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Integrated multi-omics analyses reveal effects
of empagliflozin on intestinal
homeostasis in high-fat-diet mice

Junfeng Shi,1,2,4 Hongyan Qiu,1,2,4 Qian Xu,1,2 Yuting Ma,1,2 Tongtong Ye,1,2 Zengguang Kuang,1,2 Na Qu,1,2

Chengxia Kan,1,2 Ningning Hou,1,2 Fang Han,1,2,3,* and Xiaodong Sun1,2,5,*

SUMMARY

Obesity has become a global epidemic, associated with several chronic complica-
tions. The intestinal microbiome is a critical regulator of metabolic homeostasis
and obesity. Empagliflozin, a sodium-glucose cotransporter 2 (SGLT2) inhibitor,
has putative anti-obesity effects. In this study, we used multi-omics analysis to
determine whether empagliflozin regulates metabolism in an obese host through
the intestinal microbiota. Compared with obese mice, the empagliflozin-treated
mice had a higher species diversity of gutmicrobiota, characterizedby a reduction
in the Firmicutes/Bacteroides ratio. Metabolomic analysis unambiguously identi-
fied 1,065 small molecules with empagliflozin affecting metabolites mainly en-
riched in aminoacidmetabolism, such as tryptophanmetabolism.RNAsequencing
results showed that immunoglobulin A and peroxisome proliferator-activated
receptor signaling pathways in the intestinal immune network were activated
after empagliflozin treatment. This integrative analysis highlighted that empagli-
flozin maintains intestinal homeostasis by modulating gut microbiota diversity
and tryptophan metabolism. This will inform the development of therapies for
obesity based on host-microbe interactions.

INTRODUCTION

Obesity is a severe health hazard that contributes to the total global burden of disease.1 Obesity increases

the risks of various noncommunicable diseases, such as diabetes, hyperlipidemia, hypertension, cardiovas-

cular disease, kidney disease, and several cancers.2,3 Given the rapidly increasing prevalence and consider-

able economic losses of obesity and its complications, a full understanding of the pathological mechanism

of obesity is of great significance.

Obesity is a complexmultifactorial disease involvingexcessenergy storage, fat accumulation, insulin resistance,

and inflammatory activation.4 Recently, the intestinal microbiome has been recognized as a critical regulator of

host physiology and pathophysiology, including metabolic homeostasis and obesity.5,6 The intestinal

microbiome is a complicated and dynamic ecosystem that affects several metabolic and immunological

actions.7 Alterations in microbial diversity are related to intestinal disorders and obesity,8 and the relationship

between obesity-related metabolic disorders and intestinal microbiota has attracted much attention.9 Imbal-

anced and altered intestinal microflora have been described in obese patients and animal models.10–12 For

example, obese patients have a reduced proportion of Bacteroidetes species10; the proportion of

Bacteroidetes species in obese animals (ob/obmice) is reduced by half, and the proportion of Firmicutes spe-

cies is increased.13 Gut microbial enzymes participate in the dynamic stabilization of glucolipid metabolism,

thereby affecting thebalance andhomeostasis of energy and systemic immunity.14,15 Thus, the intestinalmicro-

biome has become a new target for anti-obesity therapies. However, the interaction between themicrobiome

and host metabolism in healthy and obese individuals is not fully understood.

Empagliflozin (EMPA) is a highly efficient and selective sodium-glucose cotransporter 2 (SGLT2) inhibitor

that is used in the clinical treatment of diabetes patients. Besides hypoglycemic effects, EMPA also

regulates lipid metabolism (increases lipolysis, fatty acid oxidation, and ketone production) and is helpful

for weight loss and fat reduction.16,17 Our previous work showed that EMPA can improve obesity-related
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complications, including cardiac dysfunction, nonalcoholic fatty liver disease, and chronic kidney

disease.18–20

While EMPA has several protective effects against obesity, it is not known whether EMPA affects the gut

microbiota and host metabolism in obesity. Here, we aimed to analyze the metabolome and metagenome

of the small intestine contents and the transcriptome of small intestine tissue of mice given a high-fat diet

(HFD) to explore whether EMPA regulates obese host metabolism through the intestinal microbiota.

RESULTS

EMPA reduced HFD-induced metabolic disruption

After 20 weeks, the HFD caused a significant elevation in body weight, fat mass, and the fat/body weight

ratio (p < 0.05, Figures 1A–1C). HFDgroupmice had elevated serum triglyceride levels (p < 0.05, Figure 1D).

Fasting glucose was not significantly different among the HFD, EMPA, and control (CT) groups (p > 0.05,

Figure 1E). HFD groupmice also showed elevated fasting insulin, homeostatic model assessment of insulin

resistance (HOMA-IR) index, and free fatty acids (FFA) and impaired glucose/insulin tolerance (p < 0.05,

Figures 1F–1J). These findings verified the establishment of the obese model. Consistent with our previous

study, the HFD-induced metabolic disturbance was improved by EMPA treatment (p < 0.05).18,20

Microbial communities in small intestine contents

Total DNA from colon contents was extracted and whole-genome shotgun sequenced. For each sample,

an average of 9,167,669.36 reads was obtained and assembled to generate 33,800.07 contigs. Taxonomic

profiling was conducted using kraken2, based on k-mer accurate alignment. We calculated and compared

the community-level microbial diversity of the three groups (Figures 2A and 2B). Compared with the CT

group, the HFD group had a higher Simpson index (0.14 G 0.04 vs. 0.40G 0.01, p < 0.05); however, no sig-

nificant differences in alpha diversity (Shannon and Simpson) were observed. Nevertheless, the alpha

diversity of the EMPA group tended to be close to that of the CT group. Principal-component analysis

showed that the CT group was separated into a set, but the EMPA and HFD groups did not show clear

separation (Figure 2C).

Based on the taxonomic profiling, we tallied the microbial composition at species, genus, and phylum

levels (Figures 2D–2F). In the HFD and EMPA groups, Faecalibaculum rodentium was elevated at the spe-

cies level, and there was a higher proportion of Faecalibaculum at the genus level compared with the CT

group. In the CT group, CAG-485 sp002493045 was reduced at the species level, and there were lower pro-

portions of CAG-485 at the genus level compared with the HFD and EMPA groups. Bacteroidota was the

dominant phylum in the CT group, accounting for over half of all microbes, and Firmicutes dominated in the

HFD and EMPA groups.

We performed a pairwise linear discriminant analysis effect size analysis to identify potentially important

specific bacteria. Linear discriminant analysis effect size is an algorithm that provides a list of characteristics

with statistical and biological significance of differences between conditions of interest and sorts them ac-

cording to the effect size. Figure 3 shows differences in all classification levels between EMPA and HFD

groups in a histogram (Figure 3A) and a cladogram (Figure 3B). After 8 weeks of EMPA administration,

orders Peptostreptococcales and Staphylococcales; families Peptostreptococcaceae, Staphylococcaceae,

and Oscillospiracea; genera Staphylococcu, Lawsonibacter, Oscillibacter, and Paucibacter; and species

Staphylococcus xylosus B, Lactobacillus H reuteri D, Lawsonibacter sp000492175, Oscillibacter

sp000403435, S. xylosus, Paucibacter sp001477625, and CAG485 sp002493045 were significantly changed

compared with the HFD group.

We also analyzed the different bacteria between HFD and CT groups (Figures S1A and S1B). It is note-

worthy that the orders Peptostreptococcales and Staphylococcales, families Peptostreptococcaceae and

Staphylococcaceae, genus Staphylococcu, and species S. xylosus B and CAG485 sp002493045 were also

Figure 1. Mouse biochemistry parameters

(A–J) (A) body weight, (B) fat mass, (C) fat/body weight, (D) serum triglyceride, (E) fasting glucose, (F) fasting insulin,

(G) homeostatic model assessment of insulin resistance (HOMA-IR) index, (H) free fatty acids (FFA), (I) oral glucose

tolerance test (OGTT), and (J) insulin tolerance test (ITT) curve. *p < 0.05, **p < 0.01, for (E) and (F), *HFD vs. CT p < 0.05, #

EMPA vs. HFD, n = 5–6. Data are represented as mean G SEM.

ll
OPEN ACCESS

iScience 26, 105816, January 20, 2023 3

iScience
Article



significantly altered. Finally, we found that CAG485 sp002493045 was a representative intestinal bacterium

whose reduced abundance was reversed by EMPA. This showed that HFD changes the structure of

intestinal microbiota and that EMPA can partially reverse this change.

Metabolic profiling of small intestine content

The metabolomic analysis of the three groups (n = 3/group) identified 723 features in the negative ion

mode (NIM) (Table S1) and 342 features in the positive ion mode (PIM) (Table S2). Comparative

metabolomics analysis to determine differences in intestinal contents among the three groups showed

Figure 2. Alpha diversity and taxonomic composition of intestinal content (CT, n = 4; HFD, n = 5; EMPA, n = 5)

(A and B) Differences in gut microbiota diversity among the groups of mice were estimated by the Simpson (A) and

Shannon (B) indices.

(C–F) (C) Principal component analysis plot of gut microflora species determined from metagenomic sequencing of the

three groups. Comparison of the average abundance of certain gut bacteria from mice in CT, HFD, and EMPA groups at

the species (D), genus (E), and phylum (F) level. Data are represented as mean G SEM.
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the distribution of metabolites was significantly different. Compared with the HFD group, the EMPA group

had 23 upregulated metabolites (including 21 positive metabolites and 2 negative metabolites) and 21

downregulated metabolites (including 13 positive metabolites and 8 negative metabolites) (Figures 4A

and 4B). We also identified metabolite differences between HFD and CT groups (Figures S2A and S2B).

The HFD group had 66 upregulated metabolites (including 50 positive and 16 negative metabolites) and

109 downregulatedmetabolites (including 97 positive and 32 negative metabolites). Clustering the metab-

olites by k-mean analysis enabled metabolites that changed among the three groups in the PIM (Figure 4C)

and the NIM (Figure 4D) to be displayed.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of altered metabolites was carried

out to clarify the correlation between changes in intestinal metabolites and EMPA administration and to

reveal the close relationship between metabolic pathways and secondary metabolite biosynthesis. We

observed that tryptophan, cysteine, and methionine metabolism and phenylalanine, tyrosine, and trypto-

phan biosynthesis were altered in EMPA vs. HFDmice (Figures 5A and 5B). We also observed differences in

several fatty acid metabolic pathways, such as the regulation of lipolysis in adipocytes and arachidonic acid

metabolism. In addition, differences in glucose metabolism pathways, including pentose and glucuronate

interconversions, starch and sucrosemetabolism, glycolysis/gluconeogenesis, carbohydrate digestion and

absorption, and galactose metabolism were observed between HFD vs. CT groups (Figures S3A and S3B).

Transcriptome profiling of small intestine tissue

In our experimental model, the changes observed in the intestinal metabolome andmicrobiome before the

systemic manifestations of chronic obesity may disrupt gene expression in intestinal tissue. Therefore, to

analyze the transcriptome characteristics of the three groups, we conducted RNA sequencing (RNA-seq)

of small intestine tissue. We identified 816 DEGs (including 469 upregulated and 347 downregulated) be-

tween EMPA and HFD groups and 496 DEGs (including 329 upregulated and 167 downregulated) between

HFD and CT groups (Figure 6A). Between the two comparisons, there are 171 shared DEGs (Figure 6B).

To evaluate the functional consequences, ClusterProfiler was used to analyze the upregulated and

downregulated genes, and the KEGG and gene onotology (GO) databases were used for pathway enrich-

ment analysis. Enrichment analysis showed that most of the altered pathways were classified as responses

Figure 3. The statistical significance of differentially abundant and biologically relevant taxonomic biomarkers between two distinct biological

conditions was measured using a linear discriminant analysis effect size

(A) Cladogram indicating the phylogenetic distribution of microbiota correlating with the EMPA or HFD groups.

(B) Histogram of the linear discriminant analysis scores showing differences in abundance between the EMPA and HFD groups.

See also Figure S1.
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to endogenous and exogenous stimulation, such as peroxisome proliferator-activated receptor (PPAR)

signaling pathway, intestinal immune network for immunoglobulin A (IgA) production, inflammatory medi-

ator regulation of TRP (transient receptor potential) channels, and adaptive immune response (Figures 6C

and 6D). Pathways related to energy and glucose homeostasis were also altered, such as tryptophan meta-

bolism, fatty acid degradation, arachidonic acid metabolism, tyrosinemetabolism, and steroid hydroxylase

activity. Overall, these data are consistent with the observed changes in the intestinal metabolites, which

may lead to an imbalance in energy and glucose homeostasis.

Correlation analysis between metabolome, metagenome, and transcriptome data

EMPA changed the structure of the intestinal bacterial community and the composition of the intestinal

metabolome. Some of these small molecules from the intestinal flora affect the intestinal barrier and trigger

the expression of immune genes. To better understand the bridging effect of intestinal small molecules

between microorganisms and the intestinal barrier, we analyzed the data generated above, including

the classification and composition of intestinal microorganisms and gene expression in intestinal tissue

and intestinal metabolites. Mantel test analysis was carried out with R package, linkET. The results

confirmed the correlation between all data (Figure 7). 3-Methoxybenzaldehyde and methyl 3,4,5-trihydrox-

ycyclohex-1-ene-1-carboxylate were the best explanatory variables for all three profiles (for

3-methoxybenzaldehyde, the taxonomic composition: Mantel’s r = 0.91, p < 0.01 and gene function:

Mantel’s r = 0.48, p = 0.05; for methyl 3,4,5-trihydroxycyclohex-1-ene-1-carboxylate, the taxonomic

composition: Mantel’s r = 0.76, p < 0.01 and gene function: Mantel’s r = 0.28, p > 0.05).

DISCUSSION

We successfully analyzed the metabolome and metagenome of intestinal contents and the transcriptome

of intestinal tissue in obese model mice treated with EMPA. Our data reveal that EMPA modulates gut

Figure 4. Comparative metabolomics analysis determines changes in gut metabolites

(A–D) The heatmap shows the difference between the gut metabolite profiles of EMPA and HFD mice (n = 3) in (A) positive ion mode and (B) negative ion

mode. K-means analysis revealed the changed metabolites between the three groups in (C) positive ion mode and (D) negative ion mode.

See also Figure S2.
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microbiota by restoring the Firmicutes/Bacteroides ratio in HFD mice. In addition, EMPA modulates intes-

tinal homeostasis via gut microbiota-mediated tryptophan metabolism and intestinal immune and inflam-

matory networks related to energy and glucose homeostasis.

EMPA, as a hypoglycemic drug, exerts anti-obesity effects. We previously demonstrated that EMPA can

protect against obesity-related cardiac dysfunction, nonalcoholic fatty liver disease, and chronic kidney

disease via different mechanisms.18–20 This protection was associated with improving metabolic disrup-

tion, including a reduced fat/body weight ratio and restored glucose homeostasis. Our study further

confirmed that EMPA can reduce the fat/body weight ratio and alleviate impaired glucose/insulin

tolerance.

The gut is an endocrine organ that participates in energy homeostasis, and it is interesting to know whether

EMPA can regulate the intestinal microbiome in obesity. Differences in gut microbiota composition are

associated with obesity. Obese patients have relatively lower gut microbial diversity and function.21 We

found that the microbiota alpha diversity measured by Shannon entropy was reduced under the HFD,

but this was reversed after receiving EMPA treatment. Firmicutes and Bacteroides are usually considered

‘‘fat bacteria’’ and ‘‘lean bacteria’’, respectively. An increase in the Firmicutes/Bacteroides ratio is associ-

ated with an increase in the inflammatory response and body weight.22 Compared with the CT group,

the relative abundance of Bacteroidota decreased, while that of Firmicutes increased in the HFD group.

These results are consistent with those of previous studies.10,13 Clinical data also show that compared

with lean individuals, the relative proportion of Bacteroidota in obese individuals is lower, but this increases

with weight loss after following a low-calorie diet.10 Interestingly, EMPA could reverse the change in the

Firmicutes/Bacteroides ratio. Notably, EMPA treatment also reduced the abundance of the genus Faeca-

libaculum, which was higher in HFD mice. Qiao et al. have confirmed that metabolic syndrome can be

improved by reducing the relative abundance of Faecalibaculum.23 These findings indicate that EMPA

can restore the Firmicutes/Bacteroides ratio in the small intestine of HFD mice.

Intestinal contents contain nonabsorbable food components and complex mixtures of metabolites pro-

duced by the host and intestinal microbes.24 Therefore, intestinal metabolites can reflect the health status

Figure 5. KEGG enrichment analysis of the gut metabolites observed in EMPA/HFD

(A and B) The scatterplot shows the altered pathways of metabolites in positive ion mode (A) and negative ion mode (B).

See also Figure S3.
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of the host. Based on this, we examined the intestinal metabolome of obesity model mice, which consists of

a mixture of host-produced and microbiota-produced molecules. A total of 1,065 small molecules were

quantitatively archived, and the enrichment results showed that substantial numbers of these small

molecules were related to tryptophan metabolism. Tryptophan is an essential amino acid that cannot be

synthesized in animals but has critical physiological functions.25 Lack of tryptophan damages intestinal

immune function, resulting in a higher risk of intestinal inflammatory diseases.26 In addition, tryptophan

intake can promote the immune balance of the intestinal tract and maintain gut immune homeostasis.27,28

Intestinal microorganisms can utilize and metabolize tryptophan into metabolites (indole and indole acid

derivatives), thereby regulating intestinal immunity.29

Our results also confirmed that some indole derivatives, such as indole-3-lactic acid, were significantly

increased in the EMPA group. Indole is the main product of tryptophan metabolism by intestinal

microorganisms, and Bacteroides symbionts with the tryptophan enzyme can produce indole.30 Indole is

maintained at a high concentration in the intestines of normal animals, maintains intestinal health, and

has anti-inflammatory effects.31,32 Some indoles can also be metabolized in the intestine into indole acid

derivatives, such as indole-3-lactic acid.30 Indole acid derivatives play an essential role in maintaining

intestinal immune tolerance; for example, the concentration of indole-3-propionic acid was decreased

with obesity and food addiction, indicating that a lack of tryptophan metabolites can aggravate the con-

dition.33 Here, we speculate that EMPA-mediated changes in intestinal microorganisms promote

tryptophan metabolism, increase the production of indole acid derivatives, and improve intestinal

dysfunction.

An HFD increases intestinal pressure and ultimately affects the development of pathophysiological

mechanisms related to the intestinal inflammatory response. In our study, changes in the intestinal

metabolites and microbes may lead to changes in gene expression in intestinal tissue. Therefore, we con-

ducted RNA-seq to analyze the transcriptome characteristics of the small intestine. Notably, EMPA treat-

ment increased IgA production in the intestinal immune network. IgA is crucial in protecting the mucosal

surface from infectious microorganisms.34 The IgA isotype dominates the antibody landscape at the

mucosal site, and many studies have demonstrated this antibody’s importance to the stability of the

microbiota.35

We also observed that the PPAR signaling pathway was affected in the EMPA group. As a nuclear receptor,

PPAR hasmultiple functions in inflammation andmetabolism.36 PPAR regulates several disrupted biological

processes in obesity, including energy homeostasis, glucolipid metabolism, and inflammation.37,38 For

example, microbiota activates PPAR-g signaling, a homeostatic pathway that prevents heterologous

expansion of potentially pathogenic bacteria in the colon’s lumen.39 In addition, specific bacteria and their

metabolites can activate PPAR-g expression in intestinal epithelial cells.40,41 Our results confirm that EMPA

significantly affects the immune pathways that promote obesity and inflammation, indicating that changes

in intestinal microorganisms may lead to changes in host gene expression; however, the detailed links

between gut microbes, intestinal metabolites, and the immune system are far from fully understood.

In summary, our data demonstrate that EMPA treatment alleviated HFD-induced obesity. Our integrative

analysis demonstrates that EMPAmaintains intestinal homeostasis by modulating gut microbiota diversity,

gut microbiota-mediated tryptophan metabolism, and intestinal immune and inflammatory networks

related to energy and glucose homeostasis. Our findings reveal a new biochemical mechanism for the

effects of EMPA against obesity, which has implications for the diet of obese patients.

Limitations of the study

This study has some limitations. First, we did not determine whether the beneficial effects of EMPA on

HFD mice depended on changes to the gut microbiota. Therefore, the potential causality and mechanism

between anti-obesity effects of EMPA and changes in the gut microbiota deserve further investigation. In

Figure 6. Analysis of transcriptome profiling (n = 5)

(A) The numbers of up- and downregulated genes in HFD/CT and EMPA/HFD.

(B) Venn diagrams show the differentially expressed genes (DEGs) between EMPA/HFD and HFD/CT.

(C and D) KEGG (C) and GO (D) enrichment of EMPA/HFD DEGs.

See also Figure S4.
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addition, because of a relatively small sample, we can only draw tentative conclusions about the effect of

EMPA on HFD mice. A larger-scale animal experiment and clinical validation need to be conducted.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Mice

d METHOD DETAILS

B Animal model and biochemical measurements

Figure 7. Variations in gut microbiota species and gene expression have obvious relationships with intestinal metabolites

Edge width corresponds to Mantel’s r statistic for the corresponding distance correlations, and edge color denotes the statistical significance. Pairwise

comparisons of intestinal metabolites are shown, with a color gradient denoting Pearson’s correlation coefficient.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Xiaodong Sun at xiaodong.sun@wfmc.edu.cn.

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The datasets presented in this study can be found in online repositories. The names of the repository/

repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/,

PRJNA868514. Further information and requests for resources and reagents will be available from the

corresponding author on reasonable request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Male C57BL/6J mice (six weeks old) were supplied by Pengyue Co., Ltd. (Jinan, China). Animal study pro-

tocols were approved by the Animal Ethics Committee of Weifang Medical University (No. 2018003) and

national guidelines for experiments involving laboratory animals were adhered to. All animals were housed

under specific pathogen-free conditions according to the National Institutes of Health’s Guide for the Care

and Use of Laboratory Animals.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and analyzed data This paper SRA: PRJNA868514

Experimental models: Organisms/strains

Mouse: C57BL/6J Pengyue Co., Ltd. (Jinan, China) SCXK20190003

Software and algorithms

Prism 9.0 GraphPad Software N/A

R version 4.0.2 The R Foundation for Statistical Computing https://www.r-project.org/

Trimmomatic (version 0.40) Bolger et al., 201442 http://www.usadellab.org/cms/?page=trimmomatic

BMTagger N/A https://anaconda.org/bioconda/bmtagger

MEGAHIT N/A https://github.com/voutcn/megahit

Prodigal N/A http://prodigal.ornl.gov/

DIAMOND Buchfink et al., 201543 https://github.com/bbuchfink/diamond

Kraken2 N/A https://github.com/DerrickWood/kraken2

mZcloud N/A https://www.mzcloud.org/

FastaQC N/A https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

HISAT2 Kim et al., 201544 http://daehwankimlab.github.io/hisat2/
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METHOD DETAILS

Animal model and biochemical measurements

All mice were raised under standard laboratory conditions under a 12-h light/dark cycle. After acclimatiza-

tion for 1 week, mice were randomly separated into three groups: a CT group (n = 8) fed a chow diet

(320 kcal/100 g) for 20 weeks, an HFD group (n = 8) and an EMPA group (n = 8) both fed an HFD

(54.05% fat, 529.8 kcal/100 g) for 12 weeks and then administered saline or EMPA (dose: 10 mg/kg/d),

respectively, for another 8 weeks. Body weight and fat mass were measured. After 20 weeks, glucose

homeostasis was evaluated by glucose and insulin tolerance tests. At the end of the study, 2% barbiturate

sodium (40 mg/kg, ip) was injected into mice. The small intestine tissues were rapidly isolated and rinsed

with normal saline, then transferred into sterile cryopreservation tubes. The small intestine contents were

collected and also transferred into sterile cryopreservation tubes. All samples were rapidly frozen and

stored at �80�C for transcriptomic, metagenomic and metabolomics analysis. Serum TGs (triglycerides)

was measured using a TG content detection kit (Solarbio, China).

Metagenomic sequencing and analysis

Total DNA of small intestine contents (n = 4 for CT group, n = 5 for HFD and EMPA groups) was extracted

and purified using a DNeasy Powersoil Prokit (47,014, Qiagen, Germany). A KAPA Hyper Prep Kit (KK8504,

Roche, Switzerland) was used to construct DNA libraries. DNA libraries were fragmented using a QIA FX

DNA Library Kit (Qiagen), and DNA fragments of specific lengths were collected using a FastPure Gel

DNA Extraction Mini Kit (Vazyme, China). After the library passed quality inspection, high-throughput

150 bp paired-end sequencing was performed on a NovaSeq� 6,000 (Illumina, United States). Sequencing

was performed by LC Bio-Technology Co. (Hangzhou, China). The raw sequencing data were processed by

Trimmomatic (version 0.40)42 to remove adapters and low-quality sequences and host sequences were

excluded using BMTagger before data assembly. The sequences were assembled by MEGAHIT (v1.2.9,

https://github.com/voutcn/megahit) to generated contigs and open reading frames were predicted using

Prodigal (v2.6.3, http://prodigal.ornl.gov/). The predicted gene enrichment was conducted using

DIAMOND (v2.0.4, https://github.com/bbuchfink/diamond) and the KEGG (https://www.kegg.jp/) data-

base.43 Classification of species sequences was performed using Kraken2 (2.1.1, https://github.com/

DerrickWood/kraken2).

Non-targeted metabolome detection and analysis

The small intestine content (100 mg, n = 3/group) was ground in liquid nitrogen then 500 mL 80% aqueous

methanol solution was added, vortex-mixed, incubated in an ice bath for 5 min, and centrifuged at 15000 g,

4�C for 20 min. The supernatant was then diluted with water until the methanol content was 53%. After

centrifugation at 15000 g, 4�C for 20 min, the supernatant was collected for liquid chromatography–

mass spectrometry analysis using the following parameters: column: Hypesil Gold column (C18); column

temperature: 40�C; liquid chromatography flow rate: 0.2 mL/min; positive ion mode; mobile phase

A: 0.1% formic acid, mobile phase B: 100% methanol; negative ion mode: mobile phase A: 5 mM ammo-

nium acetate, pH = 9.0, mobile phase B: 100% methanol. Quality control samples containing all experi-

mental samples (an equal volume of each) were used to evaluate system stability of the liquid

chromatography–mass spectrometry during the entire process. Blank samples were also measured to

remove background ions. The raw data were searched against mZcloud (https://www.mzcloud.org/),

Mzvault and Masslist databases, and the results were normalized. The results provided metabolite identi-

fication and relative quantitation. The KEGG database was used to annotate identified metabolites.

RNA-seq and data analysis

Trizol was used to extract total RNA from small intestine tissue (n = 5/group). RNA was reverse transcribed

using SuperScript� II reverse transcriptase (Invitrogen). cDNA libraries with 300 G 50 bp fragments were

constructed and RNA-seq was performed on a NovaSeq 6,000 (Illumina) to obtain 150 bp paired-end reads.

FastaQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to assess data quality.

The sequences were assembled and mapped to the Mus musculus genome by HISAT2.44 Reads per kilo-

base per million mapped reads was used to normalize the expression data. R package, DESeq2, was used

to identify differentially expressed genes (DEGs) with fold change >2 or <� 2, and p < 0.05. GeneOntology

(GO) enrichment analysis (Biological processes, Molecular function and Cellular components) and KEGG

pathway enrichment were performed and visualized using R package, ClusterProfiler.

ll
OPEN ACCESS

14 iScience 26, 105816, January 20, 2023

iScience
Article

https://github.com/voutcn/megahit
http://prodigal.ornl.gov/
https://github.com/bbuchfink/diamond
https://www.kegg.jp/
https://github.com/DerrickWood/kraken2
https://github.com/DerrickWood/kraken2
https://www.mzcloud.org/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/


QUANTIFICATION AND STATISTICAL ANALYSIS

Normally distributed data are expressed as the standard error of the mean, and the nonnormal distribution

of data was determined by the Shapiro–Wilk test before analysis. A single comparison between two groups

was analyzed by Student’s t-test. One-way ANOVAwas used to compare the classified and continuous data

between groups, and Bonferroni or Fisher LSD post-tests were used to correct multiple tests. TheWilcoxon

rank-sum test was used to analyze the microbiota alpha diversity, species level comparative advantage and

functional categories. The Mantel test was conducted using R package linkET for correlation analysis.

R ggplot2 package and Graphpad Prism 9.0 software (GraphPad, USA) were used for graphics. p values

<0.05 were considered statistically significant.
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