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Obesity has become a growing concern around the world. The purpose of this study was to investigate the
potential beneﬁt of Biﬁdobacterium pseudolongum (B. pseudolongum) on obesity, gut microbiota, and its physiological mechanism. The obese mice model was established with a high-fat diet (HFD), and the treatment were
used the strain B. pseudolongum. We investigated the changes in fat content, plasma metabolites and gut microbiota on obese mice and B. pseudolongum treated obese mice. We found that B. pseudolongum treatment
signiﬁcantly decreased the body mass (about 12 %), plasma triglycerides (about 12.4 %), gross energy intake
(about 12.8 %), and visceral fat (about 26.5 %) in obese mice. Further, High-throughput pyrosequencing of the
16S rRNA demonstrated that B. pseudolongum treatment markedly recovered the gut microbiota dysbiosis in
obese mice, including the diversity of microbiota and the ratio of Firmicutes to Bacteroidetes. B. pseudolongum
treatment increased the abundance of the bacterial genus Butyricimonas and Biﬁdobacterium. Therefore, B.
pseudolongum may have therapeutic potential for the treatment of diet-induced obesity (DIO). B. pseudolongum
treatment could change host gut microbiota and provide beneﬁts to host digestive processes that mitigate metabolic diseases.

1. Introduction
The rising incidence of obesity is associated with various health
complications, including Type 2 diabetes mellitus, hyperlipemia, and
insulin resistance [1]. Consumption of high-fat diets (HFD) is one of the
major cause of obesity. For example, after mice are switched from a
low-fat diet that is rich in plant polysaccharides to a high-fat diet,
within two weeks they develop more adiposity [2]. Importantly, HFD
strongly increased intestinal permeability and causes lipopolysaccharide to enter the blood, leads to low-grade systemic obesity [3].
Besides, visceral fat excess has been associated with decreased peripheral insulin sensitivity, and has been suggested to contribute to hepatic insulin resistance [4].
Studies in rodents, and humans all implicate that gut microbiota can
aﬀect energy homeostasis [3,5]. Meanwhile, sequence-based studies
have highlighted diﬀerences in gut microbiota composition between
obese and lean mice [6]. Recently, numerous studies have shown the
role of gut microbiota in regulating obesity [7–9]. However, germ-free

mice ingesting an HFD do not gain weight or adiposity and do not
display other metabolic eﬀects [10]. Growing evidence suggests that
gut microbiota can contribute to host metabolism through communication with adipose tissue, which inﬂuences the development of
metabolic alterations associated with obesity [11].
Because of the special relationship between obesity and microbiota,
it is a trend to treat obesity by regulating microbiota. A series of animal
studies have found that probiotics signiﬁcantly decreased diet-induced
weight gain [12]. Meanwhile, a study has shown that mice fed with a
probiotic mixture signiﬁcantly decreased serum cholesterol and LDL
cholesterol compared to control mice [13]. Recently, supplementation
with Akkermansia muciniphila improves several metabolic parameters
[14] and gut bacterium Parabacteroides goldsteinii, represent novel
prebiotics and probiotics that may be used to treat obesity and type 2
diabetes [15]. There are many kinds of probiotics, such as Lactobacillus,
Biﬁdobacterium (including one clinical trial), showed that insulin sensitivity was preserved as a result of the Lactobacillus acidophilus intervention [16]. Furthermore, the administration of a mixture composed
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USA). GEI, DEI and digestibility calculated as follows:

of Lactobacillus rhamnosus LMG S-28148 and Biﬁdobacterium animalis
subsp. lactis LMG P-28149 (Mix), showed a signiﬁcant decrease in dietinduced weight gain [12]. Many studies have shown the Lactobacillus
spp. and Biﬁdobacterium spp. can modulate the gut microbiota and attenuate metabolic syndrome in high-fat diet-fed mice [17].
Biﬁdobacteria are Gram-positive, anaerobic, saccharolytic bacteria
that belong to the phylum Actinobacteria, they mainly occur in the
gastrointestinal tract of mammals, birds, and insects [18,19], and until
now 57 (sub)species have been included in this bacterial genus [20,21]
including Biﬁdobacterium pseudolongum. In the last 15 years due to
widespread interest in using Biﬁdobacteria as health-promoting microorganisms, i.e., known as probiotics, in the food industry [22]. Biﬁdobacterium B. pseudolongum is the most frequent species in animal gut
[23,24]. One research showed B. pseudolongum has considerable capacity to carry out hydrolysis starch and indicates that B. pseudolongum
has a role as a keystone species, potentially encouraging a bloom of that
other species to occur [25]. However, little is known about the role of B.
pseudolongum in fat metabolism in a high-fat-diet. So, here, using obese
mice as a model, we address two key questions: (i) Can B. pseudolongum
alleviate obesity induced by HFD? and (ii) Whether the change in the
microbiota related the improvement in HFD-induced phenotype?

GEI (kJ/d) = food intake (g/d) × dry matter content of the diet (%) ×
energy content of food (kJ/g);
DEI (kJ/d)=GEI (kJ/d) –dry feces mass (g/d) × gross energy content
of feces (kJ/g);
Digestibility (%)= DEI/GEI × 100 %. (digestibility: is the percentage
of a foodstuﬀ taken into the digestive tract that is absorbed into the
body).

2.3. Measurements of fast blood glucose
Animals were deprived of food for at least 8 h before the start of the
measurements. Their tail tip blood was taken and measured with a
blood glucose meter (model: FreeStyle Freedom Lite. Abbott Diabetes
Care Ltd. UK) and test paper (Abbott, FreeStyle Lite, UK).
2.4. Glucose tolerance test (GTT)
Mice fasted for 8 h before the intraperitoneal injection of 20 %
glucose solution (2 mg/ g body weight). Blood glucose levels from tail
vein were measured at baseline, 15, 30, 60 and 120 min after glucose
injection by using a blood glucose meter (the USA, model: FreeStyle
Freedom Lite) and test paper.

2. Materials and methods
2.1. Animals and experimental design
All animals were licensed under the Animal Care and Use
Committee of the Institute of Zoology, the Chinese Academy of
Sciences. C57BL/6 J mice (6–7 weeks old) was bought from Beijing
Vital River Laboratory Animal Technology Co., Ltd. Mice were housed
individually in plastic cages (29 × 18 × 16 cm), and were maintained
at the room temperature of 23 ± 1 °C, under a photoperiod of 16L:8D.
During the test, food and water were provided ad libitum. The animal
experiments approved by a regulatory institution and performed according to established guidelines.
Standard rodent chow food：Fat was 6.2 %, carbohydrate was 35.6
%, protein was 20.8 % and the caloriﬁc value was 17.6KJ/g. (Beijing
Keao Xieli Feed Co.)
High-fat food: Fat was 60 %, carbohydrate was 20 %, protein was 20
% and the caloriﬁc value was 22.0KJ/g. (Research Diets Inc., D12492,
USA.)
Experiment 1 To determine the eﬀects of HFD on metabolic phenotypes, 20 male C57BL/6 J mice were stabilized at 23 ± 1 °C for 3
weeks with standard food, and then randomly assigned to one of two
food groups (n = 10). One group continued to be fed with standard
rodent chow food (CHD), while the other was fed with HFD for 8 weeks.
Experiment 2 To determine the therapeutic eﬀect of B. pseudolongum
on obesity induced by HFD, 16 male C57BL/6 J mice were fed with
high-fat food for 8 weeks, and then randomly assigned to one of two
food groups(n = 8). One group continued to be fed with high-fat food
(HFD-PBS) for 6 weeks, while the other was fed with high-fat food and
gavage B. pseudolongum every day for 6 weeks (HFD-Pse.).
The dosage of B. pseudolongum was converted according to the
calculation method of the body surface area. Adults' daily probiotic
intake was 1 × 1011 CFU. The coeﬃcient r was found by referring to
the scale of the surface area of experimental animals and the human
body. Calculating the dosage (CFU/g) of intragastric administration in
mice by the formula: r × 1 × 1011 CFU / body mass (g)

2.5. Measurements of blood lipids (CHOL, TG, LDL-C, HDL-C),
glycosylated hemoglobin and insulin
CHOL: total serum cholesterol; TG: triglycerides; LDL-C: low density
lipoprotein cholesterol; HDL-C: high density lipoprotein-cholesterol.
The orbital blood was collected in two tubes, and 100 ml of whole
blood was mixed with 10 μl anticoagulant (EDTA) to prepare glycosylated hemoglobin. The rest of the whole blood was kept at room temperature for 1 h, 4 °C, 4000 rpm centrifugation for 30 min. The supernatant was collected. Serum CHOL and TG levels were determined by
oxidase method using kits (Beijing XinChuangYuan, Beijing, China),
whereas serum LDL-C and HDL-C levels were used the direct method to
test (Beijing XinChuangYuan, Beijing, China).
Insulin was quantiﬁed by radioimmunoassay using a mouse RIA kit
(China Institute of Atomic Energy, Beijing, China) according to the
instructions. The minimum detected concentration by this kit was
0.13 ng/mL.
2.6. Measurement of body fat content
Total body fat, subcutaneous and visceral fat were measured by
Quantum GX, which is a multi-object micro-CT system capable of
imaging mice, rats, and rabbits. Animals are allowed to smoke for three
minutes with isopentane in air. Then mice were scanned for about
1.5 min in a microCT system (Quantum FX MicroCT; Perkin Elmer,
Waltham, MA, USA). 1024 projections were acquired during the
360°rotation with a ﬁeld of view of 70 mm transversely and 100 mm
axially. The software Analyze 12.0 was used to quantitatively analyze
the datasets and generate pictures. Regions of interest (ROI) were
drawn on contiguous slices on CT scans and computed as 3D volumes
for the measurements of volumes and densities of indicated adipose
tissues.

2.2. Measurements of body mass, food intake, gross energy intake (GEI),
daily energy intake (DEI) and digestibility

2.7. Gut microbiota analysis

Body mass was measured daily at 9:00 h and food intake was calculated daily from the mass of food missing from the hopper, minus orts
mixed in the bedding. The gross energy content of the food and feces
were then determined using a 1281 oxygen bomb calorimeter (PARR,

DNA from feces was extracted by 2 × CTAB (cetyltrimethylammonium bromide), phenol-chloroform mixture (phenol:
chloroform: isoamyl alcohol = 25:24:1) and SanPrep Column DNA Gel
Extraction Kit (Sangon Biotech, China). DNA purity and concentration
2
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3.2. HFD reduces glucose tolerance and increases blood lipids

were assessed by absorbance on a Nanodrop 2000 (Thermo Fisher
Scientiﬁc, Carlsbad, CA, USA) by measuring the A260/A280 ratio. Only
DNAs with an A260/A280 ratio of 1.8–1.9 were used [26].
Universal primers were used for PCR ampliﬁcation of the V3–V4
hypervariable regions of 16S rRNA genes and contained Illumina
3′adaptor sequences as well as a 12-bp barcode. Sequencing was done
on an Illumina HiSeq 2500. All sequences analysis was provided in the
Quantitative Insights Into Microbial Ecology (QIIME, version 1.9.1)
software suite, according to the Qiime tutorial (http://qiime.org/) with
some modiﬁed methods. Chimeric sequences were removed using
usearch61 with de novo models. OTUs with 97 % similarly were formed
by UCLUST [27].

Fast glucose in the HFD group was higher than the CHD group
(Fig. 1I). GTT results showed that HFD led to a marked increase at the
15 min and lasted to 120 min compared to CHD (Fig. 1J), which means
that glucose tolerance was reduced in the HFD group. After 8-week
HFD, the mice had a higher serum insulin level than CHD mice
(Fig. 1K). HFD induced a higher glycosylated hemoglobin level than
CHD (Fig. 1L). HFD mice showed marked increases in the CHOL, LDL-C,
HDL-C compared with CHD group (Fig. 1M).
3.3. B. pseudolongum reduces visceral fat but not subcutaneous fat
After intragastric administration of probiotics for 6 weeks, body
mass decreased 12 % compared with the HFD-PBS group (Fig. 2A). B.
pseudolongum treatment decreased GEI about 12.8 % (Fig. 2D), while
DEI showed no diﬀerence between two groups (Fig. 2B). B. pseudolongum treatment resulted in a signiﬁcant decrease in digestibility
(Fig. 2C). The distribution of body fat in animals was shown in Fig. 2E.
B. pseudolongum treatment decreased total fat volume about 23.9 %
(Fig. 2F), and visceral fat about 26.5 % (Fig. 2G), although subcutaneous fat did not diﬀer from the HFD group (Fig. 2H).
There was no diﬀerence in fast blood glucose between the HFD-PBS
and HFD-Pse. groups (Fig. 2I). GTT results showed that only blood
glucose changes signiﬁcantly with time, but there is no diﬀerence between groups. (Fig. 2J). B. pseudolongum treatment did not alter serum
insulin level (Fig. 2K). The glycated hemoglobin levels were no different between 2 groups (Fig. 2L). For blood lipids (CHOL, TG, LDL-C
HDL-C), only the TG decreased 12 % after B. pseudolongum treatment
(Fig. 2M).

2.8. Statistical analysis
Data are expressed as mean ± SEM and analyzed with SPSS 20.0
statistic software. Repeated measures ANOVA was used to determine
the signiﬁcance of between-group diﬀerences in body mass and GTT.
Using initial body mass as a covariant, one-way ANOVA was used to
analyze the GEI, DEI, total WAT volume, visceral WAT volume, and
subcutaneous WAT volume. Independent t-test was used to measure the
digestibility, fasting blood glucose and index of serum. All data are
expressed as mean ± SEM. P values < 0.05 were considered as statistically signiﬁcant.
The diﬀerence of α-diversity(Shannon, PD_whole tree, Observed
OTUs, Chao1) was analyed by t-test with SPSS 20.0. Principal
Coordinates Analysis (PCoA) based on unweighted UniFrac distance
was used to visualize the structure of the microbial community.
Signiﬁcance for β-diversity analyses was checked with analysis of similarity (ANOSIM) included in the package “vegan” of the QIIME-incorporated version of “R”. The linear discriminant analysis (LDA) Eﬀect
Size (LEfSe) method was used to assess diﬀerences in microbial communities using a LDA score threshold of 2. The heat map was used to
assess diﬀerences in microbial communities using the abundance of the
genus. In order to do the correlation analysis, the microbial diversity
data were transformed to arcsine function and then use the spream
correlation analysis to obtain the relationship between TG and the
bacteria abundance. The P values were corrected for multiple measurements based on established procedures(Benjamin-Hochberg FDR).
[28]
To explore the functional proﬁles of gut microbiota between HFDPBS and HFD-Pse. groups, PICRUSTv1.0.0 was used to predict gene
content based on OTU abundance of 16S rRNA sequences per sample.
Level 3 of the Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs were used to evaluate the functional potential of bacterial assemblages associated with each stool sample. For diﬀerent predicted
gene functions analyses in STAMP [29], Welch’s t-test was used for the
comparison of two groups (false discovery rate corrected).

3.4. B. pseudolongum improves the structure of gut microbiota
To investigate whether B. pseudolongum causes changes in the gut
microbiota, we collected feces at the end of the experiment. For alpha
diversity of microbiota, the HFD-Pse. group was slightly higher than the
HFD-PBS group, but without any signiﬁcant diﬀerence (Table 1). For
the beta diversity, PCoA analysis based on unweighted UniFrac distance, and the “ANOSIM” test showed no signiﬁcant diﬀerence between
two groups (Fig. 3A).
As expected, Firmicutes and Bacteroidetes were the most abundant
phylum in all samples. We observed the abundance at phylum level in
Bacteroidetes, Firmicutes, Deferribacteres, Cyanobacteria, Spirochaetes,
Actinobacteria, TM7 and Proteobacteria based on factor summary bar
chart (Fig. 3B). At the family level, we also used a factor summary bar
chart to show the diﬀerence between the two groups (Fig. 3C). We
compared the microbiota in HFD-Pse. and HFD-PBS groups using LEfSe
[30]to identify the speciﬁc bacterial taxa associated with treatment of
B. pseudolongum. The results showed Bacteroidetes abundance in HFDPse. group (38.6 %) was higher than HFD-PBS group (17.1 %), and the
abundance of Firmicutes was decreased to 51.8 % in HFD-Pse. group
than 71.6 % in HFD-PBS group (Fig. 3D, LDA > 2, P < 0.05). At the
genus level, the results identiﬁed 3 discriminative features in the microbiota of HFD-Pse. group and 2 in the HFD-PBS group. B. pseudolongum induced major shifts of the microbiota composition, with signiﬁcant increases in proportions of Butyricimonas, Biﬁdobacterium and
Odoribacter, while HFD-PBS increases in Ruminococcus and Roseburia
(Fig. 3E, LDA > 2, P < 0.05). To clearly observe the diﬀerences between the two groups, we made a heat map to compare the diﬀerences
of the top 20 abundance of genus between two groups (Fig. 3F).
Spearman correlation analysis was implemented between the relative
abundance of a major taxon (phylum and genus) TG. At the phylum
level, Bacteroidetes was negatively correlated with TG (FDR P < 0.05,
Table. 2). At the genus level, [Ruminococcus] showed positive correlations with TG (FDR P < 0.05, Table. 3).
Under the analysis of KEGG, we found the gut microbiota of the

3. Results
3.1. HFD leads to hyperphagia and fat accumulation
In experiment 1, there has been a marked increase in body mass
about 42 % in the HFD group compared with the CHD group after acclimation (Fig. 1A). For the daily energy intake, HFD mice had a higher
DEI than the CHD group (Fig. 1B). The mice fed HFD had a higher GEI
than fed in CHD (Fig. 1C). HFD led to a signiﬁcant increase in digestibility compared with the CHD group (Fig. 1D).
The distribution of body fat in animals was shown in Fig. 1E. The
total fat volume in group HFD was signiﬁcantly higher than that in
group CHD (Fig. 1F), the visceral fat (Fig. 1G) and subcutaneous fat
(Fig. 1H) in HFD group were 202 % and 205 % higher than those in the
CHD group, respectively.
3
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Fig. 1. Comparison of energy metabolism between HFD and CHD group (n = 10). (A) A marked increase in body mass in the HFD group compared with the CHD
group (t = 12.962, df = 18, P < 0.001). (B)The DEI in HFD group was higher than CHD (F(1,17) = 7.026, P = 0.017). (C) The GEI in HFD group was higher than
CHD (F(1,17) = 29.129, P < 0.001). (D) HFD led to a signiﬁcant increase in digestibility (t = 5.964, df = 18, P < 0.001). (E) CT results of fat volume. (F) The
volume of total fat in HFD was signiﬁcantly higher than CHD (F(1,17) = 19.019, P < 0.001). (G) The volume of visceral fat in HFD group was higher than CHD group
(F(1,17) = 20.780, P < 0.001,). (H) The volume of subcutaneous fat in HFD was higher than CHD group(F(1,17) = 15.280, P < 0.001). (I) Fast glucose in the HFD
group was higher than the CHD group (t = 3.743, df = 18, P = 0.001). (J) GTT results of two groups (Time: F = 156.27, P < 0.001, group: F = 12.306, P = 0.003.
interaction: P < 0.001). (K) HFD increased content of insulin in the blood (t = 3.569, df = 18, P < 0.001). (L) HFD induced a higher glycosylated hemoglobin level
than CHD (t = 2.636, df = 18, P = 0.017). (M) Lipids four (CHOL, TG, LDL-C, HDL-C) in two groups. HFD mice showed marked increases in the CHOL(t=−6.868,
df = 18, P < 0.001), LDL-C(t=−5.093, df = 18, P < 0.001), HDL-C(t=−4.481, df = 18, P < 0.001) compared with CHD group. Data are means ± SEM. *P <
0.05, **P < 0.01, and ***P < 0.001.

mice model based on an 8-week administration of high-fat diet (HFD),
characterized by signiﬁcant increases in body mass, fat mass, and blood
lipids. Our results showed that the body mass, visceral fat and TG
content of obese mice decreased after B. pseudolongum treatment.
Besides, we found B. pseudolongum changes the structure of gut microbiota in HFD mice. In obese mice, B. pseudolongum treatment
markedly increased the abundance of the bacterial genus Butyricimonas
and Biﬁdobacterium. Our results demonstrate that the administration of
B. pseudolongum improved the intestinal environment, increased the
colonization of beneﬁcial bacteria, and reduced the digestion and absorption of DIO mice. Therefore, B. pseudolongum is a potential probiotic and may play a role in reducing body mass and maintaining

HFD-Pse. group was signiﬁcantly decreased in several functional categories, compared to the HFD-PBS group (Fig. 3G). These diﬀerent
functional categories were related to carbohydrate metabolism (e.g.
glycosphingolipid biosynthesis), lipid metabolism (e.g. adipocytokine
signaling pathway, lipid biosynthesis), amino acid metabolism (e.g. Ala,
asp and glu acid metabolism, amino acid related enzymes), and cell
signaling molecules (e.g. transcription factors, citrate cycle).

4. Discussion
To demonstrate the relationship between the B. pseudolongum and
the status of glucose and lipid metabolism, we established an obese
4
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Fig. 2. Comparison of energy metabolism between HFD-PBS and HFD-Pse.groups (n = 8). (A) Changes in body mass (P < 0.05). (B) DEI was no diﬀerent between
two groups (F(1,13) = 0.629, P = 0.442), (C) digestibility was decreased in HFD group (t = 3.966, df = 14, P = 0.001). (D) GEI was decreased in HFD group
(P = 0.043,). (E) CT results of fat volume. (F) The volume of total fat was decreased in HFD group (F(1,13) = 6.154, P = 0.028). (G) The volume of visceral fat was
decreased in HFD group(F(1,13) = 7.421, P = 0.017). (H) The volume of subcutaneous fat was no diﬀerent between two groups (F(1,13) = 3.270, P = 0.094). (I) Fast
glucose of two groups (P > 0.05). (J) GTT results of two groups (Time: F = 40.175, P < 0.001, group: F = 0.06, P = 0.8. interaction: P = 0.492). Content of
insulin(K) and glycosylated hemoglobin (L) in the blood were no diﬀerent between two groups (P > 0.05). (M) The lipids four (CHOL, TG, LDL-C HDL-C) in two
groups, only TG decreased in HFD-Pse.group (t = 2.95, df = 14, P = 0.011), others were no diﬀerence. Data are means ± SEM. *P < 0.05, **P < 0.01, and
***P < 0.001.

showed that compared with CHD group, HFD increased body mass, DEI,
GEI, digestibility, total fat, subcutaneous fat and visceral fat. For carbohydrate metabolism, compared with CHD group, the fast glucose and
insulin increased and glucose tolerance was reduced in the HFD group.
Visceral fat excess has been associated with decreased peripheral insulin sensitivity [4], speciﬁcally speaking, insulin resistance induced by
an HFD is due to increased visceral fat accumulation [33]. For lipid

health in obese humans.
4.1. B. pseudolongum can reduce visceral fat, TG and regulate energy
metabolism
Previously, studies have shown that HFD can cause obesity, insulin
resistance and elevated blood lipids in mice [31,32]. Our results
Table 1
The alpha diversity of gut microbiota in HFD-PBS and HFD-Pse. groups (t-test).
Groups

Shannon

PD_whole tree

Observed OTUs

Chao1

HFD-Pse.
HFD-PBS
P-value

7.77 ± 0.16
7.35 ± 0.24
0.161

251.89 ± 10.07
242.83 ± 8.75
0.508

6764.50 ± 373.9
6524.25 ± 333.25
0.639

17302.35 ± 846.09
15973.82 ± 828.69
0.281
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Fig. 3. Probiotic shaped diversity and composition of gut microbiota in HFD-PBS and HFD-Pse.groups (n = 8). (A)PCoA based on unweighted UniFrac analysis. Each
symbol represents a single sample(ANOSIM, P = 0.197). (B) Taxonomy composition at the phylum level of HFD-PBS and HFD-Pse.groups. (C) Taxonomy composition
at the genus level of HFD-PBS and HFD-Pse.groups. (D) LEfSe identiﬁed the most diﬀerentially abundant taxa at the phylum level between HFD-PBS and HFDPse.groups. (Bacteroidetes: LDA value = 5.24, P= 0.001, Firmicutes:LDA value = 5.17, P= 0.005). (E) LEfSe identiﬁed the most diﬀerentially abundant taxa at the
genus level between HFD-PBS and HFD-Pse.groups(LDA > 2, P < 0.05). (F) Heat map of the top 20 abundance of genus between 2 groups. (G) KEGG pathway
analysis showing pathways that were signiﬁcantly diﬀerent between HFD-PBS and HFD-Pse.groups. (corrected P < 0.05). Data are means ± SEM. *P < 0.05,
**P < 0.01.

reduced, which is consistent with the study by others, Khalili et al.,
found that the total energy intake of mice in the Lactobacillus casei
group was signiﬁcantly reduced [37]. For the metabolism of glucose,
the supplement of B. pseudolongum can not alleviate the dysfunction of
blood glucose metabolism caused by HFD, although there is a slight
decrease in fast glucose, there is no diﬀerence in GTT. A reasonable
explanation for such a result is that analysis of a single strain of probiotics has no signiﬁcant eﬀect on fasting blood glucose levels, the
combination of multiple probiotics is more eﬀective in reducing fasting
blood glucose levels [38]. Supplementation with probiotics was shown
to reduce total serum cholesterol by 25 % and the sum of very-lowdensity lipoprotein (VLDL), intermediate-density lipoprotein (IDL) and
LDL cholesterol by 42 % in hypercholesterolemia-induced rats [39]·
However, in our results, B. pseudolongum has no signiﬁcant eﬀect on the
CHOL, HDL, and LDL, which may explain the gap between single strain
and probiotics mix. Consisted with us, another research showed after
taking capsules and yogurt containing BB-12(Biﬁdobacterium animalis
subsp. lactis BB-12®) for a period of time, participants' total / LDL / HDL
cholesterol and triglycerides did not change [40]. Importantly, we
found B. pseudolongum treatment signiﬁcantly restrained plasma triglyceride caused by HFD, it shows that it has a certain health function.
In accordance with our results, Cani et al. showed Lactobacillus can
decrease hepatic tissue inﬂammation and reduce the hepatic TG content
[41]. Another study found Biﬁdobacteria was associated with reductions
in serum and liver triglycerides, and signiﬁcantly alleviated lipid deposition in the liver [42]. Accumulating evidence suggests that supplementation with probiotics could have reductions in serum TC and
LDL-C [43], and these ﬁndings imply that the probiotics via microbiota
exert metabolic function to a certain extent [44].

Table 2
Phylum abundances signiﬁcantly correlated with TG in blood.
Phylum level

Spearm

P value

FDR-P value

Actinobacteria
Bacteroidetes
Cyanobacteria
Deferribacteres
Firmicutes
Proteobacteria
Spirochaetes
Tenericutes
TM7
Verrucomicrobia

−0.153
−.699*
0.301
0.326
.553
−0.4
−0.115
0.236
0.329
−0.055

0.571
0.003
0.257
0.218
0.026
0.125
0.671
0.379
0.214
0.841

0.72373913
0.0435
0.452058824
0.4466
0.107714286
0.329545455
0.757346154
0.578473684
0.4466
0.903296296

Spearman correlation analysis is used. P-value has been corrected using the
Benjamini’s approach. The signiﬁcance is indicated by *FDR-P < 0.05.
Table 3
Genus abundances signiﬁcantly correlated with TG in blood.
Genus level

Spearm

P value

FDR-P value

g__Biﬁdobacterium
g__Adlercreutzia
g__Butyricimonas
g__Odoribacter
g__[Prevotella]
g__Bacteroides
g__Parabacteroides
g__Prevotella
g__Mucispirillum
g__Lactobacillus
g__Lactococcus
g__Dehalobacterium
g__[Ruminococcus]
g__Coprococcus
g__Roseburia
g__Oscillospira
g__Ruminococcus
g__Bilophila
g__Desulfovibrio

−.559
0.27
−.596
−.612
0.027
−.566
−.507
−0.425
0.326
0.14
0.204
−0.317
.684*
−0.152
0.473
−0.296
−0.167
−0.112
−0.043

0.024
0.312
0.015
0.012
0.922
0.022
0.045
0.101
0.218
0.605
0.45
0.231
0.003
0.574
0.064
0.265
0.537
0.679
0.875

0.107714286
0.502666667
0.107714286
0.107714286
0.922
0.107714286
0.163125
0.2929
0.4466
0.731041667
0.6525
0.4466
0.0435
0.72373913
0.206222222
0.452058824
0.72373913
0.757346154
0.90625

4.2. B. pseudolongum alleviate obesity by altering the gut microbiota
Obesity has been associated with structural alterations in the gut
microbiota in both animals and humans, suggesting a potential relationship between speciﬁc microbial taxa or gene functions and obesity
[45]. Many researches showed high-fat food can decrease alpha diversity [46]. Although some papers supported that probiotic supplementation can increase the diversity of gut microbiota [47], some
studies have conﬁrmed that after supplementation with prebiotics in
the elderly, the alpha and beta diversity of the gut microbiota has not
changed signiﬁcantly [48,49]. For example, in the study by Simon et al.
[50], the overall composition of fecal microbiota was unaﬀected by
probiotic supplementation both in terms of alpha and beta diversity.
Our results found that probiotic supplementation resulted in a slight
increase in alpha diversity, but was not signiﬁcant. It may be because
we only use a single type of bacteria, which is not enough to ﬁght the
huge impact of high-fat foods. Recent studies on the human gut microbiota have shown that obesity may be associated with a reduction in
Bacteroidetes, and an increase in Firmicutes [51], with the same results
being found in mice [2,52,53]. Our results indicate that B. pseudolongum
led to a decrease in the ratio of Firmicutes to Bacteroidetes, which suggests the role of B. pseudolongum in reducing obesity. A decrease in
Bacteroidetes abundance is likely to increase bacterial endotoxin passage
into the bloodstream, a major factor contributing to inﬂammation
status and adiposity with obesity [3]. Increased abundance of Firmicutes
in the gut microbiota has been suggested to increase the capacity to
harvest energy from the diet, thus promoting more eﬃcient absorption

Spearman correlation analysis is used. P-value has been corrected using the
Benjamini’s approach. The signiﬁcance is indicated by *FDR-P < 0.05.

metabolism, CHOL, LDL-C, HDL-C increased in the HFD group. This is
consistent with other studies, like mice in the high fat diet (HFD) group
presented elevated plasma levels of total cholesterol, VLDL/LDL and
HDL compared to baseline values although TG levels remained unchanged [34].
Our results showed B. pseudolongum treatment signiﬁcantly decreases the body mass caused by HFD. This is consistent of some evidence from animal studies that suggest that probiotics administration
may reduce body mass in response to an HFD. For example,
Lactobacillus eﬀectively suppressed body weight gain and reduced the
adipose tissue weight in mice fed an HFD diet for 9 weeks [35].
Moreover, the daily administration of Akkermansia muciniphila to HFDinduced obese mice for 4-weeks reduced body weight with no changes
in food intake [36]. In our results, the decrease in body mass was
mainly due to the decrease in visceral fat volume. Although subcutaneous fat did not decrease, the reduction of visceral fat was enough
to improve host health and reduce metabolic diseases. And we found
that the gross energy intake of mice in the probiotic-treated group was
7
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members of the Animal Physiological Ecology Group, Institute of
Zoology of the Chinese Academy of Sciences, for their helpful discussion and suggestion.

of calories and subsequent weight gain [54]. Additionally, in the present study we found that the B. pseudolongum induced signiﬁcant increases in proportions of Butyricimonas, Biﬁdobacterium, and Odoribacter
at the genera level, showing these bacteria may reduce obesity to some
extent. Butyricimonas increased the production of butyrate to increase
intestinal barrier integrity and decrease mucus degradation [55] as well
as decreasing the development of metabolic endotoxemia and obesityassociated inﬂammation [56,57]. Biﬁdobacterium has been reported to
exert multiple beneﬁcial eﬀects on metabolic syndromes, such as
weight loss, reduced visceral fat, and improved glucose tolerance in
both animal and human studies. Therefore, B. pseudolongum can restore
the imbalance of gut microbiota in DIO mice, which plays a crucial role
in ensuring the eﬃcacy of obesity treatments.
By testing the association between the gut microbiota composition
and various metabolic parameters associated with obesity, we can determine bacterial species relevant to obesity. A study has shown that the
visceral adipose tissue inﬂammatory factor level positively correlated
with the abundance of Prevotella, Succinovibrio, Firmicutes, and
Veillonella, along with signiﬁcant negative correlations between the
abundance of Butyricimonas and Biﬁdobacterium [58]. Using Spearman
correlation analysis, we found that [Ruminococcus] showed positive
correlations with TG, while Bacteroidetes was negative correlations with
TG. However, our results did not ﬁnd a correlation between bacteria
abundance and other obese phenotypes. This may be because our
sample size is insuﬃcient, and the p-values are not signiﬁcant after
being corrected. To further investigate functional changes in the gut
microbiome in response to the B. pseudolongum, we annotated genes to
KEGG orthology (KO) [59]. Pathway enrichment analysis demonstrated
that biosynthesis of amino acids, glycosphingolipid and lipid were
signiﬁcantly decreased in B. pseudolongum group. Additionally, B.
pseudolongum decreased the lipopolysaccharide biosynthesis pathway,
which can decrease inﬂammatory response and decrease the occurrence
of obesity.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jsbmb.2020.105602.
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