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Tryptophan metabolites relieve intestinal Candida
albicans infection by altering the gut microbiota to
reduce IL-22 release from group 3 innate lymphoid
cells of the colon lamina propria†
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Invasive candidiasis may be caused by Candida albicans (C. albicans) colonization of the intestinal tract.

Preventing intestinal damage caused by Candida albicans infection and protecting intestinal barrier func-

tion have become a critical issue. Integrated analyses of the microbiome with metabolome revealed a

remarkable shift of the gut microbiota and tryptophan metabolites, kynurenic acid (KynA), and indolacrylic

acid (IA) in mice infected with C. albicans. The transcriptome sequencing indicated that differentially

expressed genes were significantly associated with innate immune responses and inflammatory

responses. The results of this study suggest that KynA and IA (KI) can alleviate intestinal damage caused by

Candida albicans infection in mice by reducing intestinal permeability, increasing intestinal firmness, alle-

viating intestinal inflammation, and reducing the secretion of interleukin-22 (IL-22) in the 3 groups of

colon innate lymphoid cells (ILC3). We performed a fecal microbiota transplantation (FMT) experiment

and found that the intestinal barrier function, inflammation, and IL-22 secretion of ILC3 in the colon

lamina propria of the recipient mice subjected to C. albicans infection and KI treatment were consistent

with the trends of the donor mice. Our results suggest that tryptophan metabolites may directly regulate

colon lamina ILC3 to promote intestinal resistance to C. albicans invasion, or indirectly regulate the ILC3

secretion of IL-22 to play a protective role in the intestinal barrier by affecting intestinal microorganisms,

which may become a potential target for alleviating intestine borne C. albicans infection.

Introduction

C. albicans is an opportunistic pathogen that is a normal com-
ponent of the human gut microbiota. In recent years, with the
extensive use of tumor chemotherapy, organ transplantation,
glucocorticoids, immunosuppressants, and broad-spectrum
antibiotics, the incidence of invasive candidiasis has been on
the rise.1 Among them, candidemia and disseminated candi-
diasis are the most common clinical types of invasive candi-
diasis, and the prognosis is often poor. C. albicans and the
host are in a state of homeostasis. When the balance is dis-
turbed, the yeast is able to break through the barrier of the

intestinal mucosa and cause invasive candidiasis and
candidemia.2–4 Candida albicans can be effectively prevented
from penetrating the intestinal mucosa and entering deep
tissues by the mechanical intestinal barrier, which is com-
posed of intestinal epithelial cells, tight intercellular junctions,
and intestinal peristalsis, the most important line of the intes-
tinal mucosal barrier.5 In the neighboring cells of the intesti-
nal epithelium, there is a selective permeability gap, known as
the paracellular pathway, which regulates the size of the cellu-
lar gap using tight junctions and the interaction of associated
proteins. Reduced expression of these proteins disrupts the
physical barrier of the intestinal epithelial cells and increases
their permeability, allowing pathogens, toxins, antigens, and
others to enter the lamina propria. It triggers an inflammatory
cascade and promotes intestinal damage.6,7 Candida albicans
is capable of sensing a variety of extracellular stimuli, inducing
adaptive transformation from a yeast to a hyphal state, and
increasing its ability to penetrate mucosal membranes. This
morphological transformation is considered to be an impor-
tant factor in its pathogenesis. Candidalysin is synthesized by
the mycelium-forming gene Ece1 of Candida albicans, which

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4fo00432a

aDepartment of Trauma-Emergency and Critical Care Medicine, Shanghai Fifth

People’s Hospital, Fudan University, Shanghai, China
bCentral Laboratory, Shanghai Fifth People’s Hospital, Fudan University, Shanghai,

China
cDepartment of Pulmonary and Critical Care Medicine, Shanghai Fifth People’s

Hospital, Fudan University, Shanghai, China

5364 | Food Funct., 2024, 15, 5364–5381 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/3

1/
20

25
 1

1:
16

:5
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0009-0003-0503-6125
https://doi.org/10.1039/d4fo00432a
https://doi.org/10.1039/d4fo00432a
https://doi.org/10.1039/d4fo00432a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4fo00432a&domain=pdf&date_stamp=2024-05-15
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo00432a
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015010


can penetrate the epithelial cell membrane and disrupt the
intestinal epithelial barrier.7 At the same time, there are pro-
teins on the surface of Candida albicans that bind to host-
specific ligands, called invasins, the most widely recognized of
which are agglutinin-like sequence 3 (Als3) and stress seventy
related protein-a (Ssa). At the same time, Candida albicans
secretes a variety of proteolytic enzymes that promote invasive-
ness, including secreted aspartyl proteinase (Saps), phospho-
lipase (Pl), and lipase (Lip).8,9 Therefore, the effective protec-
tion of the intestinal epithelial barrier, the resistance, and the
control of the Candida albicans infection are an important
problem in the field of severe infections.

Several studies have shown that the gut microbiota may
influence C. albicans colonization and invasion.10 C. albicans
in the gut can also cause bacteremia and imbalance in the gut
microbiota.11,12 Therefore, the interaction of C. albicans with
other gut bacteria is closely linked to symptomatic C. albicans
infections.4,13 An increasing number of studies have suggested
that the intestinal microbiota, metabolites, and intestinal
barrier may influence C. albicans colonization and invasion.
Earlier studies based on 16S rRNA sequencing have suggested
that C. albicans from the gut may erode the gut lining by regu-
lating the gut microbiota. In addition, there is a close relation-
ship between the gut microbiota and metabolites. In addition,
the effect of C. albicans on the intestinal microbiota causes
changes in the microbiota’s metabolic products, although
little research has been conducted in this field.14–16

Tryptophan (Trp) is an essential amino acid used to build
proteins. It is also a biochemical precursor of metabolites that
has important effects on mammalian physiology, such as the
gastrointestinal, immune, metabolic, and nervous systems. In
the gastrointestinal tract, the metabolism of L-tryptophan can
follow three main pathways, all of which are influenced by the
gut microbiota: (i) the kynurenine (KP) route in both immune
and epithelial cells, (ii) the serotonergic route in enterochro-
maffin cells (ECC), a specialized subtype of intestinal epi-
thelium cells, and (iii) direct conversion of L-Trp into various
molecules, including aryl hydrocarbon receptor (AhR)
ligands.17 In humans, tryptophan (Trp) is an essential amino
acid that can only be obtained through dietary sources.
Intestinal flora plays an important role in tryptophan metab-
olism. Gut microbes directly convert tryptophan into various
molecules, such as indole and its derivatives. Indole and its
derivatives maintain intestinal homeostasis by regulating the
expression of pro-inflammatory and anti-inflammatory cyto-
kines.18 Metabolomic analysis has shown that gut bacteria
influence host metabolism and immunity through a variety of
chemically distinct metabolites, including amino acid metab-
olites. In particular, a lack of Trp in the diet impairs intestinal
immunity in mice and alters the microbial community in the
gut,19 suggesting that mucosal homeostasis is a multifactorial
phenomenon in which Trp metabolism is an important regu-
latory component. Owing to its binding with AhR, kynurenic
acid (KynA) is an important metabolite with potent immunore-
gulatory functions.20,21 Some species of Peptostreptococci
contain a cluster of genes that enable the production of the

tryptophan metabolite indole acrylic (IA), which enhances
intestinal epithelial barrier function and reduces inflammatory
responses.22 However, there are few studies on how Candida
albicans infection disrupts intestinal microecology and its
effects on tryptophan metabolism. Meanwhile, how trypto-
phan metabolites (such as kynurenic acid and indole acrylate
(KI)) alleviate intestinal damage caused by Candida albicans
infection remains to be studied.

Interleukin-22 (IL-22) is a cytokine of the IL-10 superfamily.
It is involved in the innate immune response to bacterial
pathogens and is mainly secreted by Th17, Th22, NK, and
other immune cells, particularly in epithelial cells such as res-
piratory and intestinal epithelial cells.23 Studies have shown
that midgut epithelial cells secrete antimicrobial peptides
mainly by stimulating IL-22. Pathogenic bacteria promote the
secretion of IL-22 by various innate immune cells and the
secretion of antimicrobial peptides (mainly including lyso-
zyme, regIIIγ, cryptate, and secreted phospholipase A2) by the
IL-22Ra/IL-10Rp/Stat3 signaling pathway.24 Bacterial transloca-
tion, microbial imbalance, and other causes can lead to
decreased secretion of IL-22, destruction of the intestinal
immune barrier, decreased secretion of antimicrobial pep-
tides, and altered intestinal homeostasis.25 In animals, the
dynamic changes in IL-22 are regular in the process of repair-
ing damage to the intestine, and this balance cannot be dis-
turbed. On the one hand, when the intestinal epithelium is
injured, the epithelial structure is severely damaged and the
high expression of IL-22 is conducive to its role in promoting
cell proliferation and supporting the reconstruction of the
intestinal epithelium. However, the late stage of inflammation
is also the time of the formation of a large number of termin-
ally differentiated cells, so the sustained high expression of
IL-22 does not promote the differentiation of intestinal epi-
thelial cells. At this time, the body regulates the downregula-
tion of IL-22 expression and promotes the repair of gut tissue
damage.26 At present, the regulatory mechanism of IL-22
induced by tryptophan metabolites remains to be clarified.

In this study, we compared the intestinal microbiome and
metabolic changes of mice infected with Candida albicans and
control mice, and screened out tryptophan metabolites with
significant changes in content to investigate the mechanism of
their protective effect on intestinal damage caused by Candida
albicans infection. We constructed a mouse model of DSS-
induced Candida albicans intestinal infection to investigate the
effects of KI on inflammation, intestinal microbiome, intesti-
nal barrier, and immunity. In addition, transcriptome sequen-
cing and 2bRAD-M sequencing revealed the related gene
changes of KI in the mouse gut and the alteration of the
gut microbiome. Since the relationship between the
secretion of IL-22 regulated by tryptophan metabolites and
intestinal flora has not been studied, we constructed a fecal
microbiota transplantation (FMT) model to study the stool
samples of germ-free (GF) mice (donor mice), healthy mice
with intestinal Candida albicans infection and mice treated
with KI. We found that the intestinal flora after Candida
albicans infection had a destructive effect on the intestinal
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barrier of recipient mice, and transplantation of intestinal
flora after KI treatment could reverse this effect. Meanwhile,
the secretion of IL-22 and inflammation of ILC3 in recipient
mice were similar to those in donor mice. Therefore, we
inferred that the role of tryptophan metabolites in ILC3’s
secretion of IL-22 to protect the intestinal barrier is partly
through the intestinal microbiota, and our results provide
evidence for the regulatory role of KI in the intestinal micro-
biota and suggest that KI may be a promising therapeutic
approach for the treatment of intestinal damage caused by
intestinal Candida albicans infection.

Results
Changes in gut microbiota diversity and associated
metabolites caused by Candida albicans infection

We established a mouse model of DSS-induced Candida albi-
cans intestinal infection. We performed a joint analysis by
metabolomic sequencing and 16s RNA microbiome sequen-
cing. We found significant changes in tryptophan metabolites
(KynA and IA), indicating that Candida albicans infection dis-
rupts the intestinal flora. As shown in Fig. 1a and b,
Shannon’s and Simpson’s diversity indices were significantly
lower in the CA group than in the C group. A clear distinction
between the CA and C groups was observed in the Bray–Curtis
PCoA analysis (Fig. 1c). At the phylum level (Fig. 1d),
Bacteroidetes and Verrucomicrobia ratios and relative abun-
dances were similar between the CA and control groups. At the
species level (Fig. 1e), Muribaculaceae_bacterium_
Isolate_080_Janvier and Bacteroides_sp_NM69_E16B were more
abundant in the CA group than in the C group.
Muribaculaceae_bacterium_Isolate_080_Janvier was enriched in
the CA group using linear discriminant analysis coupled with
effect size measurements (LEfSe) (Fig. 1g).

To elucidate the effects of C. albicans gut infection on
microbial metabolites, LC-MS analysis was performed to
detect the differentially expressed metabolites and relevant key
pathways between the two groups. Partial least squares discri-
minant analysis (PLS-DA) score plots showed a clear separation
of metabolites between the two groups (ESI Fig. 1a†), which
were divided into two clusters based on concentration profiles.
The tryptophan metabolites kynurenic acid and indoleacetic
acid were significantly different between the C and CA groups
when 46 different organoheterocyclic compounds were
screened between the two groups (Fig. 1f). Our metabolome
sequencing showed that the expression of indoleacrylic acid in
the CA group was higher than that in the C group and the com-
bined analysis of 16s and the metabolome showed that
Akkermansia in the CA group was positively correlated with
metabolites such as indoleacrylic acid, that is, Akkermansia
was also elevated in the CA group. A. muciniphila decreases the
secretion of several pro-inflammatory cytokines while increas-
ing the production of IL-10 in different mouse models.27 Thus,
it is found that our sequencing data support that the process
of Candida albicans infection leads to an increase in the abun-

dance of Akk and an increase in IA. This process is an anti-
inflammatory process of the body towards infection, which is
also in line with the inflammatory response pathway shown in
Fig. 2c. These results suggest that the gut microbiota and
metabolites can be effectively altered by C. albicans intestinal
infection compared with the control group.

Candida albicans infection causes intestinal inflammatory
responses and immune responses

To investigate the underlying mechanisms of intestinal barrier
damage caused by C. albicans infection, colon tissues from the
CA and C groups (n = 4 per group) were subjected to transcrip-
tome sequencing. A total of 2123 differentially expressed genes
were selected (Fig. 2a) using a cut-off of p < 0.05. To under-
stand the biological functions potentially regulated by these
genes, further investigation was performed using the Gene
Ontology (GO) database. We found that these genes may play a
role in immune function, innate immunity, and inflammation
(Fig. 2b). Cytoscape software was then used to predict inter-
actions between selected genes based on their corrected
p-values and fold change values (Fig. 2c). To validate the tran-
scriptomic sequences, additional PCR arrays for the mouse
inflammatory response and immunity were used to profile the
expression of genes involved in the C. albicans induced inflam-
matory response (n = 4 per group). The data showed that 15
candidate genes were upregulated in the CA group compared
to those in the C group (Fig. 2d). One pathway involved in
mucosal inflammation and immunity has been identified in
the literature: ILC3 effector cytokines (IL-22, IL-17α, and IL-18).
PCR analysis confirmed higher expression of IL-22 in the CA
group than in the C group (ESI Fig. 1b†).

Combining KynA and IA may reduce intestinal inflammation
caused by Candida albicans infection and help protect the
mucosal barrier

In the process of validating Kl’s phenotype for intestinal
barrier protection, we found that Kl can reduce intestinal per-
meability and inhibit intestinal inflammation, thereby improv-
ing the overall condition of the intestine after infection with
Candida albicans. The CA group showed a higher incidence of
colon shortening than the control group, whereas the KI group
showed a higher incidence of colon lengthening than the CA
group (Fig. 3a). In addition, the mRNA and protein levels of
ZO-1 and occludin increased in the colons of the KI group
compared to those in the CA group (Fig. 3b and c). Intestinal
infection with C. albicans dramatically reduced the intestinal
permeability of the mice, as measured with plasma FD-4
levels, and treatment with KI significantly reversed this trend
(Fig. 3d). In the KI-treated mice, there was a decrease in the
mRNA levels of pro-inflammatory cytokines, together with a
significant up-regulation of mRNAs involved in anti-inflamma-
tory function compared to the CA group (Fig. 3e). Studies have
shown that butyrate is the main metabolite in the bacterial
supernatant that causes an increase of TGF-β1.28 Metabolites
associated with intestinal inflammation and IBD include
tryptophan metabolites, short-chain fatty acids (SCFAs), and
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bile acid derivatives.29 Our study proved that tryptophan
metabolites can also regulate the increase of TGF-β1, and in
particular the expression of TGF-β1 in the FKI group trans-

planted with the feces of the tryptophan metabolite group was
also increased. It can be inferred that the regulation of TGF-β1
by tryptophan metabolites plays a role through intestinal flora.

Fig. 1 Candida albicans infection causes changes in intestinal flora diversity and related metabolites. (a and b) Alpha-diversity Shannon and
Simpson indices of C. albicans gut-infected mice (*p < 0.05; **p < 0.01). (c) PCoA values based on the relative abundance of operational taxonomic
units. Each symbol represents a single sample. (d and e) Dominant phyla and species in each group. (f ) Clustering analysis of the different metab-
olites in each group. (g) Cladogram of linear discriminant analysis scores for microbes with different abundances. (h) Correlation heat map of the gut
microbiota and metabolites (*p < 0.05; **p < 0.01) (n = 6 per group). The results are expressed as the mean ± SEM. *P < 0.05 was determined by
one-way ANOVA (Tukey’s test). Pairwise statistical analyses of the heatmaps were performed using the Kruskal–Wallis test with Dunn’s multiple com-
parison tests for comparisons among the groups.
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Therefore, our study enriches our knowledge on the function
and mechanism of these metabolites in intestinal inflam-
mation models. Next, using immunofluorescence to detect
barrier-related proteins in colonic tissues, we evaluated the
effect of KI on the barrier function in C. albicans infected
mice. KI caused a significant increase in the expression of
occludin and ZO-1 in the intestinal epithelium compared with
that in the CA group (Fig. 3f). HE staining showed that the
mice in the KI group had significantly reduced histopathologi-
cal damage and histological scoring in the large intestine com-
pared to those in the CA group (Fig. 3g). Our results indicate
that KI plays a role in both gut inflammation and barrier
function.

Effects of KynA and IA on mucosal inflammation and
immunity in mice with intestinal infection with Candida
albicans

To investigate the mechanisms underlying KI-mediated
C. albicans infection and barrier function changes, transcrip-
tome sequencing was performed on colonic tissues from the
KI and CA groups (n = 4 per group). The results showed that KI
targeted inflammatory cytokines and ILC3 cells to reduce
C. albicans infection-induced gut injury. Using a cutoff of p <
0.05, we selected 2226 differentially expressed genes (Fig. 4a).
Further investigation using the Gene Ontology (GO) database
was performed to understand the biological functions poten-

Fig. 2 Candida albicans infection causes intestinal inflammatory responses and immune responses. (a) Heatmap of 2123 differentially expressed
genes between the two groups: CA (n = 4) and, C (n = 4). (b) GO functional analysis showed 20 biological functions enriched in the significantly
expressed genes. (c) Cytoscape software was used to forecast the interplay between genes selected by these functions. (d) Significantly upregulated
expression of 15 genes in the CA group detected by the mouse inflammation/immune response PCR array. Pairwise statistical analyses of the
heatmap were performed using the Kruskal–Wallis test with Dunn’s multiple comparison tests for comparisons among the groups.
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Fig. 3 Inflammatory intestinal conditions caused by Candida albicans can be reduced with a combination of KynA and IA. (a) Length of the large
intestine in KI, CA, and control mice. (b and c) Tight junction mRNA and protein levels in the large intestine. (d) FD-4 levels in the plasma. (e) mRNA
levels of inflammatory factors in the large intestine. (f ) Representative immunofluorescence images of the large intestine with antibodies against
occludin and ZO-1 (original magnification ×200). (g) HE staining in the large intestine and the pathology score. *P < 0.05 was determined by one-
way ANOVA (Tukey’s test). (The KI group was subjected to the addition of tryptophan metabolites on the basis of C. albicans infection.)
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Fig. 4 IA and KynA affect mucosal inflammation and immunity in Candida albicans-infected mice. (a) Heatmap of the 2226 genes that were differ-
entially expressed between KI (n = 4) and CA (n = 4). (b) Twenty biological functions enriched in significantly expressed genes were identified by
gene ontology (GO) functional analysis. (c) The interaction between genes selected according to these functional pathways was predicted using the
Cytoscape software. (d) ELISA measurement of intestinal and serum IL-22 concentrations. (e and f) Representative immunofluorescence images of
RORγt+IL-22+CD3− ILC3 cells in colonic tissue (original magnification ×400). Green, positive stain for CD3; red, positive stain for RORγt; and pink,
positive stain for IL-22. (h) Proportion of RORγt+IL-22+CD3− ILC3 cells in colon sections. *P < 0.05 was determined by one-way ANOVA (Tukey’s
test). Pairwise statistical analyses of the heatmap were performed using the Kruskal–Wallis test with Dunn’s multiple comparison tests for compari-
sons among the groups. (The KI group was subjected to the addition of tryptophan metabolites on the basis of C. albicans infection.)
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tially regulated by these genes. We found that these genes
could be involved in antimicrobial peptide-mediated humoral
immunity, adaptive immunity, negative regulation of type 2
immunity, organic acid binding and organic acid metabolism
(Fig. 4b). Using Cytoscape software, the genes selected by
these functional pathways were predicted to interact with each
other (Fig. 4c). ELISA showed significantly increased IL-22
levels in the gut and serum of the CA group compared to those
in the C group, whereas IL-22 levels were significantly
decreased in the KI group (Fig. 4d). In addition, immunofluor-
escence showed that the intestinal lamina propria of the CA
group was enriched with a higher number of
RORγt+IL-22+CD3− ILC3 cells than that in the C and KI groups
(Fig. 4e and f).

Effects on the intestinal microbiota in mice administered
KynA and IA combined with Candida albicans infection

To understand the specific mechanism of KI targeting inflam-
matory cytokines and ILC3, we used 2bRAD-M sequencing to
clarify the effect of KI on the gut microbiota of C. albicans
mice. The KI group had lower Chao 1 and Shannon indices
than the CA group, although this difference was not significant
(Fig. 5a and b), whereas Adonis PCoA analysis showed differen-
tiation between the two groups (Fig. 5c). At the phylum level
(Fig. 5d), the abundance of Proteobacteria in the KI group was
significantly higher than that in the CA group. At the genomic
level (Fig. 5e), Roseburia and Akkermansia were enriched in KI
and CA groups, respectively. Two sample clusters representing
the KI and CA groups were identified on a heat map based on
the binary Jaccard distance (Fig. 5f). Furthermore, the relative
abundance of Faecalibaculum, Aminipila, Subdoligranulum, and
Ruthenibacter was lower in the KI group than in the CA group
(Fig. 5g). Finally, GO pathway analysis suggested that the CA
microbiota was associated with an uncharacterized protein
and ABC polysaccharide transport system, a permease com-
ponent, and Asp/Glu/hydantoin racemase components,
whereas the KI microbiota was associated with an uncharacter-
ized protein and ABC polysaccharide transport system and an
Asp/Glu/hydantoin racemase component (Fig. 5h).

Effects of KI-treated FMT on the inflammatory response and
mucosal barrier function in germ-free mice with Candida
albican-induced enteritis

To further confirm that the effect of KI was dependent on the
gut microbiota, we built an FMT model, which was used on
the control, C. albicans infected, and KI-treated mice (FC, FCA,
and FKI) (Fig. 7a). We demonstrated that FMT from mice
infected with C. albicans affected the intestinal barrier and
intestinal inflammation. Furthermore, the analysis of alpha
and beta diversity showed that the gut microbial diversity of
ABX-treated mice (receiver group) was significantly lower than
that of the donor group mice and was able to cluster comple-
tely (Fig. 7b and c). The frequency of colonic shortening was
higher in the FCA group than in the FC and FKI groups
(Fig. 6a). In addition, the FKI group showed dramatically
reduced intestinal permeability compared with the FCA group,

as measured by plasma FD-4 levels (Fig. 6b). The expression of
the barrier molecules of occludin and ZO-1 was significantly
higher in the FC and FKI groups than that in the FCA group
(Fig. 6c and d, f). IL-1β and IL-6 mRNA levels were decreased
in the FCA group and TGFβ1 was significantly upregulated in
the FKI group (Fig. 6e). Compared to the FCA group, the mice
in the FKI group showed markedly reduced histopathological
and histological values in the large intestine, as observed by
HE staining (Fig. 6g).

Effects of KI-treated FMT on mucosal immunity in germ-free
mice with Candida albican-induced enteritis

Next, we investigated whether FMT from mice infected with
C. albicans affected mucosal immunity. Immunofluorescence
showed that the intestinal lamina propria of the FCA group
was enriched with more RORγt+IL-22+CD3− ILC3 cells than
those of the FC and FKI groups (Fig. 7d and e). IL-22 mRNA
levels were higher in colonic tissue from the FKI group than
those from the FCA group, as determined by qRT-PCR
(Fig. 7f). Fecal microbial profiles confirmed significant differ-
ences between the genera present in the microbiota of all
three recipient groups, with Bacteroides, Akkermansia and
Klebsiella being predominant in the FC, FCA, and FKI groups,
respectively (Fig. 7g).

Discussion

This study found that C. albicans altered specific gut micro-
biota, metabolite composition, and function. Following
C. albicans infection, kynurenic acid and indoleacetic acid sig-
nificantly decreased inflammatory reactions, protected gut
barrier function, and decreased IL-22 production from colonic
lamina propria ILC3 and expression of associated inflamma-
tory cytokines. Furthermore, FMT revealed that the inhibitory
effect of KI on inflammation depended on the alteration of the
gut microbiota. The changes in intestinal flora may be related
to the secretion of IL-22 by ILC3 in the lamina propria, but the
overall IL-22 level may not be regulated. This is the first study
to show that tryptophan metabolites regulate the secretion of
IL-22 by ILC3 in the lamina propria of the colon by the gut
microbiota, and these findings suggest that KI may be a prom-
ising therapeutic strategy for the treatment of C. albicans infec-
tions in the gut (Fig. 7f).

A key regulator of epithelial homeostasis is the cytokine
interleukin-22. It is involved in many aspects of epithelial
barrier function, including the regulation of epithelial cell
growth and permeability, production of mucous and antimi-
crobials (AMP), and complement production.30 Two recent
studies have suggested that the mechanism by which IL-22
promotes regeneration in vivo and organoid growth in vitro is
through the stimulation of transit-amplifying cells, whereas
IL-22 inhibits the expansion of ISCs by activating the Wnt and
Notch pathways.31,32 In a series of elegant experiments,
Gronke et al.33 showed that selective depletion of IL-22RA1
from IECs leads to the suppression of DNA damage-induced
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Fig. 5 Effects of KynA and IA combined with Candida albicans infection on the intestinal microbiota in mice. (a and b) α-diversity Chao1 and
Shannon indices in CA and KI groups. (c) The relative abundance of operational taxonomic units is the basis for PCoA scores. Each symbol indicates
a representative example. (d and e) The dominant phylum and dominant genus in each group. (f ) Heatmap of the binary Jaccard distance for each
group. (g) Relative species richness among the groups. The box shows 95% CIs. The line within the box indicates the median value. (h) Differential
abundance of GO pathways in the colon of each group (CA, n = 6; KI, n = 6). *P < 0.05 determined by one-way ANOVA (Tukey’s test) and Adonis ana-
lysis in (c). Pairwise statistical analyses of the heatmap were performed using the Kruskal–Wallis test with Dunn’s multiple comparison test for com-
parisons among the group. (The KI group was subjected to the addition of tryptophan metabolites on the basis of C. albicans infection.)
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apoptosis and consequently to increased tumor formation in
an inflammation-driven tumor model. Through STAT3-depen-
dent signaling, IL-22 directly induces the expression of mucin

genes in mucosal epithelial cells.34 IL-22 treatment also stimu-
lates goblet cell hyperplasia, a response to worm infection,
which is why IL-22 null animals show less goblet cell hyperpla-

Fig. 6 KI-treated FMT affects the inflammatory response and mucosal barrier function in germ-free mice. (a) Colon length of FC, FCA, and FKI
mice. (b) Plasma FD-4 levels. (c and d) mRNA and protein levels for tight junctions in the large intestine. (e) mRNA levels of inflammatory factors in
the colon. (f ) Representative images of colonic tissue immunofluorescence with antibodies against occludin and ZO-1 (original magnification ×200).
(g) HE staining in the colon and pathology score. *P < 0.05 was determined by one-way ANOVA (Tukey’s test).

Food & Function Paper

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 5364–5381 | 5373

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/3

1/
20

25
 1

1:
16

:5
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo00432a


sia.35 Stimulation of IL-22 leads to the up-regulation of epi-
thelial claudin-2, a key regulatory subunit of epithelial tight
junctions, and may thereby induce water efflux, diarrhea, and
the clearance of pathogens in the gut.36 IL-22 also functions in

the clearance of pathogens that have already managed to pene-
trate the barrier. A separate group described IL-22-deficient
mice with less bacterial diversity and decreased abundance of
Lactobacillus, but increased abundance of Escherichia,

Fig. 7 Impact of KI-treated FMT on mucosal inflammation and immunity in aseptic Candida albican-induced enteritis mice. (a) Schematic illustrating
the study design. Recipient mice were administered ABX for one week. The mice with C. albicans intestinal infection were sacrificed at 14 days.
Germ-free mice that received FMT from the mice with C. albicans intestinal infection were euthanized on day 21. (b and c) Alpha diversity indices
(Simpson) and PCoA analysis of the control and ABX-treated mouse groups. Results are expressed as mean ± SEM (n = 6). (d) Representative immu-
nofluorescence images of RORγt+IL-22+CD3−ICL3 in colonic tissue (original magnification, ×400). Green, positive stain for CD3; red, positive stain for
RORγt; and pink, positive stain for IL-22. (e) Percentage of RORγt+IL-22+CD3− ILC3 cells in the colon sections. *p < 0.05; **p < 0.01; ***p < 0.001; and
****p < 0.0001 (FC, n = 6; FCA, n = 6; and FKI, n = 6). (f ) qRT-PCR confirming the changes in IL-22 expression. (g) Dominant genus in each group. (h)
Diagram summarizing the proposed role of KI in C. albicans colonization. *p < 0.05; **p < 0.01; and ***p < 0.001. (FC, n = 6, FCA, n = 6; and FKI, n = 6).
Results are expressed as the mean ± SEM (e and f). *P < 0.05 determined by one-way ANOVA (Tukey’s test) and Adonis analysis in (c).
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Salmonella, and Helicobacter, which showed increased suscep-
tibility to dextran sulfate sodium (DSS) colitis in cohoused
wild-type animals, indicating that IL-22-deficient animals can
harbor microbiota with transferable effects on barrier func-
tion.37 IL-22 and IDO1 are crucial in balancing resistance with
tolerance to Candida, their deficiencies are risk factors for
RVVC, and targeting tolerance via therapeutic kynurenines
may benefit patients with RVVC.38 Studies have shown that
Minapuram, a metabolite of intestinal flora, enhances the tol-
erance of intestinal I/R injury by regulating AHR/ILC3/IL-22
signaling, providing a new therapeutic strategy for intestinal
I/R injury and enteric-borne sepsis.39 IL-22 is produced by
innate lymphoid cells (ILCs) and CD4+ T cells and plays an
important role in host defense and mucosal homeostasis.
IL-21 and AhR signaling controls IL-22 production in T cells
and the development of DSS induced colitis in ILC-deficient
mice.40 Tryptophan metabolites are known to be ligands of
AHR, so our study further demonstrates the certainty of its
mechanism of action.

Intestinal infection with C. albicans is associated with
changes in several genes involved in immune system pro-
cesses, innate immune responses, and inflammatory
responses. Unexpectedly, we found that C. albicans increased
the expression of IL-22 and the number of ILC-3 cells in the
intestinal mucosa. This is consistent with the finding that
IL-22 is strongly upregulated in the inflamed colonic mucosal
tissue and serum of patients.41 This process may be linked to
chemotactic cytokines, which can stimulate leukocytes to
migrate to areas of inflammation and make them activate the
immune cells.42 In this study, we found that KI reduced IL-22
expression and ILC3 cell numbers in the inflamed colon epi-
thelium after C. albicans infection, and FMT indicated that
this effect was associated with KI-altered gut microbiota.
Recently, it was been shown that ILC3 is involved in the main-
tenance of GI mucosal homeostasis and the progression of
IBD.43 Previous mechanistic studies have shown that ILC3
cells promote IL-22 production to exacerbate IBD development
by damaging the intestinal mucosal barrier, directly support-
ing our array results showing reduced levels in KI-treated
mouse gut tissue.44 In addition, the composition of the micro-
biota in infectious or inflammatory diseases is a critical factor
affecting ILC3 cells, according to a newly published study.45

Thus, we hypothesized that the anti-inflammatory effect of KI
may be mediated, in part, by a reduction in ILC3 cell pro-
duction. Future studies are needed to clarify which KI-associ-
ated bacterial species are predominantly responsible for the
production of ILC3 in the inflammatory microenvironment.

This study had several limitations. On the one hand, no sig-
nificant decrease in the number of C. albicans was detected in
the 2bRAD-M sequencing after KI treatment, which suggests
that KI may not have a specific anti-C. albicans activity but may
act as an anti-inflammatory and protective intestinal barrier.
On the other hand, based on more accurate detection tech-
niques, such as metagenomics, future work is still needed to
confirm the fungal diversity of KI. Second, we did not confirm
the function of IL-22 after its knockout in mice by rescue

experiments. To determine whether IL-22−/− mice can restore
gut barrier function and anti-inflammatory effects, we plan to
perform further experiments. Third, the host–microbe inter-
play might be of interest for understanding the impact of their
interplay with epithelial cells on gut homeostasis and gut
disease. Finally, the actual role of KI in humans, particularly
in those at risk of C. albicans infection, remains unknown, and
our study was based entirely on mouse models. Well-designed
clinical trials with ethical approval are required to address this
limitation. For example, tryptophan metabolites with appropri-
ate concentrations were added to the oral medication of
patients with Candida albicans infection, and the load of
Candida albicans in patients’ blood and faeces, as well as the
intestinal barrier and inflammation were observed to verify the
clinical efficacy and significance of tryptophan metabolites in
patients with Candida albicans infection.

Materials and methods
Animals and C. albicans culture

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of East
China Normal University and approved by the Animal Ethics
Committee of East China Normal University (Approval
number: R20211202). Male C57BL/6 mice were acquired at
about 8 weeks of age. The animals were housed at the East
China Normal University Animal Center (Shanghai, China).
The mice were given unlimited food and given a week to adjust
to their surroundings (24 ± 2 °C, 60 ± 5% relative humidity,
and a 12 h day−1 light/dark cycle). C. albicans (strain SC5314)
(CGMCC) was purchased from the China General
Microbiological Culture Collection Center. Then, it was culti-
vated in a liquid medium composed of yeast extract, peptone,
and dextrose (YEPD). A loop was injected and streaked on a
chromogenic medium to detect C. albicans (CHROMagar
Company, France). Thereafter, a single colony was plated on
YEPD agar, incubated for 25 h at 35 °C, and then its mass
spectrometric identity was determined (Shanghai Fifth
People’s Hospital, Laboratory Department). A prepared inocu-
lum of 1.0 × 106 C. albicans cells in 0.3 ml of phosphate-
buffered saline (PBS, pH 7.4) (Servicebio, Wuhan, China) was
used.46

Mouse model of DSS induces intestinal C. albicans infection

Mouse models of C. albicans infection of the gut have been
established. Three groups were created: a normal control
group (C), a C. albicans infection group (CA), and a KynA/IA
(Sigma-Aldrich, USA) treatment group (KI). Group C received
0.2 ml of PBS daily. Dextran sulfate (DSS; 2% w/v, 40 kDa,
Sigma-Aldrich, USA) was added to the drinking water of the CA
and KI groups to induce colonic injury.46 To promote
C. albicans colonization in the CA and KI groups, PBS yeast
suspension (5 × 107 CFU kg−1) was administered orally daily.
In the KI group, a mixed solution of KynA (2.5 mg kg−1) and IA
(20 mg kg−1) was injected intraperitoneally daily (Fig. 7a).
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Feces were collected from all mice and stored at −80 °C after
14 days of treatment. The mice were then sacrificed by cervical
dislocation and their colons were collected for blood sampling
by retro-orbital puncture.

FMT experiments

Recipient mice (C57BL/6J male mice between the ages of 6–8
weeks) were fed in a sterile environment and given antibiotics
(ABX) (vancomycin 100 mg kg−1, neomycin sulfate 200 mg
kg−1, metronidazole 200 mg kg−1, and ampicillin 200 mg kg−1)
once a day for one week. In the second week, both donor (C,
CA, and KI groups) and recipient mice (FC, FCA, and FKI
groups) began to exhibit enteric-borne Candida albicans infec-
tion models, which lasted for 2 weeks. Starting from the third
week, feces of donor mice were collected every day, and resus-
pended in PBS at 0.125 g ml−1. An amount of 0.1 ml of the
solution was administered to recipient mice intragastrically
once each day for 1 week.47 All the mice had unrestricted
access to food and drinks while being gavaged in a sterile
setting (Fig. 7a).

2bRAD-M sequencing

With a few minor alterations, the initial procedure developed
by Wang et al.48 for the creation of the 2bRAD-M library was
followed in theory. 4 U BcgI enzyme (NEB) was used to digest
DNA (1 pg–200 ng) for 3 h at 37 °C. The adaptors were then
ligated to the DNA fragments. Five liters of digested DNA were
combined with ten liters of a ligation master mix that con-
tained 800 U of T4 DNA ligase and 0.2 M of each of the two
adaptors (NEB). The ligation product was amplified and the
PCR results were run on an 8% polyacrylamide gel. DNA was
released from the gel over 12 hours in nuclease-free water at
4 °C. The 100 bp bands were removed from the polyacrylamide
gel. To add sample-specific barcodes, PCR was performed in
conjunction with platform-specific primers. Each 20 l PCR
comprised 25 ng of gel-extracted PCR product, 0.2 M of each
primer, 0.3 M dNTP, 1 U of Phusion High-Fidelity DNA
Polymerase, and 1 U of Phusion HF buffer (NEB). A QIAquick
PCR Purification Kit (Qiagen) was used to purify the PCR pro-
ducts before sequencing on an Illumina Nova PE150 platform.

Initially, 173 165 microbial genomes were downloaded from
the NCBI RefSeq database (including bacteria, fungi, and
archaea). Next, using built-in Perl scripts to sample restriction
fragments from microbial genomes with each of the 16 type 2B
restriction enzymes, a sizable 2bRAD microbial genome data-
base was produced. Each genome collection of 2bRAD tags was
assigned a GCF number and taxonomy description that corre-
sponded to the complete genome. Finally, the 2bRAD tags
from every GCF were compared with those from every other
GCF. These 2bRAD tags were created as species-specific 2bRAD
markers and collectively constitute a database of 2bRAD
markers.49

Fecal metabolome analysis

In brief, 500 μl of solvent and 60 mg of feces were combined,
followed by crushing, vortexing, and centrifugation at 13 000

rpm for 15 min at 4 °C. For LC-MS analysis, the supernatants
were then filtered through a 0.22 μm filter and kept at −80 °C.
A quality control (QC) group was created by combining equal
quantities of the supernatant from each sample to determine
whether the mass spectrometric platform of the system
remained stable throughout the experiment. Using an AB
TripleTOF 6600 mass spectroscopy system (AB-Siex), metabolic
profiles were examined using a mix of ESI sources in both
positive and negative ion scanning modes. High-performance
liquid chromatography (HPLC)–grade reagents were utilized
throughout the experiments. Metabolites were identified using
Progenesis QI data processing software after LC-MS data from
fecal pellets were processed using Progenesis QI software
(Waters Corporation, Milford, USA). Using the ropls package in
R, Principal Component Analysis (PCA) and Orthogonal Partial
Least Squares Discriminant Analysis (OPLS-DA) were per-
formed to visualize the normalized data. Ellipses in PCA and
OPLS-DA plots were utilized with a 95% confidence threshold
to characterize metabolic perturbations between groups in a
Hotelling’s T2 area. The OPLS-DA model was used to deter-
mine the variable importance in projection (VIP), which was
used to identify significant metabolites with VIP > 1.0 and
P-value = 0.05.50

Transcriptomics

RNA sequences and differentially expressed genes were ana-
lysed. Libraries were sequenced to produce 150 bp paired-end
reads using the Illumina Novaseq 6000 platform. Approximately
50 million raw readings were obtained for each sample. Fastp51

was first used to handle fastq format raw readings. Low-quality
reads were eliminated to produce a clean one. Each sample had
a total of 49.2 million clean readings that were stored for
further processing. HISAT2 52 was used to map clean reads to
the reference genome (GRCm39). Using HTSeqCount,53 the
read counts of each gene and the FPKMs54 of each gene were
computed. PCA analysis was carried out using R to evaluate the
biological duplication of the samples (v 3.2.0).

DESeq2 55 was used to analyze differential expression.
Significantly Differentially Expressed Genes (DEGs) were
defined as those with a fold change >2 and a P value of 0.05. R
was used to perform the hierarchical cluster analysis of DEGs
to display gene expression patterns in various groups and
samples (v 3.2.0). The radar map of the top 30 genes was
created using the R package ggradar to display the expression
of up- or downregulated DEGs.

GO,56 KEGG,57 Reactome, and WikiPathways enrichment
analyses were carried out based on the hypergeometric distri-
bution. We searched for important enrichment terms using R
(version 3.2.0): R (v 3.2.0) for the chordal and blister plots, as
well as for the important enrichment terms.

16S rRNA analysis of the microbial community of the sample

Feces were collected from the ABX and control groups of mice.
For microbiome analysis, six fecal pellets were randomly
selected. Briefly, a standard DNA extraction kit (QIAGEN) was
used to extract DNA from feces. The quality and amount of
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DNA were verified by agarose gel electrophoresis. The quality
of amplification of the 16S rRNA genes’ V3–V4 regions was
examined. The V3–V4 gene amplicons were sequenced using
Illumina MiSeq technology. Filtering and elimination of clean
tags from the raw data produced valid tags that were used to
create OTUs, which were then categorized using Vsearch soft-
ware (version 2.4.2) with a threshold of 97% sequence simi-
larity.58 Afterward, the past was used to compare the OTUs
(v0.1). This software was used for the phylogenetic analysis.
The diversity and makeup of the gut microbiota were identified
using an enriched OTU table. The alpha diversity indices of
fecal samples were obtained from a uniform depth normalized
OTU table. Beta diversity indices were generated using the
Bray–Curtis algorithm and unweighted UniFrac distance to
determine whether significant gut microbiota differences
existed between groups, and were also determined by Principal
Component Analysis (PCA).46

Western blot analysis

Western blot analysis was performed using standard methods
to analyze protein expression in colon tissue. The antibodies
used were anti-occludin (Proteintech, 13409-1-AP, Wuhan,
China), anti-ZO-1 (Affinity, AF5145, USA), and anti-β-actin (Cell
Signaling Technology, CST-3077, USA). The secondary antibody
anti-rabbit IgG (111-035-003) was purchased from Jackson
ImmunoResearch. Protein bands were visualized using an ECL
chemiluminescence imaging system. The ImageJ software was
used for quantification, which calculates the ratios of IntDen
(target protein)/IntDen (β-actin).

Measurement of FITC–dextran leakage

Gut permeability was assessed by measuring FITC–dextran
leakage. After approximately 8 h of overnight starvation, the
mice were administered 25 mg ml−1 FITC-Dixon (4 kDa,
Sigma-Aldrich, USA) dissolved in PBS. FITC–dextran at 0.6 mg
FITC–dextran per gram of body weight was administered via
gavage. After 4 h, 400 ml of blood was collected through a
retro-orbital puncture and centrifuged with PBS. A multimode
reader (excitation: 485 nm, emission: 528 nm, and bandwidth:
20 nm) was used to detect the fluorescence intensity of the
diluted serum (100 ml) from each sample. A standard curve
was used to calculate the FITC concentration.59

qRT-PCR

A reverse transcription enzyme was used by the manufacturer’s
instructions to create cDNA (RR036A, Takara Bio Inc., Takara,
Japan). The PCR was carried out using an ABI Q6 PCR
machine and SYBR Green detection technique (RK21203,
AB-Clonal, China). Target gene expression in mice was normal-
ized to that of the housekeeping gene 18S using the 2-CT tech-
nique. The target gene primers are listed in Table 1.

Enzyme-linked immunosorbent assays

The mice’s blood was drawn, and the serum was extracted by
centrifugation at 3000 rpm for 10 min at 4 °C. The colonic
tissues were ground nine times in a homogenization medium.

Centrifugation was performed to separate the supernatants for
10 min at 4 °C and 3000 rpm. All serum and tissue super-
natants were stored at −80 °C for subsequent simultaneous
detection. Following the manufacturer’s instructions, IL-22
levels were measured using a mouse ELISA kit (A106907-96T,
Fusheng, Shanghai, China).

Histomorphological analysis

Colon specimens were embedded in paraffin, dried, and pre-
served in a 4% neutral paraformaldehyde solution before being
sectioned at a thickness of 5 μm. Hematoxylin and eosin (H&E)
staining was used for observation. Two skilled pathologists, who
were blinded simultaneously, rated the histological alterations
according to a grading system47 and averaged the results.

Immunofluorescence

Paraffin-embedded samples were blocked for 1 h and incu-
bated overnight at 4 °C with anti-ZO-1 antibodies (Servicebio,
China) and anti-occludin antibodies (Servicebio, China).
Images were captured using fluorescence microscopy
(Olympus, Japan) after the colon tissues were washed and
stained with DAPI for 10 min. Six randomly selected ×200
fields of each sample were used to quantify the fluorescence
intensity of ZO-1 and occludin staining of small intestinal
tissues by automated image analysis.60 The samples of paraffin
sections were blocked for 1 h and incubated with an anti-CD3
antibody (Servicebio, Wuhan, China), anti-RORγt antibody
(Bioss, Beijing, China), and anti-IL-22 antibody (Servicebio,
Wuhan, China) at 4 °C overnight.47 Images were captured
using fluorescence microscopy (Olympus, Japan) after the
colon tissues were washed and stained with DAPI for 10 min.
Six randomly selected ×400 fields of each sample were quanti-
fied using automated image analysis.

Statistical analysis

All analyses were conducted using GraphPad Prism 8 software,
except for microbial data, which were subjected to multivari-
able and advanced statistical analysis as previously mentioned.
All data were calculated from at least three repetitions and are
presented as mean ± SEM. Multigroup comparisons were per-

Table 1 The target gene primers

Genotyping Sequence 5′-3′

ZO-1 Forward primer CCAGCAACTTTCAGACCACC
Reverse primer TTGTGTACGGCTTTGGTGTG

Occludin Forward primer TAAGAGCTTACAGGCAGAACTAG
Reverse primer CTGTCATAATCTCCCACCATC

IL-1β Forward primer AAGGTCCACGGGAAAGACAC
Reverse primer AGCTTCAGGCAGGCAGTATC

IL-6 Forward primer GAGGATACCACTCCCAACAGACC
Reverse primer AAGTGCATCATCGTTGTTCATACA

TGFβ1 Forward primer TGATACGCCTGAGTGGCTGTCT
Reverse primer CACAAGAGCAGTGAGCGCTGAA

IL-10 Forward primer CGGGAAGACAATAACTGCACCC
Reverse primer CGGTTAGCAGTATGTTGTCCAGC

IL-22 Forward primer CATGCAGGAGGTGGTACCTT
Reverse primer CAGACGCAAGCATTTCTCAG
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formed by one-way analysis of variance (ANOVA) followed by
post-hoc Duncan’s multiple-comparison test. Wilcoxon test was
used to analyze the difference between two unpaired groups.
Statistical significance has been established at p < 0.05.
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