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Abstract: Dietary fibers regulate intestinal barrier function; however, the precise mechanisms remain
unclear. This study investigated the effects of psyllium fibers on antimicrobial protein expression,
focusing on the type Il immunity and tuft cell-group 2 innate lymphoid cell (ILC2) circuit in the small
intestine of the mouse. Supplemental psyllium fiber upregulated antimicrobial proteins, such as
small proline-rich protein 2A (SPRR2A) and resistin-like beta (RELMf3), in mouse small intestine,
evidently affecting cecal microbiota composition. The psyllium fibers also increased the RNA and
protein expression of molecules related to ILC2 and tuft cells, such as IL-13, IL-25, DCLK1, Gfi-1b,
SH2 domain-containing protein 3C, and Spi-B. In addition, ILC2 inhibitor (disulfiram) and bitter
taste receptor blocker administration reduced psyllium-induced SPRR2A and RELM} expression.
Collectively, psyllium supplementation upregulates antimicrobial proteins such as SPRR2A and
RELMS via the type Il immune response and tuft cell-ILC2 circuit in the mouse small intestine.

Keywords: antimicrobial protein; intestinal microbiota; mice; psyllium fiber; type II immunity;
tuft cells

1. Introduction

Substantial evidence demonstrates that the supplemental intake of dietary fiber pro-
vides various health benefits. As a dietary fiber is resistant to digestive enzyme activity, it
passes through the small intestine structurally intact and reaches the colon [1]. Accordingly,
dietary fiber supplementation often has physiological effects in a microbiota-dependent
manner [2], while dietary fibers directly interact with the intestinal epithelium to affect
cellular functions. It has been reported that inulin-type fructan [3] and guar gum fiber
regulate the intestinal barrier and inflammatory response through direct interaction with
the small intestinal epithelium [4]. These observations suggest that certain dietary fibers
play a role in maintaining intestinal homeostasis in an intestinal microbiota-independent
manner; however, the precise mechanisms remain unclear.

Psyllium fiber is produced from the seed husk of Plantago ovata and contains soluble
and insoluble fibers with a high quantity of hemicellulose, which consists of a xylan
backbone associated with thamnose, arabinose, and galacturonic acid units (arabinoxylan).
Highly branched arabinoxylan is characterized by high water-holding and gel formation
abilities, which are associated with the physiological effects of psyllium fibers, such as
the reduction in sugar and lipid absorption and anti-constipation action [5]. Psyllium
supplementation reduces intestinal inflammation induced by a high-fat diet and dextran
sulfate sodium in mice [6,7]. In addition, Hino et al. showed that psyllium supplementation
increases the number of mucin-producing goblet cells and mucin secretion in the small
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intestine of the rat, where intestinal bacterial activity is relatively low [8]. Although different
mechanisms underlying psyllium-mediated actions may exist [9], psyllium appears to
directly interact with the intestinal epithelial cells to regulate intestinal function.

Intestinal epithelial cells are responsible for the digestion and absorption of nutri-
ents whilst serving as a barrier to eliminate the permeation of luminal inflammatory
substances, including bacteria, helminths, and viruses, into the internal environment of
the body. The intestinal barrier is generally composed of chemical (antimicrobial proteins
and immunoglobulin A) and physical (intercellular tight junctions and mucus layers) barri-
ers [10]. Several antimicrobial proteins such as defensins, regenerating islet-derived protein
3 (REG3), small proline-rich protein 2A (SPRR2A), resistin-like beta (RELMf3) are produced
in the intestine. Antimicrobial proteins protect against pathogenic bacteria to prevent
infections [1] and are the key determinants of intestinal microbiota composition. Accumu-
lating evidence indicates that the regulation of intestinal antimicrobial protein production
is associated with several diseases such as infection, inflammatory bowel diseases, and
obesity. Antimicrobial proteins exhibit a site-specific spectrum of antimicrobial activity
and expression in the small and large intestines [11]. SPRR2A and RELMf are primarily
produced by the Paneth and goblet cells in response to type Il immunity [12]. SPRR2A
is a bactericidal protein that targets Gram-positive bacteria [13]. Its intestinal expression
increases during helminth infections and commensal bacteria colonization, suggesting that
it plays a role in both helminth clearance and microbial composition. In contrast, RELMf3
targets Gram-negative bacteria and promotes the spatial segregation of the microbiota and
intestinal epithelium [14]. Type II cytokines, IL-4 and IL-13, stimulate the production of
SPRR2A and RELM} in the intestines [13,15]. Thus, regulating intestinal antimicrobial
proteins may be a novel approach to promote the human health.

The intestinal epithelium is composed of several cell types such as enterocytes, goblet
cells, enteroendocrine cells, Paneth cells, and tuft cells, with varying abundances. Tuft cells,
accounting for <1% of the total intestinal epithelial cells [16], are relatively rare. Nevertheless,
tuft cells play an important role in regulating intestinal homeostasis and serve as key epithelial
sentinels that initiate type Il mucosal immunity during parasitic and bacterial infections [17].
During helminth infection, tuft cells produce IL-25 to activate group II innate lymphoid cells
(ILC2) in the lamina propria, which produce IL-13 [18,19]. In response, epithelial cells produce
antimicrobial proteins such as SPRR2A and RELM. Tuft cells express several G-protein-
coupled receptors (GPCRs) [20], including bitter taste receptors (type 2 taste receptors, T2Rs),
and serve as chemosensory taste cells. Luo et al. demonstrated that T2Rs in tuft cells sense
luminal helminths and release IL-25 [21]. However, the involvement of tuft cells and bitter
taste receptors in the dietary fiber-mediated regulation of intestinal homeostasis has not been
elucidated.

The present study investigated the novel effects of psyllium fibers in regulating intesti-
nal homeostasis via direct interaction with the intestinal epithelium in mice. In particular,
we focused on the production of antimicrobial proteins via tuft cell-mediated type II
immune response.

2. Materials and Methods
2.1. Chemicals

Psyllium fibers were provided by Bizen Chemical Co., Ltd. (Akaiwa, Japan). Probenecid
and 6-methoxyflavone were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan), and y-aminobutyric acid was purchased from Nacalai Tesque (Kyoto, Japan). All
the other chemicals were purchased from Nacalai Tesque and FUJIFILM Wako Pure Chem-
icals (Osaka, Japan). The amounts of constituent monosaccharides in psyllium fiber were
quantified by the diethyl dithioacetal derivatization method, as previously described (Supple-
mentary File—Table S1) [22].
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2.2. Mice

All the animal experiments were approved by the Animal Care Committee of the
Hiroshima University (approval no. C22-44-2), and mice were maintained in accordance
with the Guidelines for the Care and Use of Laboratory Animals at Hiroshima University,
the National Research Council’s Guide for the Care and Use of Laboratory Animals, and
ARRIVE guidelines. Female, 7-week-old C57BL/6] mice, weighing approximately 20 g,
were purchased from Charles River Laboratories Japan (Yokohama, Japan). They were
housed under controlled temperature (22 £ 2 °C), relative humidity (40-60%), and lighting
(lights on 08:00-20:00) conditions throughout the study. The mice were allowed to acclimate
to the laboratory environment with free access to a fiber-free AIN-93G formula diet (control
diet, Supplemental File—Table S2) and tap water for at least 1 week. Mice were euthanized
via exsanguination under isoflurane anesthesia.

2.3. Experimental Design

Five animal studies (experiments 1-5) were conducted to investigate the effects of
psyllium fibers on intestinal antimicrobial proteins in mice.

In experiment 1, the effect of psyllium fibers on gene expression in the small intestine
was examined using whole-transcriptome analysis. Mice (n = 16) were randomly allocated
to two groups, control and 10% psyllium (n = 8/group), and fed the test diets for 5 d
(Supplementary File—Figure S1 and Supplementary File—Table S2). Psyllium fiber was
added to the control diet by substituting an equal amount of starch. Jejunal samples (1 cm
distal to the ligament of Treitz) were subjected to RNA sequencing as described below.
Jejunal and ileal samples (2 cm proximal to the ileocecal junction) were subjected to a quan-
titative reverse transcription-polymerase chain reaction (qQRT-PCR), immunoblotting, and
immunofluorescence analysis. The cecal contents were subjected to intestinal microbiota
analysis as described below.

In experiment 2, the effect of psyllium fiber was examined at different dietary doses
in mice. Mice (n = 24) were randomly allocated to four groups: control, 2.5%, 5%, and
10% psyllium (n = 6/group), and mice were fed the corresponding test diets for 5 d
(Supplementary File—Figure S1 and Supplementary File—Table S2). The dietary levels
of psyllium fiber were based on the US/Canadian reference value (adequate intake) for
dietary fiber (14 g/1000 kcal = 14 mg/kcal) [23]. The levels for 2.5, 5, and 10% psyllium
diets were approximately equivalent to 6.25, 12.5, and 25 mg/kcal, respectively. Segments
of the jejunum, ileum, and proximal colon were subjected to qRT-PCR and immunoblot
analyses. The jejunal samples were embedded in OCT compound (Sakura Finetek, Chuoku,
Tokyo, Japan) for immunofluorescence analysis, as described below.

In experiment 3, the effects of psyllium fiber were examined at different feeding
periods. Mice (n = 24) were randomly allocated to four groups: control, 5, 10, and 15 d
groups (n = 6/group). The mice in the 5, 10, and 15 d groups were fed a 10% psyllium
diet for 5, 10, and 15 d, respectively (Supplementary File—Figure S1 and Supplementary
File—Table S2). The control mice were fed a control diet for 15 d. Jejunal samples were
subjected to qRT-PCR and immunoblot analysis as described below.

In experiment 4, the role that ILC2 played in the psyllium fiber-mediated effect was
examined using the ILC2 inhibitor, disulfiram [24]. Mice (n = 28) were randomly allocated to
four groups: control, 5% psyllium, 5% psyllium + low disulfiram, and 5% psyllium + high
disulfiram (Supplementary File—Figure S1). The 5% psyllium + low disulfiram and 5%
psyllium + high disulfiram groups were orally administered with disulfiram at 1.2 and
2.4 mg/g body weight (180 and 360 mg/mL ultrapure water), respectively, once daily for 7 d,
whereas the control and 5% psyllium groups received ultrapure water only. The mice were fed
each test diet for 5 d, 2 d after the start of the disulfiram administration. Jejunal samples were
subjected to qRT-PCR, immunoblot, and immunofluorescence analysis as described below.

In experiment 5, the involvement of bitter taste receptors in psyllium fiber-mediated
effects was examined using blockers for several T2R families. Mice (n = 28) were randomly
allocated to four groups: control, 5% psyllium, 5% psyllium + low blocker, and 5% psyllium
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+ high blocker (Supplementary File—Figure S1 and Supplementary File—Table S3). Three
T2R blockers, probenecid, 6-methoxyflavanone, and y-aminobutyric acid, were added to
the diets at 0.25 and 0.5 g/100 g powder for the low and high blocker groups, respectively.
Probenecid inhibits T2R16, 38, and 43, 6-methoxyflavone targets T2R1, 7, 14, and 39, while
v-aminobutyric acid acts on T2R4, respectively [25-28]. The 5% psyllium + low blocker
and 5% psyllium + high blocker groups were fed a control diet supplemented with the
blockers for 2 d, followed by a 5% psyllium diet supplemented with the blockers for
5 d (Supplementary File—Figure S1). The control and 5% psyllium groups were fed the
control and 5% psyllium diets without blockers for 5 d after feeding the control diet for 2 d.
Jejunal samples were subjected to qRT-PCR, immunoblotting, and immunofluorescence as
described below.

2.4. Whole Transcriptome Analysis of Mouse Small Intestine via RNA Sequencing (Expt. 1)

Total RNA was isolated from the mouse jejunal tissues using NucleoSpin RNA
(Macherey-Nagel, Diiren, Germany) according to the manufacturer’s instructions. Eight
RNA samples from the control and 10% psyllium groups were combined and submitted to
BGI Japan (Kobe, Japan) for eukaryotic transcriptome sequencing analysis with DNBSEQ™
(40 M clean reads (PE100)). The RNA-seq profiles were mapped to the Mus musculus refer-
ence genome GCF_000001635.26_GRCm38.p6. The mapped read counts were normalized
to transcripts per million (TPM). Data analysis was performed using the Dr. Tom software
(BGI Japan, https:/ /biosys.bgi.com/).

2.5. Quantitative Reverse Transcription-Polymerase Chain Reaction (JRT-PCR) Analysis
(Expt. 1-5)

Total RNA was extracted from the jejunal, ileal, and colonic tissues of mice using
NucleoSpin RNA and Sepasol® RNA I Super G (Nacalai Tesque). Total RNA (500 ng) was
reverse-transcribed into cDNA using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan)
according to the manufacturer’s instructions. qRT-PCR was performed using 2 x Brilliant
III Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technologies, Santa Clara, CA, USA)
and a StepOne Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA).
The primer sequences are listed in Supplementary File—Table S4. mRNA expression was
calculated using the 2-AACt method with ribosomal protein S28 (Rps28) as the reference
gene.

2.6. Immunoblot Analysis (Expt. 1-5)

Mouse jejunal, ileal, and colonic tissues (20 mg) were homogenized in 500 pL lysis buffer
[1% (w/v) SDS, 1% (v/v) TritonX-100, and 1% (w/v) sodium deoxycholate in 30 mM Tris
with protease and phosphatase inhibitors (pH 7.4)] using a Polytron homogenizer (PT2500E,
KINEMATICA, Luzern, Switzerland). The protein concentrations were measured using a
bicinchoninic acid assay kit (FUJIFILM Wako Pure Chemical). The tissue extracts were mixed
with a one-half volume of Laemmli’s sample buffer (3x concentrated) containing 6% (w/v)
SDS, 30% (v/v) glycerol, 15% (v/v) 3-mercaptoethanol, and 0.02% (w/v) bromophenol blue in
188 mM Tris (pH 6.8). Thereafter, the mixture was heated at 95 °C for 10 min. Proteins (20 pg)
were separated using SDS-PAGE and transferred to polyvinylidene fluoride membranes. After
visualizing total protein using Ponceau S staining, the membranes were incubated with the
corresponding primary antibodies and horseradish peroxidase-conjugated anti-rabbit and
anti-mouse IgG, and the blots were developed using an enhanced chemiluminescence method
(Western Lightning Plus-ECL, PerkinElmer, Waltham, MA, USA). Densitometric analysis
of specific bands was performed using the Image] software (version 1.53c, NIH, Bethesda,
MD, USA). Protein expression was normalized to the total protein level on the membrane, as
visualized by the Ponceau S staining. Detailed information on the antibodies used is provided
in Supplementary File—Table S5.
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2.7. Immunofluorescence Analysis (Expt. 1,2, 4, and 5)

Cryosections of the mouse jejunum and ileum were fixed with 4% paraformaldehyde for
10 min, permeabilized with 0.2% TritonX-100 for 10 min, and blocked with 5% normal goat or
donkey serum for 30 min. The sections were incubated with corresponding primary antibodies
at 4 °C overnight followed by secondary antibodies and DAPI for 1 h. The sections were
preserved in anti-fade fluorescence mounting fluid and immunofluorescence was visualized
using a Leica FW4000 fluorescence microscope (Leica Microsystems, Wetzlar, Germany).
Detailed information on the antibodies used is provided in Supplementary File—Table S5.

2.8. Metagenomic Analysis of 16S rRNA Genes in Intestinal Microbiota (Expt. 1)

Bacterial DNA present in the cecal contents of mice was extracted using the Quick-
Gene DNA Tissue Kit (Kurabo Industries, Osaka, Japan) according to the manufacturer’s
instructions. Library preparation for analysis using an Illumina MiSeq Next Generation
Sequencer (Illumina, San Diego, CA, USA) was performed as previously described [29].
The PCR amplification of the 165 rRNA V3-V4 regions (460 bp) was performed using
primers 314F and 805R. Sequence data were analyzed using the Quantitative Insights into
Microbial Ecology (QIIME) 2 (ver. 2021.11) [30], with denoising by the DADA2 plugin.
Amplicon sequence variants (ASVs) were defined and their taxonomy was classified by
the sklearn-classifier against the SILVA database (138; 99% Operational Taxonomic Units
(OTUs) full-length sequences). In this study, we removed singletons and ASVs assigned
to mitochondria and chloroplasts. Subsequently, a phylogenetic tree was generated using
SATé-enabled phylogenetic placement (SEPP) [31].

2.9. Statistical Analyses

The sample size of six was calculated based on an expected effect size of 0.8, an
alpha level of 0.05, and a desired power of 0.5 using the G*Power 3.1 software [32]. Data
were analyzed using the JMP software (version 16; SAS Institute Inc., Cary, NC, USA)
and presented as the mean + SEM. Two-tailed unpaired Student’s t-test was used for
two-group comparisons. For multiple group comparisons, Tukey—Kramer post hoc test and
Steel-Dwass test were used. p < 0.05 was considered statistically significant.

3. Results
3.1. Psyllium Supplementation Upregulates the Production of Antimicrobial Proteins in the Mouse
Small Intestine (Expt. 1)

Whole transcriptome analysis was performed to identify the genes affected by psyllium
supplementation in the small intestine (jejunum) of mice. The mice were fed the control or
10% psyllium diets for 5 d (Supplementary File—Figure S1). Psyllium supplementation led
to a more than 2-fold upregulation of 503 genes and downregulation of 218 genes compared
with the control group (Figure 1A). Of the 503 genes, several encoding antimicrobial
proteins, such as small proline-rich protein 2a (Sprr2a), resistin-like beta (Retnlb), and
defensins (Defa), were upregulated by psyllium supplementation (Figure 1B). We focused
on the regulation of Sprr2A and Retnlb by psyllium fiber owing to the recent discovery
of the antimicrobial activity of SPRR2A [13], Sprr2a having relatively high TPM among
these antimicrobial proteins, and the greater upregulation of Retnlb by psyllium fibers
than others. qRT-PCR analysis confirmed that Sprr2a and Retnlb mRNA expression levels
were approximately 6-fold and 200-fold higher than those in control mice, respectively
(Figure 1C,D). Immunoblot and immunofluorescence analysis also showed that the protein
expression of SPRR2A and RELMS in the psyllium group was higher than that in the
control mice (Figure 1E-H). Consistent with previous studies, SPRR2A and RELMf3 were
predominantly expressed in the goblet and Paneth cells [15]. These results showed that the
psyllium supplementation upregulates the production of antimicrobial proteins such as
SPRR2A and RELM} in the mouse small intestine.
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Figure 1. Psyllium supplementation increases antimicrobial protein expression in mouse small
intestine. The mice were fed the control and a 10% psyllium diet for 5 d, and jejunal samples were
collected. Total RNA from these samples was subjected to RNA sequencing and qRT-PCR. Data
(transcripts per million, TPM) were log 2 transformed after the addition of 1 for TPM, and the MA
plot is shown (A). “Average” represents the mean values of the control and 10% psyllium groups.
“Minus” represents the differences between the values of the control and 10% psyllium groups. Each
dot indicates a specific gene, and red and blue dots indicate genes >2-fold higher or lower in the
10% psyllium group than those in the control group, respectively. The heatmap shows the Z-scores
of the genes encoding antimicrobial proteins (B). Srpp2a and Retnlb mRNA expression levels were
determined using qRT-PCR (C,D). The protein expression of the levels of SPRR2A and RELMf3 were
examined using immunoblot (E,F) and immunofluorescence (G,H) analyses. Results are shown as the
mean + SEM; n = 8. Statistical analysis was performed using an unpaired Student’s t-test, * p < 0.05,
related to experiment 1.

3.2. Psyllium Supplementation Alters Cecal Microbiota Composition (Expt. 1)

The cecal microbiota, which is more relevant to the small intestinal microbiota than
fecal microbiota, was analyzed in mice fed control and 10% psyllium diets for 5 d. Psyl-
lium supplementation reduced the diversity of cecal microbiota, as indicated by the lower
observed species number and Chaol index in the 10% psyllium group compared to those
in the control mice (Figure 2A,B). The Shannon index, which indicates the evenness of the
microbiota composition, in the 10% psyllium group was also lower than that in the control
group (Figure 2C). The principal coordinates analysis (PCoA) based on the weighted UniFrac,
unweighted UniFrac, and Bray—Curtis distance revealed that psyllium supplementation had
an impact on the 3-diversity of the microbiota (Figure 2D-F). Clustering in these analyses
differed between the two groups. At the phylum level, the relative abundances of Firmicutes,
Desulfobacterota, Patescibacteria, and Compilobacterota in the 10% psyllium group were
lower than those in the control group (Figure 2G). Conversely, the Verrucomicrobiota, Pro-
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teobacteria, and Cyanobacteria phyla in the 10% psyllium group were higher than those in the
control group. The bacterial genera affected by the psyllium fibers are shown in Figure 2H,I,
Supplementary File—Figures S2 and S3. Figure 2H,I show the genera representing the relative
abundances >5% and 1% in either group, respectively. All Gram-positive genera presented in
Figure 2H,], such as Desulfovibrionaceae_uncultured, Lachnospiraceae_unclassified, Blautia,
Lachnospiraceae_NK4A136_group, Oscillospiraceae_unclassified, Oscillibacter, and Oscil-
lospiraceae_uncultured in the 10% psyllium group were lower than those in the control group.
While some Gram-negative genera such as Akkermansia, Bacteroides, Escherichia-Shigella,
Rikenellaceae_RC9_gut_group, Gastranaerophilales, Parabacteroides, and Parasutterella in
the 10% psyllium group were higher than those in the control group, other Gram-negative gen-
era in the 10% psyllium group were lower than those in the control group. The genera > 0.5%
in both groups are shown in Supplementary File—Figure S2A. The psyllium supplementation
increased the abundance of Gram-positive genera, such as Enterococcus, GCA-900066575,
Marvinbryantia, and [Eubacterium]_coprostanoligenes_group, and the Gram-negative genus
Helicobacter. Other Gram-positive and -negative genera were reduced by psyllium fiber
feeding. Several genera >0.1% in both groups, shown in Supplementary File—Figure S2B,
were also affected by psyllium fibers.
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Figure 2. Psyllium supplementation alters the microbiome profile in the mouse cecum. The mice
were fed the control and a 10% psyllium diet for 5 d, and the fresh cecal samples were subjected
to 165 rRNA sequencing. The number of observed species (A), Chaol index (B), and Shannon
index (C) of the cecal microbiota were calculated. Principal coordinate analysis (PCoA) plots of
intestinal microbiota were generated based on weighted UniFrac (D), unweighted UniFrac (E), and
Bray-Curtis metrics (F) using QIIME. (G) The relative abundance of cecal microbiota at the phylum
level. Genera with statistically significant differences observed between groups are shown (H,I). The
genera representing relative abundances >5% (H) and 1% (I) in either group are shown. Results are
shown as the mean + SEM, n = 8. Statistical analysis was performed using an unpaired Student’s
t-test, * p < 0.05, related to experiment 1.
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3.3. Psyllium Supplementation Upregulates Antimicrobial Proteins, SPRR2A, and RELMP in a
Dose-Dependent Manner (Expt. 2)

To investigate the effects of different doses of psyllium fiber on the production of
SPRR2A and RELM§f, mice were fed diets containing psyllium at 2.5, 5, and 10% for
5 d (Supplementary File—Figure S1). Psyllium supplementation increased SPRR2A and
RELMp at the mRNA and protein levels in the jejunum in a dose-dependent manner
(Figure 3A-D), whereas the increases in SPRR2A and RELMf} expression were similar
with 2.5, 5, and 10% psyllium diets, except for RELMf3 protein expression in the ileum
(Figure 3E-H). The results also showed that the psyllium-induced increases in the mRNA
and the protein expression of SPRR2A and RLMMS in the jejunum were greater than
those in the ileum. In contrast, SPRR2A expression in the colon did not differ at either the
mRNA or protein level (Supplementary File—Figure S3A,C). The Retnlb mRNA expression,
but not its protein expression, in the colon of mice fed the 5 and 10% psyllium diets was
higher than that in the control mice (Supplementary File—Figure S3B,D). Based on the
observations mentioned above, we focused on the effects of psyllium in the mouse jejunum.
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Figure 3. Psyllium supplementation upregulates antimicrobial proteins, SPRR2A, and RELM§f in
mouse jejunum and ileum. Mice were fed diets with and without psyllium fiber (2.5, 5, and 10%)
for 5 d. Jejunal and ileal samples were subjected to qRT—PCR and immunoblotting. The mRNA
expression levels of Sprr2a (A,E) and Retnlb (C,G) levels were determined in the mouse jejunum
(A,C) and ileum (E,G) using qRT—PCR. The protein expression levels of SPRR2A (B,F) and RELM£
(D,H) were determined in the mouse jejunum (B,D) and ileum (F,H) by immunoblot analysis. Results
are shown as the mean + SEM; n = 6. Statistical analysis was performed using the Tukey—Kramer
post hoc test and Steel -Dwass test, * p < 0.05, related to experiment 2.
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3.4. Psyllium Fiber Sustains Upregulation of Antimicrobial Proteins for 15 d (Expt. 3)

To investigate whether the upregulation of antimicrobial proteins by psyllium fibers
was sustained longer than 5 d, the mice were fed 10% psyllium for 0, 5, 10, and 15 d
(Supplementary File—Figure S1). Consistent with previous observations, psyllium supple-
mentation for 5 d increased SPRR2A (p < 0.001) and RELMS (p < 0.001) at the mRNA and
protein levels in the jejunum (Supplementary File—Figure S4A-D). Significant increases
were also observed in the 10 and 15 d psyllium supplementation groups compared to the
control group. These results showed that the upregulation of SPRR2A and RELMS by
psyllium fibers is sustained for at least 15 d.

3.5. Psyllium Supplementation Increases Tuft Cell Proliferation via IL-13 Signaling (Expt. 2)

Given that previous studies demonstrated type II immunity via the tuft cell-ILC2
circuit was involved in the production of SPRR2A and RELM} the small intestine [12,33],
we examined whether psyllium supplementation affected tuft cell proliferation and the type
II immune response in the mouse jejunum. qRT-PCR analysis showed that the psyllium
supplementation dose-dependently increased the mRNA expression of tuft cell markers
(Pou2f3, Dclk1, and Gfilb); however, the increases in the 2.5 and 5% psyllium diets were not
statistically significant (Figure 4A-C). Sh2d6 and Tppp3 are markers of tuft-2 and tuft-1 cells,
respectively, in mouse small intestine [34]. Sh2d6 mRNA expression in the 10% psyllium
group was higher than that in the control group. However, there was no difference in Tppp3
mRNA expression among the groups, indicating the involvement of tuft-2 cells in psyllium-
mediated effects (Figure 4D,E). In addition, Spib mRNA encoding the SpiB transcription
factor, which plays a role in tuft-2 development, in the 10% psyllium group was higher
than that in the control group [34]. The number of DCLK1+ cells indicating tuft cells per
crypt in the 10% psyllium group was higher than that in the control group, as determined
by immunofluorescence staining (Figure 4G). Tuft cells are the primary source of IL-25 [35],
which induces IL13 secretion in ILC2 to promote STAT6 phosphorylation in the intestinal
epithelium [33]. Psyllium supplementation dose-dependently increased 1125 and 1113
mRNA expression in the small intestine, with significant increases in 5 and 10% psyllium
diets (Figure 4H,I). No difference was observed for the 114 or 1133 mRNA expression among
the groups (Figure 4] and Supplementary File—Figure S5). The phosphorylation of STAT6,
a transcription factor that regulates Sprr2A and Retnlb transcription, in the 5 and 10%
psyllium groups was higher than that in the control group (Figure 4K). These results
suggested that the production of antimicrobial proteins (SPRR2A and RELMf3) by psyllium
fibers is induced by the type II cytokine IL-13 via the tuft cell-ILC2 circuit.

3.6. ILC2 Is Involved in the Psyllium-Induced Antimicrobial Protein Production (Expt. 4)

To investigate the role of ILC2 in the psyllium-induced production of antimicrobial
proteins, an ILC2 inhibitor, disulfiram, was orally administered to mice in two doses
(Supplementary File—Figure S1). Consistent with previous observations, the mRNA and
protein expression of antimicrobial proteins, SPRR2A and RELM}3, in the mouse small
intestine was increased by the 5% psyllium diet (Figure 5A-F). Disulfiram administration at
low and high doses suppressed the psyllium-induced SPRR2A and RELMf3 expression. The
disulfiram administration also reduced the psyllium-induced upregulation of 1113 mRNA
and pSTAT6 protein expression (Figure 5G-I). These results indicated the involvement
of ILC2 in antimicrobial protein production by psyllium fibers. Similarly, the disulfiram
administration inhibited the psyllium-induced mRNA expression of tuft cell-associated
molecules Pou2f3 and 1125 (Figure 5]-L). These results suggested the presence of a positive
feedback loop from the type Il immune response to the tuft cells.
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Figure 4. Psyllium supplementation promotes tuft cell proliferation and the ILC2 immune response.

The mice were fed diets with and without psyllium fiber (2.5, 5, 10%) for 5 d, and the jejunal samples

were subjected to qRT-PCR, immunoblot, and immunofluorescence analyses. The mRNA expression
levels of Pou2f3 (A), Dclk1 (B), Gfilb (C), Sh2d6 (D), Tppp3 (E), Spib (F), 1125 (H), 1113 (I), and 14 (J) were
determined using qRT—PCR. A tuft cell marker, DCLKI, in the mouse jejunum was visualized

via immunofluorescence (scale bar: 200 um), and the number of DCLK1* tuft cells in a villus was

quantified (G). pSTAT6 protein expression in mouse jejunum was determined using immunoblot

analysis (K). Results are shown as the mean £ SEM; n = 6. Statistical analyses were performed using

the Tukey —Kramer post hoc test and unpaired Student’s t—test; * p < 0.05, related to experiment 2.
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Nutraceuticals 2024, 4

317

and 2.4 mg/g body weight 2 d before the start of the test diets. The jejunal samples were subjected
to gqRT—PCR, immunoblot, and immunofluorescence analyses. The mRNA expression levels of
Sprr2a (A), Retnlb (D), Pou2f3 (G), 1125 (H), and 1I13 (J) in the mouse jejunum were determined using
qRT-PCR analysis. The protein expression levels of SPRR2A (B), RELMf (E), and pSTAT6 (K) were
determined by immunoblot analysis. The expression of SPRR2A (C), RELMp (F), DCLK1 (I), and
pSTAT6 (L) was visualized using immunofluorescent analysis (scale bar: 200 um). Results are shown
as the mean + SEM; n = 7. Statistical analysis was performed using the Tukey—Kramer post hoc test,
* p < 0.05, related to experiment 4.

3.7. Bitter Taste Receptors of Tuft Cells Are Involved in Psyllium-Induced Antimicrobial Protein
Production (Expt. 5)

Bitter taste receptors expressed in tuft cells are involved in the activation of tuft cell-
ILC2 circuits to induce antimicrobial protein production in the mouse small intestine [21].
To investigate whether bitter taste receptors are involved in psyllium-mediated SPRR2A and
RELMJ} expression, mice were simultaneously administered three blockers of bitter taste
receptors (probenecid, 6-methoxyflavanone, and y-aminobutyric acid) in two doses. As
observed in previous findings, the protein and mRNA expression of SPRR2A and RELMf3
was upregulated by the 5% psyllium diets. However, this upregulation was suppressed by
the administration of bitter taste receptor blockers at high doses (Figure 6A-F). Similarly,
the administration of blockers at high doses reduced psyllium-induced Pou2f3 mRNA, 1113
mRNA, and pSTAT6 protein expression (Figure 6G-L). These results suggested that the
bitter taste receptors expressed in tuft cells play a role in sensing luminal psyllium fibers to
induce SPRR2A and RELMf} expression.
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Figure 6. Bitter taste receptors are involved in the psyllium-induced antimicrobial protein expression.
The mice were fed control and 5% psyllium diets with and without bitter taste receptor blocker
cocktail (0.25 and 0.5%) for 5 d. The jejunal samples were subjected to qRT—PCR, immunoblot, and
immunofluorescence analyses. The mRNA expression levels of Sprr2a (A), Retnlb (D), Pou2f3 (G),
1125 (H), and 1113 (J) in the mouse jejunum were determined using qRT-PCR analysis. The protein
expression levels of SPRR2A (B), RELMf (E), and pSTAT6 (K) were determined using immunoblot
analysis. The expression of SPRR2A (C), RELMp (F), DCLK1 (I), and pSTAT6 (L) was visualized
using immunofluorescent analysis (Scale bar: 200 pum). Results are shown as the mean + SEM;
n = 7. Statistical analysis was performed using the Tukey —Kramer post hoc test, * p < 0.05, related to
experiment 5.
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4. Discussion

Although the physiological effects of dietary fibers are often exerted through metabolism
by the intestinal microbiota, the direct interaction of dietary fibers with intestinal cells also
regulates intestinal functions [4,36]. This study demonstrated that the supplemental feeding
of psyllium fiber upregulates antimicrobial proteins including SPRR2A and RELM} in the
small intestine of the mouse, an area where microbial activity is relatively lower than that
in the colon. Our results suggested that the psyllium-mediated effect is involved in type II
immunity through the tuft cell-ILC2 circuit. Bitter taste receptors expressed in tuft cells likely
sense luminal psyllium fibers, eliciting an intestinal response. Recently, the regulation of
type Il immunity by helminths has been proposed as a therapeutic option for some immune
disorders such as inflammatory bowel diseases; however, the prolonged helminth infection
can cause complications [37]. In addition, the intestinal barrier and microbiota are involved
in the pathogenesis of not only intestinal diseases but also extraintestinal diseases such as
obesity and diabetes [38]. Accordingly, the psyllium fiber can be used as a supplement to
formulate functional foods in different packaging and may lead to the development of safe,
effective, and novel therapeutic approaches for these disorders.

Psyllium supplementation increases the production of SPRR2A and RELM§ in the
small intestine, indicating that psyllium fiber directly stimulates the intestinal epithelial
cells in a microbiota-independent manner. Antimicrobial proteins that rapidly kill or inacti-
vate microorganisms are among the most evolutionarily ancient immune defense mecha-
nisms [39]. The upregulation of antimicrobial proteins can reduce bacterial infections and
alter the intestinal microbiota composition. Psyllium supplementation drastically altered
cecal microflora composition in mice. Each antimicrobial protein has a specific antibacte-
rial spectrum. SPRR2A and RELM§ selectively kill Gram-positive and -negative bacteria,
respectively [13,14]. Hu et al. demonstrated that SPRR2A-deficient mice exhibited in-
creased levels of Gram-positive bacteria in the small intestinal lumen and mucus layer [13],
and were more susceptible to infection by Listeria monocytogenes, a pathogenic Gram-
positive bacterium. In contrast, RELMf3-deficient mice showed an increase in the entry of
Gram-negative commensal bacteria, including Proteobacteria, into the colon’s inner mucus
layer [14]. Upon infection by Citrobacter rodentium, the colonic tissue-associated bacteria
in RELMf3-deficient mice were higher than that in wild-type mice. This evidence suggested
that the psyllium-mediated production of antimicrobial proteins such as SPRR2A and
RELMQ reduces the susceptibility to bacterial infection in both physiological and patholog-
ical conditions. However, the effect of psyllium fiber on cecal microbiota composition was
complex, possibly due to the upregulation of other antimicrobial proteins, not just SPRR2A
and RELM. For example, psyllium supplementation increased Muribaculaceae and de-
creased Bacteroides, although both belong to Gram-negative genera. In the Gram-positive
genera, psyllium fiber supplementation decreased several genera, whereas some genera,
such as Enterococcus, Marvinbryantia, and [Eubacterium]_coprostanoligenes_group in-
creased. Further research is required to determine the physiological and pathological
implications of the psyllium-mediated regulation of the intestinal microbiota.

Our results showed that the psyllium-mediated upregulation of SPRR2A and RELMf3
is involved in the type II immune response via the tuft cell-ILC2 circuit. Tuft cells are
the primary source of IL-25 in the intestine, rapidly producing IL-25 to initiate the type
II immune response during helminth infections [18]. The tuft cell-derived IL-25 activates
ILC2 to induce the IL-13 production [17], consequently stimulating Paneth and goblet cells
to produce the antimicrobial proteins such as SPRR2A and RELM}} via the phosphorylation
of a transcription factor, STAT6 [17,40]. In our study, psyllium supplementation increased
the levels of type Il immunity-related molecules such as IL-25 and IL-13 and antimicro-
bial proteins. In addition, an ILC2 inhibitor, disulfiram, reduced the psyllium-mediated
upregulation of SPRR2A, RELM(3, STAT6 phosphorylation, IL-25, and IL-13.

The administration of bitter taste receptor blockers (probenecid, 6-methoxyflavanone,
and y-aminobutyric acid) reduced the psyllium-mediated upregulation of SPRR2A and
RELM} in mice, suggesting that the bitter taste receptors expressed in tuft cells are involved
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in sensing the luminal psyllium fiber. Tuft cells express several GPCRs, including bitter
taste receptors (T2Rs) [41]. Luo et al. demonstrated that T2R detects parasitic helminths,
initiating type Il immunity [21]. In mice, there are at least 35 Tas2r genes, and the blockers
used in the study (probenecid, 6-methoxyflavanone, and y-aminobutyric acid) inhibit eight
T2Rs viz., T2R1, 4, 7, 14, 16, 38, 39, and 47 [25-28], suggesting that tuft cells sense the
luminal psyllium fiber via one or several of these TR2s, whereas succinate produced by
helminth has been reported to activate the type Il immunity through the succinate receptor
(Sucnrl) of tuft cells [41]. However, our previous study demonstrated that supplemental
psyllium fiber did not influence the succinate production in the mouse cecum [6]. A recent
single-cell RNA sequencing analysis has categorized intestinal tuft cells into two subsets:
tuft-1 and tuft-2. Tuft-2 cells are specified by Sh2d6 expression and three transcription
factors: Pou2f3, Gfilb, and Spib, which play a role in the development of tuft-2 cells [34].
Psyllium supplementation increased these tuft-2 cell-related molecules, and not the tuft-1
cell marker Tppp3. This suggested that tuft-2 cells sense luminal psyllium as a chemosensor
to mediate type II immune responses and the production of antimicrobial proteins in
the small intestine. Similarly, ref. [34] demonstrated that tuft-2 cells sense the bacterial
metabolite, N-undecanoyl glycine, via another GPCR, Vmn2r26, to exert antimicrobial
immunity.

Although this study revealed some mechanisms underlying psyllium fiber-induced
antimicrobial proteins in the small intestine, some limitations are to be addressed in future
studies. First, this study was conducted exclusively in mice, necessitating the investigation
of psyllium-mediated effects in humans. Second, the specific bitter taste receptors that sense
psyllium fibers remain unclear, and understanding the molecular interactions between
psyllium fibers and these receptors is essential.

5. Conclusions

The supplemental feeding of psyllium fibers upregulates antimicrobial protein pro-
duction in the small intestine of mice. Intestinal tuft-2 cells may sense luminal psyllium
fibers via bitter taste receptors and secrete IL-25. The tuft-2 cell-derived IL-25 stimulates
the ILC2 to produce the IL-13, which consequently induces the production of antimicrobial
proteins such as SPRR2A and RELMf} in Paneth and goblet cells. Intestinal antimicrobial
proteins exhibit broad-spectrum and high-efficiency antibacterial activities and are potent
and versatile effector molecules in the innate immune system. Psyllium-mediated antimi-
crobial proteins may help prevent bacterial infections and influence intestinal microbiota.
Although further studies should address some limitations such as translating the results
from mice to humans and identifying the bitter taste receptor for psyllium fibers, our
findings highlight the role of dietary fibers in regulating intestinal homeostasis.
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