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Original Article

Auricularia auricula polysaccharides attenuate obesity in mice through
gut commensal Papillibacter cinnamivorans

Xin Zong a, Hao Zhang b, Luoyi Zhu a, Edward C. Deehan c, Jie Fu a, Yizhen Wang a, Mingliang Jin a,b,⇑
aKey Laboratory of Molecular Animal Nutrition, Ministry of Education, National Engineering Laboratory for Feed Safety and Pollution Prevention and Controlling, Key Laboratory
of Animal Nutrition and Feed Science (Eastern of China), Ministry of Agriculture and Rural Affairs, Key Laboratory of Animal Feed and Nutrition of Zhejiang Province, Institute of
Feed Science, Zhejiang University, Hangzhou 310058, PR China
b School of Life Sciences, Northwestern Polytechnical University, Xi’an 710072, China
cDepartment of Food Science and Technology, University of Nebraska, Lincoln, NE, United States

h i g h l i g h t s

� Auricularia auricula polysaccharides
(AAP) attenuate high fat diet (HFD)
induced obesity and metabolic
disorders.

� Anti-obesogenic effects of AAP were
dependent on the gut microbiota.

� Gut commensal Papillibacter
cinnamivorans was a key factor for
AAP reducing HFD-induced obesity.

� Papillibacter cinnamivorans reduced
HFD-induced obesity by regulating
intestinal lipid absorption and
hepatic thermogenesis.
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a b s t r a c t

Introduction: Auricularia auricula is a well-known traditional edible and medical fungus with high nutri-
tional and pharmacological values, as well as metabolic and immunoregulatory properties. Nondigestible
fermentable polysaccharides are identified as primary bioactive constituents of Auricularia auricula
extracts. However, the exact mechanisms underlying the effects of Auricularia auricula polysaccharides
(AAP) on obesity and related metabolic endpoints, including the role of the gut microbiota, remain insuf-
ficiently understood.
Methods: The effects of AAP on obesity were assessed within high-fat diet (HFD)-based mice through
obesity trait analysis and metabolomic profiling. To determine the mechanistic role of the gut microbiota
in observed anti-obesogenic effects AAP, faecal microbiota transplantation (FMT) and pseudo-germ-free
mice model treated with antibiotics were also applied, together with 16S rRNA genomic-derived taxo-
nomic profiling.
Results: High-fat diet (HFD) murine exposure to AAP thwarted weight gains, reduced fat depositing and
enhanced glucose tolerance, together with upregulating thermogenesis proteomic biomarkers within
adipose tissue. Serum metabolome indicated these effects were associated with changes in fatty acid
metabolism. Intestine-dwelling microbial population assessments discovered that AAP selectively
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enhanced Papillibacter cinnamivorans, a commensal bacterium with reduced presence in HFD mice.
Notably, HFD mice treated with oral formulations of P. cinnamivorans attenuated obesity, which was
linked to decreased intestinal lipid transportation and hepatic thermogenesis. Mechanistically, it was
demonstrated that P. cinnamivorans regulated intestinal lipids metabolism and liver thermogenesis by
reducing the proinflammatory response and gut permeability in a JAK-STAT signaling-related manner.
Conclusion: Datasets from the present study show that AAP thwarted dietary-driven obesity and
metabolism-based disorders by regulating intestinal lipid transportation, a mechanism that is dependent
on the gut commensal P. cinnamivorans. These results indicated AAP and P. cinnamivorans as newly iden-
tified pre- and probiotics that could serve as novel therapeutics against obesity.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Obesity can be defined as a major, life-threatening chronic dis-
ease that provides detriment to the health and quality-of-life of our
modern society [1]. Accumulating evidence suggests that obesity is
associated with a dysregulated metabolic and immune system,
which underlies the development of numerous obesity-
associated comorbidities, including type II diabetes, non-alcoholic
fatty liver disease, cardiovascular disease, and select cancers [2].
Halting obesity by regulating its underlying immunometabolism
is therefore essential to attain better societal health and well-
being. Thus, an urgent need exists for the identification of novel
nutritional and therapeutic strategies for the treatment and pre-
vention of obesity and its associated comorbidities.

Residing within the gastrointestinal tract of humans and other
animals is a complex microbial community consisting of trillions
of microorganisms, collectively known as the gut microbiota [3].
The compositional and functional homeostasis of these microbial
populations is widely recognized to play a role in promoting both
human health and the development of chronic diseases [4], includ-
ing the pathogenesis of obesity and its associated comorbidities
[5,6]. Noteworthy, a double-blind, randomized controlled human
study revealed that oral-fecal microbiota transplantations (FMT)
combined with daily low-fermentable fiber supplementation
improved insulin sensitivity in patients with severe obesity and
metabolic syndrome, demonstrating the role of the gut microbiota
in the development of obesity-associated metabolic disorders [7].
Dietary strategies that maintain the homeostasis of intestine-
dwelling microbial populations have also been proposed as effec-
tive but least invasive methods for the prevention and treatment
of obesity [8,9]. However, additional investigations are required
to gather sufficient knowledge on the intricate interplays within
the trifecta of dietary intake, obesity and intestinal microbiota.

Nowadays, the interaction between natural products, especially
bioactive compounds from drug-food homologous plants and fun-
gus, and intestine-dwelling microbial populations have been
widely studied [10]. Emerging evidence highlighted several bioac-
tive constituents of naturally-occurring compounds such as non-
digestible polysaccharides that could diminish obesity by regulat-
ing the composition and functions of individual intestinal micro-
biota [11]. For example, several animal studies have shown that
mushroom polysaccharides and their dietary fibers diminish body-
weight gains and reduce insulin resistance by increasing the abun-
dance of bespoke anti-obesogenic intestinal microbes, together
with generating microbiome-derived metabolites [12,13]. Another
study identified that Sarcodon aspratus polysaccharides enhanced
obesity-driven metabolic disorders and regulated intestinal
dysbiosis in high-fat diet (HFD)-induced obese mice [14]. Polysac-
charides derived from Hirsutella sinensis were found to exhibit
anti-obesogenic and anti-diabetic effects by modulating the
composition of the gut microbiota, particularly enriching the gut
commensal bacterium Parabacteroides goldsteinii [15]. Arguably,
due to their effects on the gut microbiota and host metabolism,

the administration of natural, fungus-derived polysaccharides
holds promise for the treatment of obesity.

Auricularia auricula, a well-known traditional Chinese medicinal
herb, is the third most important cultivate, edible fungi worldwide,
and has attracted increasing research interest for its abundance
and myriad of bioactive components and health roles [16]. The
fruit bodies of Auricularia auricula are rich in polysaccharides and
have been historically used both as a food and as a drug in oriental
countries for over 1000 years [17]. The most functional compo-
nents of Auricularia auricula are considered to be the polysaccha-
rides, which have been suggested to play important biological
roles, such as antioxidant, hypoglycemic, hypolipidemic,
immunomodulatory, antitumor and antiviral activities [18–24].
However, whether Auricularia auricula polysaccharides (AAP) pro-
vide direct influence over bodyweight and obesity-linked meta-
bolic disorders remains largely unknown.

Findings of the present study reveal that polysaccharides iso-
lated from Auricularia auricula reduced bodyweight and associated
metabolic disorders in HFD-induced obese mice. Further experi-
ments demonstrated that the gut commensal Papillibacter cin-
namivorans was required for the anti-obesogenic effects of AAP.
Mechanistically, it was demonstrated that P. cinnamivorans regu-
lated intestinal lipid metabolism and liver thermogenesis by
reducing the proinflammatory response and gut permeability in a
JAK-STAT signaling-related manner. Collectively, this study discov-
ered a novel gut commensal microbial species that directly influ-
ences fungal polysaccharide-based anti-obesogenic functions and
further demonstrated that AAP can serve as a potential health sup-
plement for the prevention of obesity and related comorbidities.

Materials and methods

Ethics statement

All experiments involving mice were performed in accordance
with the ethical policies and procedures approved by the Animal
Care Welfare Committee of Zhejiang University (No. 22703).

Isolation, purification and characterization of AAP

Auricularia auricula (Origforest, Xi’an, China) was identified and
utilized as recorded in advance. AAP fractions were prepared via
hot water extraction and ethanol precipitation as described previ-
ously [25]. A combination of papain enzymolysis and Sevag meth-
ods were used for deproteinization [26]. Briefly, papain was added
to the hot water extract of Auricularia auricula, which worked in
the pH range from 6.0 to 7.0, and the reaction was executed at
55 �C for 2 h in a water bath. To inactivate the protease, the tem-
perature was adjusted to 100 �C and boiled for 10 min after the
reaction [26]. After dialysis and freeze-drying, AAP was obtained.

The structural features of the obtained AAP were confirmed as
previously described [26,27]. The content of polysaccharides in
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AAP was 97.6%, which was quantified by the phenol–sulfuric acid
method. The molecular weight was determined by high-
performance gel filtration chromatography, which indicated that
AAP was a homogeneous polysaccharide with an average molecu-
lar weight of 1065.2 kDa. High-performance liquid chromatogra-
phy was employed to analyze the monosaccharide composition
of AAP with pre-column derivatization of 1-phenyl-3-methyl-5-
pyrazolone (PMP), it revealed that AAP was mainly composed of
mannose (Man), glucose (Glc), xylose (Xyl), galactose (Gal), glu-
curonic acid (GlcUA) and fucose (Fuc) with molar ratios of
50.84%, 21.61%, 9.24%, 8.58%, 5.78% and 3.96%, respectively. Fourier
transform infrared spectroscopy of AAP indicated the characteristic
absorption peaks of the carbohydrate (Fig. S1).

Animal experimental designs

Experiment 1: AAP supplementation
To evaluate the effect of AAP treatment on HFD-induced obe-

sity, 30 C57BL/6 male mice aged 6 weeks were procured from Xi’an
Jiaotong University. The mice were randomly divided into 3 groups
(n = 10) and kept in cages (5/cage) in a controlled, specific-
pathogen-free room (21℃ ± 2℃, 12 h dark-light cycle) with food
and water ad libitum. Once the animals were acclimatized for
one week, the diets were changed to either low-fat diet (LFD)
(Diets D12450-H, Fanbo, Shanghai, China) or HFD (Diets D12451,
Fanbo, Shanghai, China) (see Table S1 for the LFD and HFD formu-
lations). As shown in Fig. 1A, mice further received a daily, 8-week
intragastric gavage of either 100 lL sterile 0.9% saline with AAP
(200 mg/kg bodyweight) (HFD-treated, n = 10) or 100 lL sterile
0.9% saline alone (HFD-treated, n = 10; LFD-treated, n = 10). At
the pre-determined time, animals were fasted for 12 h, anes-
thetized, and then whole blood was obtained through retro-
orbital sampling. After the mice were sacrificed, adipose tissue
and organs were obtained and weighed. Fecal material was care-
fully collected and placed in cryotubes. The collected samples were
then flash-frozen in liquid nitrogen and kept frozen at �80 �C until
further analysis.

Experiment 2: Antibiotics treatment
To ascertain whether anti-obesogenic effects of AAP were linked

to the gut microbiota, an in vivo antibiotic treatment was per-
formed. Briefly, as shown in Fig. 2A, 20 C57BL/6 male mice aged
6 weeks were randomly divided into 2 groups (n = 10, 5/cage)
and reared in the same environment and conditions specified
above. After one week of acclimatization, mice were fed an HFD
and treated for 8 weeks with either AAP or 0.9% saline and sterile
distilled drinking water with an antibiotic cocktail that included
50 lg/mL clindamycin (Sigma, USA), 50 lg/mL metronidazole
(Sigma, USA), 50 lg/mL penicillin (Sigma, USA), 25 lg/mL van-
comycin (Sigma, USA), and 50 lg/mL neomycin (Sigma, USA).
The blood and tissue sample collection and processing methods
used were similar to those described in Experiment 1.

Experiment 3: Fecal microbiota transplantations (FMT)
To further ascertain the role of the gut microbiota in the anti-

obesogenic effects of AAP, FMT was performed using fecal material
obtained from HFD-fed donor mice from experiments 1 and 2 that
were treated for 8 weeks with either 0.9% saline, AAP or AAP plus
antibiotics. From weeks 6 to 8, fecal samples from each donor
mouse were prepared in anaerobiosis and counted by light micro-
scopy through methylene blue staining, and then frozen at �80 �C
with 10% glycerol until use.

Fecal samples were thawed and prepared for the FMT as previ-
ously described [28]. In brief, we pooled fecal material from differ-
ent mice in the same group. 80–110 mg of collected feces were
homogenized in 1 ml of sterile saline in autoclaved tubes. After

centrifugation at 2,000 g at 4 �C for 1 min, the supernatants were
transferred to new tubes and centrifuged for 5 min at 15,000 g to
precipitate the microbiome. 30 C57BL/6 male mice aged 5 weeks
were randomly divided into 3 groups (n = 10, 5/cage) and reared
in the same environment and conditions specified above. After
one week of acclimatization, as shown in Fig. 3A, all mice were
fed HFD and treated daily with 100 lL of fecal microbiota trans-
plants from each donor group via oral gavage for 6 weeks. The
blood and tissue sample collection and processing methods used
were similar to those described in Experiment 1.

Experiment 4: Papillibacter cinnamivorans treatment
P. cinnamivorans (ATCC 700879) was purchased from the Amer-

ican Type Culture Collection. The bacterium was grown at 37 �C in
a Whitley DG250 anaerobic chamber (Don Whitley, UK) with
mixed anaerobic gas (20% carbon dioxide, 80% nitrogen). Anaero-
bicity was confirmed using an anaerobic indicator (Oxoid, UK). P.
cinnamivorans was cultivated on anaerobic Cinnamate Medium
(ATCC Medium 1788). The live bacteria were harvested during
the logarithmic growth phase and counted by light microscopy
through methylene blue staining. After centrifugation, the bacteria
were aliquoted as stock at 4 � 108 colony-forming units/ml and
stored at �80 �C until use. 30 C57BL/6 male mice aged 5 weeks
were randomly divided into 3 groups (n = 10, 5/cage) and reared
in the same environment and conditions specified above. After
one week of acclimatization, as shown in Fig. 6A, mice were fed
an LFD/HFD and treated for 8 weeks with either 4 � 107 colony-
forming units of P. cinnamivorans in 100 lL by oral gavage or
0.9% saline. The blood and tissue sample collection and processing
methods used were similar to those described in Experiment 1.

Bodyweight measurements

The bodyweight of each mouse was assessed by using a digital
scale. In terms of bodyweight change, the bodyweight of each
mouse was measured on days 1, 3 and 5 of each week. The ratio
between treatment bodyweight and initial bodyweight was then
calculated, as well as the change in bodyweight relative to the LFD.

Measurement of lipid markers levels, lipopolysaccharides (LPS) and
cytokines

Triglycerides, total cholesterol (T-CHO), low-density lipoprotein
cholesterol (LDL), high-density lipoprotein cholesterol (HDL), and
LPS were assessed by commercial colorimetric kits (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China) according to the
manufacturer’s instructions. Colonic and serum concentrations of
TNF-a and IL-6 were determined using commercial enzyme-
linked immunoassay kits (eBioscience, San Diego, USA) according
to the manufacturer’s instructions.

Oral glucose tolerance test (OGTT)

Mice were fasted for 12 h prior to the OGTT while proving ster-
ile drinking water ad libitum. Each mouse then received an intra-
gastric gavage of a 50% glucose solution (2 g/kg bodyweight;
Aladdin, Shanghai, China) with blood glucose levels further mea-
sured by glucometer (Yuwell, Jiangsu, China) at 0, 15, 30, 60, 90,
and 120 min post- gavage.

Morphology analysis

The fresh tissue from the abdominal fat pads was fixed in 4%
paraformaldehyde, dehydrated, transparentized, paraffin-coated,
and consequently segmented and stained through hematoxylin
and eosin (H&E) as previously reported [29]. Six mice were ran-
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domly selected from each group and then a random section of adi-
pose tissue from each mouse was captured using a Leica DM3000
Microsystem, with the size of adipocytes determined through
Image J v1.53 (https://imagej.nih.gov/ij/) at 10x magnification.

Immunofluorescence analysis

Paraformaldehyde-fixed and paraffin-embedded sections of the
colon were used for immunofluorescence as previously described
[30]. Briefly, the sections were incubated with primary antibodies

(1:200 dilution) specific for ZO-1, Occludin and Claudin-1. Then,
fluorescently labeled antibodies were used as secondary antibodies
(1:50 dilution) and examined with a Leica fluorescence microscope
(Keyence, Osaka, Japan). The nuclei of the colonic epithelium were
stained with 40,6-diamidino-2-phenylindole.

Transmission electron microscopy (TEM)

Colonic tight junction structures and hepatic fat deposits were
observed by TEM as previously described [30]. Ultrathin sections

��

0

1

Fig. 1. Oral administration of AAP circumvented dietary-driven obesity and metabolic disorders. (A) Mice were maintained on either a low-fat diet (LFD) or a high-fat diet
(HFD) and exposed to daily AAP dosing for 8 weeks, n = 10 per treatment group. (B-D) Bodyweight (B), bodyweight gain (C), and bodyweight changes relative to the LFD
reflected as obesity statistics (D). (E) Abdominal fat pad weight. (F) H&E-staining abdominal adipose tissue imaging. Scale-bar, 50 lm. (G) Adipocyte size in abdominal
adipose tissues was determined from five microscopy fields for each murine using Adiposoft (Image J). (H) Hepatic triglyceride content. (I) Circulating triglycerides levels. (J)
qPCR analysis of adipogenesis and lipogenesis mRNA expression in abdominal fat. (K) Circulating T-CHO levels. (L, M) OGTT and the corresponding area under the curve
(AUC). (N) Heatmap of metabolites with significant variation according to the serum metabolome of HFD mice with and without AAP treatment, and of LFD mice. (O)
Summary of metabolite set enrichment pathway analyses. Datasets reflected mean ± SEM. DW, distilled water. Line graphs were analyzed by two-way ANOVA, and
histograms were analyzed by ordinary one-way ANOVA followed by Tukey’s post hoc test. # significant difference between LFD and HFD groups; * significant difference
between HFD and HFD + AAP groups, * or #, P < 0.05, ** or ##, P < 0.01.
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were obtained using a diamond knife and stained with uranyl acet-
ate and lead citrate before examination by TEM (JEM-1011; JEOL
USA, Peabody, MA). Digital electron micrographs were acquired
with a CCD camera system (AMT Corp., Denver, MA).

Western blot analysis

Tissues were lysed on ice in an SDS-PAGE sample buffer. Pro-
teins were transferred onto a polyvinylidene fluoride membrane
(MilliporeSigma, Billerica, MA), then were blotted and quantified
as described previously [31]. The antibodies, including ZO-1,
Occludin, and Claudin-1, were purchased from Proteintech
(Wuhan, China) [25].

RNA extraction and quantitative real-time PCR (qPCR) analysis

Total RNA of the jejunum and adipose tissues was isolated and
preserved using TRIzol (Invitrogen, USA) as previously described
[32]. Previously validated RT-qPCR primers for genes of interest
(Table S2) were then used for the relative quantification of the
gene expression through SYBR Green Master Mix (Roche, Ger-
many) on the StepOne Plus RT-PCR System (Applied Biosystems,
USA) by using 2–DDCT methodology.

Serum metabolomic profiling by GC-TOF/MS

Sample preparation and metabolite determination by GC-TOF/
MS were carried out according to our previous report [33,34].
Briefly, after ultrasound treatment and centrifugation, the super-
natant was dehydrated, derivatized and mixed with 30 lL
methoxy-amination hydrochloride (20 mg/mL in pyridine), 40 lL
of bis (trimethylsilyl) trifluoroacetamide regent (BSTFA, 1% TMCS,
v/v) and 5 lL fatty acid methyl esters (in chloroform), respectively.
GC-TOF/MS was performed using an Agilent 7890 gas chromatog-
raphy platform (Agilent Technologies, USA), combined with a Pega-
sus HT time-of-flight mass spectrometer (LECO Chroma TOF
PEGASUS HT, LECO, USA). The MetaboAnalyst 5.0 platform
(https://www.metaboanalyst.ca/home.xhtml) was employed for
the bioinformatic analysis. Briefly, sample normalization (normal-
ization by sum), data transformation (log-transformed) and data
scaling (auto-scaling) were carried out for data normalization. Pat-
tern recognition multivariate analyses, such as principal compo-
nent analysis (PCA) and partial least squares discriminant
analysis (PLS-DA), were also performed. The compounds with vari-
able importance of projection (VIP) > 1.0 in PLS-DA and P-
value < 0.05 in one-way ANOVA followed by Tukey’s post hoc test
were identified as significantly different metabolites between
groups. The enrichment analysis was further performed using the

Fig. 2. The intestinal microbiota was crucial for AAP against obesity. (A) HFD mice were exposed to an antibiotic combination of clindamycin, metronidazole, penicillin,
vancomycin and neomycin (CMPVN) and either saline or AAP throughout all 8 weeks, n = 10 per group. (B-C) Bodyweight (B), bodyweight gain (C). (D) Liver weight. (E)
Abdominal fat pad weight. (F) H&E-staining abdominal adipose tissue imaging. Scale-bar, 50 lm. (G) Adipocyte size in abdominal adipose tissues was determined from five
microscopy fields for each murine using Adiposoft (Image J). (H) qPCR analysis of adipogenesis and lipogenesis mRNA expression within abdominal fat, expressed relative to
the housekeeping mRNA, Gapdh. (I) Hepatic triglyceride content. (J-K) Circulating triglycerides and T-CHO levels. (L, M) OGTT and the corresponding AUC. Datasets reflected
mean ± SEM. DW, distilled water. Line graphs were analyzed by two-way ANOVA, and histograms were analyzed by t-test. ** P < 0.01.
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significantly different metabolites based on the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) database.

RNA sequencing and analysis

Library preparation of RNA sequencing and high-throughput
sequencing was performed by Novogene (Beijing, China). Briefly,
total RNA extracted from murine hepatic and colonic tissues were
used for library preparation. After cluster generation, the library
preparations were sequenced on an Illumina Novaseq platform
and 150 bp paired-end reads were generated. More than
44,020,824 reads for each sample were obtained. Raw data were
filtered, corrected, and mapped to locust genome sequence via
the HISAT software. Gene expression levels were measured using
the criteria of reads per kb per million mapped reads. DEGs were
detected using the DESeq software [35]. The P-values were
adjusted using Benjamini and Hochberg’s approach for controlling
the false discovery rate. Genes with an adjusted P-value < 0.05
were assigned as differentially expressed. KEGG enrichment was
performed by the Clusterfile software. Significance analysis was
performed by Fisher’s Exact Test.

Gut microbiota and bioinformatic analysis

Sequencing of 16S rRNA gene amplicons and the analysis of
obtained data was performed as previously described [36]. Feces
from 6 mice were randomly selected from experiments 1 to 3.
Total bacterial DNA was extracted using the Solarbio fecal genomic
DNA extraction kit (Beijing, China) in combination with mechani-
cal cell lysis by bead beating as previously reported [37]. Charac-
teristics for the extraction were evaluated through 1% agar-gel
electrophoresis. PCRs were conducted targeting the V3-V4 region
with universal primers, 338F: 50-ACTCCTACGGGAGGCAGCA-30

and 806R: 50-GGACTACHVGGGTWTCTAAT-30, or the V4 region
with universal primers, 515F: 5ʹ-GTGCCAGCMGCCGCGG-3ʹ and
806R: 5ʹ-GGACTACHVGGGTWTCTAAT-3ʹ. Regarding further extrac-
tion, purification, and quantification of PCR products, the
QuantiFluor-ST platform (Promega, USA) and AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, China) were utilized, or the
Thermo Scientific GeneJET Gel Extraction and DNA Cleanup Micro
Kit (Thermo Fisher, USA) were employed following the manufac-
turer’s protocols. The sequencing libraries were constructed using
the TruSeqTM DNA Sample Prep Kit (SanDiego, CA, USA) or Plus
Fragment Library Kit (Thermo Fisher, USA), and sequenced on the

Fig. 3. FMT from AAP-exposed mice diminished obesity and metabolic disorders within HFD mice. (A) Fecal microbiota from HFD mice given saline or AAP with/without
antibiotics were transplanted into HFD recipients, n = 10 per group. (B-C) Bodyweight (B), bodyweight gain (C). (D) Hepatic triglyceride content. (E) Circulating triglycerides
level. (F) H&E-staining abdominal adipose tissue imaging. Scale-bar, 50 lm. (G) Abdominal fat pad weight. (H) Adipocyte dimensions in abdominal adipose tissue were
determined through five microscopy fields for each murine using Adiposoft (Image J). (I) qPCR analysis of adipogenesis and lipogenesis mRNA expression in abdominal fat,
expressed relative to the housekeeping mRNA, Gapdh. (J, K) OGTT and corresponding AUC. Datasets reflected mean ± SEM. DW, distilled water. Line graphs were analyzed by
two-way ANOVA, and histograms were analyzed by ordinary one-way ANOVA followed by Tukey’s post hoc test. * P < 0.05, ** P < 0.01 and *** P < 0.001.
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Illumina MiSeq PE300 platform by Shanghai Majorbio Bio-pharm
Technology Co., Ltd. (Shanghai, China) or IonS5TMXL platform
(Thermo Fisher, USA) by Novogene Bioinformatics Technology
Co., Ltd. (Beijing, China), respectively.

The microbial community analysis was carried out according to
our previous report [37]. Briefly, read processing and quality con-
trol were conducted using the QIIME 1 pipeline. Filtered sequences
were clustered into operational taxonomic units (OTUs) using the
UPARSE pipeline. As the number of OTUs detected is a factor of
sequencing depth, 16S rRNA gene amplicon data from each exper-
iment were first normalized to the minimum number of sequences.
Then, the relevant characterizing sequences were taxonomically
categorized utilizing the Ribosomal Database Project (RDP)
MultiClassifier tool [38] and the Greengenes database [39]. a-
Diversity indices such as Chao1 were calculated. Ordination plots
for b-diversity metrics were generated by principal coordinates
analysis (PCoA) based on Bray Curtis, unweighted UniFrac and
weighted UniFrac distances [40]. The ANOSIM test was performed
to determine whether the separation of groups was significant. Dif-
ferentially abundant taxa were identified by the linear discrimi-
nant analysis (LDA) effect size (LEfSe) analysis [41]. Furthermore,
differences between the two groups in taxonomic and diversity
data were compared with Welch’s two-sided t-test. For multigroup
comparison, one-way analyses of variance (ANOVA) in combina-
tion with Kruskal-Wallis test were applied. We indicated and con-
firmed the taxonomy of significantly different OTUs using NCBI
blastn, EzBioCloud, and Ribosomal Database Project Seqmatch
[42,43]. Correlations between phenotypes, significantly different
metabolites and microbes were computed with the Pearson test
in R using the corplot package (R Core Team, 2014).

Statistical analysis

Statistical analysis was performed using GraphPad Prism soft-
ware (version 6.01). All datasets reflected mean ± standard error
of the mean (SEM). Line graphs were analyzed by two-way ANOVA,
histograms of more than two groups were analyzed by ordinary
one-way ANOVA followed by Tukey’s post hoc test, and t-tests were
used on two groups of histograms. For the phenotypic data, we
checked the normality and homoscedasticity (variance equiva-
lence) for ANOVA, while for microbiota abundance we used the
Kruskal-Wallis test to compare differences among groups. Statisti-
cal significance was considered at P < 0.05.

Results

AAP attenuated HFD-induced obesity and metabolic disorders

To investigate the effect of AAP on diet-induced obesity, mice
were fed an HFD for 8 weeks augmented through daily oral admin-
istration of AAP or saline (negative control) (Fig. 1A). Following
these 8 weeks, bodyweight for the HFD group increased signifi-
cantly (Fig. 1B). However, AAP was shown to attenuate dietary-
driven weight gains from week-2 onwards by 38.88% (Fig. 1B-D).
The histological analysis corroborated that AAP administration
decreased abdominal fat deposits and adipocyte size (Fig. 1E-G),
which was accompanied by lower liver and heart weights, but kid-
ney and spleen weights showed no differences (Fig. S2A-D). Fur-
ther analysis of the abdominal fat showed that adipogenesis (for
Pparc and Cebpa) and lipogenesis genes (for Acc1 and Fasn) were
upregulated by HFD, while downregulated by AAP treatment
(Fig. 1J). In addition, HFD-induced hepatic steatosis and dyslipi-
demia were inhibited by AAP, as demonstrated by reduced triglyc-
eride accumulation within the liver (Fig. 1H) and reduced levels of
plasma triglyceride (Fig. 1I), cholesterol (T-CHO, Fig. 1K), and low-

density lipoprotein (LDL) (Fig. S2F). However, no changes in plasma
HDL were observed (Fig. S2E). Furthermore, we found that the
HFD-induced hyperglycemia was attenuated by AAP as shown by
lower plasma glucose levels during an OGTT (Fig. 1L-M), suggest-
ing AAP enhanced the clearance of glucose post-consumption.

To further elucidate the effects of AAP on HFD-induced obesity
and associated metabolic disorders, metabolomic analyses were
performed to compare the serum metabolome of mice only fed
an HFD with those also treated with AAP, with mice fed LFD as
the control. Unsupervised PCA of the 197 detected metabolites
revealed a clear separation of the serum metabolomes among
HFD, HFD + AAP, and LFD-fed mice (Fig. S3A). The data suggest that
AAP treatment benefited the HFD-induced metabolic disorder by
affecting serum metabolite profiles, which was also supported by
the PLS-DA analysis (Fig. S3B). Further analysis of individual
metabolites suggested that the output of 11 metabolites elevated
by HFD was completely reversed to normal levels by AAP
(Fig. 1N), which included 2-amino-1-phenylethanol, methyl jas-
monate, cortexolone, methylmalonic acid, ergosterol, tetrahydro-
corticosterone. Correlation analyses showed that these
metabolites were positively linked to obesity phenotypes, espe-
cially bodyweight (Fig. S3C). Metabolic pathway analysis demon-
strated that the significantly different metabolites were
associated with metabolic pathways involved in fatty acid metabo-
lism (Fig. 1O). Together, these results demonstrated that the oral
administration of AAP prevented HFD-induced obesity and its
metabolic disorders, likely by relating fatty acid metabolism.

Anti-obesogenic effects of AAP were dependent on the gut microbiota

To determine whether the gut microbiota played a role in AAP-
induced effects on obesity and related disorders, HFD mice were
exposed to an antibiotic cocktail (Fig. 2A). As shown in Fig. 2B-C,
AAP failed to attenuate the HFD-induced bodyweight gain when
mice were treated with antibiotics, which was further supported
by similar organ weights (Fig. 2D, Fig. S4A-C). The fat of mice trea-
ted with or without antibiotics also showed no differences in
abdominal fat weight, adipocyte size, or expression of
adipogenesis-related genes (Fig. 2E-H). Furtherly, antibiotic treat-
ment abolished the effects of AAP on HFD-induced metabolic disor-
ders, including liver triglyceride levels, peripheral triglyceride, T-
CHO, and LDL levels (Fig. 2I-K, Fig. S4D-E), as well as glucose clear-
ance (Fig. 2L-M). Together, the anti-obesogenic influences of AAP
were dependent on the presence of a diverse gut microbial
community.

FMT confirmed the role of gut microbiota in the anti-obesogenic effects
of AAP

To further elucidate the role of the gut microbiota in AAP-
induced effects, FMT was applied to conventional mice consuming
an HFD. Fecal microbiota from HFD mice treated with either AAP
without antibiotics, AAP with antibiotics, or saline (control) were
transplanted into HFD recipient mice (Fig. 3A). Compared to the
control mice, FMT from AAP-treated mice markedly lowered body-
weight gains and organ weights (Fig. 3B-C, Fig. S5A-C). However,
FMT recipients from AAP plus antibiotics-treated mice were indis-
tinguishable from HFD mice (Fig. 3B-C, Fig. S5A-C). Similarly, when
compared to HFD-FMT recipients, AAP-FMT recipients showed sig-
nificantly lower levels of triglyceride accumulation within the liver
and peripheral circulation (Fig. 3D-E) together with serum T-CHO,
HDL and LDL (Fig. S5D-F), which suggests that transplantation of
the fecal microbial community modified by AAP also reduced lipid
metabolism. As further validation, abdominal fat deposition and
expression levels for adipogenesis-related genes were analyzed.
While no differences were detected between the mice receiving
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FMT from the controls or the AAP treatment with antibiotics, a sig-
nificant reduction was detected for the mice receiving AAP-FMT
(Fig. 3F-I). Regarding the OGTT, AAP-FMT recipients also had a
markedly reduced rise in blood glucose levels with the antibiotics
treatment abolishing the effects of AAP-FMT (Fig. 3J-K). Overall, the
findings further confirmed the role of microbiota in the anti-
obesogenic effects of AAP.

AAP treatment shifted the gut microbiota of HFD-induced obese mice

To further understand the role of gut microbiota in the allevia-
tion of obesity by AAP, the intestine-dwelling microbiome makeup
was investigated through 16S rRNA gene amplicon sequencing.
While a-diversity showed no differences between groups, inter-
group b-Diversity, as visualized by PCoA, showed four separate
clusters dependent on the treatment, suggesting differences in
gut microbiota composition in response to the HFD, AAP, and
antibiotic interventions (Fig. 4 A-B, Fig. S6A-B).

LEfSe analysis was employed to identify bacterial taxa that
shifted by AAP in HFD mice. At the genus level, compared to LFD,
there were eight genera shown to be changed by HFD (five genera
increased and three genera decreased), including Lachnoclostrid-
ium, Enterorhabdus, Negativibacillus, Aeromonas, Hypnocyclicus, Can-
didatus Bacilloplasma, Papillibacter, and Bifidobacterium (Fig. 4C).
Compared with the HFD mice, AAP treatment significantly
decreased the level of Mucispirillum, and increased levels of Pepto-
coccus, Muribaculum, Anaerovorax, and Papillibacter, which were
eliminated by antibiotics (Fig. 4C). Notably, only levels of the genus
Papillibacter were inhibited by HFD and consequently recovered by
AAP (Fig. 4C).

OTUs showing a significant difference between AAP and the
other HFD groups were searched against the GenBank sequence
database. Globally, 71 bacterial OTUs were markedly shifted

through HFD, while in comparison to HFD, AAP shifted 83 bacterial
OTUs (Fig. 4C). This study further evaluated OTU overlap between
the comparison of three different experimental classes, including
the normal diet versus HFD groups, HFD versus HFD + AAP groups,
and HFD + AAP versus HFD + AB + AAP groups. And 16 OTUs were
obtained (Table S3), including P. cinnamivorans, Parabacteroides
goldsteinii, Alistipes putredinis, Clostridium saccharolyticum,
Caprobacter fermentans, Clostridium thermocellum, Massilimaliae
timonensis, Clostridium fessum, Acetatifactor muris, Paramuribacu-
lum intestinale, Aminipila butyrica, Clostridium indolis, Clostridium
celerecrescens, Muribaculum intestinale, Kineothrix alysoides, and
Faecalicatena orotica (Fig. 4C). Consequently, this investigation
focused on the possibility of obesity-linked trends being associated
with intestinal levels of those bacterial species regulated through
AAP. The correlation analysis demonstrated that bacterial levels,
including OTU17 (P. goldsteinii), OTU22 (A. putredinis) and OTU56
(P. cinnamivorans), were significantly and negatively correlated to
obesity (Fig. 4D). These results demonstrated that AAP modulated
HFD-induced obesity in a gut microbiota-specific manner.

P. cinnamivorans was a key factor for AAP reducing HFD-induced
obesity

Since the anti-obesity effects of AAP were transferable through
FMT, the impact of transferring donor fecal microbiota on micro-
bial diversity was evaluated, with 16S rRNA genomic sequencing
conducted across recipient fecal samples. Results included a spec-
trum of microbiota-shifting influences from the pooled screening,
predominantly not affecting microbiota alpha diversity (Fig. 5 A).
To account for the effects of treatment on b-diversity, this investi-
gation found significant differences among HFD, AAP, and antibi-
otics cohorts, which demonstrated that FMT reproduced the
effects of AAP on the gut microbiota of HFD-induced obese mice

Fig. 4. Alternation of intestinal microbiota in obese mice treated with AAP. (A) a-diversity assessed through Chao1 index. (B) b-diversity analysis by PCoA on Bray-Curtis
distance. (C) Differentially abundant genera and operational taxonomic units (OTUs) from 16S rRNA genomic-derived fecal microbiota assessment using LEfSe analysis. (D)
Correlation analysis for all 16 recognized bacterial species and obesity-related endpoints. False-discovery-rate corrections for multiple analyses were employed. + significant
difference between LFD and HFD groups, * significant difference between HFD and HFD + AAP groups, + or *, P < 0.05.
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(Fig. 5B, Fig. S6C-D). A total of 54 significantly different bacterial
genera were identified, of which 14 genera were common among
the three groups. Among these genera, compared with AAP-FMT
recipients, 9 genera were significantly altered by antibiotic-
treated fecal colonies, including Aerosphaera, Gemella, Coriobacteri-

aceae, Facklamia, Corynebacterium, Kurthia, Aerococcus, Ruminococ-
caceae, Glutamicibacter, and 7 genera were regulated in the mice
transplanted with fecal microbiota from HFD mice, including Psy-
chrobacter, Ruminococcaceae, Glutamicibacter, Eubacterium nodatum
group, Fusobacterium, Faecalibacterium, Prevotella (Fig. 5C).

Fig. 5. P. cinnamivorans was identified as the key bacteria for AAP reducing diet-induced obesity. (A) a-diversity assessed using the Chao1 index. (B) b-diversity analysis by
PCoA on Bray-Curtis distance. (C) Differentially abundant genera and operational taxonomic units (OTUs) from 16S rRNA genomic-derived fecal microbiota analysis using
LEfSe analysis. (D) Analytical strategy for key bacteria identification. (E) Correlation analysis for P. cinnamivorans and obesity trends. False-discovery-rate corrections for
multiple testing were employed. + significant difference between LFD and HFD groups, * significant difference between HFD and HFD + AAP groups, + or *, P < 0.05.
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Furthermore, using the GenBank sequence database, the differing
OTUs among the three groups were analyzed. There were 26 OTUs
identified as shifted species in AAP-FMT treated mice versus HFD-
FMT treated mice, and 24 OTUs were altered in the antibiotic-FMT
treated mice compared with AAP-FMT treated mice (Fig. 5C). This
study focused on the six-OTU-overlap in the two communities
(Table S4) and found that five of them were increased in the
AAP-FMT cohort, though not in the antibiotic-FMT cohort, in com-
parison with the HFD-FMT cohort, besides the OTU277_Roseburia
intestinalis (Fig. 5C). Obesity-reducing occurred in mice treated
with AAP and AAP-FMT and therefore, the functional gut-
commensal bacteria against obesity should exist in the fecal sam-
ples for both cohorts. Surprisingly, only OTU5_P. cinnamivorans
was identified from the comparison between these two sequencing
assays (Fig. 5D). The results of correlation analysis showed that the
relative abundance of P. cinnamivorans had a negative correlation
to obesity trends (Fig. 5E). These data indicated that P. cinnamivo-
rans was potentially the key factor for AAP in reducing HFD-
induced obesity.

P. cinnamivorans treatment protected mice against HFD-induced
obesity and metabolic disorders

To confirm that P. cinnamivorans promoted anti-obesogenic
effects in HFD mice, a commercialized strain of P. cinnamivorans
or saline (control) was administered daily for 8 weeks within
HFD mice (Fig. 6A). After 4 weeks of treatment with P. cinnamivo-
rans, the relative abundance of P. cinnamivorans in fecal samples
significantly increased (Fig. S6E). Furthermore, bodyweight gains
were attenuated relative to HFD mice, and these effects persisted
throughout the final 4 weeks of the study (Fig. 6B-D). Treatment
with P. cinnamivorans was also shown to effectively reduce HFD-
induced obesity traits, such as liver and abdominal fat weight
(Fig. 6E-F), and these results were accompanied by the mean sizes
of adipocytes and average area of fat cells from abdominal adipose
tissue (Fig. 6G-H). We then assessed the expression of fat metabo-
lism related genes in the abdominal fat by comparing control and
P. cinnamivorans treated mice. We found P. cinnamivorans also sig-
nificantly decreased the expression of Cebpa and Pparc (Fig. 6I).
Moreover, to further characterize the metabolic phenotype, an
OGTT was performed. The results showed that blood glucose con-
centrations were reduced at 60, 90, and 120 min after glucose
injection in mice treated with P. cinnamivorans, in comparison to
HFD mice (Fig. 6J-K). These data suggested that P. cinnamivorans
treatment could protect mice against HFD-induced obesity and
metabolic disorders.

P. cinnamivorans alleviated the inflammatory response and enhanced
intestinal barrier function in HFD-induced obesity mice

Having established that P. cinnamivorans reduced obesity phe-
notypes, we next wondered about the mechanisms underlying
these effects. To this end, we performed a bulk RNA sequencing
(RNA-seq) analysis to more comprehensively analyze gene expres-
sion profiles on colon tissues of the LFD mice, HFD-fed mice, and
the HFD-P. cinnamivorans-treated mice (Fig. 7A, and Fig. S7A). Dif-
ferential expression analysis identified 1479 differential expres-
sion genes (DEG) for the HFD mice compared with that of the
LFD mice, consisting of 818 upregulated and 661 downregulated
genes (Fig. S7B). Meanwhile, of the 2571 genes obtained in P. cin-
namivorans treatment compared with that in the HFD group,
1335 were upregulated and 1236 were downregulated (Fig. 7B).
KEGG enrichment analysis indicated that inflammation-related
pathways positioned in the overlap of the two clusters of HFD_up
versus LFD and PC_down versus HFD, including the JAK-STAT sig-
naling pathway, antigen processing and presentation, inflamma-

tory bowel diseases, and chemokine signaling pathway (Fig. 7C-
D). Therefore, to further investigate the role of P. cinnamivorans
on intestinal inflammation mediated by HFD, we measured the
intestinal inflammatory response. Morphological analysis by H&E
staining revealed that HFD induced considerable tissue injury with
extensive ulceration of the epithelial layer, edema, crypt damage to
the bowel wall and infiltration of granulocytes and mononuclear
cells into the mucosa (Fig. 7E-F). In contrast, P. cinnamivorans treat-
ment reduced the histological evidence of HFD-induced colon
inflammation (Fig. 7E-F). To characterize the effects of P. cin-
namivorans against HFD-induced inflammation, the expression of
inflammatory markers was quantified. As shown in Fig. 7G, P. cin-
namivorans treatment significantly reduced the expression of
proinflammatory cytokines, such as Tnfa, Il6, and Il18. To validate
these results, the secretion of TNF-a and IL-6 in the colon and
serum was analyzed, which was consistent with the results of gene
expression (Fig. 7H-I). Furtherly, to gain more insights into the
molecular mechanisms of the anti-inflammatory effects of P. cin-
namivorans, we performed a gene-set enrichment analysis (GSEA)
of the JAK-STAT signaling pathway (Fig. 7J). The data showed that
P. cinnamivorans treatment markedly inhibited the activation of
JAK-STAT signaling in mice fed HFD, through analysis of the tran-
scription level of Jak1, Jak3, Akt3, Stat1 and Stat4 (Fig. 7K). These
suggested that P. cinnamivorans treatment suppressed the HFD-
induced intestinal inflammatory response via the JAK-STAT
signaling-related pathway.

A previous study demonstrated that the attenuation of inflam-
mation is related to intestinal permeability, which relies on tight
junctions [44]. To investigate the effects of P. cinnamivorans on
gut permeability, immunofluorescent staining and TEM were used
to demonstrate the formation of tight junctions. TEM observation
showed indistinct tight junction, reduced density and widened
intercellular space in the intestinal tissues of mice fed HFD,
whereas P. cinnamivorans treatment protected the intestine against
HFD-induced damage (Fig. 7L). The presence of tight junctional
complexes was suggested by immunofluorescent staining of the
cell layers for tight junction markers, including Claudin-1, Occludin
and ZO-1. Notably, we found P. cinnamivorans treatment effectively
restored the expression of ZO-1, but not Claudin-1 and Occludin
(Fig. 7M and Fig. S8A-B). Consistently, the protein and gene expres-
sion level of ZO-1 also supported the protective effects of P. cin-
namivorans on HFD-damaged intestinal barrier function (Fig. 7N-
O, and Fig. S8C). Additionally, compared with HFD mice, serum
endotoxin or LPS levels were also significantly reduced in P. cin-
namivorans treated mice, which indicated P. cinnamivorans treat-
ment decreased the gut permeability of HFD mice (Fig. 7P). In
summary, the anti-obesogenic and anti-inflammatory effects of P.
cinnamivorans in obese animals were related to the enhancement
of intestinal barrier function.

P. cinnamivorans reduced HFD-induced obesity by regulating
intestinal lipid absorption and hepatic thermogenesis

In contrast to HFD mice, the lower expression genes in HFD and
then the treatment with P. cinnamivorans were also significantly
enriched in lipid metabolism-related pathways, such as fatty acid
metabolism, biosynthesis of unsaturated fatty acids, fatty acid
elongation, and linoleic acid metabolism (Fig. 8A, and Fig. S9A-C).
These results prompted us to examine whether P. cinnamivorans
mediated the anti-inflammatory and anti-obesogenic effects in
HFD-fed mice by regulating intestinal lipids absorption. Using
qPCR analysis, we confirmed the reduction in mRNA coding for
colonic and jejunal key lipid transporters, including Mtp, Abca1,
Fatp4 and Npc1, in P. cinnamivorans treated mice (Fig. 8B and
Fig. S10A). This change was associated with significantly decreased
serum levels of triglycerides, cholesterol and free fatty acids (Fig. 8-
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C-E). The notion was also verified by downregulating the expres-
sion of these lipid transporters in AAP-treated mice and AAP-FMT
mice, in contrast to HFD-fed mice (Fig. S10B-C).

Subsequently, we profiled the liver transcriptomes into three
groups (Fig. 8F). From the results of KEGG annotation, it can be
found that there were certain KEGG pathways related to obesity
in PC_up versus HFD, particularly in the thermogenesis pathway
(Fig. 8G). Therefore, we interrogated our data concerning the
expression of thermogenesis pathway-related genes. The data
show that genes related to thermogenesis signaling are upregu-
lated in the liver of P. cinnamivorans treated mice compared to sal-
ine control (Fig. 8H). To further examine the effects of P.
cinnamivorans on thermogenesis in the liver, sections of the liver
were stained with H&E and TEM respectively. The results showed
that P. cinnamivorans treatment promoted liver fatty degeneration
to alleviate HFD-induced fat deposition (Fig. 8I). The finding was
further supported by the low triglyceride levels in P. cinnamivorans
treated mice (Fig. 8J). Taken together, these data further confirmed
the role of P. cinnamivorans regarding anti-obesogenic effects by
AAP, which attenuated obesity by regulating intestinal lipids
absorption and liver thermogenesis.

Discussion

The gut microbiome has been critically linked to many aspects
of metabolic syndrome, rendering it a potential target for the treat-

ment of obesity and associated comorbidities [45]. The diet and
particularly dietary carbohydrates are key determinants for the
composition and activity of the intestinal microbiome. Bacterial
species such as Akkermansia muciniphila [46], Faecalibacterium
prausnitzii [47], and Propionibacterium freudenreichii [48] as well
as non-digestible carbohydrates such as arabinoxylan [49], resis-
tant starches [42], Ganoderma lucidum polysaccharides [50], and
Hirsutella sinensis polysaccharides [15] have already shown pro-
mise for use as next-generation probiotics and prebiotics for the
treatment of obesity and its dysregulated immunometabolism,
respectively. In the present study, we demonstrated that routine-
daily administration of AAP in HFD-fed mice could alleviate
dietary-driven obesity and related metabolic disorders (Fig. 9). This
research defines several essential mechanisms that underlie the
anti-obesity effects of AAP, including the role of AAP-induced shifts
within the gut microbial community in the observed health bene-
fits. Remarkably, gut commensal P. cinnamivorans was identified as
a key regulator in AAP treatment reversion of HFD-induced obesity
and metabolic disorders. Further evaluation of plausible mecha-
nisms suggests that enrichment of P. cinnamivorans reduced
inflammatory responses and gut permeability in a JAK-STAT
signaling-related manner, which regulated intestinal lipid metabo-
lism and liver thermogenesis. Thus, our findings support the poten-
tial of using P. cinnamivorans as a probiotic supplement to
ameliorate obesity-associated metabolic abnormalities.

Although previous studies have shown that A. auricula polysac-
charides possessed antioxidant activity [51], modulated intestinal

Fig. 6. P. cinnamivorans treatment protected mice against dietary-driven obesity and metabolic disorders. (A) LFD-fed mice and high-fat diet (HFD)-fed mice were treated
daily with saline or P. cinnamivorans (PC) by oral gavage for 8 weeks. (B) Representative picture of body size, and fat pad. (C-D) Bodyweight (C), bodyweight gain (D). (E) Liver
weight. (F) Abdominal fat pad weight. (G) H&E-staining abdominal adipose tissue imaging. Scale-bar, 100 lm. (H) Adipocyte dimensions and quantity within abdominal
adipose tissue were determined from five microscopy fields for each murine. (I) qPCR analysis of Cebp and PparcmRNA expression in abdominal fat, expressed relative to the
housekeeping mRNA, Gapdh. (J, K) OGTT and the corresponding AUC. Datasets reflected mean ± SEM. DW, distilled water. Line graphs were analyzed by two-way ANOVA, and
histograms were analyzed by ordinary one-way ANOVA followed by Tukey’s post hoc test. # significant difference between LFD and HFD groups; * significant difference
between HFD and HFD + PC groups, * or #, P < 0.05, ** or ##, P < 0.01.

X. Zong, H. Zhang, L. Zhu et al. Journal of Advanced Research xxx (xxxx) xxx

11



microbiota [52], and lowered blood glucose levels [53], the possi-
bility that such polysaccharides regulate intestine-dwelling micro-
biome and diminish bodyweight in vivo was never previously
studied. Therefore, we established a diet-induced obesity model

to evaluate the anti-obesity effect of AAP and investigated the role
of intestinal microbiota in the process. Our observations were that
AAP could effectively decrease bodyweight gain, fat deposition and
glucose tolerance. Polysaccharides, as a dietary fiber, have been

Fig. 7. P. cinnamivorans alleviated the inflammatory response and enhanced intestinal barrier function in HFD-induced obesity mice. (A) Heatmap of the differentially
expressed genes (DEGs) of colon identified by RNA-seq. (B) Volcano plot showing DEGs of HFD + PC versus HFD. (C) KEGG analysis of up-regulated genes from DEGs of HFD
versus LFD. (D) KEGG analysis of down-regulated genes from DEGs of HFD + PC versus HFD. (E-F) Serial sections of colon tissues were stained with H&E (E), and Histological
scores (F). Scale-bar, 100 lm. (G) qPCR analysis of inflammatory marker expression in the colon, expressed relative to the housekeeping mRNA, Gapdh. (H-I) Secretion of TNF-
a and IL-6 in colonic tissue (H) and serum (I) determined by ELISA. (J) Enrichment plot of JAK/STAT signaling pathway from GSEA. (K) RNA-seq expression data for JAK-STAT
signaling genes. (L) The morphological changes of intestinal tight junctions were observed under transmission electron microscopy (TEM, 80,000 � magnification). (M)
Immunofluorescence analysis of ZO-1 (green) and DAPI (blue). Scale-bar, 100 lm. (N) The expression of ZO-1 was assessed byWestern blot. The right panel shows the relative
protein levels quantified by densitometry and normalized to b-actin. (O) qPCR analysis of ZO-1 expression in the colon, expressed relative to the housekeeping mRNA, Gapdh.
(P) Serum endotoxin (lipopolysaccharides, LPS) level. Datasets reflected mean ± SEM. One-way ANOVA and Tukey’s post hoc test. * P < 0.05, ** P < 0.01 and *** P < 0.001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reported to be degraded in the hindgut of animals and influenced
the abundance and diversity of intestinal microbiota [54]. Intrigu-
ingly, a recent study that transferred the gut microbiota of obese
individuals to HFD-fed mice conveyed larger weight gains and
higher levels of obesity-associated metabolic disorders than fecal
transfer from lean individuals [5]. The pseudo-germ-free mice
model in our study, which applied combinatory antibiotic treat-
ments to deplete the gut microbiota, demonstrated a loss of bene-
ficial effects of AAP after gut microbiome deprivation, supporting
the possibility that AAP may preserve gut microbiota homeostasis.
The anti-obesity effects of AAP are transferrable through fecal
transplantation, which also supports the concept that obesity is
associated with altered gut microbiota. However, gnotobiotic mod-
els would be needed to verify the role of the gut microbiota. Our
results suggest that the gut microbiota can be modulated by diet-
ary intervention or fecal transfer and that AAP may be used as a
prebiotic to induce specific gut microbiota shifts that associate
with reduced weight gain, inflammation and metabolic disorders
in obese individuals.

To further explore the mechanistic role of the gut microbiota in
the alleviation of obesity by AAP, we measured the microbiota
composition in obese mice treated with AAP. We observed that
AAP supplementation in HFD-fed mice restored the gut microbiota
community observed in LFD-fed mice, including the probiotic P.
goldsteinii, which was previously reported to reduce obesity [15].
However, some other bacteria with negative associations with

obesity, such as Akkermansia muciniphila [55] and Barnesiella spp.
[56], were not detected in the present study. This observation sug-
gests that AAP may produce anti-obesity effects by modifying the
levels of other specific bacterial species, such as P. cinnamivorans,
Muribaculum and Anaerovorax. Accordingly, we compared the
donors’ and the recipients’ fecal microbiota composition and iden-
tified P. cinnamivorans as a key factor for AAP reducing diet-
induced obesity, which was further confirmed in an HFD-induced
obese model using a commercial strain of P. cinnamivorans. The
phenotype of obesity traits and metabolic disorders showed that
the anti-obesogenic effect of AAP was mainly produced by P. cin-
namivorans, a strictly anaerobic, Gram-positive, non-sporulating
and mesophilic bacterium that can be widely found in shea cake
and animal intestines [57–59]. P. cinnamivorans is one of the spe-
cies of the Papillibacter genus (family Ruminococcaceae), and the
other species is an unclassified Papillibacter [60]. Moreover, a
recent study indicated that it was elevated in humans on the
Mediterranean diet, suggesting the beneficial function of P. cin-
namivorans for humans [61]. Rensen et al., [62] analyzed the fecal
microbiota constitution of 28 subjects (BMI 18.6–60.3 kg/m2)
through phylogenetic microarray profiling and found that P. cin-
namivorans was strongly associated with local and systematic
inflammation within obesity. Similarly, a study of individual,
cohort-specific intestinal microbiota profiles suggested a link
between P. cinnamivorans and tissue-specific insulin sensitivity
among overweight males [63]. Overall, these findings suggest that

Fig. 8. P. cinnamivorans attenuated HFD-induced obesity by regulating intestinal lipids absorption and hepatic thermogenesis. (A) Enrichment plot of fatty acid metabolism
pathway from GSEA. (B) qPCR analysis of fatty acids transporters expression in the colon, expressed relative to the housekeeping mRNA, Gapdh. (C-E) Triglyceride (C),
cholesterol (D), and non-esterified free fatty acid (NEFA, E) levels in serum. (F) Heatmap of the differentially expressed genes (DEGs) of liver identified by RNA-seq. (G) KEGG
analysis of up-regulated genes from DEGs of HFD + PC versus HFD. (H) Heatmap of relative expression of selected thermogenesis-regulated genes from the RNA-seq dataset.
(I) Liver steatosis was evaluated by H&E staining and TEM (80,000 �magnification). Scale-bar, 100 lm. (J) Hepatic triglyceride level. Datasets reflected mean ± SEM. One-way
ANOVA and Tukey’s post hoc test. * P < 0.05, ** P < 0.01 and *** P < 0.001.
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gut commensal P. cinnamivorans is a novel probiotic with the
potential to be used as a therapeutic target for the attenuation of
obesity and its associated comorbidities. However, a great degree
of variation has been reported in the literature for the effects of
probiotics on host health endpoints, which is dependent on the
species/strains administered. Here we investigated the effects of
P. cinnamivorans (ATCC 700879), which provides promising data
to encourage future characterization of other strains within the
genus. The potential anti-obesity role of other publicly available
strains that are closely related to Papillibacter, such as Faecabilac-
terium and Subdoligranulum genera, also needs further attention
and exploration.

As for the molecular mechanisms by which P. cinnamivorans
reduces diet-induced obesity, our results from RNA-seq have
demonstrated a key role in reducing inflammation. The reduced
levels of cytokines in the colon and serum independently validated
this notion. The current model of HFD-induced chronic inflamma-
tion and obesity-related disorders is explained largely by dysbiosis
of the gut microbiota and increased levels of LPS in the systemic
circulation [50]. Excessive fat consumption has been previously
shown to increase intestinal permeability, allowing LPS to enter
the entero-hepatic circulation [64]. Thus, chronically elevated cir-
culating gut-derived LPS or ‘‘metabolic endotoxemia” could result
in sustained systemic inflammation through the activation of
TLR4 signaling [65]. Moreover, a previous study demonstrated that
overproduction of proinflammatory cytokines such as TNF-a, IL-6
and IL-18 in obese animals may be responsible for the develop-
ment of chronic inflammation and metabolic disorders [66]. Simi-
larly, a study on water extract of Ganoderma lucidum mycelium

found that it could enhance phosphorylation of AKT and decrease
proinflammatory cytokine expression in the liver, leading to
improved insulin sensitivity [50]. Our results indicate that P. cin-
namivorans supplementation improves gut barrier integrity,
reduces metabolic endotoxemia, and alleviates cytokine produc-
tion in the colon and serum of HFD-fed obese mice. Furthermore,
we identify the JAK-STAT signaling as the major molecular mecha-
nism responsible for these effects. Nonetheless, we cannot rule out
the possibility that P. cinnamivorans may also directly affect proin-
flammatory signaling pathways such as TLR2, which has been
reported to control adiposity and insulin resistance [67].

The traditional perception of inflammation in the context of
obesity has focused on the detrimental impact of inflammatory
mediators on the pathogenesis of secondary metabolic derange-
ments associated with obesity [68]. Our experiments demonstrate
that the administration of P. cinnamivorans reduces the expression
of genes involved in intestinal fatty acid absorption and enhances
hepatic thermogenesis in HFD-fed mice. Manipulating thermogen-
esis could increase energy expenditure and improve metabolism
[69]. These results suggest that P. cinnamivorans can attenuate obe-
sity through a combination of two pathways, namely lowering
lipid absorption and promoting hepatic thermogenesis. This con-
clusion is consistent with a previous study that showed that ele-
vated hepatic thermogenesis could improve metabolic health and
lessen weight gain [70].

In conclusion, the results of this in vivo murine investigation
suggest that AAP attenuated obesity and the associated dysregu-
lated metabolism by modulating inflammatory responses, gut per-
meability, and lipid transportation/metabolism in a gut

Fig. 9. Schematic representation of the working model. AAP selectively enhanced P. cinnamivorans, a commensal bacterium with reduced presence in HFD mice to attenuate
obesity and the associated dysregulated metabolism. Mechanistically, P. cinnamivorans regulated intestinal lipids metabolism and liver thermogenesis by reducing the
proinflammatory response and gut permeability in a JAK-STAT signaling-related manner.
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microbiota-dependent manner. Such findings provide a basis for
the application of AAP as a prebiotic while also demonstrating
the need for further evaluation of the gut commensal P. cinnamivo-
rans as a potential next-generation probiotic for the treatment and
prevention of obesity and its metabolic comorbidities.
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