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Abstract 

Background: Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have been suggested to prevent the 
development of metabolic disorders. However, their individual role in treating hyperglycemia and the mechanism of 
action regarding gut microbiome and metabolome in the context of diabetes remain unclear.

Results: Supplementation of DHA and EPA attenuated hyperglycemia and insulin resistance without changing body 
weight in db/db mice while the ameliorative effect appeared to be more pronounced for EPA. DHA/EPA supplementa-
tion reduced the abundance of the lipopolysaccharide-containing Enterobacteriaceae whereas elevated the family 
Coriobacteriaceae negatively correlated with glutamate level, genera Barnesiella and Clostridium XlVa associated with 
bile acids production, beneficial Bifidobacterium and Lactobacillus, and SCFA-producing species. The gut microbiome 
alterations co-occurred with the shifts in the metabolome, including glutamate, bile acids, propionic/butyric acid, and 
lipopolysaccharide, which subsequently relieved β cell apoptosis, suppressed hepatic gluconeogenesis, and pro-
moted GLP-1 secretion, white adipose beiging, and insulin signaling. All these changes appeared to be more evident 
for EPA. Furthermore, transplantation with DHA/EPA-mediated gut microbiota mimicked the ameliorative effect of 
DHA/EPA on glucose homeostasis in db/db mice, together with similar changes in gut metabolites. In vitro, DHA/EPA 
treatment directly inhibited the growth of Escherichia coli (Family Enterobacteriaceae) while promoted Coriobacterium 
glomerans (Family Coriobacteriaceae), demonstrating a causal effect of DHA/EPA on featured gut microbiota.

Conclusions: DHA and EPA dramatically attenuated hyperglycemia and insulin resistance in db/db mice, which was 
mediated by alterations in gut microbiome and metabolites linking gut to adipose, liver and pancreas. These findings 

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  y_zhang@zju.edu.cn; jingjingjiao@zju.edu.cn
1 National Engineering Laboratory of Intelligent Food Technology 
and Equipment, Zhejiang Key Laboratory for Agro-Food Processing, 
College of Biosystems Engineering and Food Science, Zhejiang University, 
Hangzhou 310058, Zhejiang, China
4 Department of Nutrition, School of Public Health, Department of Clinical 
Nutrition of Affiliated Second Hospital, Zhejiang University School 
of Medicine, Hangzhou 310058, Zhejiang, China
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-1025-906X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40168-021-01126-6&domain=pdf


Page 2 of 21Zhuang et al. Microbiome           (2021) 9:185 

Background
Type 2 diabetes (T2D), an obesity-related metabolic dis-
ease, is rising exponentially throughout the world [1]. 
Genetic susceptibility and lifestyle factors are recognized 
as the main cause of T2D. Intriguingly, recent evidence 
suggests non-communicable chronic diseases, such as 
diabetes, could be communicable via dysbiotic micro-
biota, as demonstrated by fecal microbiota transplant 
(FMT) studies [2–4]. Previous literature has also revealed 
a critical role of dietary factors, including dietary fat [5], 
in shaping gut microbial composition. Increased con-
sumption of saturated fat induces intestinal dysbacterio-
sis and endotoxemia [6, 7], whereas polyunsaturated fatty 
acids (PUFAs) restore gut micro-ecological equilibrium 
and relieve inflammation [8–11]. Notably, emerging evi-
dence shows that marine n-3 PUFAs, eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA), are able to 
ameliorate insulin resistance (IR) in rodents probably via 
regulating adipocytokines secretion [12–14], inhibiting 
adipose remodeling [15], lowering inflammation [16–18], 
and enhancing mitochondrial function and β-oxidation 
[19]. Although fish oil, rich in n-3 PUFAs, was reported 
to alter intestinal microbiota composition [10, 20, 21], 
another study showed that n-3 PUFAs did not protect 
against gut microbiota dysbiosis in mice [22]. Impor-
tantly, data regarding the individual effect of DHA versus 
EPA on the gut microbiome in the context of diabetes is 
absent.

Emerging evidence suggests a complex interplay 
between gut and host organs [23–26], including adipose, 
liver, and pancreas. Gut dysbiosis increases the influx of 
lipopolysaccharide (LPS), which further triggers systemic 
inflammation and IR by activating toll-like receptor 4 
(TLR4) [27]. In addition, the microbiota-derived metabo-
lites short-chain fatty acids (SCFAs), including propion-
ate and butyrate, promote the glucagon-like peptide-1 
(GLP-1) production from intestinal L cells and thereby 
improve the release of insulin from the pancreas [28, 29]. 
SCFAs are also signaling molecules that benefit metabolic 

health via activating G-protein coupled receptors (GPRs) 
[30]. Intestinal microbiota was also found to be capable 
of regulating enterohepatic bile acids (BAs) metabolism 
by biotransforming BAs into forms that possess potent 
regulatory effects on BA signaling receptors [31, 32]. 
Glutamate-fermenting commensal contributes to the 
improved metabolic health in obesity, probably by damp-
ing glutamate-induced IR [33]. Therefore, gut microbiota 
manipulated by dietary factors may, in turn, impact the 
host metabolism via microbiota-derived metabolites. 
However, how n-3 PUFAs affect gut metabolome remains 
poorly understood.

In the present study, we aimed to investigate the indi-
vidual effects of DHA and EPA supplementation on glu-
cose metabolism and possible crosstalk between gut and 
adipose, liver, and pancreas in the context of diabetes. To 
examine this hypothesis, we assessed the changes in the 
gut microbiome and metabolome in response to DHA/
EPA supplementation in db/db mice and FMT was fur-
ther applied to determine whether the beneficial effect 
was driven by gut microbiota and metabolites linking 
gut to adipose, liver, and pancreas. Finally, featured gut 
microbial species were treated with DHA/EPA in  vitro 
to confirm whether DHA/EPA could directly affect their 
growth.

Results
EPA and DHA attenuate hyperglycemia and enhance 
energy expenditure in db/db mice
To assess how DHA and EPA affect glucose homeosta-
sis, we fed db/db mice isocaloric diets that were control 
diet (CD) supplemented with 1% (w/w) EPA or DHA 
for 10 weeks (Additional file 1: Table S1). Although food 
intake and weight gain were not affected during the inter-
vention (Fig. 1a, b and Additional file 1: Figure S1a), both 
DHA and EPA supplemented mice exhibited significantly 
lower fasting glucose and HbA1c levels and a higher 
insulin level compared with db/db mice fed CD (Fig. 1c, 
f, i) after the treatment. Results from the oral glucose 

shed light into the gut-organs axis as a promising target for restoring glucose homeostasis and also suggest a better 
therapeutic effect of EPA for treating diabetes.
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(See figure on next page.)
Fig. 1 Differential effects of DHA and EPA on glucose homeostasis and metabolic profile in db/db mice. The db/db mice were fed either a control 
diet (db/db), DHA-enriched diet (db/db + DHA), or EPA-enriched diet (db/db + EPA) for 10 weeks (n = 6 male and n = 6 female per group). a, b Body 
weight curves. c Serum glucose levels. d, e, g, h, j, k Time-dependent profiles of serum glucose levels in OGTT, ITT, and PTT with AUC. f Blood 
HbA1c levels. i Serum insulin levels. l Serum TG levels. m–p Oxygen consumption. q–t RER. Data are presented as the mean ± SEM. Data with 
different superscript letters are significantly different (P < 0.05) using one-way ANOVA followed by Tukey’s multiple comparison post-test. P values in 
m–t were assessed by two-way ANOVA
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Fig. 1 (See legend on previous page.)
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tolerance test (OGTT) and insulin tolerance test (ITT) 
demonstrated that both DHA and EPA improved glu-
cose tolerance while EPA markedly increased insulin sen-
sitivity (Fig. 1d, e, g, h). Additionally, EPA-fed mice had 
a higher pyruvate tolerance (Fig.  1j, k), which indicated 
inhibited gluconeogenesis. Together, treatment with 
DHA/EPA partially restored glucose homeostasis in db/
db/ mice while EPA manifested a more potent ameliora-
tive effect than DHA.

Regarding lipid metabolism, we observed EPA-fed 
female mice had significantly reduced levels of TG, TC, 
and LDL-C (Fig.  1l and Additional  file  1: Figure S1d, e, 
and f ). Although DHA/EPA supplementation did not 
change white adipose tissue (WAT) mass, interscapu-
lar brown adipose mass was enlarged by EPA and DHA 
(Additional  file  1: Figure S1b, c). It is noteworthy that 
both DHA and EPA elevated oxygen consumption and 
decreased RER (Fig.  1m–t), indicative of enhanced 
energy expenditure and fat utilization.

DHA and EPA differentially alter the gut microbiome
The effectiveness of the EPA/DHA intervention was 
verified by the dramatic increase in tissue levels of DHA 
and EPA (Additional  file  1: Figure S2a). Meanwhile, we 
detected significant changes in antimicrobial peptide 
production in the small intestine: DHA feeding mark-
edly increased the expression of α-defensin–Defa in male 
and female mice and Reg3g in females. The expressions of 
α-defensin–Defa, Pla2g2a, and Reg3g were upregulated 
2.5–20-fold by EPA supplementation (Additional  file  1: 
Figure S2b, c). Therefore, we performed 16S rRNA gene 
sequencing to analyze the differences in gut microbial 
ecology between groups.

Compared with WT mice, db/db mice had substantially 
lower bacterial richness whereas DHA and EPA feeding 
partially restored the phylogenetic diversity indicated by 
Chao1 (Additional file 1: Figure S3a–d). Principal coordi-
nate analysis (PCoA) revealed distinct clustering of WT, 
db/db, and db/db + DHA/EPA groups (Additional file 1: 
Figure S3e, f ), whereas EPA and DHA groups were not 
clearly separated. At the phylum level, DHA and EPA 
feeding significantly enriched Verrucomicrobia and 
Deferribacteres phyla in male mice while Bacteroidetes 
phylum was greater in DHA/EPA-fed female mice (Addi-
tional file 1: Figure S3g, h).

We further performed linear discriminant analysis 
effect size (LEfSe) (LDA > 2) to identify taxa that may be 
microbiological markers for db/db, db/db + DHA, and 
db/db + EPA groups (Fig. 2a, b). In male mice, DHA and 
EPA supplementation significantly elevated the abun-
dances of phylotypes Coriobacteriaceae, Desulfovibrion-
aceae, and Prevotella while reduced Enterobacteriaceae, 
Bacillales, Lactobacillales, Staphylococcus, Streptococcus, 
Enterococcus, Parabacteroides, Weissella, Blautia, and 
Faecalibacterium. Moreover, DHA specifically enriched 
Alloprevotella and Enterorhabdus while EPA specifically 
enriched Deferribacteraceae, Barnesiella, Odoribac-
ter, Mucispirillum, Clostridium lV, and Eubacterium. In 
female mice, DHA and EPA feeding reduced the abun-
dances of Enterobacteriaceae, Clostridiales, Klebsiella, 
Raoultella, and Roseburia. Additionally, DHA-fed female 
mice had more abundant Coriobacteriaceae, Deferribac-
teraceae, Bifidobacterium, Enterorhabdus, Mucispirillum, 
and Clostridium XlVa. EPA-fed female mice had greater 
species from Barnesiella, Lactobacillus, Clostridium Xl, 
Intestinimonas, Erysipelotrichaceae, Allobaculum, and 
Turicibacter. Heatmaps also reveal differential OTUs 
from the above phylotypes between three groups in 
males and females, respectively (Fig.  2c, d). Altogether, 
these findings demonstrated that DHA and EPA differen-
tially modulated the dysbiosis of gut microbiota in db/db 
mice.

EPA and DHA modulate gut metabolome
Gut microbiota interacts with metabolites to impact 
the host metabolism [34]. We predicted changes in 
metabolic functions within the microbiome by Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis 
of differentially expressed genes between DHA/EPA 
and db/db groups. Results showed that the pathways of 
‘‘D-glutamine and D-glutamate metabolism’’ and ‘‘pri-
mary/secondary bile acid biosynthesis’’ were consist-
ently upregulated by DHA/EPA treatment in male and 
female mice (Additional  file  1: Figure S4). Therefore, 
we assessed the potential differences in fecal metabo-
lite profiles between the three groups by an untargeted 
metabolomics approach. The partial least squares dis-
criminant analysis (PLS-DA) showed a clear separation 
between the three groups according to the abundance 
of fecal metabolites (Fig.  3a, b). To maximize the 

Fig. 2 DHA and EPA differentially alter gut microbial phylotypes in db/db mice. Fecal microbiota composition in mice from different groups were 
analyzed using 16S rDNA sequencing (n = 6 male and n = 5-6 female per group). a, b Cladogram obtained from LEfSe analysis (LDA > 2), showing 
the most differentially abundant taxa enriched in microbiota from mice in db/db (blue), db/db + DHA (green), and db/db + EPA (red) groups. c, d 
Heatmap showing OTUs with significantly different relevant abundances between three treatment groups (as determined by Kruskall-Wallis test 
followed by Mann–Whitney test). Each row represents an OTU labeled by the lowest taxonomic description and OTU ID, normalized to the row 
maximum

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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discrimination between DHA/EPA-treated mice and 
CD-fed mice, we next performed pairwise OPLS-DA 
on the fecal metabolome data from these groups. As 
revealed by the volcano plots, substantial metabolic 

changes occurred after DHA/EPA supplementation in 
db/db mice (Fig.  3c, e, g, i). Among the significantly 
changed molecules (marked in black), we noted that 
l-glutamic acid, taurine-conjugated (T) cholic acid 

Fig. 3 DHA and EPA differentially modulate gut metabolome in db/db mice. Global metabolic profiling on fecal was performed by 
UHPLC-Q-Orbitrap-HRMS (n = 5 male and n = 5 female per group). a Three-dimensional (3D) view of PCA score plot by UHPLC-Q-Orbitrap-HRMS 
analysis in male mice (combination of ions from positive and negative ion modes. R2X = 0.67, Q2 (cum) = 0.55). b 3D view of PCA score plot in 
female mice (R2X = 0.59, Q2 (cum) = 0.46). c, e Volcano plot (based on the combination of ions from positive and negative ionization modes) 
between db/db + DHA and db/db groups. g, i Volcano plot between db/db + EPA and db/db groups. Black points in the volcano plot represent 
significantly different metabolites which include key metabolites (highlighted in red) involved in glutamate metabolism and bile acid metabolism. 
d, f Pathway impact resulting from the differential metabolites (obtained from OPLS-DA model with VIP > 1) using MetaboAnalyst in DHA-fed mice. 
h, j Pathway impact resulting from the differential metabolites in EPA-fed mice. Small P value and big pathway impact factor indicate that the 
pathway is greatly influenced. Pathways of glutamate metabolism and bile acid metabolism were perturbed by DHA/EPA
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(CA), and chenodeoxycholic acid (CDCA) were mark-
edly decreased while 2-oxoglutaric acid, CA, CDCA, 
and deoxycholic acid (DCA) were increased in DHA/
EPA-fed db/db mice, which was in accordance with the 
KEGG analysis of microbiome. Consistently, when we 
performed integrated pathway analysis by mapping all 
the differential annotated metabolites into biochemical 
pathways, multiple pathways were perturbed includ-
ing ‘‘D-glutamine and D-glutamate metabolism’’ and 
‘‘primary/secondary bile acid biosynthesis’’ (Fig.  3d, f, 
h, j). Intriguingly, glutamate and bile acid metabolism 
have been implicated in the pathology of metabolic 
syndrome.

DHA and EPA rescue glutamate‑induced β cell apoptosis
Given that DHA/EPA impacted glutamate metabo-
lism which has been linked with metabolic disorders 
[33, 35], we further specifically compared the fecal 
content of l-glutamine, l-glutamate, γ-aminobutyric 
acid (GABA), and 2-oxoglutaric acid involved in the 
‘‘D-glutamine and D-glutamate metabolism’’ pathway 
between the treatment groups (Fig. 4a). Although fecal 
levels of GABA and l-glutamine were not affected by 
DHA/EPA, l-glutamate level in fecal was significantly 
reduced in DHA-fed female mice and EPA-fed male and 
female mice. Conversely, the fecal 2-oxoglutaric acid 
level was elevated in EPA-receiving mice, while a trend 
toward a higher level of 2-oxoglutaric acid was detected 
in DHA-fed mice. In addition, we also observed simi-
lar changes in serum levels of l-glutamate and 2-oxo-
glutaric acid (Additional file 1: Figure S5a, b). Notably, 
microbial genes encoding glutamate dehydrogenase 
(K00261) which converses glutamate to 2-oxoglutaric 
acid was upregulated by DHA/EPA (Fig. 4a).

Chronic exposure to glutamic acid has been evi-
denced to exert a cytotoxic effect on β cell via activation 
of the glutamate transporter 1 (GLT1) [36]. Therefore, 
we then analyzed β cell apoptosis in the pancreas. Insu-
lin immunohistochemistry showed that DHA/EPA res-
cued the β-cell death to some extent (Fig. 4b, c), which 
was further confirmed by a quantitative apoptosis assay 
(Fig. 4d, e). Moreover, we observed suppressed expres-
sion of GLT1 in DHA/EPA-fed mice with decreased 
expressions of inflammatory TNF-α, IL6, and CCL2 

(Fig. 4f, g). Overall, EPA supplementation showed more 
pronounced changes compared with DHA. These find-
ings indicate DHA/EPA supplementation enriched 
intestinal microbial species that possessed glutamate 
dehydrogenase to facilitate the degradation of gluta-
mate and thereby prevented β cell apoptosis in db/db 
mice.

DHA and EPA modulate bile acid metabolism and suppress 
hepatic gluconeogenesis
The gut microbiota-bile acid interaction plays a key role 
in regulating host lipid and glucose homeostasis [32]. We 
detected DHA/EPA enriched microbial genes encoding 
BSH (K01442) which deconjugated taurine-conjugated 
bile acids to form unconjugated bile acids (Fig. 5a). Con-
sistently, we observed reduced fecal levels of TCA and 
TCDCA and increased levels of CA and CDCA in DHA/
EPA-fed mice. Interestingly, DHA/EPA supplementation 
did not affect CA levels whereas substantially elevated 
DCA levels in female mice. Fecal UDCA level was not 
altered by DHA/EPA. Similar changes in these bile acids 
were also observed in serum (Additional  file  1: Figure 
S5c–g).

Bile acids regulate hepatic glucose and lipid metabo-
lism through modulating FXR [37]. We first observed 
that DHA/EPA administration significantly decreased 
the activity of hepatic PEPCK and G6PC involved in 
gluconeogenesis and EPA reduced GP involved in gly-
cogenolysis (Fig.  5b–d). Next, we examined whether 
FXR-SHP-FOXO1 pathway was regulated. As anticipated, 
hepatic mRNA levels of FXR and SHP were promoted in 
DHA/EPA-fed mice (Fig. 5e, f ). Western blot further ver-
ified that DHA/EPA supplementation increased protein 
expressions of FXR and SHP while induced the phospho-
rylation of FOXO1 (Fig.  5g). All these changes seemed 
stronger in EPA-fed mice compared with DHA-fed mice. 
Thus, these data suggest that DHA/EPA enriched BSH-
positive gut microbiota and species that accelerated the 
production of unconjugated CA, CDCA, and secondary 
bile acid DCA, which activated FXR-SHP-FOXO1 path-
way to inhibit hepatic gluconeogenesis.

FXR activation also regulates hepatic lipid homeo-
stasis [32]. We also found decreased hepatic TG con-
centration despite unchanged TC, HDL-C, and LDL-C 
levels in DHA/EPA-fed mice (Additional  file  1: Figure 

Fig. 4 DHA/EPA accelerates glutamate degradation and rescues glutamate-induced β cell apoptosis. a Schematic overview of the differential 
metabolites involved in glutamate metabolism (n = 5 male and n = 5 female per group). Red circle represents up-regulated metabolites, blue circle 
represents downregulated metabolites, and open circle represents no change. Microbial gene encoding glutamate dehydrogenase (K00261) was 
upregulated by DHA/EPA. b, c Representative images of insulin staining in pancreases. Scale bar, 100 μm. d, e Apoptosis of β cell was determined by 
ELISA. Data are normalized to the db/db group (n = 6 male and n = 6 female per group). f, g mRNA expression of GLT1 and inflammatory cytokines 
in the pancreas. Groups with different superscript letters are significantly different (P < 0.05)

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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S6a–d). Liver sections of db/db mice showed DHA/EPA 
administration dramatically mitigated the extensive 
vacuolization, suggesting suppressed lipid accumula-
tion (Additional  file  1: Figure S6e, f ). Subsequently, we 
observed mRNA expression of FASN associated with 
lipogenesis was consistently downregulated by DHA and 
EPA supplementation in male and female mice (Addi-
tional file 1: Figure S6g, h). Furthermore, DHA and EPA 
mitigated hepatic inflammation, which was indicated by 
immunofluorescence staining of F4/80 and decreased 
expressions of TLR4 and CCL2 (Additional file 1: Figure 
S6i–l).

DHA and EPA promote SCFA production and beiging 
of WAT 
In light of significant changes in levels of propionic acid 
and butyric acid by DHA/EPA in UHPLC data of fecal 
content, we further assessed SCFA concentrations using 
GC. Results verified that propionate concentration was 
elevated by DHA and both propionate and butyrate were 
increased by EPA in male and female mice despite the 
unchanged levels of acetate and valerate (Fig.  6a). We 
also detected markedly increased concentration of GLP-1 
by DHA and EPA administration in ileum and jejunum 
(Fig. 6b, c). SCFA production was proposed to stimulate 
the secretion of GLP-1 from L cells. Here, we verified that 
administration of propionate and butyrate could directly 
affect GLP-1 production in db/db mice (Additional file 1: 
Figure S7). Administration of butyrate significantly 
increased the production of GLP-1 in ileum and jejunum 
of db/db mice. Propionate supplementation showed a 
similar effect but was weaker than butyrate. EPA supple-
mentation also significantly alleviated endotoxin in db/db 
mice (Fig. 6d). Accordingly, higher mRNA expressions of 
GPR41 and GPR43 and lower TLR4 expression was noted 
in the adipose tissue of DHA/EPA-treated mice (Fig. 6e). 
Moreover, mRNA expressions of proinflammatory IL6 
and CCL2 in WAT were suppressed by DHA/EPA.

SCFA production was shown to attenuate inflamma-
tion and induce beiging of WAT [38, 39]. Subsequently, 
DHA and EPA supplementation markedly enhanced 
UCP1 and CD137 expressions as revealed by immu-
nohistochemistry and western blot in inguinal WAT 
(Fig. 6f, g). Moreover, beiging program marker PRDM16 
and PPARγ were also upregulated in DHA/EPA-fed mice 

(Fig. 6g). Finally, we observed evidently increased phos-
phorylation of Akt despite the unchanged expressions of 
GLUT4 in WAT, indicative of promoted GLUT4 translo-
cation by DHA/EPA (Fig. 6h). Taken together, these find-
ings suggest that DHA/EPA enhanced the generation of 
propionate and butyrate while alleviated endotoxin and 
inflammation and, subsequently, promoted WAT beiging 
and insulin signaling.

DHA/EPA‑altered gut microbes correlate with key 
metabolites
To determine the functional relationship between the 
DHA/EPA-altered gut microbes and metabolites, an 
inter-omic network was constructed using microbiome 
and metabolome and showed 250 strong correlations 
(|Spearman’s non-parametric rank correlation coeffi-
cient|> 0.6 and p < 0.05) between microbe (genera) and 
metabolite (Additional  file  1: Figure S8). We identified 
genera Coriobacteriaceae, Barnesiella, and Clostrid-
ium XlVa showing strong correlations with fecal gluta-
mate/bile acids from the network. Among these genera, 
the species Coriobacteriaceae (OTU19898) exhibited 
the highest negative correlation with glutamate acid 
(r2 = 0.50, p < 0.0001) and positive correlation with 
2-oxoglutaric acid (r2 = 0.48, p < 0.0001) (Fig.  7a, b). In 
addition, the abundance of Barnesiella (OTU136) was 
inversely associated with taurine-conjugated bile acids 
(TCA + TCDCA) (r2 = 0.47, p < 0.0001) while Clostrid-
ium XlVa (OTU57) was positively related to fecal DCA 
level (r2 = 0.47, p < 0.0001) (Fig.  7c, d). These three key 
microbial species have been enriched in DHA/EPA-fed 
mice (Fig. 2c, d). Thus, these findings revealed the poten-
tial interactions between DHA/EPA-modulated micro-
bial species and glutamate/bile acids.

Gut microbiota orchestrates DHA/EPA‑induced glucose 
homeostasis restoration
To investigate whether the DHA/EPA-induced intestinal 
microbial shift directly contributes to improved glucose 
metabolism, microbiota from DHA/EPA supplemented 
mice (referred as DHA/EPA-microbiota) were trans-
planted to microbiota-depleted db/db male and female 
mice. First, we validated the effect of antibiotic treat-
ment on recipient db/db mice (Additional  file  1: Figure 
S9). After transplantation with DHA/EPA-microbiota, 

(See figure on next page.)
Fig. 5 DHA/EPA influences bile acid metabolism and suppresses hepatic gluconeogenesis. a Schematic overview of the differential metabolites 
involved in bile acid metabolism (n = 5 male and n = 5 female per group). Red circle represents upregulated metabolites, blue circle represents 
downregulated metabolites, and open circle represents no change. Microbial gene encoding BSH (K01442) was upregulated by DHA/EPA. b Hepatic 
PEPCK concentrations. c Hepatic G6PC concentrations. d Hepatic GP concentrations. e, f Hepatic mRNA expression of FXR, SHP, FOXO1, and HNF4. 
g Representative hepatic immunoblots for FXR, SHP, p-FOXO1, and t-FOXO1. Groups with different superscript letters are significantly different 
(P < 0.05)
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Fig. 5 (See legend on previous page.)
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recipient mice showed a similar pattern of gut microbial 
changes with DHA/EPA-fed mice (Additional file 1: Fig-
ure S10). Notably, the abundance of Coriobacteriaceae 
(OTU19898) and Barnesiella (OTU136) were remarkably 
elevated in mice transplanted with DHA/EPA-micro-
biota, and Clostridium XlVa (OTU57) was enriched in 
transplanted female mice (Fig. 7e–g), indicating the suc-
cessful microbiota transplantation. Although the body-
weight gain was not affected, transplantation with DHA/
EPA-microbiota significantly lowered the fasting glu-
cose and Hb1Ac levels along with increased insulin level 
(Fig.  7h–l). In line with the enrichment of DHA/EPA-
induced microbial species, we also detected decreased 
fecal levels of l-glutamic acid and increased 2-oxoglu-
taric acid. Accordingly, GLT1 expression was downregu-
lated and β-cell death was mitigated in mice transplanted 
with DHA/EPA-microbiota (Fig. 7o, p). In addition, fecal 
taurine-conjugated bile acids were reduced while CA, 
CDCA, and DCA were increased in transplanted mice 
(Fig.  7q–u). Accordingly, hepatic mRNA expressions of 
FXR and SHP were promoted while PEPCK and G6PC 
expressions were inhibited by DHA/EPA-microbiota 
transplantation (Fig. 7v). Furthermore, transplanted mice 
also had higher fecal levels of propionate and butyrate, 
increased GLP-1 release in small intestinal and lower 
serum LPS concentration (Additional file 1: Figure S11a–
c). As expected, we observed decreased TLR4 expres-
sion in WAT of EPA-microbiota transplanted mice and 
elevated expressions of GPR41 and GPR43 in DHA and 
EPA-microbiota transplanted mice (Additional  file  1: 
Figure S11d). Moreover, adipose mRNA expressions of 
beiging markers including UCP1, CD137, PRDM16, and 
PPARγ were all significantly enhanced (Additional file 1: 
Figure S11e). All these alterations were more pronounced 
in EPA-microbiota-transplanted mice. Altogether, these 
results underscore the vital role of gut microbiota in 
the effects of DHA/EPA on preventing β cell apoptosis, 
suppressing hepatic gluconeogenesis, promoting GLP-1 
secretion and inducing WAT beiging, which subse-
quently improved glucose homeostasis.

DHA/EPA directly affect the growth of gut bacteria in vitro
To further evaluate the causal effect of DHA/EPA supple-
mentation on the growth of specific gut microbiota, we 
selected pure cultures of Escherichia coli (Family Enter-
obacteriaceae) and Coriobacterium glomerans (Family 

Coriobacteriaceae) which were featured microbiological 
markers of db/db and db/db + DHA/EPA groups, respec-
tively, and conducted in  vitro intervention experiments. 
The bacterial growth media were added with DHA or 
EPA at 200  µM which was in a physiological range [40, 
41]. As shown in Fig.  8a, supplementation of DHA and 
EPA significantly reduced the growth rates of Escheri-
chia coli and the bacterial cell density for EPA group was 
lower than that of DHA group at the stationary growth 
phase, indicating a more potent antimicrobial activity of 
EPA. As regards to Coriobacterium glomerans, DHA and 
EPA similarly increased the bacterial cell density dur-
ing the incubation period (Fig.  8b). These data demon-
strated that DHA/EPA could directly inhibit the growth 
of Escherichia coli while promote Coriobacterium glom-
erans, which thereby drove the metabolic benefits.

Discussion
In this study, DHA/EPA supplementation was found to 
dramatically attenuate hyperglycemia and IR in db/db 
mice. This amelioration was mediated by gut microbi-
ome alterations and metabolites including glutamate, bile 
acids, and SCFAs, which led to relieved β cell apoptosis, 
suppressed hepatic gluconeogenesis, enhanced GLP-1 
production, and WAT beiging. Overall, EPA displayed a 
more pronounced therapeutic effect through the interac-
tions between gut and pancreas, liver, and adipose.

Although replacing dietary fat with n-3 PUFAs has 
been reported to effectively prevent the development 
of hyperglycemia in dietary obese rodents [42–47], few 
studies have investigated the possible therapeutic action 
of n-3 PUFAs on impaired glucose homeostasis. A previ-
ous study in rats found no protective effect of n-3 PUFAs 
supplementation on already established IR [48], whereas 
EPA administration was shown to minimize saturated fat 
induced IR and enhance fatty acid oxidation [16]. Here, 
we further demonstrated that DHA/EPA supplementa-
tion was able to attenuate hyperglycemia and restore 
impaired glucose homeostasis in db/db mice while the 
ameliorative effect was more potent for EPA. Similarly, 
the same low dose of EPA but not DHA was evidenced 
to protect against glucose intolerance in obese mice [14]. 
Together, these results suggest a promising role of EPA 
rather than DHA in diabetes treatment and management.

Previous studies have shown that fish oil contain-
ing EPA and DHA improved intestinal dysbacteriosis 

Fig. 6 EPA and DHA promote SCFA production and beiging of WAT (n = 6 male and n = 6 female per group). a Individual SCFA levels in cecum 
content. b, c GLP-1 concentrations in small intestinal. d Serum LPS levels. e mRNA expression of TLR4, GPR41, GPR43, IL6, and CCL2 in WAT. f 
Representative images of UCP1 and CD137 staining in adipose tissues. Scale bar, 100 μm. g Representative adipose immunoblots for UCP1, 
CD137, PRDM16, and PPARγ. h Representative adipose immunoblots for GLUT4, p-AKT, and t-AKT. Graph bars with different superscript letters are 
significantly different (P < 0.05)

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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and influenced the gut microbiota content [10, 20, 
21]. Compared with wild-type mice, fat-1 transgenic 
mice which endogenously convert n-6 to n-3 PUFAs 
had less abundant Ruminococcus but more abundant 
Akkermansia, S24-7, and Tenericutes [49]. Here, we 
showed both DHA and EPA increased the diversity 
and modulated the composition of gut microbiota 
while the similarities and differences in their effects 
on gut microbiome were also documented. Notably, 
both DHA and EPA reduced the abundance of the 
LPS-containing Enterobacteriaceae [20] and some 
pathogenic bacteria, including Staphylococcus, Strepto-
coccus, and Klebsiella [50–52]. It is believed that gram-
negative Enterobacteriaceae can release LPS, resulting 
in systemic subclinical inflammation and thereby 
impairing insulin sensitivity [53]. Streptococcus infec-
tion could induce divergent phagocyte programmed 
cell death and cause robust inflammatory responses 
[52]. DHA and EPA elevated SCFA-producing Prevo-
tella [54] and the family Coriobacteriaceae which was 
decreased in diabetic patients [55]. Prevotella is known 
to produce anti-inflammatory propionate, which could 
regulate the differentiation of anti-inflammatory 
Treg/Tr1 cells [54]. Additionally, DHA specifically 
enriched Enterorhabdus which was previously identi-
fied in non-diabetic lean animals [56], SCFA-produc-
ing Alloprevotella [57], and Clostridium XlVa which 
was depleted in inflammatory bowel diseases [58], 
while EPA specifically enriched anti-inflammatory 
Barnesiella [59] and Mucispirillum [60], Clostridium 
lV which has been negatively associated with obesity 
[61], Allobaculum negatively correlated with IR [62] 
and butyrate-producing Eubacterium [63] and Intes-
tinimonas [64]. Barnesiella was correlated with several 
immunoregulatory cells and suggested to render the 
gut environment less prone to inflammation [59]. Allo-
baculum [65] and Eubacterium [66] induced by probi-
otics supplementation exerted beneficial physiological 
effects on obese animals, underscoring the probiotic 
potential of these species. Notably, beneficial bacteria 
Bifidobacterium and Lactobacillus were promoted by 
DHA and EPA respectively in female db/db mice. Bifi-
dobacterium and Lactobacillus have been reported to 

improve gut integrity and counteract endotoxemia and 
inflammation [67–69]. These substantial shifts in gut 
community structure induced by DHA and EPA may 
maintain the intestinal health and impact microbial 
metabolites production.

KEGG analyses of gut microbiome and metabolome 
consistently demonstrated that glutamate metabolism 
and bile acid metabolism were the key metabolic path-
ways modified by DHA/EPA. Administration of gluta-
mate has been shown to induce adiposity and impair 
glycemic control in rodents [70, 71]. Mechanically, the 
elevated glutamic acid level was found to induce pan-
creatic β cell apoptosis through GLT1 [36, 72]. Previous 
studies also revealed a link between gut microbiome and 
glutamate metabolism [73, 74]. A recent intervention 
study demonstrated that gavage with B. thetaiotaomi-
cron which carried glutamate decarboxylase reduced 
plasma glutamate and ameliorated metabolic syndrome 
in diet-induced obese mice [33], indicating a promising 
role of targeting gut microbiota in obesity management 
via glutamate metabolism regulation. Here, we found 
l-glutamate level was substantially decreased and gluta-
mate-induced β cell apoptosis was rescued especially by 
EPA. Correlation analysis further discovered the species 
Coriobacteriaceae (OTU19898) exhibited the highest 
negative correlation with l-glutamate acid and positive 
correlation with 2-oxoglutaric acid. The family Corio-
bacteriaceae has been suggested to play an important 
role in glucose metabolism regulation [75]. Coriobacte-
rium glomerans, a species from Coriobacteriaceae, was 
found to possess glutamate dehydrogenase (K00261) 
which conversed glutamate to 2-oxoglutaric acid [76]. 
In  vitro, we detected that DHA and EPA directly pro-
moted the growth of Coriobacterium glomerans. There-
fore, we speculate that the protective effect of DHA/
EPA supplementation on β cell apoptosis was driven by 
Coriobacteriaceae (OTU19898) that possessed glutamate 
dehydrogenase to accelerate glutamate degradation.

The interaction between gut microbiota and bile acids 
plays a key role in regulating host metabolism [32]. Pri-
mary bile acids are initially synthesized in the liver, 
predominantly conjugated with taurine in mice, and 
subsequently deconjugated and metabolized by the 

(See figure on next page.)
Fig. 7 Transplantation of DHA/EPA-altered microbiota restores glucose homeostasis (n = 5 male and n = 5 female per group). a–d Linear regression 
analysis of fecal glutamate/bile acids with OTUs from genera identified in the microbe–metabolite network analysis. Fecal glutamate/bile acids 
show strong correlations with Coriobacteriaceae (OTU19898), Barnesiella (OTU136) and Clostridium XlVa (OTU57). e–g Relative abundance of 
Coriobacteriaceae (OTU19898), Barnesiella (OTU136), and Clostridium XlVa (OTU57) in db/db mice after fecal transplantation. Fecal transplantation 
from DHA/EPA-fed mice to db/db mice was performed as described in the “Methods” section. h Body weight curves for male mice during fecal 
transplantation. i Body weight curves for female mice during fecal transplantation. j Serum glucose levels after fecal transplantation. k Blood 
HbA1c levels. l Serum insulin levels. m Fecal l-glutamic acid levels. n Fecal 2-oxoglutaric acid levels. o mRNA expression of GLT1 in the pancreas. p 
Apoptosis of β cell normalized to the db/db group. q Fecal TCDCA levels. r Fecal TCA/TMCA levels. s Fecal CA/MCA levels. t Fecal CDCA levels. u Fecal 
DCA levels. v Hepatic mRNA expression of FXR, SHP, PEPCK, and G6PC. Groups with different superscript letters are significantly different (P < 0.05)
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Fig. 7 (See legend on previous page.)
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intestinal microbiota into secondary bile acids, which 
affects FXR activation and signaling [32]. The primary 
bile acid CDCA is the strongest agonist for FXR followed 
by CA, the secondary bile acid DCA, and LCA [77], 
while the murine taurine-conjugated bile acids TMCA 
antagonize FXR [78]. Activation of FXR was shown to 
improve hyperlipidemia and hyperglycemia in db/db 
mice by repressing hepatic gluconeogenesis and increas-
ing glycogen synthesis [79]. Furthermore, bile acids 
were evidenced to regulate hepatic gluconeogenic gene 
expression via the FXR-SHP-FOXO1 regulatory pathway 
[80]. In our study, we showed DHA/EPA supplementa-
tion elevated CDCA and CA whereas reduced TCA lev-
els along with activated FXR-SHP-FOXO1 pathway and 
suppressed hepatic gluconeogenesis. Notably, the abun-
dance of Barnesiella (OTU136) was inversely associated 
with taurine-conjugated bile acids, indicating Barnesiella 
(OTU136) produced BSH (K01442) activity which decon-
jugated taurine-conjugated bile acids to form unconju-
gated bile acids. Additionally, DCA level was positively 
related to Clostridium XlVa (OTU57) which could be 
capable of producing secondary bile acids via dehydro-
genation, dehydroxylation, and isomerization processes 
[32]. Taken together, we reason that DHA/EPA enriched 
BSH-producing Barnesiella (OTU136) and Clostridium 
XlVa (OTU57) that promoted the production of uncon-
jugated CA, CDCA, and secondary bile acid DCA, which 
inhibited hepatic gluconeogenesis via FXR-SHP-FOXO1 
pathway.

The interplay between gut and adipose tissue [23, 24] 
affects white adipose inflammation which subsequently 

participates in the IR development [81]. We also noted 
DHA/EPA administration reduced endotoxemia and pro-
moted SCFA production, mainly propionic and butyric 
acids, which could be attributed to reduced LPS-con-
taining Enterobacteriaceae [20] and increased propionic/
butyric acid-producing taxa Prevotella [54], Alloprevo-
tella [57], Clostridium XlVa [58], Eubacterium [63], and 
Intestinimonas [64]. Propionic acid supplementation was 
reported to alleviate inflammation and improve glucose 
uptake in WAT from overweight adults [82]. Treatment 
of butyric acid also mitigated IR in mice [83] and attenu-
ated inflammation through GPR41 and interaction with 
macrophages in 3T3-L1 adipocytes [84]. In contrast, 
increased production of acetic acid promoted metabolic 
syndrome in high fat diet (HFD)-fed mice via parasympa-
thetic activation [85]. Accordingly, we detected increased 
expression of corresponding SCFA receptors (GPR41 and 
GPR43) in WAT and enhanced insulin signaling espe-
cially by EPA. Moreover, SCFAs supplementation was 
shown to promote beige adipogenesis, mitochondrial 
biogenesis, and FFA oxidation in HFD-induced obese 
mice by regulating GPRs [38]. Additionally, we showed 
that propionate and butyrate administration could 
directly increase GLP-1 production in db/db mice. Thus, 
the DHA/EPA-induced SCFAs production may contrib-
ute to the beneficial metabolic effect observed in our 
study.

To confirm the causal relationship between gut 
microbiota and the hypoglycemic effect of DHA/EPA, 
we transplanted microbiota from DHA/EPA-fed db/
db mice into antibiotic-treated db/db mice fed with a 

Fig. 8 Effect of EPA and DHA on the growth of Escherichia coli and Coriobacterium glomerans in vitro. Strain Escherichia coli (a) was grown in LB 
medium and Coriobacterium glomerans (b) was grown in Gifu anaerobic medium. Media were added with DHA (200 µM), EPA (200 µM) or vehicle. 
Cell density of cultures was recorded at the indicated time points. Data are presented as the mean ± SEM (n = 6). P values were assessed by 
two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001)
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normal diet for 4 weeks. Antibiotic-treated mice rather 
than germ-free mice were used in our study because 
germ-free mice have an underdeveloped immune sys-
tem which may confound our analysis [86]. We showed 
that transplantation of DHA/EPA altered gut microbi-
ota to recipient mice successfully counteracted hyper-
glycemia and enhanced insulin production, together 
with the enriched abundance of Coriobacteriaceae 
(OTU19898), Barnesiella (OTU136), and Clostridium 
XlVa (OTU57). Furthermore, we also observed similar 
changes in fecal metabolites including glutamate, bile 
acid and SCFAs, with corresponding changes in recep-
tors expressions. Therefore, these data demonstrate 
DHA/EPA-altered intestinal flora mediate the protec-
tive effect for DHA/EPA and provide evidence for an 
important role of DHA/EPA-induced fecal metabo-
lites in improving glucose homeostasis via crosstalk 
between gut and organs, including pancreas, liver, and 
adipose tissue.

Notably, EPA appeared to be more potent than DHA 
in ameliorating glucose metabolism in db/db mice. Pos-
sible explanations are as follows: we first observed that 
DHA and EPA differentially modulated antimicrobial 
peptide production in the gut which further led to the 
differential gut microbiome and metabolome changes. 
Notably, EPA had a more pronounced antimicrobial 
activity against LPS-containing Escherichia coli in vitro. 
Additionally, EPA was more capable of regulating bile 
acids, promoting propionic/butyric acid production 
and suppressing glutamate, especially in male mice, 
which led to more pronounced improvements in β cell 
apoptosis, hepatic gluconeogenesis, and WAT insulin 
signaling. We also noted sex differences in intestinal 
microbiome changes in response to DHA/EPA which 
could be attributed to sex hormones and sex differences 
in immune function [87]. In our study, we successfully 
revealed the metabolic pathway of EPA/DHA induced 
microbiota using 16S rDNA sequencing and PIC-
RUSt and also provided direct causal evidence. Future 
researches using shotgun metagenome sequencing, the 
most solid approach to evaluate the functional profiles 
of microbial communities, may provide more biological 
insights.

Although no study has investigated the effect of 
DHA/EPA supplementation on gut microbiome in T2D 
patients, some case–control studies demonstrated that 
compared with non-diabetic controls, T2D patients 
had higher abundance of Enterobacteriaceae [53] but 
lower Coriobacteriaceae [75], which was also observed 
in db/db mice. Importantly, we showed that EPA/DHA 
could directly alter the growth of these microbiotas 
in vitro. Therefore, EPA/DHA supplementation is likely 
to impact the human gut microbiota in a similar way 

and future clinical studies are warranted to confirm this 
inference.

Conclusion
In summary, integrated multi-omic analyses uncovered 
that DHA/EPA supplementation ameliorated glucose 
homeostasis in the context of diabetes by modulating 
gut microbiome and metabolome, which further pre-
vented β cell apoptosis, suppressed hepatic gluconeo-
genesis and induced WAT beiging (Additional  file  1: 
Figure S12). The study offers new insights into the gut 
microbiota-organs axis as a suitable target for treating 
metabolic perturbations and also suggests EPA may be 
a more efficient therapeutic dietary supplement than 
DHA for diabetic patients.

Methods
Detailed methodologies are available in Addi-
tional file 2: Supplementary methods.

Animals and diets
Four-week-old C57BL/KsJ-db/db mice and C57BL/6 
mice were purchased from the Model Animal Research 
Center of Nanjing University (Nanjing, China) and were 
individually housed in ventilated cages in the animal 
facility of Zhejiang Chinese Medical University (Hang-
zhou, China) with a 12-h light/dark cycle, free access to 
food and water and standard conditions. The db/db mice 
were randomly assigned to one of three diet groups (12 
mice for each group): the normal control diet (AIN93G; 
Research Diets, Inc., USA) (db/db); control diet supple-
mented with 1% (w/w) of DHA (purity > 99%; Larodan 
Fine Chemicals, Malmo, Sweden) (db/db + DHA); 
and control diet supplemented with 1% (w/w) of EPA 
(purity > 99%; Larodan Fine Chemicals) (db/db + EPA) 
for 10 weeks. A group of C57BL/6 J mice (WT) was also 
fed a control diet for 10  weeks as the positive control. 
The compositions of diets are shown in Additional file 1: 
Table S1. After the treatment, mice were euthanized and 
blood samples were collected. Tissues were carefully 
dissected and flash-frozen in liquid nitrogen.

Indirect calorimetry
At the 9th week of treatment, metabolic param-
eters including oxygen consumption and respiratory 
exchange ratio (RER) were measured by an 8-cage ani-
mal monitoring system (PhenoMaster/LabMaster, Bad 
Homburg, Germany) at room temperature under 12-h 
day/night cycles.

Glucose, insulin, and pyruvate tolerance tests
OGTT, ITT, and pyruvate tolerance test (PTT) were 
performed during the last week of the intervention. 
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After overnight fasting, mice were orally gavaged with 
66% glucose solution (OGTT, 3  g/kg BW) or injected 
i.p. with sodium pyruvate (PTT, 2  g/kg BW). For ITT, 
mice were injected i.p. with insulin (0.75  U/kg BW) 
after fasting for 6  h. Blood glucose levels in the blood 
samples from tail veins were measured immediately 
before (t = 0 min) and at selected time points using an 
Accu-Check glucose meter (Roche).

Biochemical analyses
The serum glucose, TG, TC, high-density lipoprotein 
cholesterol, and low-density lipoprotein cholesterol were 
measured using a 7020 automatic biochemistry analyzer 
(Hitachi Ltd., Tokyo, Japan). The serum insulin, LPS, 
TNF-α and IL6, intestine GLP1, and hepatic PEPCK, 
G6PC, and GP levels were detected using commercial 
enzyme-linked immunosorbent assay kits (Cusabio Bio-
tech Co. Ltd., Wuhan, Hubei, China) according to manu-
facturer’s protocol.

Gene expression
Total RNA was extracted from the small intestine, WAT, 
liver, and pancreas using TRIzol. Subsequently, equal 
amounts of total RNA were reverse-transcribed into 
cDNA with the RT reagent kit (Takara Bio Inc., Shiga, 
Japan). The mRNA expression was quantified by a two-
step qRT-PCR method [88]. Sequences of the used prim-
ers are provided in Additional file 1: Table S2. Expression 
was normalized to the housekeeping gene glyceralde-
hyde-3-phosphate dehydrogenase.

Western blot
Total cellular protein from liver and WAT was extracted 
by lysing frozen tissues in RIPA lysis buffer containing 
inhibitors of protease and phosphatase. Total proteins 
were denatured, resolved by SDS-PAGE and then trans-
ferred to PVDF membranes (Millipore). The membranes 
were blocked using Tris-buffered saline Tween contain-
ing 5% bovine serum albumin at room temperature for 
1  h and subsequently incubated with the primary anti-
bodies against FXR, FOXO1, p-FOXO1, SHP, UCP1, 
CD137, PRDM16, PPARγ, GLUT4, p-AktSer473, or Akt 
overnight at 4  °C. The loading control was β-Actin or 
α-tubulin.

Fecal microbiota transplantation
Fecal transplantation was performed in the last 4 weeks 
of the dietary intervention based on an established 
protocol [61]. During the 4  weeks, stools from the 
donors in different groups (db/db, db/db + DHA, and 
db/db + EPA) were collected daily under a laminar 
flow hood in sterile conditions. Every 100  mg fresh 
stools were resuspended in 1  ml of sterile saline and 

intensively mixed by vortexing. Subsequently, the mix-
ture was centrifugated at 800 g for 3 min and the super-
natant was used as the transplant material which was 
prepared on the same day of transplantation within 
10 min before gavage. Recipient mice were 4-week-old 
db/db mice fed with a control diet for 6 weeks synchro-
nized with the db/db group. Before fecal transplanta-
tion, their endogenous microbiota were depleted by 
oral gavage with 200 μl mixed antibiotic solution (ampi-
cillin, 1  g/l; metronidazole, 1  g/l; vancomycin, 0.5  g/l; 
neomycin, 0.5 g/l) daily for 3 days. The recipient mice 
were fed with a control diet and treated with 200  μl 
transplant material daily by oral gavage for 4 weeks.

Gut microbiome analysis
Gut microbiome analysis was performed using high-
throughput 16S rDNA sequencing as described previ-
ously [89]. Briefly, DNA was extracted from fecal samples 
using the QIAamp Fast DNA Stool Mini Kit. DNA con-
centration and integrity were determined and the V3–
V4 region of the bacterial 16S rRNA was amplified by 
PCR to construct an amplicon sequencing library. The 
amplicon was standardized and purified before being 
paired-end sequenced by an Illumina MiSeq platform. 
Raw sequencing data were subjected to filtration using 
Trimmomatic, FLASH, and QIIME software. Sequences 
were assigned to OTUs at 97% similarity. Representative 
sequences were chosen for each OTU and taxonomic 
data were then assigned to each representative sequence 
using Ribosomal Database Project (RDP) Classifier v.2.2, 
trained on the Silva database version 123. The OTU 
table was rarified and Chao 1 metric was calculated by 
QIIME to estimate α-diversity. Subsequently, the micro-
bial community clustering (β-diversity) was estimated 
by principal coordinate analysis (PCoA). The linear dis-
criminant analysis (LDA) effect size (LEfSe) analysis was 
used to identify differential taxa of biological relevance 
between groups. Non-parametric analysis was performed 
to assess significant differences in specific taxa between 
groups using the Kruskall-Wallis test followed by Mann–
Whitney test.

Microbial functional profiles prediction
The microbial functional profiles of DHA/EPA-altered gut 
microbiota was predicted using PICRUSt software (http:// 
picru st. github. io/ picru st). This method predicts the gene 
family abundance from the phylogenetic information with 
an estimated accuracy of 0.8. Predicted gene class abun-
dances were analyzed at KEGG Orthology group levels 3 
[90]. Results from PICRUSt were further analyzed using 
Statistical Analysis of Metagenomic Profiles (STAMP).

http://picrust.github.io/picrust
http://picrust.github.io/picrust
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Metabolomic profiling analysis
The sample preparation methods were described pre-
viously [91]. UHPLC-Q-Orbitrap-HRMS analyses 
were performed using a quadrupole-orbitrap mass 
spectrometer (Q-Exactive, Thermo Fisher Scientific, 
Waltham, MA, USA) equipped with Dionex 3000 Ulti-
mate UHPLC and autosampler (Thermo Fisher Scien-
tific). Each injected solution was separated with the 
Acquity UPLC HSS T3 column. The UHPLC analysis 
followed a gradient elution program. High-resolution 
mass spectrometry analyses were performed with a heat 
electrospray ionization (HESI) source under both posi-
tive ion mode and negative ion mode. The acquisition 
mode of quadrupole-orbitrap analyses was set to be the 
full MS/dd-MS2 (TopN) mode, which is a combination 
of full MS mode and dd-MS2 mode. The dd-MS2 mode 
employed an orbitrap resolution of 17,500 with a maxi-
mum latency time of 50 ms, high energy collisional dis-
sociation stepped normalized collision energy of 20, 40, 
and 60, and isolation window of 1.5 m/z. Data analyses 
were performed using the Xcalibur 4.1 and Compound 
Discoverer 2.1 software (Thermo Fisher Scientific). 
The quality control (QC) samples were prepared by 
pooling of each extracted fecal or serum samples. The 
Compound Discovery software was used to process the 
batch normalization automatically using the data from 
QC samples. Based on the data from mzCloud (https:// 
www. mzclo ud. org) and Human Metabolome Database 
(HMDB) (http:// www. hmdb. ca), the structural formula 
of metabolites were identified according to the accu-
rate mass of their MS and tandem MS spectra. Part of 
metabolites was verified by standards available in our 
lab.

After normalization (by weight of fecal or serum 
samples), all the extracted UHPLC-Q-Orbitrap-HRMS 
ions were imported into SIMCA software (version 14.1, 
Umetrics, Umea, Sweden) for statistical analysis. Prin-
ciple component analysis (PCA) and OPLS-DA with 
unit variance (UV) scaling were carried out to dis-
criminate DHA/EPA-treated mice from control mice. 
Fold changes were calculated as mass response ratio 
between two arbitrary groups (db/db + DHA vs. db/db 
or db/db + EPA vs. db/db). The variable contribution of 
the OPLS-DA model was ranked by the variable impor-
tance in the projection (VIP). Metabolites passing the 
threshold of VIP > 1 were considered as significantly 
different between the DHA/EPA-fed and control mice 
groups, which were validated at a univariate level with 
P < 0.05 and fold change ≥ 1.2 or ≤ 0.8. All the anno-
tated differential metabolites were uploaded to Meta-
boAnalyst (https:// www. metab oanal yst. ca/) to identify 
perturbed pathways according to the KEGG pathway 
database (https:// www. genome. jp/ kegg/).

Bacterial culture in vitro
Escherichia coli MG1655 was grown aerobically in LB 
medium and Coriobacterium glomerans ATCC 49,209 
was grown anaerobically in Gifu anaerobic medium 
(GAM) at 37  °C. At mid-exponential phase of bacterial 
growth, cultures were added with DHA (200  µM), EPA 
(200 µM) or vehicle and incubated at 37 °C. The cell den-
sity of the cultures was monitored by recording  OD600 
values of samples taken at various time points until the 
stationary growth phase.

Statistical analysis
All data were presented as mean ± SEM. Differences 
between two groups were analyzed by two-tailed Stu-
dent’s t test. Differences between three or more groups 
were evaluated through one-way analysis of variance 
(ANOVA) followed by Tukey’s multiple comparison post-
test. Two-way ANOVA was used for data from indirect 
calorimetry experiments. Heat maps were generated 
using STAMP. The Spearman’s rho non-parametric cor-
relations between specific taxa and fecal metabolites were 
calculated using the SAS statistical package (version 9.4, 
SAS Institute). Gephi Graph Visualization and Manipula-
tion software version 0.9.2 was used to visualize the net-
work. P < 0.05 was considered statistically significant.
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White adipose tissue.
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