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Abstract

Background Although obesity is caused by different factors, individual susceptibility to obesity differs among
people under the same circumstances. The microbiota in the caecum or fresh faeces and metabolites in blood or
urine contribute to obesity resistance; however, the microbiota or metabolites in the small intestine have not been
extensively studied.

Methods To investigate the relationship between the microbiota or metabolites in the small intestine and
susceptibility to obesity, eighty-eight male C57BL/6 mice were fed a high-fat diet (HFD) for 8 weeks to establish two
models of obesity and obesity resistance. For further study, six mice were chosen from among the obesity models,
and twelve mice were randomly chosen from among the obesity resistance models. After fasting plasma glucose
and behavioural testing, the mice were fed in single cages for another 4 weeks to observe their weight and food
intake. All mice were sacrificed at 20 weeks of age. Serum ALT, AST, HDL, LDL, TG and TC levels were measured using
an automatic biochemical analyser. The microbiota and metabolites in the small intestine contents were analysed
using 16 S sequencing and an ultrahigh-performance liquid chromatographic system, respectively. Transcripts in the
jejunum were evaluated using full-length transcriptome sequencing and verified by qPCR.

Results The results showed that HFD induced depression and anxiety behaviours and higher fasting plasma glucose,
ALT, AST, HDL, LDL, TG and TC levels in the obese mice; however, these levels were improved in obese resistance mice.
The correlation analysis showed that the phosphatidylcholine, TG, and phosphatidylethanolamine levels were higher
in obese mice and correlated positively with intestinal microflora (Desulfovibrio and Gemella) and the Cxcl10 gene. A
higher abundance of Clostridium_sensu_stricto_1 in obesity-resistant mice correlated negatively with the metabolite
contents (neuromedin N and enkephalin L) and Pckl gene expression and correlated positively with certain
metabolites (5-hydroxy-L-tryptophan, cinnamyl alcohol and 1 H-indole-3-acetamide) and genes expression (Gdf15,
Igfbp6 and Spp1).

Conclusion Clostridium_sensu_stricto_1, neuromedin N, enkephalin L, Pck1, 5-hydroxy-L-tryptophan, Cxcl10 and
cinnamyl alcohol may be novel biomarkers in the small intestine for obesity/obesity resistance. These might be
helpful for obesity prevention or for treating obese patients.
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Background

Globally, obesity is an increasing health concern. Its mor-
bidity has increased every year[1]. Obesity causes many
complications, including cardiovascular disease, stroke,
cirrhosis and diabetes[2]. Therefore, new preventative
treatment strategies are essential to reduce obesity inci-
dence. The causes of obesity include a variety of causes,
including environmental and genetic factors. However,
individuals seem to show different levels of susceptibility
to obesity[3]. Research has shown that high-fat diets con-
tribute to obesity or obesity resistance in C57BL/6 model
mice[4]. It is important to understand different levels
of susceptibility to obesity by studying C57BL/6 mice,
which have a consistent genetic background. Researchers
have examined various factors involved in obesity or obe-
sity resistance. There are several points to explain this.
(1) Hormone levels are not the same. Leptin-deficient
mice present with lower body weight and higher insulin
sensitivity than obese mice[5]. (2) The gut microbiota
composition is inconsistent among individuals. The gut
microbiota regulates the metabolism of bile acids. Bile
acids are closely related to lipid metabolism[6]. (3) The
metabolic capacity of the liver among individuals is also
inconsistent. For example, the levels of long-chain and
highly unsaturated phosphatidylcholine (PC) 40:9 and PC
38:7 are higher in obesity-resistant mouse livers than in
obese mouse livers[7]. Triacylglyceride (TG) species with
a lower degree of fatty acid chain unsaturation are more
highly expressed in obese mouse livers[7]. (4) The amount
of activity affects obesity. Physical activity levels are low
in overweight and obese individuals, and caloric intake is
higher[8]. (5) Different functional states of mitochondria
contribute to obesity. A study showed that mitochon-
drial content and oxidative enzyme activity are lower
in obese mice. In contrast, obesity-resistant rats exhibit
higher antioxidant molecule and antioxidant enzyme
activity levels to maintain cellular redox homeostasis,
which favours energy production and efficient energy
consumption[9]. (6) Diverse genetic backgrounds are fac-
tors. Fabp4-deficient mice showed resistance to obesity
and fatty liver[10]. (7) Activity of the nervous system is
inconsistent among individuals. Obese rats have higher
sympathetic nerve activity[11] and lower brain dopa-
mine levels[12]. However, the cause of obesity resistance
remains unclear. More studies are needed. Recently, the
majority of the research on obesity resistance has been
performed on mice with diverse genetic backgrounds,
which may influence the identification of true obesity/
obesity resistance factors. There are also other deficien-
cies in some of these studies. Gut microbiota dysbiosis
is commonly considered to be a key factor for obesity.

In addition to nutrient digestion and absorption, the gut
microbiota produces short-chain fatty acids to regulate
intestinal barrier integrity and immune homeostasis[13].
However, the distribution of intestinal microflora varies
by intestinal segment. An intestinal microflora study of
obesity/obesity resistance is largely based on analyses of
fresh faeces or faeces in the caecum. The small intestine
is the site of lipid digestion and absorption. The intes-
tinal microflora in fresh faeces or faeces in the caecum
cannot fully represent the effect of the whole intesti-
nal flora on obesity/obesity resistance. Recently, there
have been many studies on obesity/obesity resistance
based on mouse blood and urine metabolomics; despite
these efforts, few studies have investigated mechanisms
underlying obesity/obesity resistance via small intestine
content metabolomics. Studies, such as the research by
Wei et al.[12], merely reflect the metabolism in blood,
liver and faeces in the caecum, not the small intestine.
Although this study revealed a significant relationship
between gut microbiota, bile acids and obesity/obesity
resistance, the function of other metabolites and related
mechanisms in obesity/obesity resistance remain unclear,
and further research is needed[12].

In summary, obesity has become a chronic disease and
threat to the health of people worldwide. Determining
methods for preventive therapy of obesity has become
a hotspot for obesity research. Although several stud-
ies have explained the mechanism of obesity/obesity
resistance, studies on the small intestine microbiota and
metabolites of obesity/obesity resistance are rare. Hence,
this study arms to investigate the different potential novel
biomarkers of obesity/obesity resistance in the small
intestine.

Materials and methods

Animals and experimental design

All experiments were performed following proto-
cols approved by the Animal Ethics Committee of the
Chengdu University of Traditional Chinese Medicine
(No. 2021-05). Ninety-four male C57BL/6 mice, 8 weeks
(w) old and weighting 20.55+0.82 g, were purchased from
Sibeifu (Beijing) Laboratory Animal Technology Co., Ltd.
[certificate No. SCXK(Jing)2019-0008]. The mice were
maintained in the Experimental Animal Research Center
of Chengdu University of Traditional Chinese Medicine
with a condition of controlled temperature (22+2°C) and
light/dark cycle (12/12 h). Under these conditions, food
and water were freely available to all mice. After 1 w of
adaptive feeding, six mice were fed a low-fat control diet
(caloric composition: 10% fat, 70% carbohydrates, and
20% protein, 3.85 kcal/g total energy content; Art. No.
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D 12450] from Research Diets, Inc., New Brunswick,
NJ, USA), and eighty-eight mice were fed a high-fat diet
(HFD) (caloric composition: 60% fat, 20% carbohydrates,
and 20% protein, 5.24 kcal/g total energy content; Art.
No. D12492 from Research Diets, Inc., New Brunswick,
NJ, USA). On the basis of most previous studies, an
HED feeding time of 8 w was chosen to induce obesity.
Then, fifty-six obese mice were obtained after HFD feed-
ing and were found to weigh 20% more than those in the
low-fat control diet group (LED group). Among the fifty-
six obese mice, six mice were randomly assigned to the
HFD-induced obesity prone group (HFDOP). In addition,
thirty-two obese resistant mice were obtained, and their
body weight did not weigh 20% more than those in the
LED group. Among the thirty-two obese resistant mice,
twelve mice were randomly assigned to the HFD-induced
obesity resistance group (HFDOR). All the remaining
mice were used for other types of experiments. Following
completion of the behavioural assay and blood glucose
testing, all the mice were housed single-caged for another
4 w. At the age of 20 w; all the mice were sacrificed.

Primary obesity index detection

The weights of the mice were recorded weekly using
an electronic scale that ranged from 0 to 200 g and was
accurate to 0.01 g. Body lengths were measured weekly
with callipers. Then, the following formula was used to
calculate Lee’s index: Lee’s index = [weight(g) x 1,000]
(1/3)/1ength (cm). The residual food intake per cage was
weighed weekly to calculate the average food consump-
tion. Fasting plasma glucose testing was measured at the
end of 16 w. After fasting for 12 h, the plasma glucose
levels were measured using an Accu-Chek glucose meter
(Roche Co., Ltd., Shanghai, China).

Behavioural tests

Depressive- and anxiety-like behaviours were per-
formed using an open field test. The mice were brought
to the testing environment for adaptation for two hours.
The open field apparatus consisted of a box measur-
ing 50x50x40 cm with a white flat bottom plate. After
10 min in the open field apparatus, the mice were
removed. The test was automatically video recorded.
Then, the data were automatically recorded and analysed
with SuperMaze software (XR-Xmaze, Shanghai, China).
The entries and total distance travelled in the central area
were used for statistical analysis.

An elevated plus maze test was performed to assess
depressive- and anxiety-like behaviours. Approximately
60 cm above the ground, two open arms (35%5 cm) and
two closed arms (35x5%15 c¢cm) composed the maze
apparatus. The mice were positioned in the middle
square area and observed for 5 min[14]. Video recordings
were automatically taken during the test. Then, the data
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Table 1 Primer sequences

Gene Forward primer Reverse primer

Tgfb2 5-TTGTTACAACACCCTCTGGCT-3" 5'-AGCGGACGATTCT-
GAAGTAGG-3'

Cxcl10 5-CCAAGTGCTGCCGTCATTTT-3' 5'-AGCTTCCCTATG-
GCCCTCAT-3'

Pck1 5'-TGGAAGGTCGAATGTGTGGG-3 5'-CAGTAAA-
CACCCCCATCGCT-3'

Epha7  5-GTGGAGTCATGAAGGAGCGA-3' 5'-GACGTACACT-
GTTCCCGGTT-3

Spp1 5'-GGAGGAAACCAGCCAAGGACT-3"  5-AGAATCAGT-

CACTTTCACCGGG-3'

were automatically recorded and analysed with Super-
Maze software (XR-Xmaze, Shanghai, China). The entries
and total distance travelled in the open arms were used
for statistical analysis.

Collection of tissues and serum samples

Isoflurane (RWD Life Science Co., Shenzhen, China) was
used to deeply anaesthetize the mice, and 500 pl of serum
samples were collected by retro-orbital blood sampling.
The levels of high-density lipoprotein (HDL), low-density
lipoprotein (LDL), total cholesterol (TC), aspartate ami-
notransferase (AST), TG, and alanine aminotransferase
(ALT) were tested with an automatic biochemical analy-
ser (BS-240VET, Mindray Co., Shenzhen, China). The
assay kits used in these analyses were purchased from
the Chinese Mindray Company (Shenzhen, China). After
flash freezing in liquid nitrogen, the jejunum and small
intestinal contents were stored at -80 °C for use in further
experiments. Epididymal, subcutaneous, perirenal, and
mesenteric fat was collected and weighed for analysis.

Full-length transcriptome sequencing and quantitative
polymerase chain reaction (qPCR)

Total RNA was obtained from jejunum tissues using
TRIzol (Invitrogen, Carlsbad, CA, USA). In reverse
transcription, total RNA (1 ug) was used. According to
the protocol of Oxford Nanopore Technologies, cDNA
libraries were constructed and sequenced on the Pro-
methION platform (Biomarker Technology Company,
Beijing, China). Some genes were verified by qPCR using
SYBR qPCR Master Mix (Vazyme Biotech Co.Ltd.,
Nanjing, China). Table 1 contains gene-specific prim-
ers that were designed and synthesized by FOREGENE
Biotech Co., Ltd. (Chengdu, China). Normalization was
performed by comparing the expression levels of target
genes to B-actin. The 2722CT method was used to deter-
mine relative fold changes in mRNA expression.

Differentially expressed gene (DEG) analysis

The specific analysis method performed for full-length
sequencing of the transcriptome is described in the
supplementary material. DEGs were analysed, and a
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heatmap of the DEGs was generated using BMKCloud
(www.biocloud.net). A volcano map was generated using
OECloud tools available at https://cloud.oebiotech.
cn. The DEGs were analysed by https://metascape.org/
gp/index.html#/main/stepl for Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment, and a
Sankey diagram of the KEGG pathways was plotted using
tools at https://www.bioinformatics.com.cn.

Gut microbiota sequencing and bioinformatics analysis

An extraction of DNA was performed from 9 small intes-
tinal content samples. Sequencing libraries were pre-
pared by amplifying the 16S rRNA gene with universal
primers (27F 5’- AGRGTTTGATYNTGGCTCAG-3’ and
1492R 5-TASGGHTACCTTGTTASGACTT-3’). After
library quality examination, the library was sequenced
on a PacBio Sequel platform. The unweighted pair-group
method with arithmetic mean analysis (class level) and
bar graphs showing genus distribution were performed
and graphed using BMKCloud (www.biocloud.net).

Metabolite extraction and analysis

The intestinal contents (50 mg) were mixed in metha-
nol (1000 pl) with 2-chloro-L-phenylalanine (2 ug/
ml final concentration), vortexed for 30 s, sonicated
in a 4 °C water bath for 10 min and allowed to stand at
-20 °C for 1 h before being centrifuged (15 min, 4 °C,
13,000 rpm). Then, 200 pl of supernatant was used for
ultrahigh-performance liquid chromatographic system
(UHPLC/QTOE-MS) analysis. The specific LC-MS/
MS analysis methods are described in the supplemen-
tary material. Partial least-squares—discriminant analy-
sis (PLS-DA) was performed, and graphs were prepared
using BMKCloud tools (www.biocloud.net). An analysis
of differential metabolite abundance was performed with
BMKCloud. Volcano plots, heatmaps based on cluster-
ing, and Spearman correlation results were generated
using the OECloud tools at https://cloud.oebiotech.cn.

Statistical analysis

To conduct the statistical analyses and generate data
graphs, GraphPad Prism (V9.1.0) software was used.
Data with a normally distributed distribution were
expressed as meanzSD. The nonnormal distribution
data were shown as median (interquartile distribution).
The t-test or one-way ANOVA test was used to quantify
the differences between the different groups. Spearman
correlation analysis was performed. A P value<0.05 was
considered statistically significant for all tests.

Results

Primary indices in obesity/obesity resistance

Figure 1A describes the experimental timeline. After
being fed a HFD for 8 w, groups of mice were housed in
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single cages for another 4 w. The body weight and Lee’s
index increased continuously in the HFDOP group but
not in the HFDOR group. However, the average daily feed
and energy intake were no significant differences between
the HFDOP and HFDOR mice (both P>0.05) (Fig. 1B,
C). After being fed a HFD for 12 w, the mice between the
HFDOP and HFDOR groups showed a significant dif-
ference in body weight and Lee’s index (both P<0.0001)
(Fig. 1D, E). A picture of the mice is shown in Fig. 1 F to
show the body size. To exclude the influence of blood
glucose levels, fasting blood glucose was tested at the end
of the 16-week period. The HFDOP group showed higher
fasting blood glucose levels than the HFDOR and LFD
groups (Fig. 1G) (P<0.0001 and 0.01, respectively). The
weight of the liver, total fat (epididymal, subcutaneous,
perirenal and mesenteric fat), and total visceral fat (peri-
renal, mesenteric and epididymal fat) showed a signifi-
cant increase in the HFDOP group than the LFD group
(Fig. 1 H - J) (P<0.05, 0.0001 and 0.0001, respectively).
However, the weights of the liver, total fat and total vis-
ceral fat showed a significant decrease in the HFDOR
group than the HFDOP group (Fig. 1 H - J) (P<0.01, 0.05
and 0.05, respectively). The HFDOP group showed a sig-
nificant increase in AST, ALT, HDL, LDL TG and TC lev-
els than the LFD group (Fig. 1 K - P) (P<0.001, 0.0001,
0.01, 0.001, 0.01 and 0.001, respectively). However, the
AST, ALT, HDL, LDL and TG levels showed a signifi-
cant decrease in the HFDOR group than HFDOP group
(Fig. 1 K - O) (P<0.01, 0.0001, 0.05, 0.05 and 0.01, respec-
tively). Although the HFDOR group exhibited a lower TC
level than the HFDOP group, the difference did not reach
statistical significance (Fig. 1P) (P>0.05).

Obesity resistance is not associated with depression

To rule out the effect of depressive- and anxiety-like
behaviours on obesity resistance, an open field test and
elevated plus maze test were performed at the end of 16
w. The results of the open field test are shown in Fig. 2 A
- C. The HFDOP group travelled considerably less into
the central area and entered this area significantly fewer
times than the LFD group (Fig. 2B, C) (both P<0.01). The
HFDOR group travelled considerably farther into the
central area and entered this area more frequently than
HFDOP group (Fig. 2B, C) (P<0.01 and P<0.05, respec-
tively). The elevated plus maze test results are shown in
Fig. 2D - F. The HFDOP group travelled considerably less
into the open arms and entered the open arms less fre-
quently than the LFD group (Fig. 2E, F) (both P<0.01).
The HFDOR group travelled farther into the open arms
than the HFDOP group, but no statistical significance
was observed between the groups (Fig. 2E) (P>0.05). The
HFDOR group entered the open arms significantly more
frequently than the HFDOP group (Fig. 2 F) (P<0.01).
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Fig. 1 Primary indexes in obesity/obesity resistance mice. A Experimental timeline; B Average daily feed intake (ns>0.05, HFDOR compared with HFDOP
group); C Total energy intake (ns>0.05, HFDOR compared with HFDOP group; ¢, P<0.001, HFDOR compared with LFD group); D Body weight (ns>0.05,
HFDOR compared with LFD group; d, P<0.0001, HFDOP compared with HFDOR group); E Lee’s index (ns>0.05, HFDOR compared with LFD group; d,
P<0.0001, HFDOP compared with HFDOR group); F Picture of mice body size (16 w); G Fasting blood glucose; H - J The weight of liver, total fat (epididy-
mal, subcutaneous, perirenal, and mesenteric fat), total visceral fat (perirenal, mesenteric, and epididymal fat); K - P The ALT, AST, LDL, HDL, TG and TC in
serum (20 w) (n=4). The values are shown as the mean £ SD. Two-group comparisons used an unpaired t test and three-group comparisons used a one-
way ANOVA test. (*P<0.05, **P<0.01, ***P<0.001, ***P<0.0001) (B - J, n=6 in the HFDOP and LFD groups, n=12 in the HFDOR group)
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Fig. 2 Effects of obesity/obesity resistance on depressive- and anxiety-like behaviors. A Open field test; B, C Statistical analysis of the total distance and
entries traveled in the central area; D Elevated plus maze test; E, F Statistical analysis of the total distance and entries traveled in the open arms. The values
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Obesity/obesity resistance was associated with the small
intestinal microbiota and metabolites

Many studies have confirmed that the intestinal micro-
biota is associated with obesity/obesity resistance, but
most of these prior studies were based on fresh faeces

or faeces in the caecum not the small intestine. In this
study, we measured small intestinal contents using
16 S genome sequencing and an untargeted metabo-
lomics approach. According to the clustering analy-
sis at the class level, the HFDOR group small intestinal
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Fig. 3 Differential biomarkers of obesity/obesity resistance in the small intestinal microbiota and metabolites. A Unweighted pair-group method with
arithmetic mean (UPGMA) analysis (class); B Bar graph of species distribution (genus); C The partial least-squares discriminant analysis (PLS-DA) of small

intestinal metabolites; D Volcano plots of differentially abundant metabolites.

E Heatmap of the relative contents of differential metabolites of interest.

Red indicates a higher amount of a metabolite and blue indicates a lower amount of a metabolite. (n=3)

microbiota was more similar to that of the LFD group

than to that of the HFDOP group (Fig. 3 A). Figure 3B;
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Table 2 Top 10 genera detected in small intestine microbiota
genus LFD group HFDOP group HFDOR group

Median (upper-quartile,
lower-quartile)

Median (upper-quartile,
lower-quartile)

Median (upper-quar-
tile, lower-quartile)

Lactobacillus
Faecalibaculum
Romboutsia

uncultured_bacterium_f_Muribaculaceae

Dubosiella
Desulfovibrio
Candidatus_Arthromitus

Lachnospiraceae_NK4A136_group
uncultured_bacterium_f_Lachnospiraceae

Clostridium_sensu_stricto_1

0.53236(0.801, 0.23504)
0.07334(0.16542,0.05831)
0.07753(0.36666, 0.02674)
0.062(0.12326, 0.05597)
0.06693(0.12615, 0.02426)
0.005035(0.01038, 0)
0(0,0)

0.00791(0.00861, 0.00774)
0.00511(0.00633, 0.00133)
0(0.00015, 0)

0.10645(0.41528, 0.0632)
0.19457(0.57535,0.16457)
0.0368(0.25454, 0.02236)
0.04381(0.4205, 0.04255)
0.05532(0.11376, 0.0523)
0.04358(0.08893,0.04196)
0(0.00450, 0)
0.00219(0.05082, 0)
0.00872(0.0591,0.00088)
0(0, 0)

0.34856(0.88345, 0.25058)
0. 18364(0 44296, 0.00409)
47(0.07266,0.0019)
0.01 533(0 06883, 0.00131)
0.08902(0.16877, 0.00424)
0.02786(0.04523, 0.00029)
0.00409(0.09344, 0.001)
0.00526(0.01046, 0)
0.00161(0.0028, 0)
0.00412675(0.07843,

0.00017)****

Note: The relative abundances of the top 10 genera are shown as the median (upper-quartile, lower-quartile). Compare with HFDOP group, ****P<0.0001, n=3

Table 2 show the relative abundance of the top 10 gen-
era identified in each group. The relative abundance of
Muribaculaceae, Faecalibaculum, Desulfovibrio, and
Lachnospiraceae increased in the HFDOP group than
that in the LFD and HFDOR groups, but the differences
were not statistically significant (Fig. 3B; Table 2). The
relative abundance of Clostridium and Lactobacillus was
higher in the LFD and HFDOR groups than HFDOP
group, but only the difference in Clostridium level was
statistically significant (Fig. 3B; Table 2) (P<0.0001). The
results of small intestinal content untargeted metabolo-
mics are shown in Fig. 3 C - E, and statistical parameters
are shown in Supplementary Fig. 1 A - Q. The PLS-DA
revealed a clear separation between the HFDOR and
HFDOP groups (Fig. 3 C). There were a total of 314 dif-
ferential metabolites among the cationic and anionic
metabolites (Fig. 3D). The metabolites of interest are
marked in a volcano plot (Fig. 3D) (P<0.05, |logFC| > 1.5
and VIP values > 1). The metabolite relative contents of
5-hydroxy-L-tryptophan (5-HT), vitamin A, cinnamyl
alcohol, dCMP, 1 H-indole-3-acetamide, and hydrocin-
namic acid metabolites increased significantly in the
HEDOR group than that in the HFDOP group (Fig. 3E,
Supplementary Fig. 1 A - F) (P<0.01, 0.05, 0.01, 0.01, 0.01,
and 0.01, respectively). However, the relative metabolite
contents of phosphatidylethanolamine (PE) (20:5/24:0),
diacylglycerol (DG) (16:0/20:5/0:0), enkephalin L, TG
(18:0/22:4/18:4), neuromedin N, PC (22:2/22:2), cholic
acid glucuronide, PC (16:1(9Z2)/20:3), PC (22:4/22:2), PE
(20:4/24:0) and cholesterol glucuronide were higher in
the HFDOP group than in the HFDOR group, but only
cholesterol glucuronide had not statistical significance
(Fig. 3E, Supplementary Fig. 1G - Q) (P<0.05, 0.001, 0.05,
0.01, 0.01, 0.05, 0.01, 0.01, 0.01, respectively). A small
intestinal microbiota and metabolite correlation analysis
was performed to determine the Spearman correlation
(Fig. 4). Statistically significant correlations were found
between the small intestinal microbiota and metabolites.

Desulfovibrio, Bifidobacterium, and Gemella all corre-
lated positively with PC, DG and cholic acid glucuronide,
while these genera correlated negatively with vitamin A,
dCMP, cinnamyl alcohol, 5-HT and cinnamon acid gluc-
uronide (Fig. 4). Clostridium_sensu_stricto_I and Ralsto-
nia correlated positively with vitamin A, dCMP, cinnamyl
alcohol, 5-HT, 1 H-indole-3-acetamide and hydrocin-
namic acid and correlated negatively with PC, PE, TG,
DG, neuromedin N, enkephalin L and cholesterol gluc-
uronide (Fig. 4).

Mice with obesity/obesity resistance exhibited different
transcription levels in the jejunum

To further explore the reason for obesity/obesity resis-
tance, gene transcript levels in the jejunum tissues were
determined using a full-length transcriptomic approach.
A total of 1645 DEGs (750 upregulated and 895 down-
regulated) were identified, and among these DEGs,
331 showed significantly different expression (P<0.05,
|logFC| > 1.5) (167 upregulated and 164 downregulated)
(Fig. 5A, B). Some genes of interest are marked in the vol-
cano plot (Fig. 5B). Among the 331 significant DEGs, 30
genes were enriched in 11 KEGG pathways (Min Over-
lap=3, a P value cut-off =0.05, min enrichment=1.5).
The enriched genes and 10 most enriched KEGG path-
ways are shown in Fig. 5 C. These genes were significantly
enriched in mitogen-activated protein kinase (MAPK),
cytokine and phosphatidylinositol 3’ kinase/protein
kinase B (PI3K/Akt) signalling pathways (Fig. 5 C). The
DEGs of interest were individually validated by qPCR
(Fig. 5D - H). According to the results, Tgfb2, Spp1, Pckl,
Cxcl10 and Epha7 showed a consistent mRNA expres-
sion pattern, as determined on the basis of the full-length
transcriptome data (Fig. 5B, D - H).
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Fig. 4 Spearman correlation analysis between the microbiota and metabolites in the small intestine. Red indicates an increase, and blue indicates a

decrease in that parameter. (*P<0.05, **P<0.01, ***P<0.001)

Correlation analysis of significant DEGs and metabolite or
microbiota contents

The Spearman correlation analysis of DEGs and micro-
biota can be found in Fig. 6 A. Desulfovibrio, Bifidobac-
terium, and Gemella correlated positively with Cxcl10
and negatively with Sgkl, Angptl4, and Gdfl5 levels.
Clostridium_sensu_stricto_1 and Ralstonia correlated
positively with Igfbp6 and Gdfl5 and negatively with
Epha7, Pckl and Cxcl10 (Fig. 6 A). In addition, Defa21
and Defa22 showed a negative correlation with uncul-
tured_bacterium_f Muribaculaceae (Fig. 6 A). The cor-
relation analysis results for DEGs and metabolites can be
found in Fig. 6B. 1 H-indole-3-acetamide has a significant
positive association with Igfbp6 and Inhbb levels and a
negative association with Epha7. The metabolite 5-HT
showed a significant positive correlation with Sgkl. Vita-
min A, cinnamyl alcohol and hydrocinnamic acid showed
a significant positive association with Gdf15 and a nega-
tive association with Cxcl10. The metabolites PC, PE,

TG, DG, enkephalin L, neuromedin N, cholic acid gluc-
uronide and cholesterol glucuronide showed a significant
positive association with Cxcl10, Pckl, Epha7 and Tgfb2
and a negative association with Inhbb, Igfbp6, S100a14,
Gdf15, Angptl4 and Sgk1 (Fig. 6B).

Discussion

Excessive food intake combined with a high calorie and
sedentary lifestyle greatly increases the risk for develop-
ing obesity. Obesity shows a significant positive correla-
tion with the morbidity of liver cirrhosis, stroke, type 2
diabetes and coronary heart disease[15, 16], which seri-
ously threatens human health. Therefore, novel obe-
sity preventive and therapeutic modalities need to be
urgently explored. A study showed that among individu-
als with the same lifestyle, living in the environment,
and meeting the same dietary conditions, susceptibility
to obesity differed[17]. Even overweight/obese individu-
als can maintain a metabolically healthy phenotype and



Pang et al. Lipids in Health and Disease (2022) 21:98 Page 10 of 15

B Volcano Plot : p-value < 0.05 && |log2FC| > 1
30
20
E
T © Filtered
7
a Up
°
o) * Down
9
0
J V Angpti4
10 .QP
¥ o, oSokt  S100a14
. _/lgfbpé
Cxel10e Pck1® .”Spp1 Defa21
.8 +pefa22
Epha7 ® 2
o Gdf15
04 o2 R 1
40 5 0 5 10
= T T o ) @ log, Fold Change
HFDOR(HI1, H2, H3) VS. HFDOP(G1, G2, G3) HFDOR VS. HEDOP
C
ANGPTL4 mmm
FABP3
RASGRP1
PPM1A
DUSP6
CACNB3
RPL10L
RPL35
RPS27
RPS18 Colorectal cancer .
ITﬁéé — PPAR signaling pathway - "2921 O(Fvalue)
PPP1R14A -
MYLK3 > 20
PLA2G5 MAPK signaling pathway e o
ADORAZ2E Il
GDF15 mum Ribosome . .
ILTRLT mm 14
CXCL10
INHBB Calcium signaling pathway . .
PPP2R3B
R —— Vascular smooth muscle contraction -
ereG i
TGFB2 . Cytokine-cytokine receptor interaction . .
sck1 il PISK-Akt signaling pathway . @
PCK1 Sount
SESN3 FoxO signaling pathway . - - i
PMAIP1 . .
SERPINB5 p53 signaling pathway @ .
20 25 3.0 3.5
Gene.Ratio
KEGG enrichment analysis
D E F G H
< <
s Z H g S
E EE € c x ox
Es S ES E o E ¢
o 2 [} B =1 0.2
2@ B Z 0 2.2 23
= "0 E= Z0 =
o @ S = 8 = T8 © o
55 e g s g TE 25
q @ 3" pri 23 5°
=) & & ] £
= & &
<© o° o> <© o° o% <© of o% ¢© o° o O o o
\ ‘\QO \,&0 > ‘?\?0 \)\(,0 S \)&o \)&0 A ‘(«0 \)\(,0 \;(«Y\(’oo‘e&oo
20w 20w 20w 20w 20w

Fig. 5 Different transcript levels of obesity/obesity resistance in the jejunum. A Heatmap of DEGs in the HFDOP and HFDOR groups; B Volcano plot of
DEGs in the HFDOP and HFDOR groups; € Sankey diagram for KEGG pathways; D - H Some DEGs were validated by gPCR (n=4). The values are shown as
the mean=£SD. Data were analyzed by one-way ANOVA test. (ns>0.05, *P<0.05, **P<0.01, ***P<0.001)



Pang et al. Lipids in Health and Disease

(2022) 21:98

Page 11 of 15

Bifidobacterium

Desulfovibrio

Gemella

Faecalibaculum 0.5
uncultured_bacterium_f_Muribaculaceae
Romboutsia

Lachnoclostridium
uncultured_bacterium_f_Lachnospiraceae 0
Clostridium_sensu_stricto_1

Ralstonia

Lachnospiraceae_NK4A136_group

Bacteroides -0.5
Bilophila

Dubosiella

Tidjanibacter

Lactobacillus

Lactococcus

Staphylococcus

Candidatus_Arthromitus

Streptococcus

1

1H-Indole-3-acetamide
dCMP

Vitamin A

Cinnamyl alcohol
Hydrocinnamic acid
Cholesterol glucuronide
PC(16:1/20:
PE(20:4/24:0

Cholic acid glucuronide
PC(22:2/22:2)
Enkephalin L -0.5
TG(18:0/22:4/18:4)
DG(16:0/20:5/0:0)

PC(22:4/22:2 1
Neuromedin

PE(20:5/24:0)

5-Hydroxy-L-tryptophan I

0.5

Fig. 6 A Spearman correlation analysis between genes of interest and the microbiota in the small intestinal; B Spearman correlation analysis between
genes of interest and metabolites in the small intestinal. Red indicates an increase and blue indicates a decrease in that parameter. (*P<0.05, **P<0.01)

show no increased risk of metabolic complications[17].
Hence, exploring the reason that individuals under the
same conditions develop obesity/obesity resistance is a
research hotspot in obesity prevention and treatment.

A HFD did not induce higher blood lipids in obe-
sity resistance. After being fed a HFD, obesity and obe-
sity resistance models were established. Lower levels
of TG, TC, HDL, LDL, blood glucose, AST and ALT
were observed in the obesity resistance model than in
the obesity model, which are similar to other studies[4,
18]. A HFD caused depression and anxiety-like behav-
iours in obese mice [19, 20], but similar behaviours were
not observed in obesity-resistant mice in this study.
This result was associated with low levels of serum TC,
LDL, TG and blood glucose in the obesity-resistant
mice[21-23]. A previous study explicitly stated that high

TG levels exerted a causal effect on depression[21]. TG
has been reported to be negatively correlated with the
thickness of the anterior cingulate cortex[22], which
is associated with emotion regulation[23]. High LDL,
HDL and blood glucose levels are risk factors for HFD-
induced brain impairment[24]. An increased lipid load
and abnormal neuronal morphology were observed in
the frontal cortex and hippocampus[19, 20]. Under this
condition, microglia are overactivated via the Toll-like
receptor 4/nuclear factor-kB signalling pathway, and the
levels of interleukin-1p, interleukin-6 and tumour necro-
sis factor-a significantly increase, inducing depressive
and anxiety-like behaviours[19, 20]. Hence, the HFDOR
group showed lower inflammation and brain impair-
ment and fewer depressive and anxiety-like behaviours.
A study showed that serum TC, HDL and LDL levels
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were positively correlated with Faecalibaculum[25]. The
TC, HDL, LDL and Faecalibaculum levels increased sig-
nificantly in the HFDOP group than that in the HFDOR
group. A greater Faecalibaculum abundance in the
HFDOP group was associated with higher TC, HDL and
LDL levels. However, the detailed mechanisms of these
associations require further investigation.

The small intestine microbiota is closely associated
with obesity resistance. Lactobacillus can improve body
weight and insulin resistance, increase fatty acid oxida-
tion and decrease lipogenesis in obesity through the
sterol regulatory element binding protein-1 and peroxi-
some proliferator-activated receptor a signalling path-
ways[26]. In this study, the Lactobacillus and Clostridium
contents were clearly increased in the small intestine of
the HFDOR group, which are reasons for obesity resis-
tance[27, 28]. However, the Faecalibaculum, Lachnospi-
raceae, Muribaculaceae and Desulfovibrio contents were
distinctly increased in the small intestine of the HFDOP
group, similar to previous studies[29-31]. Lachnospira-
ceae, the dominant bacterial group in the HFDOP group,
was associated with an increased relative abundance of
other genera related to HFD-induced obesity[31]. Desul-
fovibrio is a dominant bacterial group in obesity[30],
and the present study corroborated this finding. Desul-
fovibrio is a sulfate-reducing bacterium that can pro-
duce lipopolysaccharides and induce inflammatory and
intestinal mucosa damage[32, 33]. Desulfovibrio showed
a positive association with serum levels of lipopolysac-
charide[33], which causes low-grade chronic systemic
inflammation in obesity[34]. Obesity and type 2 dia-
betes induce impaired immune function and reduced
secretion of IgA[35]. The reduced secretion of IgA led to
reduced Clostridium colonization and gut microbial dys-
biosis[35]. In addition, in a previous study, culture super-
natants of Desulfovibrio showed upregulated expression
of CD36, and the culture supernatants of Clostridium
showed downregulated expression of CD36[35]. CD36
is a key factor promoting lipid absorption in the small
intestine[35]. The greater the expression of CD36 is, the
greater the lipid absorption in the small intestine.

Small intestine metabolites are closely associated with
obesity resistance. Gut microbes can produce some
monoamine neurotransmitters, such as y-aminobutyric
acid[36], tryptamine[37], catecholamine and 5-HT[38],
and promote intestinal enteroendocrine cell secretion.
All outcomes can affect the enteric nervous system either
directly or indirectly, and the local signals can be relayed
to brain regions to orchestrate feeding behaviours and
modulate appetite and satiety[39]. Metabolites connect
the microbiota and the host. Fat digestion products such
as PC, TG, and PE were higher in the HFDOP group
and were significantly correlated with Desulfovibrio and
Gemella contents in this study. Fatty acid production in
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the small intestine has been previously associated with
Desulfovibrio[40]. In addition, the metabolites neuro-
medin N and enkephalin L were negatively associated
with Clostridium in this study. Neuromedin N can act
on intestinal mucosa, stimulate gastric acid and insulin
secretion, inhibit gastric emptying and small intestinal
motility and promote fatty acid absorption in the jeju-
num(41, 42]. Neuromedin N also regulates intestinal
sympathetic nervous activity, and its signal is relayed to
brain regions, inhibiting gut motility[43]. These results
showed that the microbiota-gut-brain axis is involved in
obesity resistance formation processes. Enkephalin L, an
endogenous opioid distributed in the enteric nervous sys-
tem (ENS) and enterochromaffin cells, is associated with
the intestinal immune response and can inhibit intestinal
motility and secretion[44, 45]. Fu et al. [46] proved that
a HFD slows intestinal motility. A decrease in intestinal
motility increases the time that lipids remain in the intes-
tine and leads to increased lipid uptake. The metabolite
5-HT showed a significant increase in the HFDOR group
in this study. The gastrointestinal tract is the prime site
of 5-HT synthesis, and a crucial role of the gut micro-
biota is regulation of 5-HT synthesis [47, 48]. 5-HT is a
nerve growth factor that performs functions during ENS
development[49]. 5-HT also reduces intestinal mucosal
inflammation[50], increases intestinal motility[51], and
reduces the stay of lipids in the intestine and absorption.

The metabolite of 1 H-indole-3-acetamide is an indole.
A previous study showed that the bacterial metabo-
lite indole stimulated glucagon-like peptide secretion
by L-cells[52]. A metabolite indole from Lactobacillus
regulates interleukin-22 release by activating the aryl
hydrocarbon receptor signalling pathway and protects
small intestinal mucosal homeostasis[53]. An interesting
metabolite, cinnamyl alcohol, was found in the intestine
in the HFDOR group. Long-term HFD feeding causes
adipocyte hyperplasia[54]; however, cinnamyl alcohol
inhibits adipocyte hyperplasia[55] and promotes lipid
metabolism via the PPAR signalling pathway[56]. Hence,
cinnamyl alcohol is considered a promising candidate for
preventing and treating obesity. The cinnamyl alcohol
content was significantly and positively associated with
the relative abundance of Clostridium_sensu_stricto_1
in this study. The increased abundance of Clostridium_
sensu_stricto_1 in the HFDOR group may benefit cin-
namyl alcohol production and loss of body weight.

The microbiota and metabolites in the small intestine
affect intestinal transcription. DEGs were significantly
enriched in MAPK, cytokine and PI3K/Akt signalling
pathways. The gene Cxcl10 was enriched in these signal-
ling pathways and was significantly and positively corre-
lated with Desulfovibrio and lipid levels. A study showed
that Cxcl10 was produced by microglia and induced
neuronal cell damage[57]. In other words, Cxcl10 may
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be a potential target of Desulfovibrio-induced and lipid-
induced damage in the small intestine. Desulfovibrio[58]
and lipid[59] are associate with ENS damage and slow-
ing down gut motility. This study showed that this may
be related to upregulated Cxcl10 expression in the small
intestine. Gdf15 showed a significant positive associa-
tion with vitamin A and Clostridium_sensu_stricto_1.
Gdfl15 modulates inflammation by regulating TG
metabolism[60]. Igfbp6 also showed a significant posi-
tive association with Clostridium_sensu_stricto_1 and
1 H-indole-3-acetamide. A previous study showed that
Igfbp6 was expressed at lower levels in obesity and was
positively correlated with leptin, glucagon-like peptide
1 and cholecystokinin[61]. Sppl and Sgkl were higher
expression and Pckl was lower expression in the HFDOR
group, and these genes were enriched in the PI3K/Akt
signalling pathway. Pckl is a rate-limiting enzyme in
gluconeogenesis, and overexpression of Pckl has been
previously shown to lead to obesity and an increase in
triglyceride and esterification of fatty acids[62]. In addi-
tion, in this study, S100al4, Defa 22 and Defa2l were
more highly expressed in the HFDOR group. Defa 22 and
Defa21, which are defensins, show a broad spectrum of
antimicrobial activity and inhibit damage to the intesti-
nal mucosa by harmful bacteria[63]. These factors may
favour obesity resistance.

The intestinal microbiota, gut metabolites and intes-
tine gene transcription create a web of interactions,
causing individual susceptibility to obesity. In contrast
to other obesity-resistance relevant studies[12, 64], this
study is the first to jointly analyse intestinal microbiota,
gut metabolites and intestinal gene transcription. These
results fill a gap in knowledge about obesity resistance
with respect to small intestine factors. However, these
results still need to be verified via further study.

Study strengths and limitations

There are several strengths in this study. First, of the
many studies on obesity resistance, few studies have
focused on the microbiota, metabolites and transcription
in the small intestine. Second, the results of a multiomics
integrative analysis showed that Clostridium, 5-HT,
enkephalin L, neuromedin N, cinnamyl alcohol and
1 H-indole-3-acetamide were valuable for the treatment/
prevention of obesity, but their effects need to be con-
firmed in a larger study. In addition, this study has some
limitations. The most important limitation was related
to the number of mice. Although the number was suffi-
cient for the analyses, the number of mice was inconsis-
tent between groups. Moreover, the results of multiomics
analysis need to be verified.
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Conclusion

In summary, intestinal microbiota, gut metabolites and
intestine genes interact with each other. The intesti-
nal microbiota Clostridium, Desulfovibrio and Lach-
nospiraceae may act directly on intestinal mucosa, and
their metabolites 5-HT, enkephalin L and neurome-
din N may regulate the ENS and relay the signals to the
brain. Therefore, the “microbiota-gut-brain” axis may
contribute to obesity resistance. In addition, Cxcl10 is
a potential target of HFD-induced ENS damage. Future
preventive and therapeutic obesity targets might include
5-HT, enkephalin L and neuromedin N, cinnamyl alco-
hol and 1 H-indole-3-acetamide. Probiotic supplements,
especially Clostridium, might be helpful for treating
obese patients or for obesity prevention.

Abbreviations

HFD High fat diet.

HDL High density lipoprotein.

LDL Low density lipoprotein.

TC Total cholesterol.

TG Triglyceride.

AST Aminotransferase.

ALT Alanine aminotransferase.

ENS Enteric nervous system.

Cxcl10 CXC motif chemokine 10.

Defa21 defensin, alpha 21.

PI3K/Akt  Phosphatidylinositol 3'kinase / protein kinase B.
5-HT 5-hydroxytryptamine.

Spp1 Secreted phosphoproteinT.

Igfbp6 Insulin-like growth factor-binding protein 6.
Gdf15 Growth differentiation factor 15;

Sgk1 Serum/glucocorticoid-regulated kinase 1
Pck1 Phosphoenolpyruvate carboxykinase 1
MAPK Mitogen-activated protein kinase

DEGs Differentially expressed genes

PPAR Peroxisome proliferators-activated receptor
CD36 CD36 antigen

PC Phosphatidylcholine

PE Phosphatidylethanolamine

dCMP Deoxycytidine monophosphate

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512944-022-01711-0.

[ Supplementary Material 1 J

Acknowledgements
Xinyu Liang, Huaifu Wang, Ya Xie, Xiuwen Xia, and Yan He are acknowledged
for their assistance in the animal experiment.

Authors’ contributions

Y.S.P. designed the study, performed experiments, analysed the data, and
drafted the manuscript; N.Y, Y.L.Z, M.Z and L.Z. contributed significantly to
performing the experiments; W.J.D designed the study and critically reviewed
the manuscript. All authors reviewed and approved the final manuscript.

Funding
This research received the Natural Science Foundation of China (No.
82074151).


http://dx.doi.org/10.1186/s12944-022-01711-0
http://dx.doi.org/10.1186/s12944-022-01711-0

Pang et al. Lipids in Health and Disease (2022) 21:98

Availability of data and materials

All the primary data presented in the study are included in the article/
supplementary materials, and further inquiries can be directed to the
corresponding author.

Declarations

Ethics approval and consent to participate

The animal study protocol was approved by the Animal Ethics Committee of
Chengdu University of Traditional Chinese Medicine (No. 2021-05) for studies
involving animals.

Conflict of interest
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Author details

'Department of Fundamental Medicine, Chengdu University of
Traditional Chinese Medicine, 611130 Chengdu, China

“The Second Clinical Medical College, North SiChuan Medical College,
637000 Nanchong, China

3School of Pharmacy, Chengdu University of Traditional Chinese
Medicine, 611130 Chengdu, China

Received: 26 June 2022 / Accepted: 26 September 2022
Published online: 08 October 2022

References

1. HaczeyniF, Bell-Anderson KS, Farrell GC. Causes and mechanisms of adipo-
cyte enlargement and adipose expansion. Obes Rev. 2018;19(3):406-20.

2. Castillo JJ, Orlando RA, Garver WS. Gene-nutrient interactions and susceptibil-
ity to human obesity. Genes Nutr. 2017;12:29.

3. Levin BE, Dunn-Meynell AA, Balkan B, Keesey RE. Selective breeding for
diet-induced obesity and resistance in Sprague-Dawley rats. Am J Physiol.
1997;273(2 Pt 2):R725-30.

4. GuY,LiuC Zheng N, Jia W, Zhang W, Li H. Metabolic and Gut Microbial
Characterization of Obesity-Prone Mice under a High-Fat Diet. J Proteome
Res. 2019;18(4):1703-14.

5. ZhaoS,LiN, ZhuY, Straub L, Zhang Z, Wang M, Zhu Q, Kusminski CM,
Elmquist JK, Scherer PE. Partial leptin deficiency confers resistance to diet-
induced obesity in mice. Mol Metab. 2020;37:100995.

6.  WeiM, Huang F, Zhao L, Zhang Y, Yang W, Wang S, Li M, Han X, Ge K, Qu C,
et al. A dysregulated bile acid-gut microbiota axis contributes to obesity
susceptibility. Ebiomedicine. 2020;55:102766.

7. Nam M, Choi M, Jung S, Jung Y, Choi J, Ryu DH, Hwang G. Lipidomic Profiling
of Liver Tissue from Obesity-Prone and Obesity-Resistant Mice Fed a High Fat
Diet. Sci Rep-Uk. 2015; 5(1).

8. Kless C, Rink N, Rozman J, Klingenspor M. Proximate causes for diet-induced
obesity in laboratory mice: a case study. Eur J Clin Nutr. 2017;71(3):306-17.

9. LuY,LiY,SunY,MasS, Zhang K, Tang X, Chen A. Differences in energy
metabolism and mitochondrial redox status account for the differences in
propensity for developing obesity in rats fed on high-fat diet. Food Sci Nutr.
2021;,9(3):1603-13.

10. Whitson RH, Li S, Zhang G, Larson GP, Itakura K. Mice with Fabp4-Cre ablation
of Arid5b are resistant to diet-induced obesity and hepatic steatosis. Mol Cell
Endocrinol. 2021;528:111246.

11, LiH, Xie Z,Lin J, Song H,Wang Q Wang K, Su M, QiuY, Zhao T, Song K, et al.
Transcriptomic and metabonomic profiling of obesity-prone and obesity-
resistant rats under high fat diet. J Proteome Res. 2008;7(11):4775-83.

12. Geiger BM, Behr GG, Frank LE, Caldera-Siu AD, Beinfeld MC, Kokkotou EG,
Pothos EN. Evidence for defective mesolimbic dopamine exocytosis in
obesity-prone rats. Faseb J. 2008;22(8):2740-6.

13. Overby HB, Ferguson JF. Gut Microbiota-Derived Short-Chain Fatty Acids
Facilitate Microbiota:Host Cross talk and Modulate Obesity and Hypertension.
Curr Hypertens Rep. 2021; 23(2).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

Page 14 of 15

Hossain MF, Talukder B, Rana MN, Tasnim R, Nipun TS, Uddin SMN, Hossen
SMM. In vivo sedative activity of methanolic extract of Stericulia villosa Roxb.
leaves. Bmc Complem Altern M. 2016; 16(1).

Lauby-Secretan B, Scoccianti C, Loomis D, Grosse Y, Bianchini F, Straif K. Body
Fatness and Cancer-Viewpoint of the IARC Working Group. N Engl J Med.
2016;375(8):794-8.

Nyberg ST, Batty GD, Pentti J, Virtanen M, Alfredsson L, Fransson El, Goldberg
M, Heikkila K, Jokela M, Knutsson A, et al. Obesity and loss of disease-free
years owing to major non-communicable diseases: a multicohort study.
Lancet Public Health. 2018;3(10):e490-7.

Chang S, Graham B, Yakubu F, Lin D, Peters JC, Hill JO. Metabolic differences
between obesity-prone and obesity-resistant rats. Am J Physiol. 1990;259(6 Pt
2):R1103-10.

Huang XF, Zavitsanou K, Huang X, Yu Y, Wang H, Chen F, Lawrence AJ,

Deng C. Dopamine transporter and D2 receptor binding densities in mice
prone or resistant to chronic high fat diet-induced obesity. Behav Brain Res.
2006;175(2):415-9.

Zhuang H, Yao X, Li H, Li Q Yang C, Wang C, Xu D, Xiao Y, Gao Y, Gao J, et

al. Long-term high-fat diet consumption by mice throughout adulthood
induces neurobehavioral alterations and hippocampal neuronal remodel-
ing accompanied by augmented microglial lipid accumulation. Brain Behav
Immun. 2022;100:155-71.

Wang W, Yang J, Xu J, Yu H, Liu Y, Wang R, Ho R, Ho C, Pan F. Effects of High-fat
Diet and Chronic Mild Stress on Depression-like Behaviors and Levels of
Inflammatory Cytokines in the Hippocampus and Prefrontal Cortex of Rats.
Neuroscience. 2022;480:178-93.

Khandaker GM, Zuber V, Rees J, Carvalho L, Mason AM, Foley CN, Gkatzionis
A, Jones PB, Burgess S. Shared mechanisms between coronary heart disease
and depression: findings from a large UK general population-based cohort.
Mol Psychiatry. 2020;25(7):1477-86.

van Velzen LS, Schmaal L, Milaneschi Y, van Tol MJ, van der Wee N, Veltman
DJ, Penninx B. Immunometabolic dysregulation is associated with reduced
cortical thickness of the anterior cingulate cortex. Brain Behav Immun.
2017,60:361-8.

Stevens FL, Hurley RA, Taber KH. Anterior cingulate cortex: unique role in
cognition and emotion. J Neuropsychiatry Clin Neurosci. 2011,23(2):121-5.
Labban R, Alfawaz H, Aimnaizel AT, Hassan WM, Bhat RS, Moubayed NM,
Bjorklund G, E-Ansary A. High-fat diet-induced obesity and impairment of
brain neurotransmitter pool. Transl Neurosci. 2020;11(1):147-60.

Mu H, Zhou Q, Yang R, Zeng J, Li X, Zhang R, Tang W, Li H, Wang S, Shen T,

et al. Naringin Attenuates High Fat Diet Induced Non-alcoholic Fatty Liver
Disease and Gut Bacterial Dysbiosis in Mice. Front Microbiol. 2020;11:585066.
Heo J, Seo M, Park H, Lee WK, Guan LL, Yoon J, Caetano-Anolles K, Ahn H,
Kim SY, Kang YM, et al. Gut microbiota Modulated by Probiotics and Garcinia
cambogia Extract Correlate with Weight Gain and Adipocyte Sizes in High
Fat-Fed Mice. Sci Rep. 2016,6:33566.

Obanda DN, Keenan MJ, Page R, Raggio AM, Taylor CM, Marx BD, Stout RW,
Guice J, Luo M, Welsh DA, et al. Gut Microbiota Composition and Predicted
Microbial Metabolic Pathways of Obesity Prone and Obesity Resistant
Outbred Sprague-Dawley CD Rats May Account for Differences in Their
Phenotype. Frontiers in Nutrition. 2021; 8.

Lee J, Park S, Oh N, Park J, Kwon M, Seo J, Roh S. Oral intake ofLactobacillus
plantarum L-14 extract alleviates TLR2 - and AMPK - mediated obesity -
associated disorders in high - fat - diet - induced obese C57BL/6J mice. Cell
Proliferat. 2021; 54(6).

LiuY,Yang K, Jia Y, Shi J, Tong Z, Fang D, Yang B, Su C, Li R, Xiao X, et al. Gut
microbiome alterations in high-fat-diet-fed mice are associated with antibi-
otic tolerance. Nat Microbiol. 2021;6(7):874-84.

Wang P, Gao J, Ke W,Wang J, Li D, Liu R, Jia Y, Wang X, Chen X, Chen F, et al.
Resveratrol reduces obesity in high-fat diet-fed mice via modulating the
composition and metabolic function of the gut microbiota. Free Radical Bio
Med. 2020;156:83-98.

Zhao L, Zhang Q, Ma W, Tian F, Shen H, Zhou M. A combination of quercetin
and resveratrol reduces obesity in high-fat diet-fed rats by modulation of gut
microbiota. Food Funct. 2017,8(12):4644-56.

Chen M, Hui S, Lang H, Zhou M, Zhang Y, Kang C, Zeng X, Zhang Q, Yi L, Mi M.
SIRT3 Deficiency Promotes High-Fat Diet-Induced Nonalcoholic Fatty Liver
Disease in Correlation with Impaired Intestinal Permeability through Gut
Microbial Dysbiosis. Mol Nutr Food Res. 2019;63(4):1800612.

Zhu Z, Zhu B, Sun Y, Ai C, Wang L, Wen C, Yang J, Song S, Liu X. Sulfated Poly-
saccharide from Sea Cucumber and its Depolymerized Derivative Prevent



Pang et al. Lipids in Health and Disease

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2022) 21:98

Obesity in Association with Modification of Gut Microbiota in High-Fat Diet-
Fed Mice. Mol Nutr Food Res. 2018;62(23):1800446.

de La Serre CB, Ellis CL, Lee J, Hartman AL, Rutledge JC, Raybould HE. Propen-
sity to high-fat diet-induced obesity in rats is associated with changes in the
gut microbiota and gut inflammation. Am J Physiol Gastrointest Liver Physiol.
2010,299(2):G440-8.

Petersen C, Bell R, Klag KA, Lee S, Soto R, Ghazaryan A, Buhrke K, Ekiz HA, Ost
KS, Boudina S, et al. T cell-mediated regulation of the microbiota protects
against obesity. Science. 2019; 365(6451).

Stilling RM, Dinan TG, Cryan JF. Microbial genes, brain & behaviour - epigen-
etic regulation of the gut-brain axis. Genes Brain Behav. 2014;13(1):69-86.
Williams BB, Van Benschoten AH, Cimermancic P, Donia MS, Zimmermann

M, Taketani M, Ishihara A, Kashyap PC, Fraser JS, Fischbach MA. Discovery

and characterization of gut microbiota decarboxylases that can produce the
neurotransmitter tryptamine. Cell Host Microbe. 2014;16(4):495-503.

Sudo N. Biogenic Amines: Signals Between Commensal Microbiota and Gut
Physiology. Front Endocrinol (Lausanne). 2019;10:504.

Mulders RJ, de Git KCG, Schéle E, Dickson SL, Sanz Y, Adan RAH. Microbiota

in obesity: interactions with enteroendocrine, immune and central nervous
systems. Obes Rev. 2018;19(4):435-51.

Leavitt WD, Flynn TM, Suess MK, Bradley AS. Transhydrogenase and Growth
Substrate Influence Lipid Hydrogen Isotope Ratios in Desulfovibrio alaskensis
G20. Front Microbiol. 2016; 07.

Zhang L, Xing LP, Demers L, Washington J, Kauffman GJ. Central neurotensin
inhibits gastric acid secretion: an adrenergic mechanism in rats. Gastroenter-
ology. 1989;97(5):1130-4.

Ferris CF, Carraway RE, Hammer RA, Leeman SE. Release and degradation of
neurotensin during perfusion of rat small intestine with lipid. Regul Pept.
1985;12(2):101-11.

Muller PA, Schneeberger M, Matheis F, Wang P, Kerner Z, llanges A, Pellegrino
K, Del Marmol J, Castro TBR, Furuichi M, et al. Microbiota modulate sympa-
thetic neurons via a gut-brain circuit. Nature. 2020;583(7816):441-6.

De Schepper HU, Cremonini F, Park MI, Camilleri M. Opioids and the gut:
pharmacology and current clinical experience. Neurogastroenterol Motil.
2004;16(4):383-94.

Pol O, Palacio JR, Puig MM. The expression of delta- and kappa-opioid recep-
tor is enhanced during intestinal inflammation in mice. J Pharmacol Exp Ther.
2003,306(2):455-62.

Fu XY, Li Z, Zhang N, Yu HT, Wang SR, Liu JR. Effects of gastrointestinal motility
on obesity. Nutr Metab (Lond). 2014;11(1):3.

Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, Nagler CR, Ismagilov
RF, Mazmanian SK, Hsiao EY. Indigenous bacteria from the gut microbiota
regulate host serotonin biosynthesis. Cell. 2015;161(2):264-76.

Reigstad CS, Salmonson CE, Rainey JR, Szurszewski JH, Linden DR, Son-
nenburg JL, Farrugia G, Kashyap PC. Gut microbes promote colonic serotonin
production through an effect of short-chain fatty acids on enterochromaffin
cells. Faseb J. 2015;29(4):1395-403.

De Vadder F, Grasset E, Manneras Holm L, Karsenty G, Macpherson AJ, Olofs-
son LE, Backhed F. Gut microbiota regulates maturation of the adult enteric
nervous system via enteric serotonin networks. Proceedings of the National
Academy of Sciences. 2018; 115(25):6458-6463.

Margolis KG, Stevanovic K, Li Z, Yang QM, Oravecz T, Zambrowicz B, Jhaver
KG, Diacou A, Gershon MD. Pharmacological reduction of mucosal but

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 15 of 15

not neuronal serotonin opposes inflammation in mouse intestine. Gut.
2014,63(6):928-37.

Israelyan N, Del Colle A, Li Z, ParkY, Xing A, Jacobsen JPR, Luna RA, Jensen DD,
Madra M, Saurman V, et al. Effects of Serotonin and Slow-Release 5-Hydroxy-
tryptophan on Gastrointestinal Motility in a Mouse Model of Depression.
Gastroenterology. 2019;157(2):507-21.

Chimerel C, Emery E, Summers DK, Keyser U, Gribble FM, Reimann F. Bacterial
metabolite indole modulates incretin secretion from intestinal enteroendo-
crine L cells. Cell Rep. 2014;9(4):1202-8.

Zelante T, lannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, Zecchi
R, D'Angelo C, Massi-Benedetti C, Fallarino F, et al. Tryptophan catabolites
from microbiota engage aryl hydrocarbon receptor and balance mucosal
reactivity via interleukin-22. Immunity. 2013;39(2):372-85.

Pellegrinelli V, Carobbio S, Vidal-Puig A. Adipose tissue plasticity: how

fat depots respond differently to pathophysiological cues. Diabetologia.
2016;59(6):1075-88.

Hwang DI, Won KJ, Kim DY, Kim B, Lee HM. Cinnamy! Alcohol, the Bioactive
Component of Chestnut Flower Absolute, Inhibits Adipocyte Differentiation
in 3T3-L1 Cells by Downregulating Adipogenic Transcription Factors. Am J
Chin Med. 2017;45(4):833-46.

Genovese S, Epifano F, Rollinger JM, Fiorito S. PPARgamma transcription effect
on naturally occurring O-prenyl cinnamaldehydes and cinnamy! alcohol
derivatives. Future Med Chem. 2021;13(14):1175-83.

Mdaller M, Carter S, Hofer MJ, Campbell IL. Review. The chemokine receptor
CXCR3 and its ligands CXCL9, CXCL10 and CXCL11 in neuroimmunity - a tale
of conflict and conundrum. Neuropath Appl Neuro. 2010;36(5):368-87.
ZhangY, Ogbu D, Garrett S, Xia Y, Sun J. Aberrant enteric neuromuscu-

lar system and dysbiosis in amyotrophic lateral sclerosis. Gut Microbes.
2021;13(1):1996848.

Nezami BG, Mwangi SM, Lee JE, Jeppsson S, Anitha M, Yarandi SS, Farris AR,
Srinivasan S. MicroRNA 375 mediates palmitate-induced enteric neuronal
damage and high-fat diet-induced delayed intestinal transit in mice. Gastro-
enterology. 2014;146(2):473-83.

Luan HH, Wang A, Hilliard BK, Carvalho F, Rosen CE, Ahasic AM, Herzog EL,
Kang I, Pisani MA, Yu S, et al. GDF15 Is an Inflammation-Induced Central
Mediator of Tissue Tolerance. Cell. 2019;178(5):1231-44.

Czogala W, Strojny W, Tomasik P, Multanowski MB, Wojcik M, Miklusiak K,
Krzysztofik E, Wrobel A, Miklusiak K, Skoczen S. The Insight into Insulin-Like
Growth Factors and Insulin-Like Growth-Factor-Binding Proteins and Meta-
bolic Profile in Pediatric Obesity. Nutrients. 2021; 13(7).

Franckhauser S, Munoz S, Pujol A, Casellas A, Riu E, Otaegui P, Su B, Bosch F.
Increased fatty acid re-esterification by PEPCK overexpression in adipose tis-
sue leads to obesity without insulin resistance. Diabetes. 2002;51(3):624-30.
Wilson SS, Wiens ME, Smith JG. Antiviral mechanisms of human defensins. J
Mol Biol. 2013;425(24):4965-80.

Cao W, ChinY, Chen X, Mi Y, Xue C, Wang Y, Tang Q. The role of gut microbiota
in the resistance to obesity in mice fed a high fat diet. Int J Food Sci Nutr.
2020;71(4):453-63.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Potential novel biomarkers in small intestine for obesity/obesity resistance revealed by multi-omics analysis
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Animals and experimental design
	﻿Primary obesity index detection
	﻿Behavioural tests
	﻿Collection of tissues and serum samples
	﻿Full-length transcriptome sequencing and quantitative polymerase chain reaction (qPCR)
	﻿Differentially expressed gene (DEG) analysis
	﻿Gut microbiota sequencing and bioinformatics analysis
	﻿Metabolite extraction and analysis
	﻿Statistical analysis

	﻿Results
	﻿Primary indices in obesity/obesity resistance
	﻿Obesity resistance is not associated with depression
	﻿Obesity/obesity resistance was associated with the small intestinal microbiota and metabolites
	﻿Mice with obesity/obesity resistance exhibited different transcription levels in the jejunum
	﻿Correlation analysis of significant DEGs and metabolite or microbiota contents

	﻿Discussion
	﻿Study strengths and limitations

	﻿Conclusion
	﻿References


