Analysis 
	Histological Examination 
	Quantification of Gene Expression 
	Short-Chain Fatty Acid (SCFAs) Determination 
	Gut Microbiota Profiling 
	Statistical Analysis 

	Results 
	FB3-14 Inhibited Overweight and Dyslipidemia 
	FB3-14 Alleviated Lipid Accumulation and Lipid Metabolism Disorders 
	FB3-14 Ameliorated Impaired Liver Function and Systemic Low-Grade Inflammation 
	Effects of FB3-14 on Intestinal Flora Structure Disturbance 
	FB3-14 Restored Lipid Metabolism by Upregulating Butyric Aid Content 
	Correlation Analysis between Intestinal Microbiota and Metabolic Parameters 

	Discussion 
	Conclusions 
	References

