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Eubacterium siraeum suppresses fat G

deposition via decreasing the tyrosine-
mediated PI3K/AKT signaling pathway in high-
fat diet-induced obesity
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Abstract

Background Obesity in humans can lead to chronic diseases such as diabetes and cardiovascular disease. Similarly,
subcutaneous fat (SCF) in pigs affects feed utilization, and excessive SCF can reduce the feed efficiency of pigs. There-
fore, identifying factors that suppress fat deposition is particularly important. Numerous studies have implicated the gut
microbiome in pigs'fat deposition, but research into its suppression remains scarce. The Lulai black pig (LL) is a hybrid
breed derived from the Laiwu pig (LW) and the Yorkshire pig, with lower levels of SCF compared to the LW. In this study,
we focused on these breeds to identify microbiota that regulate fat deposition. The key questions were: Which micro-
bial populations reduce fat in LL pigs compared to LW pigs, and what is the underlying regulatory mechanism?

Results In this study, we identified four different microbial strains, Eubacterium siraeum, Treponema bryantii,
Clostridium sp. CAG:413, and Jeotgalibaca dankookensis, prevalent in both LW and LL pigs. Blood metabolome analysis
revealed 49 differential metabolites, including tanshinone IIA and royal jelly acid, known for their anti-adipogenic
properties. E. siraeum was strongly correlated with these metabolites, and its genes and metabolites were enriched

in pathways linked to fatty acid degradation, glycerophospholipid, and glycerolipid metabolism. In vivo mouse
experiments confirmed that £. siraeum metabolites curb weight gain, reduce SCF adipocyte size, increase the number
of brown adipocytes, and regulate leptin, IL-6, and insulin secretion. Finally, we found that one important pathway
through which E siraeum inhibits fat deposition is by suppressing the phosphorylation of key proteins in the PI3K/AKT
signaling pathway through the reduction of tyrosine.

Conclusions We compared LW and LL pigs using fecal metagenomics, metabolomics, and blood metabolomics,
identifying E. siraeum as a strain linked to fat deposition. Oral administration experiments in mice demonstrated that £.
siraeum effectively inhibits fat accumulation, primarily through the suppression of the PI3K/AKT signaling pathway,

a critical regulator of lipid metabolism. These findings provide a valuable theoretical basis for improving pork quality
and offer insights relevant to the study of human obesity and related chronic metabolic diseases.

Keywords Laiwu pig, Lulai black pig, Fat deposition, Eubacterium siraeum

*Correspondence:

Yuchun Pan

panyc@zju.edu.cn

Qishan Wang

wanggishan@zju.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40168-024-01944-4&domain=pdf

Lai et al. Microbiome (2024) 12:223

Background
Fat deposition is a crucial physiological process for pigs,
influencing both muscle and subcutaneous tissues and
affecting pork quality. Fat deposited in muscle tissue is
known as intramuscular fat (IMF), while fat under the
skin is referred to as subcutaneous fat (SCF). An increase
in IMF makes the meat more tender, juicy, and flavorful
[1]. However, excessive SCF is detrimental as it reduces
feed conversion efficiency, prolongs the rearing period,
and elevates production costs. Comparisons of cytoplas-
mic triglycerides in IMF and SCF have shown that SCF
cells accumulate more fat than IMF cells, indicating a
greater propensity for lipid deposition in SCF [2]. There-
fore, finding a method to inhibit SCF while minimizing
the impact on IMF would reduce feeding costs without
compromising meat quality, addressing a key issue in the
pig farming industry. Furthermore, fat deposition is a vital
physiological process in humans, and its imbalance can
lead to obesity, a precursor to various chronic metabolic
diseases, including insulin resistance, hyperlipidemia,
hypertension, diabetes, coronary heart disease, gallblad-
der disease, and certain cancers [3-5]. Identifying factors
that suppress fat deposition could provide new methods
for the prevention and treatment of these conditions.
Extensive research has predominantly focused on
identifying genetic factors influencing fat deposition in
pigs, yielding important genes that affect fatness, such as
HMGA1, PLAGI1, MYH3, TBC1D1, BAAT, and PHLPP1
[6-9]. However, an organism functions as a symbiotic
system comprising both the host and its resident micro-
biota. Alterations in the microbiome or host genome
can affect the physiology and adaptability of this sym-
biotic system, potentially leading to genetic variations
within the symbiotic genome [10]. Notably, significant
differences in gut microbiome composition have been
observed between fat and lean pigs. For instance, Ron-
gchang pigs, known for their high fat content, exhibit a
higher proportion of Bacteroidetes compared to York-
shire pigs, which are characterized by low fat content [11].
In Duroc X Landrace X Yorkshire (DLY) pigs, Lactobacillus
johnsonii has been shown to promote lipid deposition
and metabolism by altering the gut microbiome [12].
Additionally, Prevotella copri has been found to have a
significant association with fat accumulation in pigs [13].
Microbial metabolites, such as short-chain fatty acids
(SCFAs), are recognized as central messengers between
the microbiota and the host, and their dysregulation is
implicated in the development of fat deposition [14, 15].
Therefore, Investigating the relationship between gut
microbiota, metabolites, and host functions will illumi-
nate potential targets for understanding and managing
fat deposition.
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Building on our previous work [16], we will utilize
multi-omics data from Laiwu (LW) and Lulai black pigs
(LL) to achieve this objective. LW pigs have an average
intramuscular fat (IMF) content of 12.78% and an aver-
age backfat thickness (measured by subcutaneous fat,
SCF) of 41.2 mm. LL pigs, a hybrid breed derived from
LW pigs and Yorkshire pigs with 50% of their genetic lin-
eage originating from LW pigs [17], exhibit lower IMF
and SCF content compared to LW pigs, with an average
IMF content of 7% and an average backfat thickness of
34.8 mm [18]. The significant differences in IMF and SCF
content and the close genetic relationship between LW
and LL pigs suggest a greater likelihood of identifying gut
microbiota with the potential to inhibit fat deposition.

In the gut microbiota of LW and LL pigs, we iden-
tified the target strain E. siraeum. After culturing E.
siraeum and isolating its secreted metabolites, we
administered these metabolites to mice on a high-fat
diet. Compared to the control group, the treated mice
exhibited reduced body weight and smaller SCF white
adipocytes. Additionally, factors related to fat deposi-
tion, including proliferation of brown adipocytes, and
the secretion of IL-6, insulin, and leptin, were also
influenced. The detailed methodology and results of
this study are presented in Fig. 1. This study aims to
screen factors associated with inhibiting fat deposi-
tion, providing insights for preventing SCF deposition
in pigs. The research results also provide a theoretical
basis for the prevention and treatment of obesity and
its related diseases in humans.

Methods

Animal rearing and sample collection

The methods for animal rearing and sample collection in
this study followed those detailed in our previous report
[16]. Specifically, eight LW and eight LL pigs were pro-
vided with the same diet and housed in a similar envi-
ronment for approximately 2 years. Fecal samples were
collected using specialized collection tubes pre-filled
with a bacterial DNA protective agent. For each pig,
two fecal samples were collected: one for metagenomic
analysis and the other for metabolomic analysis. Prior
to blood sample collection, the target pigs were fasted
for 14 h. Blood samples were collected via the jugular
vein using a syringe to obtain 5 ml of blood. The blood
was then transferred into tubes containing a coagulant,
which were inverted five times to ensure thorough mix-
ing. The blood mixture was allowed to coagulate at room
temperature for approximately 1 h. All collected samples
were transported to the laboratory on dry ice to preserve
their integrity. This study was conducted in accordance
with the ethical guidelines of Zhejiang University in
Hangzhou, China.
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Fig. 1 Study workflow: Four differential microbial strains were found in the fecal microbiota of Laiwu pigs and Lulai black pigs. Multiple

differential metabolites were found in the blood of the two breeds, with tanshinone II1A and royal jelly acid being proven to have anti-adipogenic
functions. Correlation analysis revealed that E. siraeum was strongly positively correlated with these anti-adipogenic metabolites, leading to its
selection as the target microbe for further functional studies. Gene analysis of E. siraeum showed its involvement in 161 signaling pathways,
including the insulin signaling pathway and the PI3K/AKT signaling pathway. Further investigation of the metabolites secreted by £. siraeum
revealed their involvement in pathways such as fatty acid degradation. Gavage of high-fat diet mice with E. siraeum metabolites resulted in reduced
body weight, white adipocyte size, insulin, leptin, and IL-6 secretion, along with an increase in brown fat cells. Overall, £ siraeum effectively inhibits
fat deposition in mice through multiple mechanisms

Extraction and sequencing of porcine fecal Norcross, GA, USA). DNA quality was assessed using
microorganisms 1% agarose gel electrophoresis and a NanoDrop 2000
Total genomic DNA from fecal contents was extracted  Spectrophotometer (Thermo Fisher Scientific, USA).
utilizing the E.Z.N.A Soil DNA Isolation kit (OMEGA, The DNA was then fragmented into 300 bp fragments
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employing a Covaris M220 instrument (Qsonica, USA).
A paired-end (PE) library was constructed using the
TruSeq" DNA Sample Preparation Kit (Illumina, San
Diego, CA). PCR amplification was conducted to enrich
the library fragments using the TruSeq PE Cluster Kit
v3-cBot-HS (Illumina, San Diego, CA). Subsequent PCR
steps generated DNA clusters, and linearization of the
DNA amplicons into single strands was achieved. The
metagenomic libraries were sequenced on the Illumina
NovaSeq6000 platform.

Optimization of porcine metagenomic data processing

The next-generation sequencing (NGS) data was stored
in FASTQ format. Sequence trimming was performed
using Trimmomatic (v0.39) [19] to ensure high-quality
reads. These reads were mapped to the porcine reference
genome (Sscrofa 11.1), and reads showing high similar-
ity to the host genome were removed using Burrows-
Wheeler Aligner (v0.7.17) [20]. The remaining reads were
de novo assembled into contigs using Megahit (v1.1.1)
[21]. For open reading frame (ORF) prediction, Meta-
GeneMark (v3.25) [22] was employed on the assembled
contigs, retaining sequences with ORF lengths>100 bp,
which were then translated into amino acid sequences.
CD-HIT [23] (http://www.bioinformatics.org/cd-hit/)
was used for gene sequence clustering, applying 95%
identity and 90% coverage as parameters. The longest
sequence from each cluster was selected as the represent-
ative, forming a non-redundant gene set. High-quality
reads from each sample were aligned to this non-redun-
dant gene set using SOAPaligner [24] (http://soap.genom
ics.org.cn/), with 95% identity, and gene abundances were
calculated for each sample.

Extraction and detection of metabolites from porcine feces
and blood

Feces and blood samples were ground using liquid nitro-
gen. A 100-mg aliquot of each sample was weighed and
mixed with 200 pl of pre-chilled water and 800 pl of pre-
cooled methanol/acetonitrile (1:1, V/V). The mixture was
subjected to ultrasonication in an ice bath for 60 min.
Proteins were precipitated at — 20 °C for 1 h, followed by
centrifugation to obtain the supernatant. The superna-
tant was dried using a high-speed vacuum centrifuge. For
mass spectrum detection, 100 pl of an acetonitrile—water
solution (1:1, V/V) was added for redissolution, followed
by centrifugation at 16,000 g at 4 °C for 15 min. The
remaining supernatant was separated using the Agilent
1290 Infinity LC high-performance liquid chromatogra-
phy (UHPLC) system and analyzed with the Triple TOF
5600 mass spectrometer (AB SCIEX). The metabolome
raw data were processed for peak alignment, retention
time correction, and peak area extraction using XCMS
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within the MSDIAL software. Ion peaks with missing val-
ues exceeding 50% were excluded. The patterns of all ion
peaks were recognized using SIMCA P 14.1 (Umetrics,
Umea, Sweden). Metabolite structures were identified
through accurate mass number matching (PPM < 25) and
second-order spectrogram matching. Standard metabo-
lite databases, including HMDB and MassBank, were
consulted to obtain metabolite information.

Eubacterium siraeum culture conditions

Eubacterium siraeum DSM 15702 was cultured for func-
tional validation. The culture medium was composed of
peptone (30 g/L), yeast extract (5 g/L), potassium dihy-
drogen phosphate (5 g/L), glucose (4 g/L), lactose (1
g/L), maltose (1 g/L), soluble starch (1 g/L), crystal vio-
let (0.001 g/L), and L-cysteine (0.5 g/L). The medium
was prepared by dissolving 47.5 g of the mixture in 1 L
of deionized water. The solution was boiled under a gas
mixture of N, (80%), H, (10%), and CO, (10%) and then
cooled and adjusted to a pH of 7.0. The medium was dis-
pensed into anaerobic tubes (9 ml per tube) containing
4-5 pebbles, sterilized by autoclaving at 121 °C for 15
min and stored at 4 °C under anaerobic conditions until
use.

Functional annotation of the whole genome of E. siraeum
The third-generation whole genome sequencing data
for the Eubacterium siraeurmm DSM 15702 was sourced
from the National Center for Biotechnology Information
(NCBI) database under accession number SRR15171276.
The genome’s open reading frames (ORFs) were pre-
dicted using the Prodigal software, and a comparable faa
file was generated. The kofam_scan software was utilized
for protein sequence homology searches based on HMM
models and the kofam database to complete the annota-
tion of gene functions.

Mouse diet

The mouse feed was purchased from Jiangsu Xietong
Pharmaceutical Bio-engineering Co., Ltd. The high-fat
diet (60% kcal from fat, XTHF60) contains the following
ingredients: casein 200 g, L-cystine 3 g, corn starch 0 g,
maltodextrin 125 g, sucrose 68.8 g, cellulose 50 g, soy-
bean oil 25 g, mineral mix 10 g, dicalcium phosphate 13
g, calcium carbonate 5.5 g, potassium citrate 16.5 g, vita-
min mix 10 g, choline bitartrate 2 g, and significant quan-
tities of lard 245 g, emphasizing its lipid-dense nature. In
contrast, the regular diet (10% kcal from fat, XTCON50])
includes casein 200 g, L-cystine 3 g, corn starch 506.2
g, maltodextrin 125 g, sucrose 68.8 g, cellulose 50 g,
soybean oil 25 g, lard 20 g, mineral mix 10 g, dicalcium
phosphate 13 g, calcium carbonate 5.5 g, potassium cit-
rate 16.5 g, vitamin mix 10 g, and choline bitartrate 2 g,
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characteristic of a more balanced caloric distribution.
These dietary formulations served as the basis for com-
parative metabolic and physiological analyses across
experimental groups.

Mouse experimental arrangement

In the controlled environment of Zhejiang Universi-
ty’s SPF-grade facility, 40 female C57BL/6 ] mice, aged
11 weeks, were divided into four experimental groups
(N=10 per group). The groups were subjected to distinct
dietary regimens: the NC group received a standard chow
diet, while the NC+E. siraeum group was provided the
same diet supplemented with E. siraeum. Similarly, the
HED group was fed a high-fat diet, while the HFD +E.
siraeum group had a high-fat diet complemented by E.
siraeum supplementation. All mice had unrestricted
access to food and water. Mice were first acclimated for
1 week, and then those in the E. siraeum-treated groups
were gavaged with a culture solution containing E. sir-
aeum at a concentration of 1x10° cfu/ml, administered
every 3 days over 2 months, while their counterparts
received a control solution devoid of bacteria. Mouse
feces were collected at the end of the gavage period. Fol-
lowing a fasting period of 14—16 h, blood, white adipose
tissue, and brown adipose tissue were collected for subse-
quent analysis.

Hematoxylin and eosin (H&E) staining

The histological examination of adipose tissue was
undertaken through H&E staining. Samples of both
white and brown adipose tissues were fixed in 10% for-
maldehyde, followed by sequential staining with hema-
toxylin and eosin. After hematoxylin staining and a water
rinse, tissues were treated with 1% hydrochloric acid eth-
anol, followed by eosin staining. A dehydration sequence
in ethanol (80%, 95%, 100%) was applied, culminating in
xylene clearing and mounting with Canada balsam. This
process enabled the visualization of cellular morphology,
critical for assessing tissue-specific responses to dietary
and bacterial interventions.

Detection of blood physiological factors in mouse

Fresh blood was stand for 1 h and then centrifuged at a
speed of 5000 g for 15 min to separate serum. Aliquots
of 200 pl of the upper serum layer were collected. The
serum was temporarily stored in a foam box filled with
dry ice and then transported to the laboratory. The con-
centrations of triglycerides (TG), total cholesterol (TC),
spexin, insulin, leptin, and interleukin-6 (IL-6) in the
plasma were determined using biochemical assay Kkits
from the Nanjing Jiangcheng Bioengineering Institute.
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According to the provided instructions, a mouse TG Elisa
assay kit was used to assess TG concentrations, and a
mouse TC Elisa assay kit was used to measure TC con-
centrations. Concentrations of spexin, insulin, leptin, and
IL-6 were determined using the respective mouse spexin,
insulin, leptin, and IL-6 Elisa assay kit. Each sample was
subjected to triplicate analysis, and the absorbance of
each well was measured at 450 nm using the Thermo
MK3 microplate reader. Standard curves were employed
to accurately quantify concentrations, offering insights
into the metabolic and inflammatory status of the experi-
mental mice.

Extraction of metabolites from E. siraeum, mouse feces,
and blood

E. siraeum samples were initially thawed slowly at 4 °C.
Mouse feces and blood samples were ground using liq-
uid nitrogen and mixed with 200 pl of pre-chilled water.
A 200-pl aliquot of all samples was then combined with
four times its volume of a pre-chilled methanol/acetoni-
trile/water solution (2:2:1). The mixture was vortexed
for 30 s and subsequently refrigerated at — 20 °C for 1 h
to precipitate proteins. The supernatant was separated
by centrifugation at 14,000 g for 10 min at 4 °C. The
supernatant was transferred to a new Eppendorf tube,
vacuum-dried at room temperature, and stored at — 80
°C. Quality control (QC) samples were prepared by mix-
ing the experimental samples in equal volumes, followed
by freeze-drying and storage at low temperatures. QC
samples were used to evaluate the performance of the
instrumentation and to monitor the stability of the chro-
matography-mass spectrometry system throughout the
entire experiment.

Chromatography conditions of E. siraeum, mouse feces,
and blood metabolites

Metabolite separation was performed using a Nexera
UHPLC LC-30A ultra-high-performance liquid chro-
matography system. The chromatographic column was
initially equilibrated with 98% mobile phase A (10 mM
ammonium acetate, acetonitrile: water 95: 5, 0.1% for-
mic acid). The sample was then injected into an HILIC
column (Waters, ACQUITY UPLC BEH Amide 1.7 pm,
2.1x100 mm) at a flow rate of 0.3 ml/min. The elution
gradient was programmed as follows: 2% mobile phase
B (10 mM ammonium acetate, acetonitrile: water 50:50,
0.1% formic acid) for 0.5 min, then increasing to 98% over
the next 11.5 min. Mobile phase B was held at 98% for 4
min, after which it was adjusted back to 2% over 0.1 min,
followed by a 1.9-min wash.
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Mass spectrum conditions of E. siraeum, mouse feces,

and blood metabolites

The separated metabolites were analyzed using a Q
Exactive HF-X mass spectrometer. Positive ion mode
detection was employed with a mass scan range of
70-1050 m/z. The first-level mass spectrometry reso-
lution was set to a resolution of 120,000 with an auto-
matic gain control (AGC) target of 3e6 and a maximum
ion injection time (IT) of 100 ms. For second-level mass
spectrometry, the resolution was set to 7500 with an
AGC target of 2e5 and a maximum IT of 50 ms. High-
energy collision-induced dissociation (HCD) fragmen-
tation mode was used with normalized collision energy
levels set at 20, 40, and 60. The isolation window was
1.5 m/z, and the sub-ion scan range was 200—2000 m/z.
In negative ion mode, the mass scan range remained
70-1050 m/z. The first-level mass spectrometry resolu-
tion was maintained at 120,000 with an AGC target of
3e6 and a maximum IT of 200 ms. The second-level mass
spectrometry resolution was set at 7500 with an AGC
target of 2e5 and a maximum IT of 50 ms. Second-level
mass spectrometry parameters remained the same, with
HCD fragmentation and the same isolation window and
sub-ion scan ranges.

Processing of raw data from E. siraeum, mouse feces,

and blood metabolomics

The raw data (RAW files) of the samples were collected
through mass spectrometry. The metabolome data
underwent peak alignment, retention time correction,
and peak area extraction using Progenesis QI software.
Compound identification was comprehensively per-
formed using Metascope, based on criteria such as mass
number (PPM<5), retention time, isotope distribution,
fragment ion spectra, and collision cross-section (CCS).
Standard metabolite databases, including SDF, HMDB,
and MassBank, were consulted to obtain metabolite
information.

Statistical analysis

The gene set was aligned against the NR database using
Blast (v2.2.28) to retrieve species annotation and abun-
dance data. Blastp was employed to align gene set
sequences against the eggNOG database, yielding a
Cluster of Orthologous Groups of proteins (COG) infor-
mation. Microbial species abundance was normalized
using TPM. Principal components analysis (PCA) was
employed to assess the overall variation and differences
between samples in the metagenome. The Kruskal-Wal-
lis rank sum test was used to detect significant differ-
ences among all the feature species, with a significance
level of P<0.05. The Wilcoxon rank sum test was sub-
sequently conducted to further examine the significant
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species identified in the Kruskal-Wallis test, with a sig-
nificance level of P<0.05. Finally, Linear discriminant
analysis (LDA) was then employed to identify the final
biomarkers, with an LDA score greater than 2 and a sig-
nificance level of P<0.05. The variable importance for the
projection (VIP) scores was obtained using the OPLS-
DA model, which measures the strength and explana-
tory power of each metabolite’s expression pattern for
sample classification and discrimination. A threshold of
VIP >1.0 was used to determine important metabolites.
Spearman correlation analysis was conducted to assess
the association between microbes and blood metabolites.
The correlation coefficients were interpreted as follows:
0.0-0.2, very weak or no correlation; 0.2—-0.4, weak cor-
relation; 0.4—0.6, moderate correlation; 0.6—0.8, strong
correlation; and 0.8-1.0, very strong correlation. Signifi-
cance levels were denoted as follows: P>0.05, no label;
0.01<P<0.05, labeled “*”; 0.001<P<0.01, labeled “**”;
P<0.001, labeled “**.

Mouse weight and serum physiological factors were
compared between the two groups using a T test, with
differences considered significant at P<0.05. Pathway
enrichment analysis identified significantly enriched
metabolic and signal transduction pathways, performed
using the online platform KOBAS (http://kobas.cbi.
pku.edu.cn). The relationships between pathways were
presented using KEGG network diagrams, which also
depicted the associations between metabolites and path-
ways. Initially, metabolite-enriched pathways were identi-
fied through the platform MetaboAnalyst (https://genap.
metaboanalyst.ca/ModuleView.xhtml). Finally, Cytoscape
(v3.10) was utilized to visualize the relationship between
metabolites and enriched pathways.

Results
Microbial diversity and composition in LW and LL pig
breeds
In this study, we conducted an in-depth exploratory
analysis of previously published data [16] to identify key
microbial strains involved in regulating fat deposition
in LW and LL pigs. The data processing met all neces-
sary requirements and was suitable for further analysis.
We performed principal components analysis (PCA) to
examine species dispersion. The results indicated that
the microbial communities were not entirely distinct
between the two pig breeds (Fig. 2a), suggesting more
similarities than differences in microbial composition.
According to the annotation information, we quantified
the microbial species in the two pig gut microbiomes.
LW pigs exhibited a total of 14,570 strains, of which
255 were specific to LW pig. In contrast, LL pigs had a
total of 14,324 strains, with only 9 strains specific to LL
pigs (Fig. 2b). However, the abundances of these specific
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Fig. 2 Analysis of differences in gut microbiota between LW and LL pigs. a PCA analysis showed no distinct separation in the microbial classification
of the two groups of pigs. b A total of 14,315 strains were common to LW and LL pigs. € The Kruskal-Wallis rank sum test showed that the significant
differences in the two pig microbial communities were not obvious. d Linear discriminant analysis identified 4 significantly different microbial
strains between the two breeds. e Pearson correlation analysis of the four differentiating strains revealed that £. siraeum was moderately negatively
correlated with Clostridium sp. CAG:413. f-i The abundance and variation of the four differentiating strains between LW and LL pigs showed that T.
bryantii, Clostridium sp. CAG:413, and J. dankookensis were more abundant in LW pigs, while E. siraeum was more abundant in LL pigs. j-I Abundance

of carbohydrate-related and lipometabolic-related strains showed no significant differences between the two pig breeds

strains were very low (CPM<1), indicating they do not
serve as indicative species. Consequently, we identified
useful indicator species through differential analysis.
First, we used the Kruskal-Wallis test to examine overall
differences among the 14,315 microbial strains between
the two pig breeds. The results revealed minimal overall
difference in the gut microbiota composition (Fig. 2c).
Based on the Kruskal-Wallis test (species with P<0.05),

we then conducted a Wilcoxon rank sum test to identify
212 distinct microbial strains with varying abundances
between LW and LL pigs (CPM > 1, prevalence >40%). Of
these, 132 strains displayed higher abundance in LW pigs,
while 80 strains exhibited higher abundance in LL pigs
(Table S1). Notably, three microbial species, namely T.
bryantii, Clostridium sp. CAG:413, and E. siraeum, dem-
onstrated abundances exceeding 1000 TPM (Table S1).
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Building upon the Wilcoxon rank sum test results (spe-
cies with P<0.05), we employed linear discriminant
analysis (LDA) to further distinguish differentially abun-
dant microbial species between LW and LL pigs. The
LDA revealed that four microbial species, including T.
bryantii, Clostridium sp. CAG:413, E. siraeum, and J.
dankookensis, exhibited significant distinctions between
the two pig breeds (P<0.05; Fig. 2d, f-i). Among these,
T. bryantii, Clostridium sp. CAG:413, and J. dankookensis
were significantly enriched in LW pigs, while E. siraeum
was significantly enriched in LL pigs. Additionally, T. bry-
antii, Clostridium sp. CAG:413, and E. siraeum showed
moderate correlations (0.4 <|cor|< 0.6; Fig. 2e).

We also used the T test to identify bacteria involved
in starch degradation, lipid metabolism, and cellulose
degradation. However, their abundances were compa-
rable between the two pig breeds (Fig. 2j—1). These find-
ings suggest that T. bryantii, Clostridium sp. CAG:413,
E. siraeum, and J. dankookensis may be important factors
influencing the differences in fat deposition between LW
and LL pigs.

Functional diversity of clusters of orthologous groups

of proteins

Clusters of Orthologous Groups of Proteins (COG) rep-
resent protein groups that share a common ancestral
origin [25]. Analyzing the protein functions of gut micro-
biota in LW and LL pigs can provide insights into the
functional roles of their distinct microbial communities.
In this study, we annotated 28,357 and 25,586 COGs in
the gut microbiota of LW and LL pigs, respectively (Fig.
S1). These COGs were further categorized into 22 func-
tional classes, with no significant differences observed
between the two breeds (Fig. S2).

We then identified 198 differentially abundant COGs,
meeting the criteria of CPM>1 and prevalence>40%.
Among these, 109 COGs were more abundant in LW pigs,
while 89 COGs were more abundant in LL pigs (Table S2).
Among these, phosphoribosyltransferase (COG2236), glyco-
syl transferase family 2 (ENOG4110742), phosphatidate cyti-
dylyltransferase (COGO0170), ABC transporter (COG4143),
glycoside hydrolase family 13 (ENOG4111TNM), fructose
1,6-bisphosphatase (EC 3.1.3.11, COG1980) and NADH
flavin oxidoreductase (COG1902) were more abundant in
LW pigs (Fig. 3a—g). Notably, fructose 1,6-bisphosphatase is
a key enzyme in gluconeogenesis, responsible for converting
non-carbohydrate substances into glucose [26, 27]. NADH
flavin oxidoreductase is involved in energy production and
conversion [28]. Conversely, a carrier of the growing fatty
acid chain in fatty acid biosynthesis (COG0236), homocyst-
eine S-methyltransferase (COG2040), methionine adenosyl-
transferase (ENOG410YTXD), peptidyl-arginine deiminase
(ENOG4111XJA), pyruvate kinase (COG1751), and family 2
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glycosyl transferase (ENOG4110742) was found to be more
abundant in LL pigs (Fig. 3h-1). Notably, methionine adeno-
syltransferase (MAT) plays a crucial role in regulating lipid
metabolism, and alterations in methionine metabolism have
been associated with weight gain in obese individuals [29].
Pyruvate kinase can inhibit the expression of thermogenic
genes in brown adipocytes [30].

E. siraeum is tightly correlated with blood anti-adipogenic
metabolites

Metabolites also play crucial roles in fat deposition, reg-
ulating various host metabolic processes such as energy
homeostasis, glucose metabolism, and lipid metabolism
[31-33]. Therefore, we conducted an analysis of micro-
bial and blood metabolites in LW and LL pigs to identify
potential markers for fat deposition. The results indi-
cated that three microbial metabolites, including anthe-
raxanthin, 3’-deoxycapsanthin, and bayogenin (VIP>1,
P<0.05), were significantly more abundant in LL than in
LW pigs (Fig. 4a). Previous literature has reported that
antheraxanthin has antioxidant effects and has not been
detected in human blood [34, 35]. Bayogenin can inhibit
cancer cell growth and has a targeting effect on hexoki-
nase II (HK2) [36]. 3’-deoxycapsanthin, isolated from
capsanthin, has antioxidative properties [37]. However,
these microbial metabolites alone do not provide suf-
ficient evidence to act as indicators of fat deposition,
prompting us to focus on differential blood metabolites.
Using Lefse analysis, we found 49 significantly different
blood metabolites between the two pig breeds (score>2,
P<0.05; Fig. 4b; Table S3). Functional enrichment analy-
sis revealed that these metabolites were involved in 12
signaling pathways, with significant enrichment in the
biosynthesis of unsaturated fatty acids and the phenyla-
lanine, tyrosine, and tryptophan biosynthesis pathways
(Fig. 4c). Within these pathways, stearic acid and icosa-
noic acid were specially enriched in the biosynthesis of
unsaturated fatty acids, while tyrosine exhibited enrich-
ment in the phenylalanine, tyrosine, and tryptophan
biosynthesis pathway (Table S4). Literature evidence sug-
gests that stearic acid contributes to the reduction of total
fat content and visceral fat content in mice, and lowers
serum glucose levels [38], indicating its role in fat depo-
sition differences between LW and LL pigs. Addition-
ally, other blood metabolites such as royal jelly acid have
been reported to regulate fat deposition [39, 40]. Fur-
thermore, the microbial metabolites exhibit a strong cor-
relation with these blood metabolites (Fig. 4d; Table S5).
Antheraxanthin and 3’-deoxycapsanthin were positively
correlated with gomisin H, juarezic acid, and others, sug-
gesting both antioxidant and anti-inflammatory effects.
Bayogenin was negatively correlated with stearic acid and
appears to inhibit both cancer cell and adipocyte growth.
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We further conducted correlation analysis using
blood metabolites as markers to identify key micro-
bial species influencing fat deposition. This analysis
revealed 196 correlation pairs between the four dif-
ferential microbial species and the differential blood
metabolites, with 33 pairs showing statistically sig-
nificant correlations (Table S6). Specifically, E. sir-
aeum showed a strong positive correlation with several
metabolites, including tanshinone IIA, dehydroeffu-
sol, royal jelly acid, phthalic anhydride, icosanoic acid,
mebeverine, SPI_256.2273_14.6, angelic anhydride,
cholecalciferol, dibutyl phthalate, nervonic acid, and
trans-cinnamic acid (Fig. 5a). Conversely, Clostridium
sp. CAG:413 exhibited strong negative correlations
with nervonic acid, tanshinone IIA, phthalic anhydride,
and royal jelly acid, opposite to the effects of E. siraeum

(Fig. 4e). This suggests that E. siraeum may inhibit fat
deposition, while Clostridium sp. CAG:413 promotes
it, given the involvement of tanshinone IIA, royal jelly
acid, and nervonic acid in inhibiting fat deposition [39,
41, 42]. T. bryantii and J. dankookensis exhibited rela-
tively weak correlations with metabolites. T. bryantii
only showed a strong negative correlation with creati-
nine, while J. dankookensis only exhibited a strong posi-
tive correlation with ginkgolide A (Fig. 4e). It is worth
noting that E. siraeum exhibited the most significant
positive correlation with blood differential metabo-
lites, with 18 pairs of correlation, many of which have
been demonstrated to inhibit fat deposition. The higher
abundance of E. siraeum in LL pigs, which have lower
fat content, suggests that E. siraeum likely plays a key
role in inhibiting fat deposition.
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groups

Functional enrichment analysis of E. siraeum genes

To further investigate the functional roles of E. siraeum
in host interaction, we conducted a KEGG pathway
enrichment analysis of its genes. A total of 161 enriched
pathways were identified (Table S7). Among the top
enriched gene pathways (Fig. S3), a significant number
of genes were found in the biosynthesis of secondary
metabolites, totaling 5366 genes. Additionally, sev-
eral other pathways with thousands of enriched genes
included biosynthesis of amino acids (3257 genes),

cysteine and methionine metabolism (1742 genes), car-
bon metabolism (1521 genes), glucagon signaling path-
way (1502 genes), two-component system (1263 genes),
starch and sucrose metabolism (1223 genes), glycolysis/
gluconeogenesis (1178 genes), insulin signaling path-
way (1164 genes), and insulin resistance (1141 genes).
Collectively, these pathways account for at least 21% of
the total genes in E. siraeum.

The large number of genes enriched in the insulin
signaling pathway suggests that E. siraeum is involved
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in regulating the host’s insulin sensitivity. Furthermore,
E. siraeum has a substantial number of genes involved
in various aspects of lipid metabolism, energy metabo-
lism, and carbohydrate metabolism, such as glycerolipid
metabolism (271 genes) and glycerophospholipid metab-
olism (219 genes). This indicates that E. siraeum may
primarily regulate the host’s fat deposition by mediating
the synthesis and metabolism of glycerolipids and glyc-
erophospholipids. In terms of signal transduction, E. sir-
aeum is particularly enriched in the PI3K/AKT, AMPK,
and FoxO signaling pathways. These findings suggest that
E. siraeum may play a central role in regulating the host’s
diabetes and lipid metabolism-related processes via these
pathways.

Validation of E. siraeum anti-adipogenic effects

through gavage experiments in mice

To verify the anti-adipogenic effects of E. siraeum, we
conducted a gavage experiment in mice. Mice were
divided into four groups: high-fat diet (HFD), negative
control (NC), E. siraeum administration on a high-fat
diet (HFD +E), and E. siraeum administration on a nor-
mal diet (NC+E), and were monitored over a 2-month
feeding period (Fig. 5a). All groups of mice showed an
upward trend in weight, with the HFD group exhibit-
ing the fastest increase. The HFD group started with the
lightest average weight and ended with the heaviest aver-
age weight at the time of sampling (Fig. 5b). In contrast,
the HFD +E group had a slower upward trend compared
to the HED group (Fig. 5b), suggesting that the addition
of E. siraeum can mitigate the rate of weight gain in mice
consuming a high-fat, high-calorie diet. Both NC and
NC+E groups showed parallel and slow weight increases
(Fig. 5b), suggesting that E. siraeum does not affect
mouse weight under normal diet conditions. When com-
paring overall weight gain (final minus initial weight),
no significant difference was observed between the HFD
and HFD + E groups; however, the trend approached sig-
nificance (P=0.07) (Fig. 5c). There was a significant dif-
ference between the mice on a high-fat diet and those
on a normal chow diet (P<0.009). No significant differ-
ence was observed between the NC and NC+E groups
(P=0.29; Fig. 5¢).

We then compared the size of white adipocytes and
the number of brown adipocytes between the HFD and
HED+E groups. The results showed that white adi-
pocytes in the HFD+E group were smaller in volume
compared to the HFD group (Fig. 5e—f). Moreover, the
HFD+E group exhibited a greater number of brown
adipocytes (Fig. 5g—h). We also compared the levels
of various biomarkers, including spexin, insulin, lep-
tin, interleukin-6 (IL-6), triglycerides (TG), and total
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cholesterol (TC) between the HFD and HFD +E groups.
Spexin levels fluctuated widely in the HFD+E group,
while they were more stable in the HFD group (Fig. 5i).
Insulin levels were significantly lower in the HFD+E
group (Fig. 5k), indicating improved insulin sensitivity,
consistent with the functional characterization of the
E. siraeum genome showing involvement in the insulin
signaling pathway. Furthermore, decreased insulin secre-
tion corresponds to reduced uptake and storage of fatty
acids in adipocytes, thereby inhibiting fat deposition [43].
Leptin levels were also significantly lower in the HFD+E
group (Fig. 5j). Since leptin is primarily produced by adi-
pocytes, its secretion decreases with reduced fat mass
[44]. The decreased secretion of leptin aligns with the
reduction in white adipocyte size (Fig. 5f). IL-6, a marker
of inflammation associated with obesity [45], was also
significantly reduced in the HFD+E group (Fig. 5l).
Interestingly, while triglyceride levels showed no signifi-
cant difference between the two groups (Fig. 5m), total
cholesterol (TC) was significantly higher in the HFD+E
group (Fig. 5n). This unexpected result warrants fur-
ther investigation into the specific metabolic pathways
through which E. siraeum affects lipid metabolism.

Using 16S rRNA sequencing, we compared the abso-
lute colonization abundance of E. siraeum in the HFD,
HFD+E, and NC groups. The NC group had coloniza-
tion of E. siraeum, while the HFD and HFD +E groups
had almost no colonization (Fig. 5d). This suggests that
long-term high-fat feeding can lead to metabolic disrup-
tion, creating an unfavorable internal environment for
the colonization and growth of E. siraeum. Even with
timely and adequate supplementation, the disrupted
environment still hinders the colonization of E. siraeum.
Interestingly, despite the lack of colonization, the high-
fat-induced weight gain in the HFD +E group was still
suppressed. During the gavage process, we also adminis-
tered a culture medium to the mice. The culture medium
contained E. siraeum metabolites, while the blank culture
medium was devoid of bacterial metabolites. This sug-
gests that it is the metabolites of E. siraeum that inhibit
fat deposition in mice.

Functional enrichment analysis of metabolites secreted

by E. siraeum

We detected the metabolites secreted by E. siraeum,
identifying 1565 metabolites using mass spectrometry in
both positive and negative ion modes (Fig. S4; Table S8).
Among these metabolites, we identified components
such as hypoxanthine, betaine, creatine, glutamic acid,
and acetylcholine. According to the Human Metabo-
lome Database (hmdb.ca), these metabolites have bio-
logical locations in adipose tissue. Metabolites such as
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y2-aminobutyric acid, melatonin, 5-hydroxyindoleac-
etate, tyramine, tryptamine, indole, and cytosine have
biological locations in neurons and nerve cells.

Functional enrichment analysis of the metabolites
secreted by E. siraeum revealed their involvement in
key metabolic pathways, including aminoacyl-tRNA
biosynthesis, tryptophan metabolism, arginine and pro-
line metabolism, vitamin B6 metabolism, and histidine
metabolism (Fig. S5). These metabolites also play critical
roles in the metabolism of 19 amino acids, including 11
non-essential amino acids (arginine, histidine, cysteine,
glycine, alanine, proline, tyrosine, serine, aspartate, glu-
tamine, glutamate) and 8 essential amino acids (lysine,
tryptophan, phenylalanine, methionine, threonine, isole-
ucine, leucine, and valine). This suggests that E. siraeum
not only provides essential amino acids to the host but
also supports the metabolism of non-essential amino
acids. Some metabolites of E. siraeum are also involved
in lipid metabolism processes such as fatty acid degrada-
tion, glycerophospholipid metabolism, and glycerolipid
metabolism, as well as carbohydrate metabolism, includ-
ing fructose and mannose metabolism, citrate cycle,
butanoate metabolism, pentose phosphate pathway, gly-
colysis/gluconeogenesis, and pentose and glucuronate
interconversions. These functional enrichment results
align with the functional analysis of E. siraeum genes,
highlighting its role in regulating host lipid and carbo-
hydrate metabolism through a mutualistic symbiotic
process.

Furthermore, a co-expression network of E. siraeum
metabolites and their associated pathways identified
a core network of tightly linked metabolites, such as
1-methylguanine, which regulates the AMPK signaling
pathway and influences fatty acid biosynthesis, the insulin
signaling pathway, and the PI3K/AKT pathway (Fig. S6).

Oral administration of E. siraeum significantly reduces
tyrosine levels

Fecal metabolites serve as a crucial link in the gut
microbiome’s regulation of host physiology. We
detected 1,234 metabolites in the fecal samples of
both HFD and HFD+E mice, with OPLS-DA score
analysis revealing significant differences between
the two groups (Fig. S7). Using a threshold of VIP>1
and log2(FC) > 1, we identified 29 differentially abun-
dant metabolites, including 27 that were significantly

(See figure on next page.)
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downregulated in the HFD +E group compared to the
HFD group, such as tyrosine, N-desmethyltramadol,
and N, N-diethylethanolamine. Conversely, tryptamine
and DL-glutamine were significantly upregulated in the
HEFD +E group (P <0.05; Fig. 6a; Table S9).

Functional enrichment analysis of these differential
metabolites revealed no significantly upregulated path-
ways but identified four significantly downregulated
metabolic pathways: histidine metabolism, phenyla-
lanine, tyrosine and tryptophan biosynthesis, ubiqui-
none, and other terpenoid-quinone biosynthesis, and
phenylalanine metabolism (Fig. S8). These findings sug-
gest that E. siraeum degrade and inhibit metabolites
such as tyrosine in the gut while promoting the synthe-
sis of tryptamine and DL-glutamine. Blood metabolite
analysis identified 534 metabolites in the positive ion
mode and 527 in the negative ion mode. Using OPLS-
DA and T-tests with the same thresholds (VIP>1,
log2(FC) >1), 72 metabolites were upregulated and
176 were downregulated (P<0.05; Fig. 6b; Table S10).
Tyrosine was the only metabolite consistently identified
in both fecal and blood metabolite pools, indicating its
transport from the gut into the bloodstream after E.
siraeyum administration. Further investigation of fecal
tyrosine levels in the HFD, HFD+E, and NC groups
showed a positive correlation between tyrosine levels
and body weight (Fig. 6¢). In the blood, tyrosine levels
increased with body weight in both HFD and HFD +E
mice, though no significant difference was observed
between the HFD +E and NC groups (Fig. 6d). These
results suggest that high-fat diets elevate tyrosine lev-
els, but E. siraeum can mitigate this effect, primarily
through inhibition of tyrosine synthesis. The signifi-
cant reduction in tyrosine levels in both fecal and blood
samples from HFD + E mice highlights the key role of E.
siraeum in metabolite regulation.

Oral administration of E. siraeum inhibited the PI3K/AKT
signaling pathway

The circulatory system is a critical system for maintain-
ing life and homeostasis. Within the upregulated blood
metabolites, we identified six components belonging to
lipids and lipid-like molecules (Fig. 7a). Specifically, one
metabolite was classified as linoleic acids and derivatives
(Fig. 7b). The upregulated metabolites were enriched in
pathways associated with the digestion of dietary lipids,

Fig.6 Changes in fecal and blood metabolites following oral administration of E. siraeum in mice. a In fecal samples, 29 differential metabolites
were identified, including 27 that were significantly downregulated in the HFD +E group compared to the HFD group, such as tyrosine,

while tryptamine and DL-glutamine were significantly upregulated. b In blood samples, 248 differential metabolites were identified, with 176
significantly downregulated and 72 upregulated in the HFD + E group compared to the HFD group. ¢ Fecal tyrosine levels increased proportionally
with body weight in NC, HFD +E, and HFD mice. d Blood tyrosine levels showed no significant difference between NC and HFD +E mice,

but increased with body weight in HFD +E and HFD mice
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glycerolipid metabolism, triglyceride catabolism, as well
as the synthesis of triacylglycerides and triglycerides
(Fig. 7e). Importantly, the administration of E. siraeum
also triggered CYP2E1 reactions, which are known to
induce browning in 3T3-L1 white adipocytes [46]. This
result is consistent with the increased number of brown
adipocytes in mice (Fig. 5h). Additionally, CYP2E1 is
involved in drug metabolism and the synthesis of lipids
like cholesterol and steroids [47]. Indeed, blood factor
testing indicated an increase in total cholesterol (TC)
(Fig. 5n). Cholesterol and steroids serve as primary raw
materials for thyroid hormones and adrenal cortex hor-
mones. Accordingly, we observed alterations in the pro-
duction of thyroid hormones and downstream signaling
effects in the periphery following inoculation (Fig. 7e).
Changes in the effects of PIP2 hydrolysis were also
observed in the upregulated pathways. PIP2 can be phos-
phorylated by PI3K to generate PIP3, which participates
in the PIBK/AKT signaling pathway, regulating various
aspects of cell activities such as survival, proliferation,
growth, and metabolism [48]. Therefore, the hydrolysis
of PIP2 is expected to inhibit the function of the PI3K/
AKT signaling pathway. In other words, the upregulated
metabolites can suppress the PI3K/AKT signaling path-
way. A pathway analysis revealed that PIP2 hydrolysis is
closely linked to triglyceride catabolism, triglyceride bio-
synthesis, and dietary lipid digestion, forming an inter-
connected pathway network (Fig. 7g). This suggests that
PIP2 hydrolysis may reduce fat deposition by influenc-
ing triglyceride metabolism. Among the 176 downregu-
lated metabolites, 31 components belonged to lipids and
lipid-like molecules (Fig. 7c). These substances mainly
included fatty acid esters, steroid esters, triterpenoids,
diterpenoids, fatty acids and conjugates, and glycer-
ophosphocholines (Fig. 7d). The specific downregulated
metabolites can be found in Supplementary Table S10.
Functional enrichment analysis of the downregulated
metabolites revealed significant involvement in pathways
such as aberrant PI3K signaling in cancer and the PI3K/
AKT pathway (Fig. 7f), further supporting the inhibi-
tory effect of E. siraeum on the PI3K/AKT pathway. The
co-expression network of downregulated pathways was
divided into three major modules: one related to the
PI3K/AKT signaling pathway, another focus on bile acid
biosynthesis, and a third involving lysine metabolism and

(See figure on next page.)
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hyperlysinemia (Fig. 7h). Interestingly, the PI3K/AKT
pathway was implicated in both the upregulated and
downregulated metabolite pathways, reinforcing its cen-
tral role in the physiological changes observed following
E. siraeum administration.

E. siraeum regulates fat deposition through the PI3K/AKT
signaling pathway

To elucidate the mechanisms by which E. siraeum regu-
lates fat deposition, we integrated data from case—control
experiments and literature to outline the pathway involv-
ing the PI3K/AKT signaling cascade (Fig. 8). In mice
treated with E. siraeum, there was a notable increase in
PIP2 hydrolysis (Fig. 7g) alongside a marked reduction in
the activity of the PI3BK/AKT signaling pathway (Fig. 7h).
The autophosphorylation of receptor tyrosine kinases
(RTKs) in the PIBK/AKT pathway requires ATP to pro-
vide the phosphate group, and this ATP-ADP conversion
relies on tyrosine as a cofactor. Consequently, a reduction
in tyrosine concentration lowers the autophosphorylation
levels of RTKs [49, 50]. Our findings revealed that tyros-
ine levels were significantly reduced in both fecal and
blood metabolites of HFD+E mice compared to HFD
mice (Fig. 6¢—d; Table S9; Table S10). This confirmed that
the reduction in tyrosine level in HFD +E mice lowered
the phosphorylation level of RTKs, leading to a decrease
in the activity of the PI3K/AKT signaling pathway in their
white fat tissues (Fig. 8). Additionally, genomic analysis
of E. siraeum identified 221 genes involved in the PI3K/
AKT signaling pathway (Fig. S3), further underscoring
the importance of this pathway in E. siraeum’s functional
repertoire. Furthermore, functional enrichment analysis
of metabolites secreted by E. siraeum revealed a signifi-
cant involvement in phenylalanine, tyrosine, and tryp-
tophan biosynthesis (Fig. S5), suggesting that E. siraeum
metabolites are intricately involved in the regulation of
tyrosine synthesis and metabolism.

Discussion

Subcutaneous fat (SCF) deposition negatively impacts
feed conversion efficiency in pigs, leading to increased
farming costs. Reducing SCF is crucial for enhancing
efficiency, and identifying factors that inhibit fat depo-
sition is an important step toward this goal. Previous

Fig. 7 Functional analysis of blood metabolites in mice. a Classification of upregulated metabolites, of which 6 metabolites belong to the lipids
and lipid-like molecules category. b Lipid categories within the upregulated metabolites. ¢ Classification of downregulated metabolites, of which 31
metabolites belong to the lipids and lipid-like molecules category. d Lipid categories within the downregulated metabolites. e Functional pathways
enriched among upregulated metabolites. f Functional pathways Enriched among downregulated metabolites. g Network of functional pathways
related to upregulated metabolites. h Network of functional pathways related to downregulated metabolites
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Fig. 8 Pathways through which E. siraeum regulates fat deposition. £. siraeum reduces fecal tyrosine levels in mice, consequently decreasing blood
tyrosine levels. Tyrosine acts as a cofactor in the ATP-ADP conversion reaction, providing phosphate groups to receptor tyrosine kinases (RTKs).
Reduced tyrosine levels diminish the phosphorylation level of RTKs, subsequently reducing phosphorylation of the PI3K-AKT pathway and mTORCT1.
This ultimately leads to a decrease in mRNA transcription levels and lipid synthesis in fat adipocytes. As white adipose tissue is responsible

for secreting leptin and the inflammatory cytokine IL-6, the suppression of white adipose tissue results in a corresponding decrease in leptin

and IL-6 levels

research has largely focused on the genetic factors influ-
encing fat deposition in pigs [6—9]. This study provides
novel insights into the role of E. siraeum in regulating fat
deposition and metabolic health. By comparing the gut
microbiota of LW pigs and LL pigs, we identified E. sir-
aeum as a key bacterial strain associated with reduced fat
accumulation. E. siraeum is known for its anti-inflamma-
tory properties and acetate production [51]. In addition,
E. siraeum harbors RNA-guided CRISPR effectors such
as EsCas13d and EsCas12f1 [52-54]. Compared to obese
individuals, E. siraeum is predominantly enriched in
healthy control groups [55]. In contrast, Prevotella copri
has been shown to promote fat deposition [13]. Studies in
non-human primates on a Mediterranean diet revealed a
higher abundance of P. copri and a lower proportion of
E. siraeum when switched to a Western diet [56]. Addi-
tionally, pregnant women with normal glucose tolerance
(NGT) exhibited a higher abundance of E. siraeum than
those with gestational diabetes [57]. Supplementation

with E. siraeum has been shown to mitigate colitis, along
with increases in folate and methylation regulators in the
colon [58]. Notably, E. siraeum is significantly positively
correlated with ethanolamine [59], a metabolite linked to
acute coronary syndrome treatment, and plays a role in
gut dysbiosis improvement when co-administered with
Bacteroides uniformis [51]. It is also associated with the
regulation of immunoglobulin levels [60].

Our study revealed that E. siraeum encodes genes
involved in fatty acid degradation, glycerophospholipid
metabolism, glycerolipid metabolism, and insulin sign-
aling pathway. These findings suggest that E. siraeum,
within a mutualistic symbiotic relationship with the
host, facilitates fat and lipid degradation via its gene
products and metabolites. This might explain its enrich-
ment in lean and healthy populations [55]. Moreover, E.
siraeum may improve insulin sensitivity, as evidenced
by its higher abundance in NGT individuals [57]. A sig-
nificant number of E. siraeum-encoded genes also were
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found associated with the biosynthesis of secondary
metabolites. Microbial secondary metabolites, such as
short-chain fatty acids (SCFAs), are known to modulate
nutrient absorption, energy balance, and metabolism in
the host [61, 62]. The enrichment of this pathway in E.
siraeum suggests its contribution to host metabolic reg-
ulation, including processes like inflammation, glucose
and lipid metabolism, and energy homeostasis. Previous
research has confirmed that E. siraeum can produce ace-
tate, which plays a role in adipose tissue browning, pro-
moting fat oxidation and increasing brown adipose tissue
(BAT) activation [63, 64]. Our findings also demonstrate
that oral administration of E. siraeum increases brown
adipocytes in mice.

In our experiments, we confirmed that E. siraeum
reduces body weight, decreases SCF white adipocyte size,
increases brown adipocytes, lowers leptin and IL-6 secre-
tion, and improves insulin sensitivity in mice. Reduction
in white adipocyte size is associated with the breakdown
of triglycerides into fatty acids [65]. Brown adipocytes,
rich in mitochondria and UCP1 protein, generate heat
through non-shivering thermogenesis, a process involv-
ing stored fat breakdown into fatty acids [66]. Thus, E.
siraeum enhances energy expenditure, accelerating lipid
degradation in adipocytes. Furthermore, E. siraeum pro-
motes the increase of six types of lipids and lipid-like
molecules. Conjugated linoleic acids have been shown
to have beneficial effects, such as reducing blood lipids,
preventing cardiovascular diseases, and assisting in the
treatment of diabetes [67]. Another metabolite belonged
to guaiane-type sesquiterpenoids, known for their inhibi-
tory effects on validation factors such as TNF-a and IL-6
[68-70]. Melinamide, another upregulated metabolite,
has demonstrated the ability to lower cholesterol levels
[71, 72]. Overall, E. siraeum has the potential to improve
the physiological and metabolic environment.

We observed a significant reduction in tyrosine lev-
els following the administration of E. siraeum. Previous
studies have shown that E. siraeum can degrade tyrosine,
utilizing it as a carbon and nitrogen source for growth
[73-75]. Tyrosine, as a cofactor, facilitates the conversion
of ATP to ADP, and the energy release from this conver-
sion is an important condition for the phosphorylation
of RTKs [49, 50]. The phosphorylation of RTKSs triggers
a series of signaling events, including the ERK and PI3K/
AKT signaling pathways. On the cell membrane, AKT
is phosphorylated and activated, initiating the phospho-
rylation of multiple substrates, such as TSC1 and TSC2,
which are involved in the activation of mTORCI, thereby
mediating mRNA translation, protein synthesis, and lipid
synthesis [76]. These events typically involve the activa-
tion of intracellular signaling pathways that regulate pro-
cesses such as cell growth, differentiation, survival, and

Page 18 of 21

lipid synthesis [77, 78]. Therefore, a decrease in tyrosine
content will inevitably weaken the activity of the PI3K/
AKT signaling pathway. Our results demonstrate that
both the genes and metabolites of E. siraeum partici-
pate in the PI3K/AKT pathway, and that this pathway is
attenuated in HFD mice following E. siraeum administra-
tion. This suggests that E. siraeum can suppress the PI3K/
AKT signaling pathway by reducing tyrosine levels, thus
inhibiting lipid synthesis in adipocytes. Previous studies
have emphasized the importance of the PI3K/AKT path-
way in regulating intramuscular and SCF in pigs [79-81].
Differential expression of mRNAs, including AKT2, a key
regulatory gene in the fat deposition network, further
highlights the relevance of this pathway in fat metabolism
[81].

Overall, the process of lipid reduction mediated by E.
siraeum metabolites involves a complex mechanism that
requires the coordination of multiple components and
pathways. Within this intricate network, one important
mechanism of E. siraeum is to lower the levels of tyros-
ine, suppress the effects of the PI3K/AKT signaling path-
way, inhibit lipid synthesis, and ultimately reduce fat
deposition in the white adipocytes. Future studies should
focus on leveraging E. siraeum metabolites to reduce SCF
deposition while minimizing impacts on intramuscular
fat, balancing both growth and pork quality to meet con-
sumer demands while lowering breeding costs.

Conclusion

In conclusion, we identified Eubacterium siraeum as a
strain associated with fat deposition in LW and LL pigs.
Our experiments using oral administration in mice dem-
onstrated that E. siraeum significantly inhibits fat accu-
mulation. This inhibitory effect is largely mediated by the
suppression of the PI3K/AKT signaling pathway, a key
regulator of lipid metabolism. These findings provide a
strong theoretical foundation for improving pork qual-
ity through microbiome manipulation and offer valuable
insights for future research on human obesity and related
metabolic disorders.
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Supplementary Material 1: Figure S1. A total of 28,357 COGs were anno-
tated in the metagenome of Laiwu pigs, and 25,586 COGs were annotated
in the metagenome of Lulai black pigs. Among them, 3,530 COGs were
specific to Laiwu pigs, 759 COGs were specific to Lulai black pigs, and
24,827 COGs were found in both Laiwu pigs and Lulai black pigs. Figure
S2.The COGs annotated in the metagenomes of Laiwu pigs and Lulai
black pigs can be categorized into 22 functional classes, and no significant
differences were observed. Figure S3. Enriched pathways of genes
encoded by Eubacterium siraeum, where the numbers on the x-axis
represent the quantity of genes enriched in each pathway. Based on the
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number of genes in each pathway, revealed a significant enrichment of E.
siraeum genes in signal transduction, lipid metabolism, energy metabo-
lism, endocrine system, endocrine and metabolic disease, cardiovascular
disease, carbohydrate metabolism, and amino acid metabolism. Figure S4.
The upper panel shows the mass spectrum of metabolites from E. siraeum
in positive ion mode, and the lower panel shows the mass spectrum in
negative ion mode. The distinct profiles observed in positive and negative
ion modes suggest limited overlap in the metabolites detected under
these conditions. Figure S5. Functional enrichment analysis of metabo-
lites secreted by E. siraeum, based on the number of metabolites in each
pathway, revealed significant enrichment in aminoacyl-tRNA biosynthe-
sis, purine metabolism, cysteine and methionine metabolism, arginine
and proline metabolism, arginine biosynthesis, tryptophan metabolism,
phenylalanine, tyrosine, and tryptophan biosynthesis, glycine, serine, and
threonine metabolism, and pyrimidine metabolism. Figure S6. Network
relationship between certain metabolites secreted by Eubacterium
siraeum and functional enrichment pathways. Figure S7. Following oral
administration of Eubacterium siraeum, significant alterations in host
metabolism were observed. OPLS-DA score analysis revealed significant
differences between Laiwu pigs and Lulai black pigs. Figure S8. Functional
enrichment analysis of the mouse blood metabolites. There are four
significantly downregulated metabolic pathways: histidine metabolism,
phenylalanine, tyrosine and tryptophan biosynthesis, ubiquinone and
other terpenoid-quinone biosynthesis, and phenylalanine metabolism.

Supplementary Material 2: Table S1. The 212 distinct microbes exhibited
varying abundances between LW and LL pigs. Table S2. The 198 differen-
tially abundant COGs were identified between LW and LL pigs. Table S3.
The 49 differentially abundant blood metabolites were identified between
LW and LL pigs. Table S4.The 12 signaling pathways annotated from the
49 differential blood metabolites. Table S5. The Spearman correlation
coefficients between 3 feces metabolites and 49 blood metabolites.
Table S6. The Spearman correlation coefficients between 4 microbes and
49 blood metabolites. Table S7.The 161 enriched pathways annotated
by Eubacterium siraeum encode genes. Table S8. The 1,656 metabolites
secreted by Eubacterium siraeum. Table S9. The differentially abundant
fecal metabolites in mice. Table S10. The differentially abundant blood
metabolites in mice.
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