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Free fatty acid receptor 4 modulates dietary 
sugar preference via the gut microbiota
 

Tingting Zhang1,2,3,8, Wei Wang1,4,8, Jiayu Li1,2,3, Xianlong Ye    5, Zhe Wang1, 
Siyuan Cui6, Shiwei Shen6, Xinmiao Liang    7  , Yong Q. Chen    1,2,3   & 
Shenglong Zhu    1 

Sugar preference is a key contributor to the overconsumption of sugar and 
the concomitant increase in the incidence of diabetes. However, the exact 
mechanism of its development remains ambiguous. Here we show that 
the expression of free fatty acid receptor Ffar4, a receptor for long-chain 
fatty acids, is decreased in patients and mouse models with diabetes, 
which is associated with high sugar intake. Deletion of intestinal Ffar4 
in mice resulted in reduced gut Bacteroides vulgatus and its metabolite 
pantothenate, leading to dietary sugar preference. Pantothenate promoted 
the secretion of GLP-1 which inhibited sugar preference by stimulating 
hepatic FGF21 release, which in turn regulates energy metabolism. These 
findings uncover a previously unappreciated role of Ffar4 in negatively 
regulating sugar preference and suggest B. vulgatus-derived pantothenate 
as a potential therapeutic target for diabetes.

The aetiology of diabetes remains elusive, with factors such as obe-
sity, dietary habits, genetics and ageing collectively exacerbating 
disease onset1. High glucose intake has been considered as a poten-
tial environmental risk factor for the increased incidence rate of many 
non-communicable diseases, including obesity, cardiovascular disease, 
metabolic syndrome and type 2 diabetes (T2D)2. Populations in both 
developed and developing countries have experienced an increase in 
high-sugar and high-fat foods, and the formation of sugar preference 
is thought to be an important contributor to the overconsumption of 
sugar and the concomitant increase in diabetes rates3–5. The conscious 
perception of the sensory attributes of food by animals guides dietary 
choices, which manifest as sugar preference or fat preference6. Sugar 
preference means developing an appetite preference for sugar, and 
being able to remember this preference and take action on the basis of it. 
Sugar preference is a behaviour formed by animals linking flavour stimuli 
with in vivo stimuli of nutrients7. However, the exact pathophysiological 
mechanism of sugar preference formation remains unclear due to the 
complex interaction between neuromodulation and humoral regulation.

The human digestive tract contains complex assemblies of micro-
organisms that can impact host metabolism, immunity and neurobiol-
ogy via metabolites and other pathways8,9. It has been hypothesized that 
an aberrant gut microbiota may be involved in the dietary preference 
behaviour10. Mice lacking gut microbiota showed upregulation of 
type 1 taste receptor 3 and sodium glucose transporter 1 expression, 
as well as increased sucrose intake11. The gut microbiota and prebiotics 
can also regulate host food intake10,12, and this may include the gut– 
microbiota–brain axis, which can affect brain functions including the 
regulation of appetite, behaviour and emotions13,14. The gut microbiota 
may serve as the connection point of the gut–brain axis, thus represent-
ing a potential target in diabetes intervention and sugar preference 
modulation.

Research has shown that the neural basis of sugar preference is 
the activation of specific neurons by the gut–brain axis or liver-to- 
brain hormonal axis15. Previous studies have predominantly 
focused on the nexus between the nervous system and dietary  
preferences, with scant research exploring the relationship  
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In this study, we found that (1) Ffar4 expression was decreased in 
patients with diabetes and mice with diabetes, and Ffar4 mutations lead 
to increased sugar preference among populations; (2) intestinal-specific 
deletion of Ffar4 promoted sugar preference, whereas intestinal-specific 
overexpression of Ffar4 mitigated sugar preference; and (3) intestinal 
Ffar4, by modulating the abundance of the gut bacterium Bacteroides 
vulgatus and employing its metabolite pantothenate, orchestrated the 
secretion of GLP-1. GLP-1 stimulated the secretion of FGF21 in the liver, 
thereby shaping the predilection for sugar in mice.

between the intestinal microenvironment and dietary preferences. 
The alteration in dietary preference may stem from a multifac-
eted interplay between genetic factors and environmental influ-
ences, with free fatty acid receptors (FFARs) potentially serving as a  
crucial bridge between genetic and environmental factors in the 
regulation of dietary preference. Activation of Ffar1 and Ffar4 occurs 
through medium-chain and long-chain fatty acids16. Fatty acids, par-
ticularly long-chain fatty acids (LCFAs), are major constituents of 
the human diet17.
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Fig. 1 | Analysis of sugar preference of diabetic mice and correlation with 
Ffar4 expression. a, Expression of Ffar4 in the colons of STZ-induced, db/db 
and NOD−/− DM model mice (n = 6). P = 0.0057, 95% confidence interval (CI): 
−0.8570, −0.1903; P = 0.0006, 95% confidence interval (CI): −1.121, −0.4179; 
P = 0.0024, 95% CI: −0.6375, −0.1828. b, Ffar4 expression in blood leucocytes 
from STZ-induced, db/db and NOD−/− DM model mice (n = 6). P = 0.0331, 95% 
CI: −0.9258, −0.04773; P = 0.00017, 95% CI: −0.7185, −0.2230; P = 0.0.129, 95% 
CI: −0.6382, −0.09614. c, Ffar4 expression in blood leucocytes from healthy 
controls and diabetic patients (n = 24/60). ****P < 0.0001, 95% CI: −0.7762, 
−0.5702. d, Correlation between Ffar4 mRNA levels in blood leucocytes and FBG 
levels (n = 84). Shaded area represents 95% confidence intervals. e, Two-bottle 
preference assay with sucrose (100 mM) in STZ-induced DM model mice (n = 6). 

***P = 0.0007, 95% CI: 0.04103, 0.1121. f, Two-bottle preference assay with sucrose 
(100 mM) in db/db mice (n = 6). **P = 0.016, 95% CI: 0.03773, 0.1194. g, Two-bottle 
preference assay with sucrose (100 mM) in NOD−/− mice (n = 6). **P = 0.0021, 
95% CI: 0.02913, 0.09759. h, Scatterplot of the causal relationship of Ffar4 with 
chocolate sweet intake. This plot was used to visualize the effect of each single 
nucleotide polymorphism (SNP). The horizontal axis represents the exposure 
effect and the vertical axis represents the outcome effect. The slopes of the lines 
represent the causal effect of each method. P values were determined using 
unpaired, two-tailed t-test. Data represent mean ± s.e.m. For data shown as ‘box 
and whisker’ plots: the box extends from the 25th to the 75th percentiles, the 
centre indicates the median, and whiskers indicate the minimum and maximum, 
with all data points shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Results
Elevated dietary sugar preference is associated with decreased 
Ffar4 expression
To investigate whether Ffar4 is differentially expressed in diabetes, 
three different models of diabetes (db/db, Nod−/− and STZ-induced 
diabetic mice (DM)) were established (Extended Data Fig. 1a).  
Ffar4 expression in the mouse colon was significantly decreased 
in the three mouse models, and the results of Ffar4 expression in  
blood leucocytes were consistent with those in colon tissue 
(Fig. 1a,b). Next, Ffar4 messenger RNA expression was determined in  
human peripheral blood leucocytes derived from healthy humans 
and diabetic patients, and the results showed that Ffar4 was  
significantly downregulated in diabetic patients (Fig. 1c and Sup-
plementary Table 2). We also analysed the correlation between  
fasting blood glucose (FBG) and the mRNA levels of Ffar4 in human 
peripheral blood leucocytes, and found that FBG content was nega-
tively correlated the mRNA levels of Ffar4 (Fig. 1d). To further analyse 
the correlation between dietary sugar preference and the develop-
ment of diabetes, we examined sugar preference in diabetes models. 
Results showed that diabetic mice all had a higher preference for  
sugar than control mice (Fig. 1e–g). We further analysed the cor-
relation between Ffar4 level in mouse colon tissue/leucocytes and 
sucrose preference. Results showed that the level of Ffar4 was nega-
tively correlated with sucrose preference (Extended Data Fig. 1b).  
To investigate the relationship between Ffar4 and sugar preference 
in populations, we analysed the chocolate sweet intake data and  
sugar added to tea data (https://gwas.mrcieu.ac.uk/; ID: ukb-b-9835, 
ukb−b−8442), and the expression quantitative trait locus (eQTL)  
data of Ffar4 and performed two-sample Mendelian randomization 
(MR) analysis. Results showed that Ffar4 mutations lead to increased 
sugar preference among populations (Fig. 1h and Extended Data 
Fig. 1c,d). These results suggest that there may be an intrinsic link 
between Ffar4 and sugar preference in the regulation of glucose 
homeostasis.

Systemic Ffar4 deletion promotes dietary sugar preference in 
mice
Although Ffar4 is primarily expressed in the intestine, it is also widely 
expressed in other tissues (Fig. 2a). To clarify whether Ffar4 deletion 
affects dietary preference in mice, we constructed Ffar4 systemic knock-
out mice (Ffar4KO) (Fig. 2b,c), and consistent with previous human 
studies18, found elevated FBG in Ffar4KO mice (Fig. 2d). In addition, 
Ffar4KO mice displayed normal diet and water consumption (Fig. 2e,f) 
but had a significant preference for high-sugar diet (HSD) compared 
with the control group (Fig. 2g,h).

To further investigate whether the dietary preference for high 
sugar in Ffar4KO mice is related to the type of sugar or taste perception, 
we performed a double water bottle selection test. Results showed 
that Ffar4KO mice had a preference for sucrose, fructose, glucose and 
dextrin compared with wild-type (WT) mice, and no preference for the 
artificial sweeteners aspartame, saccharin or quinine (Fig. 2i–o). These 
results suggest that systemic knockout of Ffar4 affects the preference 
for sugar in mice, independent of taste perception.

Gut Ffar4 negatively modulates dietary sugar preference
Ffar4 is more widely expressed, with expression in tissues such as the 
intestinal epithelial cells (Fig. 3a), liver and microglia in the brain pre-
dominating19. To further investigate which tissue sources of Ffar4 regu-
late sugar preference in mice, we constructed various tissue-specific 
knockout mice, including gut epithelial cells Ffar4-specific knockout 
(Gko) (Fig. 3b,c), liver-specific knockout (Lko) (Extended Data Fig. 2a,b) 
and microglia-specific knockout (Mko) (Extended Data Fig. 2k,l). Results 
showed that Gko mice had a significant preference for HSD compared 
with control fl/fl, and no significant preference for high-fat diet (HFD) 
(Fig. 3d,e). Lko and Mko had no significant effect on dietary preference 
(Extended Data Fig. 2c,m). Consistent with total Ffar4 knockout mice, 
Gko mice displayed normal diet and water consumption but elevated 
FBG (Extended Data Fig. 3a,b).

Double water bottle selection test showed that Gko mice had a pref-
erence for sucrose, fructose, glucose and dextrin, and no preference for 
aspartame, saccharin and quinine compared with fl/fl mice (Fig. 3f–i and 
Extended Data Fig. 3c–e). Lko and Mko mice had no sugar preference 
compared with controls (Extended Data Fig. 2d–j, n–t). These results 
indicate that intestinal Ffar4 is the key to regulating dietary sugar 
preference and that Ffar4 signals can distinguish natural sugars from 
artificial sweeteners, which further verifies that this preference is not 
related to taste perception.

To further substantiate the role of intestinal Ffar4 in regulating 
sugar preference in mice, we constructed Ffar4 intestine-specific  
overexpression mice (Ge) and control mice (t/w) (Fig. 3j,k). The  
amount of food and water consumed by Ge mice was not signifi-
cantly different from that of t/w mice, but FBG was significantly lower  
in Ge mice than in t/w mice (Extended Data Fig. 3f,g). Dietary selec-
tion experiments showed that Ge mice had a significantly lower  
preference for HSD compared with the control group (Fig. 3l and 
Extended Data Fig. 3h). Double water bottle selection test showed 
that Ge mice exhibited a significantly lower preference for sucrose, 
fructose, glucose and dextrin, and no preference for aspartame, sac-
charin and quinine compared with t/w mice (Fig. 3m–p and Extended 
Data Fig. 3i–k).

Identification of B. vulgatus as the key microbe involved in 
Ffar4-regulated sugar preference
It has been hypothesized that an aberrant gut microbiota may be 
involved in food preference. We speculated that gut microbiota  
participated in Ffar4-mediated sugar preference. Thus, we conducted 
a co-housing experiment and faecal microbiota transplantation  
(FMT) experiment (Extended Data Fig. 4a). Results showed that the 
sugar preference of Ffar4KO and Gko mice significantly decreased 
after 2 months of co-housing (Fig. 4a and Extended Data Fig. 4b). In  
contrast, the sugar preference of Ge mice significantly increased 
(Fig. 4b). FMT experiment results showed that after antibiotic cock-
tails (ABX) treatment, the difference in sugar preference between 
Gko mice and fl/fl mice disappeared (Fig. 4c), and the difference in 
sugar preference between Ge mice and t/w mice disappeared (Fig. 4d). 
After FMT, the sugar preference of Gko mice significantly decreased 
(Fig. 4e). We also found the same results in the Ffar4KO and WT 

Fig. 2 | Effect of systemic Ffar4 knockout on dietary preference in mice.  
a, The expression of Ffar4 in human organs. b, Ffar4KO mouse generation (top). 
Genotyping primers amplified a 110-bp band from wild-type mouse DNA and 
an 87-bp band from knockout mouse DNA by PCR (n = 6) (bottom). c, Ffar4 
expression in each major tissue of Ffar4KO mice (n = 6). ****P < 0.0001, 95% CI: 
−1.134, −0.7993. d, Fasting blood glucose of mice (n = 6). *P = 0.0118, 95% CI: 
0.1511, 0.9489. e, Daily food intake of mice (n = 10). f, Daily water intake of mice 
(n = 13). g, Dietary selection assay with HSD/ND in mice (n = 10). ****P < 0.0001, 
95% CI: 0.2633, 0.4539. h, Dietary selection assay with HFD/ND in mice 
(n = 10). i, Two-bottle preference assay with sucrose (100 mM) in mice (n = 9). 
****P < 0.0001, 95% CI: 0.02616, 0.05579. j, Two-bottle preference assay with 

fructose (100 mM) in mice (n = 9). ****P < 0.0001. k, Two-bottle preference assay 
with glucose (100 mM) in mice (n = 9). ****P < 0.0001, 95% CI: 0.08252, 0.09829. 
l, Two-bottle preference assay with dextrin (2%) in mice (n = 9). ****P < 0.0001, 
95% CI: 0.08783, 0.1253. m, Two-bottle preference assay with aspartame (0.2%) in 
mice (n = 9). n, Two-bottle preference assay with saccharin (0.2%) in mice (n = 9). 
o, Two-bottle preference assay with quinine (1.5 mM) in mice (n = 6). P values were 
determined using unpaired, two-tailed t-test. Data represent mean ± s.e.m. For 
data shown as ‘box and whisker’ plots: the box extends from the 25th to the 75th 
percentiles, the centre indicates the median, and whiskers indicate the minimum 
and maximum, with all data points shown.
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groups (Extended Data Fig. 4c,d). In contrast, the sugar preference of  
Ge mice significantly increased (Fig. 4f). These results indicate that 
the colon microbiota is involved in the alterations in sugar preference 
mediated by Ffar4.

To further investigate the key bacterial community involved in 
changes in sugar preference mediated by Ffar4, we collected faecal sam-
ples from Gko, fl/fl, Ge and t/w mice for 16S rRNA amplicon sequencing.  
Results showed significant differences in colon microbiota between 
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Ffar4 knockout or overexpression mice and control mice at multiple 
levels (Fig. 4g,h). A total of 6 differential bacteria at the genus level were 
identified to be dependent on Ffar4 expression (Fig. 4i). Then, differ-
ential bacteria (logFC > 2) were selected for the Venn analysis, which 
singled out Bacteroides. The abundance of Bacteroides was significantly 
decreased in Gko mice but significantly increased in Ge mice (Fig. 4j).

To further identify specific differentially abundant bacterial spe-
cies, we quantified the common Bacteroides species in the Gko, fl/fl, 

Ge and t/w mice20. Results showed that B. vulgatus was significantly 
decreased in Gko mice and increased in Ge mice (Fig. 4k and Extended 
Data Fig. 4e,f). We also quantified the change in B. vulgatus in co-housed 
Gko or Ge or Ffar4KO, and found that the abundance of B. vulgatus 
in co-housed Gko and Ffar4KO was significantly higher than in the 
control group, and the abundance of B. vulgatus in co-housed Ge was 
significantly lower than in the control group (Fig. 4l and Extended 
Data Fig. 4g). Furthermore, we quantified the change in B. vulgatus 
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Fig. 3 | Ffar4 in the intestine negatively regulates dietary sugar preference.  
a, T-distributed stochastic neighbour embedding (t-SNE) plot of the human 
colon cancer atlas (visualization available at https://singlecell.broadinstitute.
org/). The left panel represents all cell types; the right panel represents 
Ffar4 expression in all cell types. b, Generation of the Gko mouse model. 
We constructed gut epithelial cell Ffar4-specific knockout mice (Villin-Cre; 
Ffar4Loxp/Loxp, abbreviated Gko) and corresponding control mice (Ffar4Loxp/
Loxp, abbreviated as fl/fl). Genotyping primers amplified a 243-bp band from 
WT mouse DNA, a 273-bp band from fl/fl mouse DNA and a 272-bp band from 
Cre mouse DNA (n = 6). c, Ffar4 expression in major tissues of Gko mice (n = 6). 
****P < 0.0001, 95% CI: −1.004, −0.8234. d, Dietary selection assay with HSD/ND in 
mice (n = 10). ****P < 0.0001, 95% CI: 0.2766, 0.3553. e, Dietary selection assay with 
HFD/ND in mice (n = 10). f, Two-bottle preference assay with sucrose (100 mM) 
in mice (n = 10). ****P < 0.0001, 95% CI: 0.08319, 0.1412. g, Two-bottle preference 
assay with fructose (100 mM) in mice (n = 10). ****P < 0.0001, 95% CI: 0.08652, 
0.1477. h, Two-bottle preference assay with glucose (100 mM) in mice (n = 10). 
****P < 0.0001, 95% CI: 0.07213, 0.1069. i, Two-bottle preference assay with 

dextrin (2%) in mice (n = 10). ****P < 0.0001, 95% CI: 0.05861, 0.1178. j, Generation 
of the Ge mouse model. We constructed Ffar4 intestine-specific overexpression 
mice (Villin-Cre; t/w), referred to as Ge. Genotyping primers amplified a 412-bp 
band from wild-type mouse DNA, a 1,051-bp band from cag/cag mouse DNA and 
a 272-bp band from Cre mouse DNA (n = 6). k, Ffar4 expression in major tissues of 
Ge mice (n = 6). ****P < 0.0001, 95% CI: 4.710, 6.168. l, Dietary selection assay with 
HSD/ND in mice (n = 10). ****P < 0.0001, 95% CI: −0.1877, −0.07898. m, Two-bottle 
preference assay with sucrose (100 mM) in mice (n = 10). ****P < 0.0001, 95% CI: 
−0.5130, −0.2264. n, Two-bottle preference assay with fructose (100 mM) in mice 
(n = 10). ****P < 0.0001, 95% CI: −0.5805, −0.4516. o, Two-bottle preference assay 
with glucose (100 mM) in mice (n = 10). ****P < 0.0001. p, Two-bottle preference 
assay with dextrin (2%) in mice (n = 10). ****P < 0.0001. P values were determined 
using unpaired, two-tailed t-test. Data represent mean ± s.e.m. For data shown as 
‘box and whisker’ plots: the box extends from the 25th to the 75th percentiles, the 
centre is the median, and whiskers indicate the minimum and maximum, with all 
data points shown.
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in diabetic mice and found that its abundance in diabetic mice was 
significantly lower than in the control group (Extended Data Fig. 4h). 
In addition, we collected faecal samples from 45 patients with diabetes 
and 15 healthy people (Supplementary Table 3), and found the faecal  
B. vulgatus abundance in patients with diabetes to be significantly lower 
than in the control group (Extended Data Fig. 4i).

To further verify whether B. vulgatus modulates sugar prefer-
ence in mice, we performed reverse experiments with B. vulgatus  
and Bacteroides dorei (B. dorei), which ranked as the top two in quan-
titative abundance. Results showed that after 10 days of gavage,  
B. vulgatus or B. dorei successfully colonized in mice gut (Extended Data 
Fig. 4j,k). Compared with the control group, the sugar preference of Gko  
mice orally gavaged with B. vulgatus was significantly reduced  
(Fig. 4m), while the sugar preference of mice orally gavaged with  
B. dorei was not significantly different from the control group (Extended 
Data Fig. 4l). In addition, after Gko mice were supplemented with  
B. vulgatus, FBG was significantly reduced compared with the control 
group (Fig. 4n). After B. dorei supplementation, there was no significant 
difference in the FBG of Gko mice compared with the control group 
(Extended Data Fig. 4m). Taken together, these findings indicate that 
gut Ffar4 regulates sugar preference by modulating the abundance 
of B. vulgatus.

Pantothenate is the key metabolite in B. vulgatus regulating 
sugar preference
The profound influence of the gut microbiota on the host is strongly 
associated with complex interactions comprising a series of host–
microbe metabolic axes. Therefore, we conducted a high-throughput 
non-targeted metabolomics analysis of B. vulgatus in in vitro culture 
(Fig. 5a–c). We selected differential metabolites (logFC > 2), intersected 
the 0 h vs 12 h and 0 h vs 24 h groups, and found that 11 metabolites 
were significantly changed (Fig. 5d), with pantothenate ranking first 
among the metabolites (Fig. 5e,f). Interestingly, our previous study 
also indicated that Ffar4 deficiency regulated pantothenate in fatty 
liver models21. Therefore, we speculate that pantothenate may be the 
key metabolite in B. vulgatus regulating sugar preference, and further 
measured the content of pantothenate in the serum of Gko, Ffar4KO, Ge 
and the control group. Results showed that the content of pantothenate 
in the serum of Gko and Ffar4KO mice significantly decreased compared 
with that of the control group, while the content of pantothenate in the 
serum of Ge mice increased compared with that of the control group 
(Fig. 5g and Extended Data Fig. 5a). Co-housing experiment results 
showed that the content of pantothenate in co-housed Gko mice or 
Ffar4KO mice was significantly higher than in the control group, and the 
content of pantothenate in the co-housed Ge group was significantly 
lower than in the control group (Extended Data Fig. 5b,c). In addition, 
the expression level of Ffar4 was positively correlated with pantoth
enate content (Extended Data Fig. 5d).

We measured the content of pantothenate in mouse serum after 
treatment with B. vulgatus or B. dorei and found the pantothenate to 
be significantly increased after B. vulgatus treatment but not after  

B. dorei treatment (Extended Data Fig. 5e). Furthermore, the panto
thenate content was reduced with the aggravation of diabetes (Fig. 5h 
and Supplementary Table 2), and serum pantothenate content was sig-
nificantly inversely correlated with triglyceride (TG) and FBG (Fig. 5i,j 
and Extended Data Fig. 5f–k).

Therefore, we replenished pantothenate to verify whether it 
affected the sugar preference of mice. Results showed that pantoth-
enate significantly reduced sugar preference in Gko mice (Fig. 5k).  
We also measured the levels of pantothenate in mouse faeces and  
portal blood. Results showed that the pantothenate content in the 
faeces and portal blood of Gko mice was significantly lower than that 
of the control group. However, after gavaging with ABX, the difference 
in pantothenate content in the faeces and portal blood of Gko and 
control group mice was eliminated. After gavaging with pantothen-
ate, the pantothenate content in the faeces and portal vein blood of 
Gko and control group mice was significantly increased (Extended 
Data Fig. 5l,m).

B. vulgatus and pantothenate were administered to diabetic mice 
and sugar preference was then tested. Results showed that B. vulgatus 
and pantothenate significantly reduced FBG in diabetic mice (Extended 
Data Fig. 5n). After administration with B. vulgatus and pantothenate, 
the sugar preference of diabetic mice significantly decreased (Extended 
Data Fig. 5o). Taken together, these results indicate that pantothenate 
is the key metabolite in B. vulgatus regulating sugar preference.

Pantothenate boosts GLP-1 secretion which inhibits sugar 
preference by stimulating hepatic FGF21 release
Numerous studies have shown that gut hormones play key roles in 
feeding behaviour, and studies have demonstrated that Ffar4 regulates 
the secretion of gut hormones22,23; thus, we analysed the correlation 
between pantothenate content and several key gut peptides in the 
serum of diabetic mice and showed that pantothenate content was 
positively correlated with GLP-1 (Fig. 6a); nevertheless, we found no 
correlation between pantothenate content and peptide YY (PYY)/
glucose-dependent insulinotropic polypeptide (GIP)/cholecystokinin 
(CCK) content (Extended Data Fig. 6a–c). Generally similar results were 
observed in the serum of diabetic patients, and pantothenate content 
was positively correlated with GLP-1 (Fig. 6b). In addition, the intesti-
nal hormones in Gko and control mice supplemented with B. vulgatus 
and pantothenate were also determined. Results showed that GLP-1 
secretion was increased in Gko mice supplemented with B. vulgatus 
and pantothenate (Fig. 6c), while reversing B. vulgatus and pantoth-
enate did not change the secretion of PYY/GIP/CCK (Extended Data 
Fig. 6d–f). Moreover, the GLP-1 level in the portal blood of Gko mice 
was significantly lower than that of the control group. After gavage 
with B. vulgatus and pantothenate, the GLP-1 in the portal vein blood 
of Gko mice was significantly increased (Extended Data Fig. 6g). Mean-
while, the levels of GLP-1 in diabetic mice were significantly lower than 
those in the control group (Extended Data Fig. 6h). Interestingly, our 
results showed that B. vulgatus and pantothenate only increased the 
content of GLP-1 in Gko mice, but did not affect the GLP-1 in control 

Fig. 4 | Sugar preference of Gko/Ge mice after co-housing/FMT with control 
group, and gut microbial profiling. a, Two-bottle preference assay with sucrose 
(100 mM) in co-housed Gko mice (n = 8). ***P < 0.001. b, Two-bottle preference 
assay with sucrose (100 mM) in co-housed Ge mice (n = 8). ***P < 0.001. c, Two-
bottle preference assay with sucrose (100 mM) in Gko and fl/fl mice administered 
ABX (n = 8). d, Two-bottle preference assay with sucrose (100 mM) in Ge and 
t/w mice administered ABX (n = 8). e, Two-bottle preference assay with sucrose 
(100 mM) in Gko and fl/fl mice after FMT (n = 8). ****P < 0.0001, 95% CI: 0.1047, 
0.1748; ****P < 0.0001, 95% CI: −0.1384, −0.1021. f, Two-bottle preference 
assay with sucrose (100 mM) in Ge and t/w mice after FMT (n = 8). ***P < 0.001; 
****P < 0.0001, 95% CI: 0.1461, 0.2654. g, Stacked plot of intestinal flora genera 
abundance in Gko mice vs fl/fl mice. h, Stacked plot of intestinal flora genera 
abundance in Ge mice vs t/w mice. i, log2FC of differential genera in Gko mice vs 

Ge mice. j, Wayne plot of differential genera in Gko mice vs Ge mice; abundance of 
the genus Bacteroides (n = 6). *P = 0.0339, 95% CI: −1,737, −84.64; **P = 0.0083, 95% 
CI: 1,365, 6,150. k, Quantify of B. vulgatus in mouse faeces (n = 6). ****P < 0.0001, 
95% CI: −0.7138, −0.3373; ****P < 0.0001, 95% CI: 4.782, 6.850. l, Quantify of  
B. vulgatus in mouse faeces after co-housing (n = 6). ****P < 0.0001, 95% CI: 2.037, 
3.277; ***P = 0.0001, 95% CI: −0.5855, −0.2692. m, Two-bottle preference assay 
with sucrose (100 mM) in Gko mice after back-supplementation with B. vulgatus 
(n = 9). ****P < 0.0001, 95% CI: −0.1942, −0.09768. n, Fasting blood glucose levels 
in Gko mice after back-supplementation with B. vulgatus (n = 9). *P < 0.05, 95% 
CI: −0.8324, −0.01204. P values were determined using unpaired, two-tailed 
t-test. Data represent mean ± s.e.m. For data shown as ‘box and whisker’ plots: the 
box extends from the 25th to the 75th percentiles, the centre is the median, and 
whiskers indicate the minimum and maximum, with all data points shown.
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mice (Extended Data Fig. 6i). Therefore, pantothenate and B. vulgatus 
may be more suitable for improving hyperglycaemia caused by Ffar4 
mutations or inactivation.

To further demonstrate whether pantothenate directly affects 
GLP-1 secretion, pantothenate was added to the culture medium of 
STC-1 cells. It was found that pantothenate significantly increased the 
release of GLP-1 (Fig. 6d), which was consistent with the in vivo experi-
ments. We silenced Ffar4 in STC-1 cells and then assayed the amount 
of GLP-1 released after stimulating the cells with pantothenate. Results 
showed that knockdown of Ffar4 in STC-1 cells did not affect GLP-1 secre-
tion, but pantothenate promoted GLP-1 secretion in the Ffar4-silenced 
state (Extended Data Fig. 6j,k).

This study also further reveals that epithelial cell-derived Ffar4 
itself does not directly affect GLP-1 release from enteroendocrine cells 
and that it is required to drive the release of GLP-1 through intestinal 
microbes and their key products as a mediator. To further determine 

whether GLP-1 administration could inhibit sugar preference in Gko 
mice, we injected Gko mice with liraglutide24. Results showed that 
sugar preference was significantly reduced in Gko mice treated with 
liraglutide, a glucagon-like peptide 1 receptor agonist (Fig. 6e). At the 
same time, we examined the FBG of the mice and found that it was 
significantly reduced in Gko mice by liraglutide treatment (Extended 
Data Fig. 6l).

Several studies have shown that GLP-1RAs positively regulate 
hepatic FGF21 production in rodent models25,26. Furthermore, studies 
have demonstrated that FGF21 is a key regulator of Ffar4, affecting 
multiple physiological states27,28, therefore, we hypothesized that FGF21 
may act as a direct downstream regulator of GLP-1 in mediating sugar 
preference. To investigate whether certain sugar preference modula-
tions of liraglutide in mice with dietary challenge rely on the presence 
of hepatic FGF21, serum FGF21 expression was measured. Serum FGF21 
was found to be decreased in Gko mice, while after liraglutide injection, 
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Fig. 5 | Discovery of pantothenate as the key metabolite of B. vulgatus via 
untargeted and targeted metabolomics. a, PCA of metabolites at 0 h vs 12 h 
and 0 h vs 24 h. b, Significantly different metabolite expression at 0 h vs 12 h 
according to difference ploidy analysis. c, Significantly different metabolite 
expression at 0 h vs 24 h according to difference ploidy analysis. d, Wayne plot of 
significantly different metabolites at 0 h vs 12 h and at 0 h vs 24 h. e, Heat map of 
the relative abundance of overlapping metabolites at 0 h vs 12 h and at 0 h vs 24 h. 
Colour bar indicates metabolites abundances were log10 transformed. f, Relative 
abundance of pantothenate at 0 h, 12 h and 24 h (n = 5). ****P < 0.0001, 95% CI: 
197.6, 263.0; ****P < 0.0001, 95% CI: 206.8, 376.5. g, Pantothenate levels in mouse 
serum (n = 6). *P = 0.0220, 95% CI: −38.25, −3.715; ***P = 0.0004, 95% CI: 14.94, 

37.23. h, Pantothenate levels in patient serum (normal and early stage of diabetes, 
n = 24; diabetes, n = 36). ****P < 0.0001. i, Correlation between pantothenate 
levels in patient serum and TG levels in patient serum (n = 24/36). Shaded area 
represents 95% confidence intervals. j, Correlation between pantothenate 
levels in patient serum and FBG levels (n = 24/36). Shaded area represents 95% 
confidence intervals. k, Two-bottle preference assay with sucrose (100 mM) in 
Gko mice after supplementation with pantothenate (n = 9). ****P < 0.0001, 95% 
CI: −0.1461, −0.09384. P values were determined using unpaired, two-tailed 
t-test. Data represent mean ± s.e.m. For data shown as ‘box and whisker’ plots: the 
box extends from the 25th to the 75th percentiles, the centre is the median, and 
whiskers indicate the minimum and maximum, with all data points shown.
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FGF21 in Gko serum was significantly upregulated (Fig. 6f). In addition, 
the serum levels of FGF21 in diabetic mice were significantly lower than 
those in the control group (Extended Data Fig. 6m).

Furthermore, hepatic FGF21 mRNA and FGF21 protein levels were 
significantly increased by liraglutide treatment in two normal classic 
hepatic cells, while pantothenate did not affect FGF21 expression in 
the two in vitro hepatic cells (Fig. 6g and Extended Data Fig. 6n,o). To 
further determine whether Ffar4-pantothenate-GLP-1 signalling inhib-
ited sugar preference dependent on FGF21 release, FGF21 recombinant 
protein29 and FGF21KO mice were used (Extended Data Fig. 6p). Results 
showed that FGF21KO mice exhibited increased sugar preference com-
pared with WT mice and FGF21 deletion blocked the sugar preference 
inhibition of liraglutide or B. vulgatus or pantothenate (Fig. 6h and 
Extended Data Fig. 7a), while FGF21 recombinant protein reversed 

Ffar4 deletion-induced sugar preference and elevated fasting glucose 
(Fig. 6i and Extended Data Fig. 7b).

The ventromedial hypothalamus (VMH) is an important target site 
for FGF21-mediated sugar intake15,29,30. To further confirm the specific 
site of FGF21 action, we injected FGF21 recombinant protein to the 
VMH of Gko and fl/fl mice to detect whether it could reverse the sugar 
preference in Gko mice. We found that the FGF21 recombinant protein 
inhibited sugar preference in both Gko and fl/fl mice (Fig. 6j). As panto-
thenate could cross the blood-brain barrier31, we further injected pan-
tothenate into the VMH of Gko mice and measured sugar preferences. 
Results showed that pantothenate did not alter the sugar preference 
of Gko mice (Extended Data Fig. 7c). We further silenced the GLP-1R 
(AAV9-shGlp1r-u6-EGFP) of the VMH region in Gko mice to assess 
whether VMH region GLP-1R signalling influenced sugar preference. 
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box extends from the 25th to the 75th percentiles, the centre is the median, and 
whiskers indicate the minimum and maximum, with all data points shown.
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Results showed that the expression level of GLP-1R in the brain area was 
significantly reduced after virus injection (Extended Data Fig. 7d,e), and 
the knockdown GLP-1R did not affect the reduction of sugar preference 
in Gko mice gavaged with B. vulgatus and pantothenate (Extended Data 
Fig. 7f). In conclusion, Ffar4 regulated the abundance of B. vulgatus, 
whose derived key metabolite pantothenate further activated the 
GLP-1-FGF21 axis, thereby shaping the sugar preference homeostasis 
(Extended Data Fig. 8).

Discussion
A growing body of research has revealed that our cravings for dietary 
components originate from signals sent from the gut, a key organ in 
transmitting dietary preferences32. However, which genes, gut flora and 
metabolites in the gut microenvironment are involved in the regulation 
of sugar preference is currently unclear.

Ffar4 is the major receptor of human dietary fatty acids and most 
studies have focused on its role in fatty acid signal transduction and 
lipid metabolism33. However, large-scale clinical studies have suggested 
that only hyperglycaemia occurs in the Ffar4-mutated population18. 
In the present study, we identified a potential role for Ffar4 in dietary 
preference. Intestinal Ffar4 deficiency significantly reduces the abun-
dance of the intestinal bacterial colony B. vulgatus, and pantothenic 
acid—a key metabolite of B. vulgatus—can directly affect intestinal GLP-1  
secretion and further promote hepatic FGF21 release, which then modu-
lates ingestive sugar preference. Our findings shed new light on why 
people with Ffar4 mutations develop elevated FBG, and Ffar4 activa-
tion or supplementation with probiotics that produce high levels of 
pantothenic acid may be a strategy to prevent diabetes.

Several studies have shown that probiotic supplementation is an 
excellent way to regulate the gut to prevent metabolic diseases34–39. 
Lactobacillus plantarum reduces FBG in T2D rats40; butyrate metabo-
lized by intestinal microorganisms improves insulin sensitivity41; and 
Bacteroides uniformis reduces hepatic triglyceride levels and improves 
metabolic dysfunction42,43. In this paper, we provide a genetic approach 
to screen potential probiotics by manipulating the expression of key 
genes, and we have screened pantothenic acid-rich B. vulgatus in this 
way. A previous study found that B. vulgatus was a key species driving 
the association between biosynthesis of branched-chain amino acids 
and insulin resistance by integrating human gut microbiome data34.  
Despite this, the role of B. vulgatus in insulin resistance and meta-
bolic disorders seems complex, and omics analytes do not reflect a 
real effect of the B. vulgatus in vivo. Several studies have found that  
B. vulgatus inhibits the development of metabolic disorders in low-fat 
diet44 and regulated the TGR5 signalling pathway to improve glucolipid 
metabolism45. Meanwhile, our results indicated that Ffar4 regulated 
the abundance of B. vulgatus, whose derived key metabolite pantoth
enate further activated the GLP-1-FGF21 axis, thereby shaping the sugar 
preference homeostasis.

This study sheds light on how Ffar4 expressed in intestinal epithe-
lial cells regulates gut hormone secretion in enteroendocrine cells by 
impacting the gut microbiota. GLP-1 is a multifaceted hormone with 
broad pharmacological potential. Studies have shown that GLP-1 can 
stimulate the secretion of FGF21 in the liver25,46, which is consistent with 
our results. FGF21 is a liver-derived hormone that signals to the brain to 
regulate macronutrient intake and energy homeostasis47. Research has 
shown that FGF21 administration signals to glutamatergic neurons in 
the VMH to suppress sugar intake48. Our results indicate that pantothen-
ate boosted the release of GLP-1, which in turn stimulated hepatic FGF21 
expression and regulated the sugar intake in mice. Several studies have 
shown that VMH is a key region in glucose sensing and the regulation 
of glucose homeostasis49,50, while FGF21 acts directly in the VMH to 
specifically regulate sugar intake29. Therefore, we focused on the role 
of gut–liver axis stimulated hepatic FGF21 on the sugar preference in 
the VMH and assessed whether GLP-1R signalling in the VMH region 
influenced sugar preference. We observed that the knockdown GLP-1R 

did not affect the reduction of sugar preference in Gko mice gavaged 
with B. vulgatus and pantothenate. These results further confirmed 
that FGF21 was a direct effector protein that regulated sugar prefer-
ence. Sugar preference is also associated with the endocannabinoid 
and mesolimbic dopaminergic systems, which are involved in brain 
reward systems and the regulation of motivational processes. Thus, 
future research needs to explore whether the brain reward system is 
involved in the Ffar4-mediated sugar preference.

In conclusion, our study suggests that intestinal Ffar4 deficiency 
leads to increased sugar preference in mice, which may be an impor-
tant contributor to the development of diabetes. We demonstrated a 
mechanism affecting sugar preference in mice through gut–liver–brain 
interactions via which B. vulgatus-derived pantothenate mediated the 
GLP-1-FGF21 hormone axis. Our study also provides a strategy for diabe-
tes prevention, and the development of Ffar4 tissue-specific agonists 
may be another approach for diabetes prevention.

Methods
Human participants
We obtained peripheral blood samples from a total of 60 individuals 
with type 2 diabetes and from 24 healthy controls. All participants with 
type 2 diabetes met the diagnostic criteria established by the Ameri-
can Diabetes Association. The Ffar4 mRNA expression of peripheral 
blood was assessed using RT‒qPCR. The Medical Ethics Committee of  
Jiangnan University (Ref. No. JNU20210310IRB01) approved the collec-
tion of peripheral blood from both patients with diabetes and healthy 
donors. We also collected faecal samples from 45 patients with type 2 
diabetes and 15 healthy controls. All participants with type 2 diabetes 
met the diagnostic criteria established by the American Diabetes Asso-
ciation, and all participants had not received any antibiotics or laxatives 
during the sample collection. We quantified the B. vulgatus content 
in faeces, and the data were homogenized (Medical Ethics Review 
Approval Document of Wuxi Second People’s Hospital: 2024-Y-156).  
Before their inclusion in the study, all participants or their legal guard-
ians provided written informed consent.

Animals
The mice in the mouse experiment were all male. All Ffar4-knockout 
(KO, RRID: MGI: 7256540) mice, Villin-Cre mice and Alb-Cre mice were 
obtained from Shanghai Bioraylab and Shanghai Biomodel Organism. 
Floxed Ffar4 (fl/fl, RRID: MGI: 7256541) and Ffar4 transgenic (t/w, RRID: 
MGI: 7256542) mice were constructed commercially by the Shanghai 
Biomodel Organism and the Nanjing Biomedical Research Institute 
of Nanjing University, respectively. All FGF21-knockout (strain no. 
T012638), db/db and db/m mice were purchased from GemPharmat-
ech. All mice were housed in enriched environments under specific 
pathogen-free (SPF) conditions. Corncob bedding was provided and 
the mice had ad libitum access to autoclaved food and water. The hous-
ing facility was maintained at a temperature range of 19–26 °C and a 
humidity level of 40–70%. The mice were housed under a 12-h light/
dark cycle. All animal procedures adhered to the Guide for the Care 
and Use of Laboratory Animals of the School of Medicine, Jiangnan 
University, and were approved by the Animal Ethics Committee of 
Jiangnan University ( JN No. 20200515t0030810).

Surgery
Mice (8-week-old) were anaesthetized with 2–3% isofluorane and placed 
on a stereotaxic frame. Heat pads were used through the duration of 
the surgery to keep the body temperature stable. Eye ointment was 
applied to keep the eyes from drying. An incision was made to the skin 
to expose the skull after asepsis with Betadine and medical alcohol was 
applied. Drug infusions were administered using an internal cannula 
on the VMH (AP −1.46; ML ±0.6; DV −5.3) of mice at a rate of 0.2 μl min−1. 
For GLP-1R silencing, AAV9-shGlp1r-u6-EGFP (Shanghai Genechem) or 
control AAV were injected into the VMH (AP −1.46; ML ±0.6; DV −5.3) of 
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cKO mice, with a 1 µl injection of 1 × 1012 vg ml−1 (virus genome/ml) at a 
rate of 0.2 µl min−1. The syringe was left in place for 5 min after comple-
tion of the injection.

Microglia isolation
Microglia were isolated as previously described51,52. Briefly, mice 
were anaesthetized with isoflurane and perfused with ice-cold saline. 
Brain tissues were freshly collected in Hanks’ balanced salt solution 
(HBSS) buffer and then digested in HBSS containing collagenase type 
2 (37.5 U ml−1) and DNase I (45 U ml−1) for 30 min at 37 °C. Brain tissue 
homogenates were filtered with a 70-mm cell strainer and then cen-
trifuged at 600 g for 5 min (4 °C) to collect the cell pellets. Microglia 
were isolated by density gradient centrifugation. Collected cell pel-
lets were then suspended in 37% Percoll solution, added into 15-ml 
centrifuge tubes (SAINING, 3031100) with 70% Percoll, 37% Percoll 
and PBS (NEST Biotechnology, 211031), and centrifuged at 800 g for 
30 min (4 °C). Microglia were collected at the interface of the bottom 
two layers (70%/37%). Microglia were further purified by incubating 
with CD11b MicroBeads (Precision Biomedicals, 721105) according to 
manufacturer protocol.

Mouse dietary selection experiment
To investigate dietary preferences in mice, we conducted an experiment 
using Ffar4KO mice. These mice were divided into two groups, with one 
group being given a 60% high-fat diet (HFD) and a normal diet (ND), 
and the other group given a 60% high-sugar diet (HSD) and a normal 
diet (ND). Control WT mice were also included in the experiment. The 
mice were provided with ad libitum access to food, and the positions of 
the two diets were changed each day to eliminate any potential effects 
of position. The amount of food that was consumed by the mice was 
measured every 24 h, and statistical analysis was performed to compare 
the daily intake of each diet.

Two-bottle preference assays
To assess the preference of mice for different types of liquid, we con-
ducted two-bottle preference assays using standard mouse cages. 
The mice were not deprived of water before the experiment and had 
continuous access to food throughout the experiment. Before the 
experiment, the mice were allowed to acclimate to cages with two water 
bottles for 5 days. Subsequently, the mice were given two bottles, one 
containing only water and the other containing water with various 
sugar solutions (100 mM sucrose, 100 mM fructose, 100 mM glucose, 
2% dextrin, 0.2% saccharin, 0.2% aspartame and 1.5 mM quinine). The 
daily consumption of both types of water was measured for 5 consecu-
tive days, and the positions of the water bottles were changed each day 
to avoid any biases caused by the effects of position.

Mice co-housing experiment
To examine the effects of co-housing on mice, we conducted an 8-week 
experiment using various mouse strains. Ffar4KO mice and WT mice 
were divided into equal proportions and housed together in cages, 
with each cage containing 4 Ffar4KO mice and 4 WT mice. This setup 
was replicated in a total of 3 cages. Similarly, Gko mice and fl/fl mice, as 
well as Ge mice and t/w mice, were divided into equal proportions and 
co-housed in separate cages. The control groups consisted of 3 cages 
containing either 4 Ffar4KO mice or 4 WT mice, 4 Gko mice or 4 fl/fl 
mice, and 4 Ge mice or 4 t/w mice per cage. This co-housing experiment 
was conducted for a duration of 8 weeks.

Mouse faecal microbiota transplantation experiment
Ffar4KO/Gko/Ge mice (8-week-old) and WT/fl/fl/t/w mice were treated 
with ABX (1 g l−1 metronidazole (Sigma-Aldrich), 0.5 g l−1 vancomycin 
(Sigma-Aldrich), 1 g l−1 ampicillin (Sigma-Aldrich) and 1 g l−1 neomycin 
(Sigma-Aldrich))53 by daily oral gavage of 200 µl for 7 days. We col-
lected fresh faeces (360 mg) from normal Ffar4KO/Gko/Ge mice and  

WT/fl/fl/t/w mice and placed them in 3 ml of transfer buffer 
(pre-reduced sterile PBS containing 0.05% cysteine HCl on ice). The 
faeces were homogenized, centrifuged at 800 g for 2 min, and faecal 
supernatant was orally inoculated to mice at 100 µl day−1 for 30 days.

16S ribosomal RNA gene sequencing and analysis
DNA was extracted using the HiPure Stool DNA kit. The concentration 
of DNA was assessed using the Qubit dsDNA HS Assay kit. 16S rRNA 
gene sequencing was performed by Genewiz. For the filtering process, 
the double-end sequencing reads were combined; only sequences 
with lengths greater than 200 bp were retained, and any sequences 
containing the letter ‘N’ were removed. Subsequently, the sequences 
were quality filtered and chimaeric sequences were purified. The 
resulting sequences were then used for operational taxonomic unit 
(OTU) clustering via VSEARCH clustering (v.1.9.6) with a sequence 
similarity threshold of 97% against the Silva 138 16S rRNA reference 
database. Representative sequences were taxonomically classified 
using the Ribosomal Database Program (RDP) classifier Bayesian algo-
rithm, and the community composition of each sample was analysed 
at various levels of species classification. The obtained results were 
based on an analysis of the OTUs. The method that was used to obtain 
these results involved random sampling of sample sequences, which 
ensured a flat distribution. To assess the diversity of the community, 
various indices, such as Shannon, Chao1 alpha diversity, abundance 
and evenness of community species, as well as rarefaction curves and 
rank-abundance graphs, were used. These indicators provide insight 
into the richness and evenness of species within a community. To 
determine whether there were significant differences in the microbial 
communities between samples, (un)weighted UniFrac analysis was 
conducted and results compared. In addition, beta diversity visualiza-
tion was performed using principal component analysis (PCA), prin-
cipal coordinate analysis and non-metric multidimensional scaling. 
PCA is based on the abundance of OTUs in the sample, while principal 
coordinate analysis and non-metric multidimensional scaling utilize 
the distance matrix of the community. To further understand the rela-
tionship among samples, a UPGMA clustering tree was constructed 
using weighted clustering hierarchy and the group average method. 
Analysis of similarities was used to examine the significance of differ-
ences between rank values in the analysis group and rank differences 
within the group. This analysis provided insight into whether there 
are notable differences among groups. Metastats gap analysis was 
performed to rigorously evaluate differences in species abundance 
between two groups of microbial communities. LEfSE analysis was 
performed to illustrate the hierarchical evolution of microbial commu-
nity structure and species differences between groups. This analysis 
highlights the differences between groups and presents them in a 
branching tree diagram.

Culture of B. vulgatus
B. vulgatus was cultivated in brain–heart infusion medium under strict 
anaerobic conditions. The medium was supplemented with 50 ng l−1 
l-cysteine to support growth. The colony-forming units per millilitre 
(c.f.u.s ml−1) were determined using anaerobic plate counting on brain–
heart infusion agar medium (2% agar) with a representative culture 
stock. For bacterial preservation, a liquid preparation was prepared by 
mixing 1‰ cysteine with 60% glycerol in water. The B. vulgatus culture 
was resuspended in 1 ml of medium and mixed with an equal volume 
of the bacteria-preserving medium, resulting in a final concentration 
of 2.5 × 109 c.f.u.s ml−1.

Metabolomic analysis
B. vulgatus strains were deposited in Jiangnan University’s Culture 
Collection of Food Microorganisms (CCFM) in Wuxi, China. The strains 
were grown anaerobically at 37 °C for 18 h in brain–heart infusion broth 
(Hopebio) supplemented with 5 μg ml−1 hemin (Sangon Biotech) and 
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0.5 μg ml−1 vitamin K1 (Sangon Biotech). To obtain a fresh culture of 
each strain, centrifugation was performed for 5 min at 6,000 g, fol-
lowed by two washes with sterile phosphate-buffered saline (PBS). 
The resulting bacterial pellets were then resuspended in sterile PBS 
at a concentration of 5 × 109 c.f.u.s ml−1. The suspended mixtures were 
transferred into new centrifuge tubes and subjected to centrifugation 
at 14,000 × g for 20 min to collect the supernatants. For LC ‒MS analysis, 
the samples were redissolved in a solvent consisting of 100 μl acetoni-
trile/water (1:1, v/v), after which they were centrifuged at 14,000 g at 
4 °C for 15 min. The resulting supernatants were then injected into the 
system. Subsequently, the supernatants were dried using a vacuum 
centrifuge. Quality control (QC) samples were prepared by pooling 
10 μl of each sample, and these samples were analysed alongside the 
other samples to monitor instrument analysis stability and repeat-
ability. These QC samples were regularly inserted and analysed every 
5 samples.

Cell culture
STC-1 cells, AML12 cells and BNL CL.2 cells were obtained from the 
National Collection of Authenticated Cell Cultures and cultured in 
DMEM (Gibco, C11965500) or DMEM/F12 medium (BasalMedia Tech-
nologies, L310KJ) supplemented with 5% fetal bovine serum (FBS, 
VivaCell Biotechnology, C04001) and 1% penicillin–streptomycin at 
37 °C and 5% CO2.

Small interfering RNA (siRNA) transfection
STC-1 cells were cultured until they reached 50–70% confluence, after 
which they were transfected with Ffar4-targeting siRNA (50 pM) or NC 
siRNA (50 pM) using jetPRIME transfection reagent (Polyplus, 114-15) 
following manufacturer protocol. The siRNA sequence for mouse 
Ffar4 was as follows: ACCGCAUAGGAGAAAUCUCAUTT. A universal 
negative control siRNA (GenePharma, A06001) was used as a refer-
ence. Following a 24-h stimulation with pantothenate, the secretion 
of GLP-1 was analysed.

Treatment of mice with pantothenate/liraglutide/FGF21
Gko/WT mice (8-week-old) were treated with pantothenate 
(10 mg kg−1 day−1)54 for 10 days, while the control group was treated with 
saline. Fasting blood glucose tests were conducted, and samples were 
collected following euthanasia after the completion of the double water 
bottle choice test. Gko/FGF21KO/WT mice (8-week-old) were treated 
with liraglutide (200 μg kg−1 day−1) for 5 days55, while the control group 
was treated with saline. Fasting blood glucose tests were conducted, 
and samples were collected following euthanasia after the completion 
of the double water bottle choice test. Gko/WT mice (8-week-old) were 
treated with FGF21 (1 mg kg−1 day−1) for 7 days29, while the control group 
was treated with saline. Fasting blood glucose tests were conducted, 
and samples were collected following euthanasia after the completion 
of the double water bottle choice test.

Recombinant protein
Recombinant FGF21 protein was expressed and purified as previously 
described56,57.

Quantitative real-time polymerase chain reaction (qPCR)
Total RNA was extracted using a FastPure Cell/Tissue Total RNA  
Isolation Kit V2 (Vazyme, RC112-01) according to manufacturer 
instructions. The RNA was then reverse transcribed into complemen-
tary DNA using the HiScript III 1st Strand cDNA synthesis kit (Vazyme, 
R323-01). RT–qPCR was performed using the Roche LightCycler 480 
PCR System and the Hieff UNICON qPCR SYBR Green Master Mix 
(Shanghai YEASEN Biotech, 11198ES). Expression of the target genes 
was evaluated using the 2−ΔΔCt method and normalized to β-actin 
gene expression. The RT‒qPCR primer sequences can be found in 
Supplementary Table 1.

Western blotting
To analyse the total protein content of AML12 and BNL CL.2 cells, we 
utilized RIPA buffer to lyse the cells. Western blotting was performed 
as previously described58. The protein samples were separated with 
10~12% SDS‒PAGE gels and subsequently transferred to polyvinylidene 
difluoride (PVDF) membranes with a pore size of 0.45 mm. Then, the 
membranes were blocked for 60 min using 5% non-fat milk and washed 
three times with Tris buffered saline with Tween 20 (TBST). Primary anti-
bodies against FGF21 (ABclonal, A3908) and β-actin (ABclonal, AC026) 
were then applied to the PVDF membranes and incubated overnight 
at 4 °C. Next, the membranes were washed with TBST and incubated 
with secondary antibodies at room temperature for 2 h. The secondary 
antibody was HRP-conjugated goat anti-mouse IgG H&L (Biodragon, 
BF03009). Membrane visualization was achieved by employing an 
enhanced chemiluminescent (ECL) reagent (Millipore, WBKLS0500).

Enzyme-linked immunosorbent assay
Blood samples were collected via retro-orbital bleeding and portal 
vein bleeding of male mice, and fresh blood was collected in separate 
gel coagulation tubes (Kangweishi Medical, 03). Serum was collected 
after centrifugation (2,500 × g, 10 min at 4 °C). Measurement of GLP-1/
CCK/PPY/GIP/pantothenate/FGF21 levels in mouse serum or patient 
serum was performed using specific ELISA kits. We used a mouse GLP-1 
ELISA kit (Shanghai Enzyme-linked Biotechnology, ml201801) to meas-
ure the GLP-1 levels, a mouse CCK ELISA kit (Shanghai Enzyme-linked  
Biotechnology, ml058435) to measure the CCK levels, a mouse PYY ELISA 
kit (Shanghai Enzyme-linked Biotechnology, ml037648) to measure the 
PYY levels, a mouse GIP ELISA kit (Shanghai Enzyme-linked Biotechnol-
ogy, ml057748) to measure the GIP levels, a pantothenate ELISA kit 
(Shanghai Enzyme-linked Biotechnology, ml021743) to measure the pan-
tothenate levels and a mouse FGF21 ELISA kit (Shanghai Enzyme-linked 
Biotechnology, ml202310) to measure the FGF21 levels. In addition, we 
used the human GLP-1 ELISA kit (Shanghai Enzyme-linked Biotechnol-
ogy, ml037425) following manufacturer instructions.

Statistical analysis
No animals or data points were excluded from the analyses. All data were 
analysed using GraphPad Prism 9.0. Data are presented as mean ± s.e.m. 
The distribution of the data was tested for normality using the  
Kolmogorov–Smirnov test. We used Student’s t-test or one-way analysis 
of variance (ANOVA) with Tukey’s post hoc test for normally distributed 
variables and Mann–Whitney U-test or Kruskal-Wallis with Dunn’s post 
hoc test for non-normally distributed data. Correlation was investi-
gated using Spearman’s test with Bonferroni correction. P < 0.05 was 
considered significant.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All 16S rRNA gene amplicon sequencing data were deposited at the NCBI 
under the accession code PRJNA1186342. The metabolomics data were 
deposited in the MetaboLights MTBLS11684. All data are available in 
the main text, extended data or supplementary materials. Source data 
are provided with this paper.

Code availability
No custom code was developed for the analysis of data presented in 
this paper.
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Extended Data Fig. 1 | A Two-sample mendelian randomization. a, The 
area under the curve (AUC) for both oral glucose tolerance test (GTT) and 
intraperitoneal glucose tolerance test (ITT) of db/db and DM mouse (n = 6). 
p < 0.0001, 95% Confidence Interval = (2305, 2516); p < 0.0001, 95% Confidence 
Interval = (1415, 1783); p < 0.0001, 95% Confidence Interval = (1030, 1453); 
p = 0.0022. b, The correlation between Ffar4 levels in mouse colon tissue and 
mouse sucrose preference (n = 36). The correlation between Ffar4 levels in 
mouse leukocytes and mouse sucrose preference (n = 36). c, Scatter plot of 

the causal relationship of Ffar4 with sugar added to tea. This plot was used to 
visualize the effect of each SNP. The horizontal axis represents the exposure 
effect, and the vertical axis represents the outcome effect. The slopes of the lines 
represent the causal effect of each method. d, Leave-one-out analyses to evaluate 
whether any single instrumental variable drove the causal effect. p values were 
determined using unpaired, two-tailed t test. Data represent as mean ± SEM. 
*p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001.
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Extended Data Fig. 2 | Effect of liver or microglial Ffar4 deletion on dietary 
preference in mice. a, We constructed liver-specific knockout mice(Alb-Cre; 
Ffar4Loxp/Loxp, abbreviated Lko) corresponding control mice (Ffar4Loxp/
Loxp) are abbreviated as fl/fl. Lko mouse generation. b, Ffar4 expression in major 
tissues (n = 6). p < 0.0001, 95% Confidence Interval = ( − 1.031, −0.6134). c, Dietary 
selection assay with HSD/ND in mice (n = 10). d, Two bottle preference assay with 
sucrose (100 mM) in mice (n = 10). e, Two bottle preference assay with fructose 
(100 mM) in mice (n = 10). f, Two bottle preference assay with glucose (100 mM) 
in mice (n = 10). g, Two bottle preference assay with dextrin (2%) in mice (n = 10). 
h, Two bottle preference assay with aspartame (0.2%) in mice (n = 10). i, Two 
bottle preference assay with saccharin (0.2%) in mice (n = 10). j, Two bottle 
preference assay with quinine (1.5 mM) in mice (n = 10). k, We constructed 
microglia-specific knockout mice (cx3cr1-CreER; Ffar4Loxp/Loxp, abbreviated 
Mko), corresponding control mice (Ffar4Loxp/Loxp) are abbreviated as fl/fl.  

Mko mouse generation. l, Ffar4 expression in major tissues (n = 6). p < 0.0001, 95% 
Confidence Interval = ( − 1.049, −0.6071). m, Dietary selection assay with HSD/ND  
in mice (n = 10). n, Two bottle preference assay with sucrose (100 mM) in mice 
(n = 10). o, Two bottle preference assay with fructose (100 mM) in mice (n = 10). 
p, Two bottle preference assay with glucose (100 mM) in mice (n = 10). q, Two 
bottle preference assay with dextrin (2%) in mice (n = 10). r, Two bottle preference 
assay with aspartame (0.2%) in mice (n = 10). s, Two bottle preference assay with 
saccharin (0.2%) in mice (n = 10). t, Two bottle preference assay with quinine 
(1.5 mM) in mice (n = 10). p values were determined using unpaired, two-tailed t 
test. Data represent as mean ± SEM. Data shown as a ‘box and whiskers’ plot; the 
box extends from the 25th to 75th percentiles, and whiskers with minimum to 
maximum showing all data points, and the center is median. *p < 0.05, **p < 0.01, 
*** p < 0.001, ****p < 0.0001.
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Extended Data Fig. 3 | Ffar4 in the intestine negatively regulates dietary 
sugar preference. a, Fasting blood glucose levels of mice (n = 6). p = 0.0451, 
95% Confidence Interval = (0.009244, 0.6908). b, Daily food intake of mice 
(n = 10) and daily water intake of mice (n = 6). c, Two bottle preference assay with 
aspartame (0.2%) in mice (n = 10). d, Two bottle preference assay with saccharin 
(0.2%) in mice (n = 10). e, Two bottle preference assay with quinine (1.5 mM) in 
mice (n = 10). f, Fasting blood glucose levels of Ge mice (n = 6). p = 0.0215, 95% 
Confidence Interval = ( − 0.9397, −0.9358). g, Daily food intake of mice (n = 10) 

and daily water intake of mice (n = 6). h, Dietary selection assay with HFD/ND 
in mice (n = 10). i, Two bottle preference assay with aspartame (0.2%) in mice 
(n = 10). j, Two bottle preference assay with saccharin (0.2%) in mice (n = 10).  
k, Two bottle preference assay with quinine (1.5 mM) in mice (n = 10). p values 
were determined using unpaired, two-tailed t test. Data represent as mean ± SEM. 
Data shown as a ‘box and whiskers’ plot; the box extends from the 25th to 75th 
percentiles, and whiskers with minimum to maximum showing all data points, 
and the center is median. *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Co-housed/FMT test and quantification of specific 
bacteria. a, Schematic diagram of co-housed and FMT in Ffar4KO mice and  
WT mice. b, Two bottle preference assay with sucrose (100 mM) in co-housed 
mice (n = 11). p < 0.0001, 95% Confidence Interval = ( − 0.1068, −0.07891).  
c, Two bottle preference assay with sucrose (100 mM) in mice administered  
ABX (n = 8). d, Two bottle preference assay with sucrose (100 mM) in mice  
after FMT (n = 8). p < 0.0001, 95% Confidence Interval = (0.08219, 0.1461); 
p < 0.0001, 95% Confidence Interval = ( − 0.09394, −0.04260). e, Abundance 
of major strains of Bacteroides in the faeces of Gko mice (n = 3). f, Abundance 
of major strains of Bacteroides in the feces of Ge mice (n = 3). g, Quantify of B. 
vulgatus in Ffar4KO feces after co-housed (n = 6). p < 0.0001, 95% Confidence 
Interval = (1.500, 2.617). h, Quantify of B. vulgatus in diabetic mice feces (n = 6). 
p = 0.0007, 95% Confidence Interval = ( − 0.6113, −0.2274); p < 0.0001, 95% 

Confidence Interval = ( − 0.7507, −0.3570); p = 0.0022. i, Quantify of B. vulgatus  
in feces from healthy controls and diabetic patients (n = 15/45). p < 0.0001.  
j, Localization in mice after B. vulgatus back-supplementation (n = 6). p < 0.0001, 
95% Confidence Interval = (2.448, 4.318). k, Localization in mice after B. dorei 
back-supplementation (n = 6). p < 0.0001, 95% Confidence Interval = (1.526, 
2.629). l, Two bottle preference assay with sucrose (100 mM) in Gko mice after 
back-supplementation with B. dorei (n = 9). m, Fasting blood glucose levels 
after back-supplementation with B. dorei (n = 9). p values were determined 
using unpaired, two-tailed t test. Data represent as mean ± SEM. Data shown as 
a ‘box and whiskers’ plot; the box extends from the 25th to 75th percentiles, and 
whiskers with minimum to maximum showing all data points, and the center is 
median. *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001.
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Extended Data Fig. 5 | Correlation between serum pantothenate levels and 
biochemical indices. a, Pantothenate levels in Ffar4KO serum (n = 6). p = 0.0006, 
95% Confidence Interval = ( − 48.77, −18.60). b, Pantothenate levels in Ffar4KO 
serum after co-housed (n = 6). p = 0.0005, 95% Confidence Interval = (11.59, 
29.98). c, Pantothenate levels in Gko or Ge serum after co-housed (n = 6). 
p = 0.0012, 95% Confidence Interval = (14.55, 43.79); p < 0.0001, 95% Confidence 
Interval = ( − 43.45, −31.95). d, The correlation between Ffar4 mRNA levels in gut 
and pantothenate levels in mouse serum (n = 12). e, Assay of pantothenate levels 
in mouse serum after back-supplementation with B. vulgatus or B. dorei (n = 6). 
p = 0.0011, 95% Confidence Interval = (15.42, 45.29); p = 0.0122, 95% Confidence 
Interval = ( − 45.37, −7.070) f-k, The correlation between pantothenate levels in 
patient serum and LDL/HDL/TC/ALT/AST/TSH levels in patient serum (n = 24/36). 
l, Pantothenate levels in mouse feces (n = 6). p = 0.0001, 95% Confidence 
Interval = (20.49, 44.00); p = 0.0055, 95% Confidence Interval = ( − 17.63, −3.970); 
p < 0.0001, 95% Confidence Interval = (35.63, 53.58). m, Pantothenate levels 

in mouse portal blood (n = 6). p = 0.0033, 95% Confidence Interval = (23.00, 
86.50); p < 0.0001, 95% Confidence Interval = ( − 22.35, −13.46); p = 0.0002, 95% 
Confidence Interval = (43.98, 102.7). n, Fasting blood glucose levels in diabetic 
mice after back-supplementation with B. vulgatus and pantothenate (n = 6). 
p = 0.0069, 95% Confidence Interval = ( − 4.753, −0.9803); p = 0.0359, 95% 
Confidence Interval = ( − 3.712, −0.1547). o, Two bottle preference assay with 
sucrose (100 mM) in diabetic mice after back-supplementation with B. vulgatus 
and pantothenate (n = 6). p = 0.0011, 95% Confidence Interval = ( − 0.05573, 
−0.01883); p = 0.0013, 95% Confidence Interval = ( − 0.04242, −0.01405). p values 
were determined using unpaired, two-tailed t test. Data represent as mean ± SEM. 
Data shown as a ‘box and whiskers’ plot; the box extends from the 25th to 75th 
percentiles, and whiskers with minimum to maximum showing all data points, 
and the center is median.*p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | GLP-1-FGF21 axis is a key downstream regulator of 
Ffar4-B. vulgatus-pantothenate. a-c, The correlation between pantothenate 
levels in mouse serum and PYY/GIP/CCK levels in mouse serum (n = 6). d-f, Assay 
of PYY/GIP/CCK contents in mouse serum (n = 9). g, Assay of GLP-1 content in 
mouse portal blood (n = 6). p = 0.0183, 95% Confidence Interval = ( − 0.7389, 
−0.008591); p = 0.0173, 95% Confidence Interval = (0.07245, 0.5931); p = 0.0279, 
95% Confidence Interval = (0.04308, 0.6056). h, Assay of GLP-1 content in 
diabetic mice serum (n = 6). p = 0.0018, 95% Confidence Interval = ( − 0.7705, 
−0.2362); p = 0.0012, 95% Confidence Interval = ( − 0.7526, −0.2501); 
p = 0.0022. i, Assay of GLP-1 content in mouse serum (n = 9). j, Ffar4 expression 
after knockdown of Ffar4 in STC-1 cells (n = 6). p = 0.0022. k, Assay of GLP-1 
content in STC-1 cells (n = 9). p < 0.0001, 95% Confidence Interval = (0.1231, 
0.2858). l, Fasting blood glucose levels (n = 9). p = 0.0001, 95% Confidence 

Interval = ( − 1.809, −0.7240). m, Assay of FGF21 content in diabetic mice serum 
(n = 6). p = 0.0176, 95% Confidence Interval = ( − 28.18, −3.396); p = 0.0024, 
95% Confidence Interval = ( − 31.61, −9.116); p = 0.0093, 95% Confidence 
Interval = ( − 28.14, −5.087). n-o, FGF21 gene expression in AML-12/BNL CL.  
2 cells after treatment with pantothenate/liraglutide (n = 6). p = 0.0002, 95% 
Confidence Interval = (1.212, 2.728); p < 0.0001, 95% Confidence Interval = (8.202, 
9.542); p = 0.0010, 95% Confidence Interval = (1.207, 3.516); p < 0.0001, 95% 
Confidence Interval = (7.673, 9.256). p, FGF21KO mouse generation. Genotyping 
primers amplified a 600-bp band from wild-type mouse DNA and a 900-bp band 
from FGF21KO mouse DNA (n = 6). p values were determined using unpaired, 
two-tailed t test. Data represent as mean ± SEM. *p < 0.05, **p < 0.01, *** p < 0.001, 
****p < 0.0001.
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Extended Data Fig. 7 | Sugar preference does not change in mice after silenced 
VHM GLP-1R. a, Two bottle preference assay with sucrose (100 mM) in FGF21KO 
after back-supplementation with B. vulgatus and pantothenate (n = 6). b, Fasting 
blood glucose levels (n = 9). p = 0.0003, 95% Confidence Interval = ( − 0.7756, 
−0.2911). c, Two bottle preference assay with sucrose (100 mM) in Gko after 
Stereotaxic injection with pantothenate (n = 6). d, Inject AAV9-shGlp1r-U6-EFGP 
into the VMH of Gko mice and image the brain sections. e, GLP-1R expression 

in VMH of Gko mice (n = 6). p < 0.0001, 95% Confidence Interval = ( − 0.9013, 
−0.6548). f, Two bottle preference assay with sucrose (100 mM) in Gko after 
back-supplementation with B. vulgatus and pantothenate (n = 6). p values were 
determined using unpaired, two-tailed t test. Data represent as mean ± SEM. 
Data shown as a ‘box and whiskers’ plot; the box extends from the 25th to 75th 
percentiles, and whiskers with minimum to maximum showing all data points, 
and the center is median. *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001.
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Extended Data Fig. 8 | Graphical summary of results. Ffar4 deficiency or 
inactivation increases the host’s sugar preference. Knockout of Ffar4 in intestinal 
epithelial cells leads to changes in gut microbiota which decrease in B. vulgatus 
abundance. The metabolite pantothenate of B. vulgatus stimulates the secretion 

of GLP-1 in enteroendocrine cells. GLP-1 stimulates an increase in FGF21 secretion, 
which enters the blood-brain barrier and acts on neurons in the VMH, altering 
sugar preferences.
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