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ABSTRACT
Intestinal stem cells (ISCs) are critical for the development and rapid turnover of intestinal epithelium. 
The regulatory effects of gut microbiota and their metabolites on ISCs stemness remain elusive. 
Fucose has been demonstrated to mediate host–microbe interactions in the intestine. However, the 
association between fucose, gut bacteria, and ISCs stemness remains unclear. To investigate the 
effects of fucose on ISCs-mediated intestinal epithelial cells (IECs) development, we administered 
fucose to 4-week-old mice for 4 weeks. ISCs stemness, IECs proliferation, and differentiation were 
examined. Variations in gut microbes and metabolism were detected using 16S rDNA sequencing 
and metabolomic analysis. Fucose was added to the bacterial culture medium to further study its 
effects on metabolism. Crypts were isolated from the mouse ileum for organoids culture in vitro to 
evaluate the effects of metabolites and the underlying mechanism. The results showed that fucose 
accelerated ISCs proliferation and secretory lineage differentiation in mice, whereas antibiotics 
eliminated these effects. The composition and functions of gut bacteria were altered by fucose 
treatment, while significant increases in Akkermansia and propanoate metabolism were noted. 
Propionic acid and propionate have been shown to promote organoid development. Fucose 
fermentation increases the production of propionic acid in Akkermansia muciniphila and enhances 
its ability to increase the stemness of ISCs. Moreover, ileal contents from fucose-treated mice 
promoted organoid development in a Gpr41/Gpr43-dependent manner. Fucose administration 
activates the Wnt signaling pathway in ISCs, and Wnt inhibitors suppress the effects of fucose. We 
conclude that fucose accelerates ISC-mediated intestinal epithelial development by promoting 
Akkermansia-related propanoate metabolism. These findings provide new insights into the promo-
tion of gut homeostasis and the application potential of fucose as a prebiotic.
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Introduction

The crypt-villus structure and rapid turnover of 
the intestinal epithelium maintain its absorption 
and barrier functions. This is dependent on 
intestinal stem cells (ISCs) residing in the intest-
inal crypts.1,2 When generating ISCs daughters, 
some ISCs divide into transit-amplifying (TA) 
cells and differentiate into secretory or absorp-
tive cell lineages.3,4 These differentiated cells 
migrated upward along the villi. In addition, 
ISCs are activated to support intestinal regen-
eration and epithelial functions when stimulated 
by damage factors. Therefore, regulation of ISC 
stemness is a core factor in intestinal develop-
ment and homeostasis maintenance.

Fucose is involved in constituting glycans 
expressed on the apices of intestinal epithelial cells 
(IECs) and mediates many biological processes in 
the gut, especially host–microbe interactions.5,6 Our 
previous studies showed that exogenous fucose 
administration protects mice from DSS-induced 
colitis by increasing intestinal epithelial fucosylation, 
regulating immune functions, and modulating the 
crosstalk between bile acids and gut microbiota.7–9 

However, the effects of fucose on ISCs stemness and 
ISC-mediated intestinal epithelial development 
remain unknown.

Gut microbiota interacts with IECs and maintains 
gut homeostasis. Accumulating evidence suggests 
a significant role for gut microbiota and microbiota-
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derived metabolites in directly or indirectly regulat-
ing ISCs functions.10 Recent studies have found that 
Lactobacillus rhamnosus GG-derived lipoteichoic 
acid sustains the stem cell niche and maintains 
ISCs functions.11 Administration of lactic-acid- 
producing bacteria (LAB) increased ISCs prolifera-
tion in homeostasis and regeneration in intestinal 
damage by producing lactate and triggering Paneth 
cell-mediated Wnt3 release.12 It has been reported 
that fucose participates in the establishment of 
healthy microbiota and maintaining gut homeosta-
sis. Commensal bacteria such as Bifidobacteria uti-
lize fucosidases to cleave fucose residues not only to 
obtain nutrition but also to provide nutrients for 
other microbes to establish a harmonious 
microenvironment.13 Moreover, fucose can be uti-
lized by some gut bacteria and alter their metabo-
lism, such as Akkermansia muciniphila (Akk) and 
Escherichia coli.14,15

Considering the multiple effects of fucose on 
maintaining intestinal homeostasis and gut micro-
biota, we investigated the application potential of 
fucose in ISC-mediated intestinal epithelium devel-
opment in this study. Fucose was administrated to 
4 weeks old mice to investigate its effect on ISCs 
in vivo. 16S rDNA sequencing and metabolomics 
were used to analyze alterations in gut bacteria and 
metabolism. In vitro organoid models were used to 
further verify the underlying mechanisms. 
Collectively, our findings suggest that fucose 
enhances the stemness of ISCs and promotes ISCs- 
mediated intestinal epithelial development by reg-
ulating gut bacteria and metabolism.

Results

Fucose administration promotes intestinal 
epithelial differentiation in vivo

To evaluate the effects of fucose on intestinal devel-
opment, fucose was given orally to 4 weeks old 
mice for 4 weeks. The conditions of the villi and 
crypts were assessed first. Histological examination 
showed that fucose treatment increased villus 
height and crypt depth in the ileum, indicating 
increased absorptive capacity of IECs (Figure 1a). 
We then analyzed whether there were changes in 
the number of differentiated intestinal cells 

following fucose treatment. Periodic acid-Schiff 
(PAS) staining showed that both goblet cells in 
the villi and Paneth cells in the crypts were signifi-
cantly increased in fucose-treated mice (Figure 1b). 
These results were further confirmed by lysozyme 
(Lyz) and mucin 2 (Muc2) staining and mRNA 
expression analysis, which are markers of Paneth 
cells and goblet cells, respectively (Figure 1c,d). In 
addition, Chromogranin A (ChgA)-stained enter-
oendocrine cells also increased after fucose admin-
istration (Figure 1c,d). Consistent with these 
findings, the expression of the transcription factors 
Dll1, Math1, Spdef1, Rfx6, and Sox4, which regu-
late the differentiation of secretory lineage cells16,17 

were significantly increased in the fucose group. 
These results indicate that fucose enhances the 
differentiation of intestinal epithelial cells.

Fucose administration increases Lgr5+ ISCs and 
promotes ISCs proliferation

Since fucose treatment increased the number of 
differentiated cells in the intestine, we investigated 
whether fucose administration may enhance the 
functions of ISCs. Using Lgr5-EGFP-IRES- 
CreERT2 mice, we quantified the Lgr5-EGFP+ 
ISCs number in each crypt and found that there 
were more Lgr5+ ISCs in fucose-treated mice than 
in the controls (Figure 2a). Immunohistochemistry 
(IHC) analysis indicated that Olfm4 (another ISCs 
marker) stained cells showed a similar increase 
(Figure 2b). Furthermore, the protein expression 
of Lgr5 and Olfm4, as well as the mRNA expression 
of Lgr5, Olfm4, and Ascl2, in the ileum crypts of 
fucose-treated mice was higher than that in the 
controls (Figure 2c,d).

To investigate whether fucose treatment influ-
enced ISCs proliferation, we stained the intestinal 
tissues with Ki67, a widely used marker for cell 
proliferation. As a result, more Ki67+ proliferating 
cells were found in crypts of fucose-treated mice. 
We further counted the number of Ki67+ Lgr5+ 

cells because Ki67+ cells include other cell types, 
such as transit amplifying (TA) cells. The number 
of proliferated ISCs increased in fucose-treated 
mice (Figure 2e). To further assess the ISC- 
mediated renewal of the intestinal epithelium, we 
labeled proliferating intestinal cells with EdU
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(5-ethynyl-2’-deoxyuridine). After 2 h of EdU 
labeling, EdU+ cells were detected in crypts, and 
we found more proliferating cells in fucose-treated 
mice, which corresponded with Ki67 staining. 

Twenty-four hours later, the migration of EdU+ 
cells was faster in the fucose group than in the 
control group (Figure 2f). In addition, we derived 
organoids from the ileal crypts of control and

Figure 1. Fucose administration promotes intestinal epithelial differentiation in vivo. (a) HE staining of ileum sections from control and 
fucose-treated mice and statistical analysis of villi height and crypts depth (Scale bar, 100 μm). (b) PAS staining of sections of ileum 
tissues from control and fucose-treated mice and statistical analysis of number of goblet cells and Paneth cells (Scale bar, 100 μm). (c) 
if analysis of lysozyme, Muc2 and ChgA on ileum sections from control and fucose-treated mice (Scale bar, 100 μm). (d) Relative gene 
expression of Lyz1, Muc2 and ChgA in ileum tissues of control and fucose-treated mice. (e) Relative gene expression of Dll1, Math1, 
Spdef, Rfx6, Sox4, and Tox3 in ileum tissues of control and fucose-treated mice.
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Figure 2. Fucose administration increases Lgr5+ ISCs and promote ISCs proliferation. (a) if analysis of Lgr5-EGFP on ileum sections 
from control and fucose-treated mice (Scale bar, 100 μm). (b) IHC analysis of Olfm4 on ileum sections from control and fucose-treated 
mice (Scale bar, 100 μm). (c) Western blot analysis of Lgr5 and Olfm4 in ileum crypts of control and fucose-treated mice. (d) Relative 
gene expression of Lgr5, Olfm4 and Ascl2 in ileum crypts of control and fucose-treated mice. (e) if analysis of Lgr5-EGFP and Ki67 in 
ileum crypts of control and fucose-treated mice (Scale bar, 50 μm). (f) EdU staining on ileum sections from control and fucose-treated 
mice at different timing (Scale bar, 100 μm). (g) Images of organoids derived from control and fucose-treated mice and statistical 
analysis of surface area and budding number (Scale bar, 50 μm).
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fucose-treated mice to further evaluate the func-
tions of ISCs. At day 5 of culture, the surface area 
and budding number of organoids derived from 
fucose-treated mice were larger than those of the 
controls, which suggested stronger stemness of 
ISCs (Figure 2g).

Moreover, we examined the apoptosis in the two 
group and found no significant differences 
(Figure S1A).

Gut microbe participates in the effects of fucose on 
ISCs

There are direct effects of fucose such as facilitating 
fucosylation and indirect effects such as regulating 
bacteria. To investigate the underlying mechanism 
by which fucose promotes the stemness of ISCs, we 
treated organoids derived from untreated mice 
with fucose directly. However, no significant dif-
ferences were found between the control and the 
focus-treated groups (Figure S1B). We further 
examined the gene expression of ISCs and differ-
entiated cell markers and obtained similar results 
(Figure S1C). It seems that fucose does not act 
directly on ISCs. A previous study reported that 
the fucosylation level of Paneth cells is important 
for ISCs.18 However, we found that fucose treat-
ment did not significantly affect the fucosylation 
level per Paneth cells in the ileum and fucosylation 
of organoids, as shown by Ulex Europaeus 
Agglutinin I (UEA I) staining (Figure S1D and E). 
Cytokines such as IL-17a and IL-22 are also related 
to the stemness of ISCs and probably regulated by 
fucose.18,19 However, the expression of IL-17a, IL- 
22, IL-17 R, and IL-22 R did not increase signifi-
cantly in the fucose group (Figure S1F and G).

Since fucose was found to play a protective role 
in DSS-induced colitis in mice by regulating gut 
microbe and metabolism,9,20 we speculated that 
fucose may improve the functions of ISCs by reg-
ulating gut bacteria. To verify this assumption, we 
administered mice an antibiotic cocktail to elimi-
nate gut bacteria prior to fucose treatment. The 
results showed that fucose failed to promote the 
development of the intestinal epithelium in the 
absence of gut bacteria (Figure 3a). No significant 
differences were noted in the expression of ISCs 
and differentiated cell markers between the control 
and fucose+ antibiotic groups (Figure 3b,c). In 

addition, when gut bacteria were eliminated, the 
proliferation of ISCs, indicated by Ki67 staining, 
showed little change under fucose treatment 
(Figure 3d,e), while the number of ISCs and 
Paneth cells in crypts was not altered (Figure 3f, 
g). In summary, these results demonstrate that 
fucose administration promotes ISCs-mediated 
intestinal epithelial development in the presence 
of gut bacteria.

Fucose administration alters gut microbiota 
composition, increases abundance of 
Akkermansia, and facilitates propanoate 
metabolism

We next explored whether fucose altered the gut 
microbiota composition using 16S rDNA sequen-
cing. Alpha diversity analysis showed that there 
were no significant differences between groups in 
the indices of microbial richness (including ACE, 
Chao1, and Observed species) and diversity 
(Shannon and Simpson) (Figure 4a). However, 
PCoA analysis of beta diversity, which reflects the 
microbial community structures, showed 
a significant separation between the microbiota of 
the two groups (Figure 4b), indicating that fucose 
may not influence microbial diversity, but may 
influence its composition. As shown in Figure 4c, 
the relative abundance of the Bacteroidetes phylum 
decreased and that of the Verrucomicrobia phylum 
increased. Consistent with this, the relative abun-
dance of the Muribaculaceae family decreased, and 
that of the Akkermansiaceae family increased. At the 
genus level, the relative abundance of 
Muribaculaceae decreased, and Akkermansia 
increased (Figure 4c). Although the Firmicutes, 
Lactobacillaceae, and Lactobacillus genera appeared 
to have an increasing tendency, they were not sta-
tistically significant (Figure S2A). Furthermore, we 
performed LEfSe analysis to identify significantly 
different species between the control and fucose- 
treated groups. The linear discriminant analysis 
(LDA) score and cladogram showed that 
Akkermansia was the microbiota with the most sig-
nificant influence and was a biomarker of the fucose 
group (Figure 4d,e). Since the composition of the 
gut microbiota is closely related to its functions, we 
next addressed alterations in the functions of the gut 
microbiota. KEGG analysis showed that the
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propanoate metabolism pathway was significantly 
enhanced in the fucose-treated group (Figure 4f). 
Interestingly, Akkermansia is an important gut 
microbiota that participates in gut propanoate meta-
bolism and the production of propionic acid and 
propionate.14,16,21

Thus, we analyzed the relative concentration of 
propionic acid in the ileum content by 

metabolomic analysis and found elevated levels of 
propionic acid in fucose-treated mice. The relative 
abundance of other types of bacteria that may 
participate in SCFAs metabolisms, such as 
Bifidobacterium, Dubosiella, and Faecalibacterium, 
showed no significant alteration (Figure S2B). The 
relative abundance of Akkermansia and the fold 
change of propionic acid are shown in Figure 4g,

Figure 3. Gut microbe participates in the effects of fucose on ISCs. (a) HE staining of ileum sections from control and fucose-treated 
mice with or without antibiotic treatment (Scale bar, 100 μm). (b) Relative gene expression of Lyz1, Muc2 and ChgA in ileum crypts of 
control and fucose-treated mice with or without antibiotic treatment. (c) Relative gene expression of Lgr5, Olfm4 and Ascl2 in ileum 
crypts of control and fucose-treated mice with or without antibiotic treatment. (d,e) if analysis of Lgr5-EGFP and Ki67 in ileum crypts 
of control and fucose-treated mice with or without antibiotic treatment and statistical analysis of proliferation cells (Scale bar, 50 μm). 
(f,g) if analysis of Lgr5-EGFP and Ki67 in ileum crypts of control and fucose-treated mice with or without antibiotic treatment and 
statistical analysis of Lgr5+ cells and Lyz+ cells.

6 C. DUAN ET AL.



Figure 4. Fucose administration alters gut microbiota composition, increases abundance of Akkermansia and facilitates propanoate 
metabolism. (a) Alpha diversity analysis of gut bacteria from control and fucose-treated mice. (b) Beta diversity analysis of gut bacteria 
from control and fucose-treated mice. (c) Relative abundance of bacteria on the level of phylum, family and genus. (d,e) LEfSe analysis 
(LDA score and cladogram) of gut bacteria from control and fucose-treated mice. (f) KEGG analysis of gut bacteria from control and 
fucose-treated mice. (g) Relative abundance of Akkermansia and propionic acid in ileum contents and correlation analysis of them.
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and the correlation analysis revealed a positive cor-
relation between the relative abundance of 
Akkermansia and propionic acid (R = 0.886, P =  
0.019).

Propionic acid and propionate promote organoid 
formation and ISCs proliferation
Although a significant role of SCFAs in main-
taining gut homeostasis and preventing intestinal 
inflammation and carcinogenesis has been 
demonstrated,22,23 few studies have focused on 
the effects of propionic acid and propionate on 
the functions of ISCs. We found that both pro-
pionic acid (PA) and sodium propionate (Pro) 
treatment facilitated the formation of organoids 
in vitro at a concentration of 1 mM (Figure 5a 
and Figure S2C). Correspondingly, the number of 
Lgr5+ ISCs and the level of ISCs marker expres-
sion increased in the PA and Pro groups 
(Figure 5b,c). EdU assays and Ki67 staining 
revealed that PA and Pro treatment promoted 
crypt cell proliferation in organoids (Figure 5d). 
However, we only detected increased expression 
of Lyz1, but not Muc2 and ChgA, in organoids 
treated with PA and Pro (Figure 5e), which may 
indicate that there were other metabolites parti-
cipating in the fucose-mediated improvement of 
ISCs functions.

Fucose enhanced the property of Akk to promote 
ISCs stemness via increasing its propionic acid 
production

We further investigated whether fucose treatment 
could promote the function of Akk in promoting 
the stemness of ISCs. As shown in Figure 6a, the 
surface area and budding number of organoids in 
fucose-treated Akk group, especially in 5 mM 
fucose group (Akk+Fuc5), were increased com-
pared to Akk group. Proliferated cells with indi-
cated by EdU staining showed a similar tendency. 
In addition, the expression of Lgr5, Olfm4, Ascl2, 
Lyz1, Muc2, and ChgA was higher in the Akk 
+Fuc5 group than in the Akk group (Figure 6b). 
The results of the SCFA-targeted metabolomics 
analysis showed that propionic acid and acetic 
acid were the main SCFAs in the Akk culture 
supernatant, and the concentrations of propionic 

acid and acetic acid increased after fucose treat-
ment, especially propionic acid (Figure 6c,d). 
Both these two kinds of SCFAs are involved in 
propanoate metabolism.

Ileal contents from fucose-administrated mice 
promote organoids development in a Gpr41/ 
Gpr43-dependent manner

To further demonstrate the role of gut microbiota- 
related metabolism in the fucose-promoting func-
tions of ISCs, we treated organoids with ileal con-
tents. Organoids showed larger surface areas and 
more budding crypts after treatment with ileal feces 
(Fec group, Figure 7a). Increased Lgr5-EGFP+ 
ISCs and ISCs marker gene expression was noted 
at the same time (Figure 7b,c). EdU and Ki67 
staining revealed more proliferating cells in the 
ileal content group than in the control group 
(Figure 7d). We also stained organoids with Lyz, 
Muc2, and ChgA to detect differentiated Paneth, 
goblet, and enteroendocrine cells. Along with the 
increase in Lyz1, Muc2, and ChgA gene expression 
(Figure 7e,f), the ileal contents of fucose-treated 
mice were proven to promote the development of 
organoids.

To investigate whether these effects of ileal con-
tents are related to propionic acid and propionate, 
we examined the protein expression of Gpr41/ 
Gpr43, which are SCFAs receptors, and found an 
elevated expression level of Gpr41/Gpr43 after ileal 
content treatment (Figure S3A). In addition, treat-
ment with the Gpr41/Gpr43 antagonist β- 
hydroxybutyrate and GLPG0974 reversed the effect 
of ileal content on organoid size and Lgr5-EGFP 
expression (Figure 7g). In addition, the expression 
of Lgr5, Olfm4, Ascl2, Lyz1, Muc2, and ChgA did 
not increase after treatment with ileal contents in 
the presence of Gpr41/43 antagonists and the num-
ber of EdU-stained proliferating cells showed the 
same results (Figure S3B and Figure 7h).

Fucose administration promotes ISCs functions 
through Wnt signaling pathway

As Wnt signaling is the primary factor involved in 
ISCs stemness maintenance and intestinal epithe-
lium development,4 we next studied whether 
fucose promotes ISCs function through this
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pathway. Mice treated with fucose had more β- 
catenin+ cells in the ileal crypts, indicating activa-
tion of the Wnt pathway (Figure 8a). This was 
further confirmed by IHC experiments for Wnt3 
and Axin2 (Figure. S4A). Moreover, Wnt signaling 
genes Wnt3, Axin2, and Ctnnb1 expression in 
crypts increased in fucose-treated mice, which 
was consistent with the results of western blot 

analysis (Figure 8b,c). When organoids were trea-
ted with ileal contents of fucose-administered mice, 
the results were similar to those of the in vivo 
experiments, including increased immunofluores-
cence staining of β-catenin and expression of Wnt 
pathway-related genes (Figure 8d, S4B, and 
Figure 8c). Furthermore, we examined the expres-
sion of Wnt ligands and receptor complex genes

Figure 5. Propionic acid and propionate promote organoid formation and ISCs proliferation. (a) Images of organoids that were treated 
with propionic acid or propionate (Scale bar, 50 μm). (b) if analysis of Lgr5-EGFP in organoids that were treated with propionic acid or 
propionate (Scale bar, 50 μm). (c) Relative gene expression of Lgr5, Olfm4, and Ascl2 of organoids that were treated with propionic 
acid or propionate. (d) EdU and Ki67 staining of organoids that were treated with propionic acid or propionate. (e) Relative gene 
expression of Lyz1, Muc2, and ChgA of organoids that were treated with propionic acid or propionate.
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Wnt2b, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt9b, Lrp5, 
Lrp6, and Frizzled5–7 and regulated R-spondin1– 
3. As a result, Lrp5 and Frizzled5–7 had higher 
expression levels after ileal content treatment 

(Figure S4D and E), indicating that fucose- 
mediated metabolism alteration may promote 
Wnt/β-catenin signaling by increasing Wnt activa-
tion in ISCs but not by increasing Wnt sensitivity

Figure 6. Fucose enhanced the property of Akk to promote ISCs stemness via increasing its propionic acid production. (a) Images of 
organoids that were treated with supernatant of Akk or fucose-treated Akk and EdU staining (Scale bar, 50 μm). Akk+Fuc1: Akk was 
pretreated with 1 mM fucose, Fuc5: Akk was pretreated with 5 mM fucose. (b) Relative gene expression of Lgr5, Olfm4, Ascl2 Lyz1, 
Muc2 and ChgA of organoids that were treated with supernatant of Akk or fucose-treated Akk. (c,d) the concentration of SCFAs in the 
supernatant of Akk and 5 mM fucose-treated Akk.
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Figure 7. Ileal contents from fucose administrated mice promotes organoids development in a Gpr41/Gpr43 dependent manner. 
(a) Images of organoids that were treated with ileal contents from control and fucose-treated mice and statistical analysis of surface 
area and budding number (Scale bar, 50 μm). (b) if analysis of Lgr5-EGFP in organoids that were treated with ileal contents from 
control or fucose-treated mice (Scale bar, 50 μm). (c) Relative gene expression of Lgr5, Olfm4 and Ascl2 of organoids that were treated 
with ileal contents from control or fucose-treated mice. (d) EdU and Ki67 staining of organoids that were treated with ileal contents 
from control or fucose-treated mice (Scale bar, 50 μm). (e) if analysis of lysozyme, Muc2 and ChgA on organoids that were treated with 
ileal contents from control or fucose-treated mice (Scale bar, 50 μm). (f) Relative gene expression of Lyz1, Muc2 and ChgA of organoids 
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by R-spondin ligands. We further examined the 
role of gut microbiota in the activation of Wnt 
signaling and found that after the microbiota was 
eliminated by antibiotics, fucose failed to activate 
the Wnt/β-catenin pathway in mouse ileal crypts 
(Figure S4F and G). Furthermore, propionic acid 
and sodium propionate also increased Wnt signal-
ing gene expression (Figure S4H).

In addition, fucose administration did not 
increase villus height and crypt depth when mice 
received Wnt inhibitor Wnt-c59 treatment (Figure 
S5A). Consistently, the number of Lgr5+ ISCs was 
similar in the crypts of the Fucose+Wnt-c59 group 
and controls, as well as Ki67-stained proliferated 
cells (Figure S5B and C). In vitro, Wnt-c59 inhib-
ited the effects of ileal contents from fucose-treated 
mice on the development of organoids and prolif-
eration of ISCs (Figure 8e,f) as well as the increased 
expression of ISCs markers (Figure S5D). These 
results were further confirmed by EdU assay 
(Figure 8g). The variation in the expression of the 
secretory lineage cell markers Lyz1, Muc2, and 
ChgA was also restrained by Wnt-c59 (Figure 
S5D). Taken together, fucose-mediated 
Akkermansia-related propanoate metabolism pro-
motes ISCs function through the Wnt signaling 
pathway.

Discussion

In the present study, we found that fucose admin-
istration promoted ISCs function and facilitated 
intestinal epithelial development. The role of the 
gut microbiota in this process was verified. We 
further observed an alteration in gut microbiota 
composition and a significant increase in probiotic 
Akkermansia in fucose-treated mice. This variation 
in microbiota composition was accompanied by 
the regulation of propanoate metabolism and an 
increase in propionic acid in ileal contents. 
Propionic acid and propionate have been shown 
to enhance the stemness of ISCs in organoids. 
Moreover, fucose fermentation increased propio-
nic acid production by Akk. Finally, fucose was 

demonstrated to promote the function of ISCs in 
a Wnt signaling-dependent manner.

Although previous studies have demonstrated 
multiple effects of fucose in maintaining gut home-
ostasis and ameliorating intestinal diseases,24 few 
studies have examined ISCs. Our recent study 
found that fucose could promote intestinal lamina 
propria monocytes secreting IL22 to facilitate ISCs 
regeneration in DSS-induced colitis,19 indicating 
a potentially effective role of fucose in ISCs home-
ostasis. In the current study, we discovered the 
effects of fucose on ISC-mediated IECs develop-
ment and found that fucose-feeding promotes the 
stemness of ISCs in 4 weeks old mice. Since there 
are direct effects of fucose, such as facilitating 
fucosylation and indirect effects, such as regulating 
gut bacteria, and the effects of fucose may be dif-
ferent in different circumstances, we evaluated the 
direct and indirect effects of fucose here. The fuco-
sylation of ileum and organoids showed no signifi-
cant difference after fucose treatment, while 
eliminating gut bacteria almost inhibits the effects 
of fucose, we concluded that regulating the gut 
microbe and metabolism is the main mechanism 
in the study herein. Fucose is a mediator of host- 
microbe symbiosis, and liberated fucose is available 
to microbes for use as dietary glycans, energy 
sources, or synthetic structural proteins.6,25 The 
alteration of fucose in the gut influences the colo-
nization of the microbiota. Exogenous fucose 
administration may be a practicable way.7 As 
expected, fucose treatment altered the composition 
and functions of the gut microbiota. A significant 
increase in the abundance of Akkermansia and 
propanoate metabolism in the ileum was observed, 
which is related to the increased stemness of ISCs, 
which is manifested by the proliferation rate and 
number of differentiated cells. A previous study 
found that core fucosylation of maternal milk 
N-glycan promotes the colonization of 
Bifidobacterium spp. and Lactobacillus spp., which 
provides evidence for the critical role of fucosylated 
glycans in shaping gut microbiota.26 Several studies 
have shown that exogenous fucose regulates gut

that were treated with ileal contents from control or fucose-treated mice. (g) Images of organoids that were treated with ileal contents 
from control and fucose-treated mice when there were Gpr41/Gpr43 antagonist (Scale bar, 50 μm). (h) EdU staining on organoids that 
treated with ileal contents from control and fucose-treated mice when there was Wnt-c59 (Scale bar, 50 μm).
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Figure 8. Fucose administration promotes ISCs functions through Wnt signaling pathway. (a) if analysis of β-catenin in ileum crypts of 
control and fucose-treated mice (Scale bar, 100 μm). (b) Relative gene expression of Wnt3, Axin2 and Ctnnb1 in ileum crypts of control 
and fucose-treated mice. (c) Western blot analysis of Wnt3, Axin2 and β-catenin in ileum crypts of control and fucose-treated mice. (d) 
if analysis of β-catenin in organoids that were treated with ileal contents from control or fucose-treated mice. (e) Images of organoids 
that were treated with ileal contents from control and fucose-treated mice when there were Wnt signaling inhibitor Wnt-c59 (Scale 
bar, 50 μm). (f,g) Lgr5-EGFP and EdU staining of organoids that were treated with ileal contents from control and fucose-treated mice 
when there were Wnt signaling inhibitor Wnt-c59 (Scale bar, 50 μm).
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microbiota composition and related metabolic 
functions in DSS-induced colitis. For example, 
fucose supplementation reversed the ratio of 
Firmicutes to Bacteroidetes and increased the abun-
dance of Lactobacillus in DSS mice, which was 
negatively correlated with the bile acid taurine-β- 
muricholic acid.9 In addition, serum tryptophan 
levels in DSS-induced chronic colitis were 
decreased, accompanied by the depletion of trypto-
phan-producing E. coli and Bifidobacterium, while 
fucose addition reversed this alteration.20 Another 
study showed that dietary fucose could regulate 
macrophage polarization by affecting the intestinal 
microflora in Muc2−/− mice.27 Therefore, the appli-
cation of fucose under different conditions should 
be further studied in the future.

As a next-generation probiotic, Akk has drawn 
increasing attention from researchers since it was 
first identified by Derrien et al.28 Akk produces 
acetate and propionate in the gut via mucin fer-
mentation. Importantly, Akk was demonstrated to 
be able to utilize mucin-derived fucose and prior-
itize this kind of non-mucin sugar over GalNAc 
and GlcNAc.29,30 Another study showed that Akk 
levels are correlated with FUT2-mediated fucosyla-
tion status.31 Moreover, Akk abundance is closely 
related to dietary nutrient composition. Wang et al. 
revealed that colostrum fed mice exhibited elevated 
Akk levels and were more resistant to high fat- 
induced obesity that was associated with intestinal 
permeability regulation.32 Similarly, polyphenols, 
unsaturated fatty acids, and fiber-containing 
foods showed positive effects on Akk abundance 
and alleviated high-fat induced obesity.29 Based on 
these facts, it is reasonable that exogenous fucose 
could have increased the abundance of Akk in the 
present study. Previous studies on Akk-host cell 
interactions have mainly focused on IECs and 
immune cells in obesity or inflammatory bowel 
disease, but little is known about the association 
between Akk and ISCs. A recent study showed that 
4 weeks of Akk administration significantly accel-
erated ISCs proliferation and differentiation, and 
pretreatment with Akk increased the resistance of 
the gut to radiation and methotrexate damage.16 

We suggest that fucose increases Akk abundance to 
enhance the stemness of ISCs, and this advantage 
vanishes when antibiotics are used to eliminate the 
bacteria. Moreover, fucose treatment elevated Akk- 

related propionic acid metabolism, which pro-
moted the development of organoids in vitro in 
a Gpr41/43-dependent manner. Consistently, 
a previous study found that Akk and its metabolite 
propionate could regulate metabolic pathway- 
related genes and activate Gpr43 in intestinal 
organoids.33

Accumulating evidence has revealed the roles of 
propionic acid and propionate in maintaining gut 
homeostasis. SCFAs, including propionate, are also 
the key energy source for ileum cells.34 For 
instance, propionic acid stimulates Muc2 expres-
sion in IECs and enhances mucin secretion.35 Oral 
propionic acid administration enhances intestinal 
barrier functions during lactation.36 Propionate 
increases IECs spreading and polarization, thereby 
promoting cell migration along the crypt-villus 
axis.37 Additionally, gut microbiota-derived pro-
pionate protects the intestinal mucosa in DSS- 
induced colitis.38 Combined with our results that 
propionic acid and sodium propionate promoted 
organoid development and ISCs proliferation, we 
conclude that propionic acid and propionate play 
important roles in modulating ISCs-mediated IECs 
homeostasis and intestinal epithelial development. 
Interestingly, when fucose was added to the culture 
medium of Akk, the concentration of propionic 
acid in the supernatant was increased. This result 
further indicated the positive role of fucose in 
promoting gut microbe-related propanoate 
metabolism.

Wnt signaling is pivotal for continuous self- 
renewal of the intestinal epithelium.39 We 
observed that fucose treatment in mice increased 
the expression of Wnt3 and Wnt target genes in 
the crypts. Furthermore, antibiotic treatment 
inhibited the activation effects of fucose on Wnt 
signaling, which further demonstrated the signif-
icant role of the gut microbiota in mediating the 
positive effects of fucose. Wnt signaling is also 
a mediator of secretory lineage cell 
differentiation.39 In this study, a Wnt inhibitor 
effectively suppressed fucose-induced increase in 
proliferation of ISCs and differentiation of secre-
tory cells, indicating that fucose accelerates ISCs- 
mediated intestinal epithelial development in 
a Wnt signal-dependent manner.

There are still limitations in the current study. 
On the one hand, we mainly focused on the effects
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of metabolites on ISCs. The interaction of fucose, 
Akkermansia muciniphila, ISCs, and intestinal 
epithelium was worthy of further study using orga-
noid models combined with microinjection. On the 
other hand, further studies on the colon could 
perfect this study on the overall gut.

In conclusion, our results indicate a positive role 
of fucose in ISCs-mediated intestinal epithelial 
development by regulating gut microbes and meta-
bolism, especially Akkermansia and propanoate 
metabolism. This study may provide new insights 
into the promotion of gut homeostasis and the 
application potential of fucose as a prebiotic.

Materials and methods

Animal experiments

Mice
C57BL/6 mice were purchased from Beijing Vital 
River Laboratory Animal Technology Co., Ltd., 
and Lgr5-EGFP-IRES-CreERT2 mice were pur-
chased from The Jackson Laboratory and housed 
in a specific pathogen-free (SPF) grade facility of 
Huazhong University of Science and Technology. 
Mice had free access to food and water and were 
maintained under 12 h light/dark cycles. The ani-
mal experiments in this study were approved by the 
Animal Experimentation Ethics Committee of 
Huazhong University of Science and Technology 
(Approval ID 2020–2529).

Animal models
To investigate the effects of fucose on the devel-
opment of intestinal epithelium, we admini-
strated 4 weeks old mice were administered 
L-fucose (Sigma-Aldrich) daily for 4 weeks 
(250 mg/kg gavage). An antibiotic cocktail (200  
mg/kg ampicillin, 200 mg/kg metronidazole, 200  
mg/kg neomycin, and 100 mg/kg vancomycin) 
was used for 7 days to generate germ-free mice 
to evaluate the role of microbiota, as described 
previously.40 Also, 5 mg/kg Wnt-c59 
(MedChemExpress) was orally administered 
every day as a Wnt signaling pathway inhibitor 
from day 12 as described previously.41 The mice 
were sacrificed on day 28, and tissues were col-
lected for further experiments.

Histological examination
For histological examination, ileum specimens 
were fixed in 4% paraformaldehyde, embedded in 
paraffin, and stained with hematoxylin and eosin 
(H&E) after slicing. Villus height and crypt depth 
of the ileum were measured by ImageJ software 
from the villus tip to the crypt-villus junction and 
from the crypt-villus junction to the bottom of the 
crypt, respectively.

Paneth cell and goblet cell number count
Ileum specimens were fixed in Carnoy’s solution, 
embedded in paraffin, and stained using PAS stain-
ing methods. Paneth and goblet cell numbers were 
counted in a blinded manner.

Crypts isolation and organoids culture
The small intestines of the mice were isolated, 
washed with cold PBS, and cut into sections. 
To isolate crypts, the tissue sections were incu-
bated with 2.5 mM EDTA at 4°C for 40 min. 
The supernatant was removed, and the tissues 
were suspended in cold PBS containing 0.1% 
BSA. The samples were then filtered using 
a 70 μm cell strainer and centrifuged at 290  
g for 5 min. Then, the samples were washed 
with a cold PBS containing 0.1% BSA and 
centrifuged at 200 g for 5 min to wipe off 
single cells.

For organoid culture, 500 crypts per well were 
suspended in equal amounts of IntestiCult 
Organoid Growth Medium (Stemcell) and 
Matrigel (Corning), and 50 μL mixture was added 
to the center of 24-well plate. Extra medium was 
added after the domes solidified. The medium was 
replaced every 3 days. The surface areas and bud-
ding number of organoids were measured using 
ImageJ software (NIH) by analyzing several ran-
dom field photos using an inverted microscope 
(Carl Zeiss).

Organoids treatment
To address whether fucose affects ISCs by regulat-
ing gut microbe-mediated metabolism, ileal con-
tents were used to treat organoids as previously 
described.16 Briefly, 100 mg of ileal contents was 
suspended in 1 ml serum-free DMEM/F12 medium 
(Gibco), vortexed for 1 h at 4°C, centrifuged at
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4000 rpm for 10 min, and filtered using a 0.22 μm 
filter (Millipore). The organoids were treated with 
0.01% ileal content. 0.1 μM Gpr41 and 3 mM 
Gpr43 antagonist β-hydroxybutyrate (Sigma- 
Aldrich) and GLPG0974 (Sigma-Aldrich) were 
used to inhibit Gpr41/Gpr43. One millimolar pro-
pionic acid (Sigma-Aldrich) and sodium propio-
nate (Sigma-Aldrich) was used to examine the role 
of propionate metabolism in fucose-induced ISCs 
promotion. One hundred nanomolar Wnt-c59 was 
used to inhibit Wnt signaling.

Immunofluorescence and immunohistochemistry
For tissue immunofluorescence staining, paraffin 
sections of the ileum were hydrated, treated with 
citrate buffer (pH 6.0) for antigen retrieval, per-
meabilized with 0.3% Triton, blocked with 10% 
donkey serum, and incubated with the following 
primary antibodies and corresponding secondary 
antibodies (all 1:200 dilution): anti-Lysozyme anti-
body (Abcam, ab108508), anti-Muc2 antibody 
(Genetex, GTX100664), anti-chromogranin 
A antibody (Abcam, ab45179), anti-Ki67 antibody 
(Servicebio, GB111141), anti-GFP antibody 
(Abcam, ab290), anti-β-catenin antibody 
(Abclonal, A19657), UEA-I Rhodamine (Vector, 
RL-1062-2), Alexa Fluor 488 conjugated donkey 
anti-rabbit IgG (Antgene, ANT024S), Alexa Fluor 
488 conjugated donkey anti-goat IgG (Antgene, 
ANT025S), and Alexa Fluor 594 conjugated don-
key anti-rabbit IgG (Antgene, ANT030S). Nuclei 
were stained with DAPI.

For organoid immunofluorescence staining, the 
culture medium was removed and the wells were 
washed with PBS. Organoids were fixed with 4% 
paraformaldehyde, permeabilized with 0.3% 
Triton, blocked with 10% donkey serum, and incu-
bated with the corresponding primary and second-
ary antibodies.

IHC staining of the ileum tissue was performed 
using a SABC-AP IHC kit for rabbit IgG (Boster 
Biological Technology Co., Ltd.) according to the 
manufacturer’s instructions. The primary antibody 
used was the anti-Olfm4 antibody (Cell Signaling, 
39141).

RNA extraction and real-time PCR
Total RNA from tissues, crypts, and organoids was 
extracted using TRIzol reagent (Invitrogen), 

according to the manufacturer’s protocol. Reverse 
transcription was conducted using a HiScript II 1st 
Strand cDNA Synthesis Kit (Vazyme). Real-time 
RCP was performed using the Power SYBR Green 
Master Mix (Thermo Fisher Scientific) on a Roche 
LightCycler R480 system (Roche). The relative fold 
change in gene expression was calculated using the 
2−ΔCT method normalized to GAPDH. The primers 
used are listed in Supplementary Table S1.

Western blot analysis
Total proteins from tissues and organoids were 
harvested using RIPA Lysis Buffer (Beyotime) 
with phenylmethyl sulfonyl fluoride (PMSF) 
protease inhibitor and phosphatase inhibitor. 
Samples were separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS- 
PAGE) and transferred to polyvinylidene fluor-
ide (PVDF) membranes, followed by blocking 
with 5% skimmed milk for 1 h. The membranes 
were then incubated with primary antibodies 
and the corresponding secondary antibodies 
(all 1:1000 dilutions): anti-Lgr5 antibody 
(Abcam, ab75850), anti-Olfm4 antibody (Cell 
Signaling, 39141), anti-GAPDH antibody 
(Abclonal, AC001), anti-GPR41 antibody 
(Abclonal, A12636), anti-GPR43 antibody 
(Proteintech, 19952-1-AP), anti-β-tubulin 
(Abclonal, AC015), anti-Axin2 antibody 
(Proteintech, 20540-1-AP), anti-β-catenin 
(Abclonal, A19657), anti-Wnt3 antibody 
(Abclonal, A9328), and HRP conjugated Goat 
anti-rabbit IgG (Antgene, 72-8067). The bands 
were detected using a chemiluminescence ima-
ging system (UVP) with ECL chemilumines-
cence detection kit (Vazyme). The relative fold 
change in protein expression was normalized to 
that of GAPDH or β-tubulin.

EdU assays
For the mouse intestine proliferation assessment, 
50 μg EdU (Beyotime) in PBS was injected intra-
peritoneally into mice for 2 h or 24 h prior to 
sacrifice. The click reaction was performed fol-
lowing the manufacturer’s instructions. The 
migration distance of the fastest EdU labeled 
cells was calculated and measured from the bot-
tom of the crypts.42
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For organoid EdU assays, EdU was added to the 
culture medium at 10 μM concentration and incu-
bated for 2 h at 37°C, fixed with 4% paraformalde-
hyde, permeabilized with 0.3% Triton, and click 
reactions were conducted following the manufac-
turer’s instructions.

16S rDNA sequencing
Microbial DNA was extracted from the ileal con-
tents and tested for purity and integrity. The 
341F and 806R primers with good specificity 
and high coverage were used to amplify the 16S 
rDNA regions (V3–V4). After quality control, 
the samples were subjected to Illumina high- 
throughput sequencing (Illumina) for 16S 
rDNA sequencing. Microbial diversity was 
reflected by α diversity (determined by observed 
species, Chao1, ACE, Shannon, Simpson, and 
J indices) and β diversity (visualized by PCoA 
analysis). The microbial composition was ana-
lyzed. Linear discriminant analysis and Effect 
Size (LEfSe) analysis were performed to detect 
significantly different species. KEGG metabolic 
pathway analysis was performed to explore the 
potential microbe-mediated metabolic 
alterations.

Untargeted metabolomics analysis
For untargeted metabolomics analysis, metabolites 
were extracted from ileal contents using equal 
amounts of methanol and acetonitrile with isotope 
labeling internal standard mixture. Untargeted 
metabolic profiling was performed by liquid chro-
matography-mass spectrometry (LC-MS) using 
a Vanquish ultra-performance liquid chromato-
graph (Thermo Fisher Scientific) and Thermo 
Q Exactive HFX mass spectrometer (Thermo 
Fisher Scientific). Different metabolites were 
screened by combining the fold changes and VIP 
values. Spearman’s correlation analysis was used to 
analyze the correlation between the bacteria and 
metabolites.

Bacteria culture
Akkermansia muciniphila (ATCC BAA-835) was 
purchased from Wuhan Research Institute of the 
First Light Industry (HBCICC59004). Bacteria were 
cultured in a Brain-Heart Infusion (BHI) culture 

medium under anaerobic conditions. To investigate 
the effects of fucose on SCFAs metabolism, 1 mM or 
5 mM fucose was added to the medium. The bacteria 
and culture supernatants were collected by centrifu-
gation at 6000 rpm for 15 min. To analyze the effects 
of Akk metabolites on organoids, the supernatant was 
centrifuged at 12,000 rpm for 10 min and filtered 
through 0.22 μm filters and bacterial culture super-
natant was added to the medium at a final concentra-
tion of 0.1%.

SCFAs-targeted metabolomics analysis
Targeted metabolomic analysis was used to exam-
ine the concentration of SCFAs in the culture 
supernatant of Akk. Briefly, metabolites were 
extracted from the supernatant samples with 0.5% 
phosphoric acid, ethyl acetate, and 4-methylpenta-
noic acid, and tested by gas chromatography-mass 
spectrometry (GC-MS). Samples were separated 
using a DB-FFAP capillary column GC system 
(Agilent) and analyzed using a 5977 B MSD MS 
(Agilent). Data were analyzed using MSD 
ChemStation software.

Statistical analysis

Statistical analysis was performed using SPSS 25 
and visualized using the GraphPad Prism soft-
ware (version 7.0). Data are presented as the 
mean ± SEM. Differences between groups were 
analyzed using two-tailed t-test or one-way 
ANOVA followed by Tukey’s post hoc test. 
Statistical analysis of histology studies and immu-
nostaining was using nested analysis. *P < 0.05, 
**P < 0.01 and ***P < 0.001 were considered sta-
tistically significant.
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