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ABSTRACT

A Western diet comprising high fat, high carbohydrate, and low fiber content has been suggested
to contribute to an increased prevalence of colitis. To clarify the effect of dietary cellulose (an
insoluble fiber) on gut homeostasis, for 3 months mice were fed a high-cellulose diet (HCD) or
a low-cellulose diet (LCD) based on the AIN-93G formulation. Histologic evaluation showed crypt
atrophy and goblet cell depletion in the colons of LCD-fed mice. RNA-sequencing analysis showed
a higher expression of genes associated with immune system processes, especially those of
chemokines and their receptors, in the colon tissues of LCD-fed mice than in those of HCD-fed
mice. The HCD was protective against dextran sodium sulfate-induced colitis in mice, while LCD
exacerbated gut inflammation; however, the depletion of gut microbiota by antibiotic treatment
diminished both beneficial and non-benéeficial effects of the HCD and LCD on colitis, respectively.
A comparative analysis of the cecal contents of mice fed the HCD or the LCD showed that the LCD
did not influence the diversity of gut microbiota, but it resulted in a higher and lower abundance
of Oscillibacter and Akkermansia organisms, respectively. Additionally, linoleic acid, nicotinate, and
nicotinamide pathways were most affected by cellulose intake, while the levels of short-chain fatty
acids were comparable in HCD- and LCD-fed mice. Finally, oral administration of Akkermansia
muciniphila to LCD-fed mice elevated crypt length, increased goblet cells, and ameliorated colitis.
These results suggest that dietary cellulose plays a beneficial role in maintaining gut homeostasis
through the alteration of gut microbiota and metabolites.
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Introduction from fruits and vegetables and risk of Crohn’s

Diet may have a role in the modulation of microbiota,
metabolome, and gut immunity and consequently
colitis.' Epidemiologic and basic researchers have
identified the Western diet, which is characterized by
high fat, high carbohydrate, and low fiber content, as
a risk factor for colitis.>* Based on these studies, diet-
ary education is usually recommended for colitis
patients, and the exclusion of Western diet by exclu-
sive enteral nutrition has been used to induce remis-
sion in pediatric colitis patients."”

Among dietary factors, a low-fiber diet has been
widely accepted as a possible risk factor for colitis.
Several epidemiologic studies have reported
a negative association between dietary fiber intake

disease.*” Diet with a high consumption of sugar and
soft drinks and low consumption of vegetables was
associated with risk of ulcerative colitis.” Dietary
fiber, which includes polysaccharides that are not
digested by host enzymes, acts as an important sub-
strate to the microbiota and is known to have an
impact on the community of microbiota and host
immunity.” Dietary fiber deprivation in mice leads to
the alteration of mucus-eroding microbiota, mucus
layer depletion, disruption of the intestinal barrier,
and lethal colitis.®

Dietary fibers are classified as fermentable (i.e., solu-
ble) and non-fermentable (i.e., insoluble) according to
their fermentability.” The beneficial roles of

CONTACT Mi-Na Kweon @ mnkweon@amc.seoul.kr @ Mucosal Immunology Laboratory, Department of Convergence Medicine, University of Ulsan

College of Medicine/Asan Medical Center, Seoul, Republic of Korea
*These authors contributed equally to this work.

Supplemental data for this article can be accessed on the publisher's website.

© 2020 The Author(s). Published with license by Taylor & Francis Group, LLC

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-
nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.


http://orcid.org/0000-0003-2916-2524
https://doi.org/10.1080/19490976.2020.1730149
https://crossmark.crossref.org/dialog/?doi=10.1080/19490976.2020.1730149&domain=pdf&date_stamp=2020-06-23

fermentable fibers and their mechanisms have been
well studied. Particularly, short-chain fatty acids
(SCFAs), such as acetate, butyrate, and propionate,
which are the main products fermented from soluble
fiber by commensal bacteria, are thought to play
a pivotal role in the maintenance of intestinal
health.'® SCFAs can modulate the homeostasis of reg-
ulatory T (Treg) cells, plasma B cell differentiation, and
antibody production.'"'* Previous studies found that
butyrate plays an important role in mammalian phy-
siology, including serving as an energy source for gut
epithelia and Treg generation."'* In addition, acetate
can protect hosts from enteropathogenic infection.'”
Despite numerous studies on the influence of solu-
ble fiber on health-associated issues, the effects of
insoluble fiber have been poorly studied. Cellulose is
an insoluble fiber that is resistant to mammalian
enzyme'® and poorly fermented by the gut bacteria
of non-ruminant mammals.'” Cellulose supplementa-
tion alters the composition of gut microbiota and
protects against dextran sodium sulfate (DSS)-
induced colitis."® Non-fermentable fiber ameliorates
central nervous system-specific autoimmune disease
via an increase in the abundance of long-chain fatty
acids and the activation of mucosal and systemic Th2
immune responses.”” Although little cellulose is fer-
mented by mammalian gut microbiota, its consump-
tion contributes to a change in gut microbiota
composition and some physiologic effects. However,
the underlying mechanism of how insoluble fiber
regulates gut homeostasis remains poorly understood.
We investigated the specific role of dietary inso-
luble fiber on maintenance of gut homeostasis.
Under a steady-state condition, a low-cellulose diet
(LCD) resulted in crypt atrophy, goblet cell deple-
tion, and up-regulation of pro-inflammatory genes
in the colon. Accordingly, LCD-fed mice were more
susceptible to DSS-induced colitis, while a high-
cellulose diet (HCD) was protective against colitis.
Notably, HCD-fed mice showed expansion of sym-
biotic Akkermansia and altered lipid metabolite pro-
files, although no significant changes in SCFA levels
were apparent. We further observed that adminis-
tration of A. muciniphila reversed the crypt short-
ening, goblet cell depletion, and susceptibility to
colitis caused by LCD consumption. These results
indicate that dietary cellulose is associated with the
maintenance of gut homeostasis via the expansion of
symbiont and related beneficial metabolites.
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Material and methods
Ethics statement

All animal experiments were approved by the
Institutional Animal Care and Use Committee of
Asan Institute for Life Sciences (Approval No.
2017-12-107) and studies were conducted in
accordance with the approved guidelines and reg-
ulations. All experiments were performed under
anesthesia with a mixture of ketamine (100 mg/
kg) and xylazine (20 mg/kg).

Mice and diet

Six- to eight-week-old C57BL/6 (B6) female mice
were purchased from Charles River Laboratories
(OrientBio). All mice were maintained under spe-
cific pathogen-free (SPF) conditions and each cage
contained 3-5 mice. Mice were fed a normal chow
diet (NCD) (6.0% crude fiber [Purina 5057],
Purina), LCD (0.3% cellulose in AIN-93G,
DooYeol Biotech), or HCD (30.0% cellulose in
AIN-93G, DooYeol Biotech) (Figure S1).

Preparation of cells from the colon lamina
propria and flow cytometry analysis

As described previously,”® cells were isolated from
colon lamina propria with 0.5 mg/mL collagenase
D and 100 pg/ml DNasel (both Sigma Aldrich). The
harvested cells were stimulated with PMA (50 ng/mL,
Sigma Aldrich) and ionomycin (1 pg/ml, Sigma
Aldrich) in the presence of Golgiplug (BD
Biosciences) for 4 h at 37°C. Cells were incubated
with purified anti-mouse CD16/32 antibody (BD
Biosciences), followed by staining with surface mar-
kers and the Live/Dead Cell Stain kit (Thermo Fisher).
Fixation and permeabilization were performed with
intracellular cytokine staining kit (BD Biosciences).
The following antibodies purchased from BD
Biosciences or eBioscience (San Diego, CA) were
used for analysis: anti-CD45 (30-F11), anti-CD4
(RM4-5), anti-TNF-a (MP6-XT22), anti-IFN-y
(XMG1.2), and anti-Foxp3 (FJK-16s). Cell acquisition
was conducted with a BD Biosciences FACSCanto II
flow cytometer and data were analyzed with FlowJo
software (Tree Star).
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Histologic analysis

Colon was prepared wusing the Swiss-roll
technique.”’ In brief, entire colons were opened
longitudinally and washed with PBS. Colon tissues
were then fixed in 4% paraformaldehyde (PFA)
and rolled on a toothpick over the full length of
the colon. After fixation in 4% PFA, colons were
embedded in paraffin and stained with hematox-
ylin-eosin (H&E) or Periodic acid-Schiff (PAS).
Crypt depth was measured using Image] 1.48
open source software (https://imagej.nih.gov/ij/).

Zinc colorimetric assay

PBS was added in freeze-dried cecal contents
(cecal contents:PBS = 1:10). The mixture was cen-
triftuged at 14,000 rpm for 10 min and supernatant
was collected. Zinc concentration was measured
using a zinc colorimetric assay kit (Biovision).

Induction of DSS colitis

Mice were administered drinking water containing
2.5% DSS (w/v) (molecular weight 36,000-50,000;
MP Biomedicals) ad libitum for 7 days, followed by
drinking water only for 1 day. Weight loss, rectal
bleeding, and stool consistency were monitored
daily. The disease activity index (DAI) was calcu-
lated based on the following parameters: weight loss
(0, none; 1, 1 ~ 5%; 2, 5 ~ 10%; 3, 10 ~ 20%; 4,
>20%), stool consistency (0, normal; 2, loose; 4,
diarrhea), and gross bleeding (0, absent; 2, blood-
tinged; 4, present).”> The DAI was the average of the
scores across the three parameters. Histopathologic
analysis of H&E-stained tissue sections was per-
formed by pathologists blinded to the test condi-
tions as described previously.”” The colonic mucin
score was evaluated as previously described.”” The
mucin scores (0, no mucin; 0.5, half loss of mucin;
and 1, full mucin content) were multiplied by the
percentage of tissue involvement.

Real-time PCR

RNA was isolated from colon tissues using an RNeasy
Mini kit (Qiagen). cDNA was synthesized with total
RNA (1 pg) by SuperScriptll Reverse Transcriptase
and oligo (dT) primer (all from Thermo Fisher). The

products were used as a template for real-time PCR
using SYBR Green qPCR Master Mix (Affymetrix)
and primers with the following sequences: MtI, 5'-
TCACCAGATCTCGGAATGG-3" and 5-AAGAA
CCGGAATGAATCGC-3'; Mt2, 5'-GCTGCATCTG
CAAAGAGGCTT-3" and 5'- TGGAGAACGAGTC
AGGGTTGTA-3'; B-actin, 5- TGGAATCCTGTGG
CATCCATGAAAC-3" and 5- TAAAACGCAGCTC
AGTAACAGTCCG-3'. For detection of bacterial 16s
rDNA, fecal bacterial DNA from 200 mg of feces and
genomic DNA from a known amount of
A. muciniphila (BAA-835, ATCC) were extracted by
using DNA Stool Mini Kit (Qiagen). Ten-fold serial
dilutions of A. muciniphila DNA were used for stan-
dard curve generation to quantify bacteria. Real-time
PCRs were performed using 1 ul of DNA extract,
SYBR Green qPCR Master Mix (Affymetrix), and
primers with the following sequences: Universal bac-
teria 16S rDNA, 5-ACTCCTACGGGAGGCAGCAG
-3"and 5-ATTACCGCGGCTGCTGG-3'; A. mucini-
phila 16S rDNA, 5- CAGCACGTGAAG
GTGGGGAC-3' and 5-CCTTGCGGTTGGCTT
CAGAT-3". The 16S rDNA copy numbers for fecal
samples were calculated by interpolating Cr values in
the standard curve.

Antibiotic treatment

Eight-week-old mice were treated with a mixture of
vancomycin (10 mg/L), neomycin (30 mg/L), metro-
nidazole (50 mg/L), and ampicillin (50 mg/L) in
normal drinking water for 2 months.

Oral feeding of Akkermansia muciniphila

A. muciniphila (BAA-835, ATCC) were cultured on
brain heart infusion medium (BD Biosciences) sup-
plemented with 0.4% mucin (Sigma-Aldrich) and
anaerobically incubated using the GasPak 100 system
(BD Biosciences) at 37°C. Cultures were concentrated,
suspended in anaerobic PBS, and administered to
mice (8 x 10° CFU per dose) every day for 4 weeks
by oral Zonde needle (Fuchigami).

RNA-seq analysis

RNA was isolated from colon tissues using
a mirVana miRNA isolation kit (Thermo Fisher).
A library was prepared with 1 pg of total RNA for


https://imagej.nih.gov/ij/

each sample using the TruSeq mRNA sample prep
kit (Illumina). PolyA-selected RNA extraction,
RNA fragmentation, random hexamer-primed
reverse transcription, and 100-nt paired-end
sequencing were performed using the HiSeq4000
platform (Illumina). The libraries were quantified
using qPCR in accordance with the qPCR
Quantification Protocol Guide (KAPA Library
Quantification kits) and qualified using the 2100
Bioanalyzer (Agilent Technologies). RNA-seq
experiments and statistical analysis were con-
ducted by Macrogen, Inc. We pre-processed the
raw reads from the sequencer to remove low qual-
ity and adapter sequence before analysis and
aligned the processed reads to the Mus musculus
(mm10) using HISAT v2.0.5. In total, there were
24,532 transcripts, and 16,172 genes were left after
pre-processing. After alignment, StringTie v1.3.3b
was used to assemble aligned reads into transcripts
and to estimate their abundance. Filtered data
were log,-transformed and subjected to quantile
normalization. Statistical significance of the differ-
ential expression data was determined using inde-
pendent t-test and fold change >2 in which the
null hypothesis was that no difference exists
among groups. All data analysis and visualization
of differentially expressed genes were conducted
using R 3.3.2 software (www.r-project.org). Gene-
enrichment, functional annotation analysis, and
pathway analysis for significant gene list were per-
formed based on Gene Ontology and KEGG
pathway.

Bacterial 16S rDNA sequencing

DNA was extracted from feces using QIAamp DNA
stool mini kits (Qiagen). PCR amplification was
performed using primers targeting the segment
from V3 to V4 regions of the 16S rRNA gene with
extracted DNA. For the bacterial amplifications, we
used barcoded primers of 341F and 805R. The
amplified products were purified by CleanPCR
(CleanNA). Equal concentrations of purified pro-
ducts were pooled and short fragments (non-target
products) were removed using CleanPCR. The qual-
ity and product size were assessed using
a Bioanalyzer 2100 (Agilent) with a DNA 7500
chip. Mixed amplicons were sequenced at Chunlab,
Inc., with the Illumina MiSeq sequencing system.
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Microbiome data analysis pipeline

Processing raw reads started with quality check
and filtering of low quality (< Q25) reads by
Trimmomatic version 0.32 software. Nonspecific
amplicons that do not encode 16S rRNA were
detected by nhmmer in HMMER (software pack-
age ver. 3.2.1 with hmm profiles). Unique reads
were extracted and redundant reads were clustered
with the unique reads by derep_full-length com-
mand of VSEARCH. The EzBioCloud 16SrRNA
database was used for taxonomic assignment
using usearch_global command of VSEARCH fol-
lowed by more precise pairwise alignment.
Chimeric reads were filtered on reads with <97%
similarity by reference-based chimeric detection
using UCHIME algorithm and the non-chimeric
16S rRNA database from EzBioCloud. After chi-
meric filtering, reads that were not identified to
the species level (with <97% similarity) in the
EzBioCloud database were compiled and cluster
fast command was used to perform de-novo clus-
tering to generate additional operational taxo-
nomic units (OTUs). Finally, OTUs with single
reads (singletons) were omitted from further ana-
lysis. The secondary analysis that includes diversity
calculation and biomarker discovery was con-
ducted by in-house programs of Chunlab, Inc.
A taxonomic cladogram was generated using
LEfSe with a logarithmic LDA score threshold of
2. All sequences are publicly available at NCBI
(BioProject ID PRJNA592599).

Global metabolome profiling

Metabolites were extracted from cecal contents using
conventional liquid extraction procedures.”** In
brief, 3—4 volumes of chloroform/methanol (2/1, v/v)
were added to freeze-dried cecal contents and then
centrifuged for 15 min. Nonpolar metabolites contain-
ing lipids were collected from the lower organic phase,
and polar metabolites were collected in the upper
aqueous phase. The LC-MS was equipped with
Ultimate3000 (Dionex) and OrbitrapXL (Thermo
Fisher). A reverse phase column (Pursuit 5;
150 x 20 mm) and HILIC (HILIC Plus;
100 x 2.1 mm) were used for nonpolar and polar
metabolites, respectively. LC-MS analysis was con-
ducted for each sample solution in positive and
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negative ion modes. Metabolite features, including m/
z and retention time values, were determined using
Sieve 2.2. We chose 189 metabolite features showing
statistically significant changes (fold change >2 and
p-value <0.05 from Mann-Whitney U test). These
were identified using the METLIN database with
mass accuracy of 10 ppm. Statistical analyses, includ-
ing principal component analysis (PCA) and heatmap,
were conducted using MetaboAnalyst 3.0. All of the
metabolomics data are publicly available at
Metabolomics Workbench (Project ID: PR000878).

Statistical analysis

We used Prism software (GraphPad) for the sta-
tistical analysis. Significant differences between
two groups were analyzed by two-tailed unpaired
t-test. Multiple groups were analyzed by one- or
two-way ANOVA tests followed by Bonferroni’s
post hoc test (¥, P < .05; **, P < .01).

Results

Long-term LCD intake causes crypt atrophy,
goblet cell depletion, and upregulation of
pro-inflammatory genes in the colon under a
steady-state condition

To evaluate the effect of dietary cellulose on gut
homeostasis, mice were fed an LCD or HCD based
on AIN-93G for 3 months. The HCD contained
300 g/kg of cellulose (an insoluble fiber), which
was 100 times higher than the amount of cellulose
in the LCD (Figure S1). We observed higher body
weight in LCD-fed mice (Figure 1a), which could
be attributed to differences in energy content (i.e.,
LCD and HCD have 4.13 and 2.96 kcal/g of diet,
respectively). As reported previously,”® HCD-fed
mice exhibited longer colon length than LCD-fed
mice (Figure 1b). Histological analysis revealed
that the number and height of crypts in the distal
colon were lower in LCD-fed mice than in HCD-
fed mice (Figure 1c). In contrast to the previous
study that demonstrated no effect of cellulose on
goblet cell numbers in the jejunum,”” in our study
LCD-fed mice showed depletion of goblet cells in
the colon (Figure 1c). Additionally, CD4" T cells
from colon tissues of LCD-fed mice secreted
higher levels of pro-inflammatory cytokines, such

as IFN-y and TNF-aq, than those of HCD-fed mice
(Figure 1d), while the number of Foxp3" regula-
tory T cells from the colon was identical in mice
fed with either an LCD or HCD (data not shown).
We further analyzed gene expression patterns in
the colon tissues of LCD- and HCD-fed mice by
RNA sequencing. Among 47 genes with a > 2-fold
change in expression levels, genes related to
immunological and metabolic processes were clas-
sified by Gene Ontology categories and KEGG
pathway analysis (Figure le); gene networks were
predicted using Ingenuity Pathway Analysis (IPA)
software (Figure S2). The gene expression levels of
chemokines and their receptors, such as CxclI3,
Ccl20, Cxcr5, and Ccl5, were higher in the colonic
tissues of LCD-fed mice than in those of HCD-fed
mice (Figure le). Several genes associated with
histocompatibility class II (i.e., H2-Ob, H2-M2,
and H2Aa) and with B cell activation and survival
(Cr2, Fcer2a, and Cd37)***° were highly expressed
in the colons of LCD-fed mice. We found that
Pla2g2d (phospholipase A2), which has been
implicated in the promotion of inflammation by
modulating pro-inflammatory lipid mediators,”’
was predominantly expressed in the colons of
LCD-fed mice. In contrast, genes associated with
metabolic processes such as Mt1/2 (metallothio-
nein), known as the regulator of zinc
metabolism,>* and Carl (carbonic anhydrase),
a zinc-dependent enzyme,” were down-regulated
in colon tissues of LCD-fed mice compared with
those of HCD-fed mice (Figure le,f). To directly
address the positive correlation of Mt and zinc, we
measured zinc concentration in cecal contents. We
found higher levels of zinc in HCD-fed mice than
in LCD-fed mice (Figure 1g), suggesting that cel-
lulose intake could affect zinc metabolism. These
results indicate that LCD consumption causes
crypt atrophy, goblet cell loss, increase of pro-
inflammatory genes, and altered zinc metabolism
in the steady-state condition.

Dietary cellulose protected mice against
DSS-induced colitis

In order to determine the effect of dietary cellulose on
DSS-induced colitis, after being fed HCD, LCD, or
NCD for 8 weeks, mice were given DSS for 7 days
(Figure 2a). LCD-fed mice exhibited severe body
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proximal and distal colon (n = 3/group). (d) IFN-y- and TNF-a-producing T cells in lamina propria of mouse colons analyzed by FACS
(n = 3/group). (e) Heat map of differentially expressed genes in mouse colon tissue by RNA sequencing analysis (n = 3/group).
Among 47 significantly changed genes (P < .05, fold change >2.0), those associated with the immunologic and metabolic processes
are listed. (f) mRNA expression levels of Mt7 and Mt2 in colon (n = 5/group). (g) Zinc concentrations in freeze-dried cecal contents
measured by colorimetric assay (n = 5/group). Data are representative of three independent experiments and shown as mean +
SEM. Statistical analyses were conducted using Student's t-test or two-way ANOVA with Bonferroni's post-hoc test. *P < .05;
**p < .01.
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weight loss from an early time point after DSS treat-
ment compared with mice fed the NCD or HCD
(Figure 2b). As expected, the LCD-fed mice had sig-
nificantly higher DAI and shorter colon length than
the NCD- and HCD-fed mice (Figure 2c,d).
Histopathologic analysis using H&E and PAS staining
revealed that the entire colon epithelium was damaged
in the LCD-fed mice, while inflammation was limited
to the middle and distal regions of the colon in NCD-
fed mice (Figure 2e-g). Most importantly, HCD-fed
mice showed high resistance to DSS-induced colitis
(Figure 2e-g), consistent with previous studies.'®>*
These results indicate the beneficial role of cellulose,
an insoluble fiber, on the control of gut inflammation.

Antibiotic treatment diminished the beneficial
effects of dietary cellulose on colitis

Cellulose consumption reportedly changes the
composition of gut microbiota.'®'” For the direct
examination of the role of gut microbiota, mice
were fed an HCD or LCD, along with ad libitum
access to antibiotics in drinking water for 8 weeks,
and subsequently treated with DSS (Figure 3a). In
the steady state, LCD-fed mice receiving antibio-
tics had increased crypt length and goblet cell
numbers in the distal colon compared to LCD-
fed mice without antibiotics (Figure S3a-S3d). In
contrast, goblet cell numbers in the proximal colon
were markedly reduced in HCD-fed mice receiving
antibiotics compared to HCD-fed mice without
antibiotics (Figure S3e). These results indicate
that dietary cellulose may affect gut barrier func-
tion by influencing changes in gut microbiota. In
the colitis condition, HCD-fed mice with micro-
biota depletion had significant body weight loss,
increased DAI, and shortened colon length com-
pared to mice fed HCD alone (Figure 3b-d).
Interestingly, mice fed LCD plus antibiotics
showed significantly decreased DAI and restored
colon length compared to mice fed LCD alone
(Figure 3c,d). According to histology and patholo-
gic scores, mice fed HCD plus antibiotics exhibited
more extensive areas of mucosal crypt loss and
infiltration of inflammatory cells than mice fed
HCD alone (Figure 3e,f). Taken together, these
results suggest that gut microbiota composition is
a key factor in the maintenance of gut homeostasis
by dietary cellulose.
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Cellulose intake changed the gut microbiota
landscape

In order to determine which gut microbiota are
involved in the beneficial effects of an HCD, we
performed metagenomic analysis of feces from
mice fed LCD and HCD for 3 months. The phy-
lum Bacteroidetes was prevalent in approximately
50% and 40% of LCD- and HCD-fed mice, respec-
tively (Figure 4a and S4a). Bacteroides was the
predominant genus among both LCD- and HCD-
fed mice. Of note, the relative abundance of the
genus Akkermansia was higher in HCD-fed mice
than in LCD-fed mice (32.7 * 4.8% vs.
14.6 + 1.9%, Figure 4a), and HCD-fed mice had
higher levels of Akkermansia even after feeding for
1 month (38.6 £ 7.6% vs. 19.2 + 6.4%, Figure S4a).
The species level of Akkermansia showed 99%
similarity to A. muciniphila by metagenome data
(data not shown), which was confirmed by the
species-specific primer (Figure S4b). The results
of OTUs and the Shannon index showed compar-
able richness and diversity of microbiota in LCD-
fed and HCD-fed mice (Figure 4b and S4c). PCA
revealed a clear segregation between the gut
microbiota compositions of LCD- and HCD-fed
mice after 1 and 3 months of feeding (Figure 4c).
Of note, the abundance of Bacteroides in the phy-
lum Bacteroidetes and Pseudoflavonifractor and
Oscillibacter in the phylum Firmicutes was elevated
in LCD-fed mice compared to those in HCD-fed
mice (Figure 4d). In addition, Akkermansia in the
phylum Verrucomicrobia; Parabacteroides in the
phylum  Bacteroidetes;  and  Lactobacillus,
Clostridium, Eisenbergiella, Marvinnbryantia, and
Romboutsia in the phylum Firmicutes were more
abundant in HCD-fed mice than in LCD-fed mice
(Figure 4d). Taken together, these results show
that although high-cellulose intake did not sub-
stantially influence the diversity of microbiota, it
did cause an alteration in gut microbiota
composition.

Metabolic profiles were altered by dietary
cellulose

We subsequently tried to characterize microbiota-
derived metabolites in both LCD- and HCD-fed
mice. Because previous studies suggested that
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intake of insoluble fiber such as cellulose did not
alter the levels of SCFAs,” we first determined the
levels of SCFA in mouse cecal contents. As
expected, dietary cellulose did not alter the
SCFAs (i.e., acetate, propionate, and butyrate)
secretion (Figure 5a). To investigate the effects of
dietary cellulose on other metabolite profiles, we
examined metabolites in the cecal contents in
a non-targeted manner. Among annotated meta-
bolites, 83 were significantly different between
LCD- and HCD-fed mice (fold change 22,
P < .05) (data not shown). The PCA plot showed
a clear segregation between LCD- and HCD-fed
mice (Figure 5b). Of note, saturated fatty acid (i.e.,
palmitic, 4-keto myristic, eicosanedioic, and stea-
ric), unsaturated fatty acid (i.e., docosatetraenoic
and linoleic), and ceramide levels were higher in
the cecal contents of LCD-fed mice than in those
of HCD-fed mice (Figure 5¢). Furthermore, higher
levels of a primary bile acid (chenodeoxycholic),
glycerophospholipid (choline), and vitamin D3
and D4 derivatives were found in the cecal con-
tents of LCD-fed mice than in those of HCD-fed
mice (Figure 5¢). In contrast, levels of docosatrie-
noic acid, oleic acid, and vitamin B3 were lower in
LCD-fed mice than in HCD-fed mice (Figure 5c).
The metabolic pathways affected by dietary cellu-
lose were identified with MetaboAnalyst 4.0 soft-
ware. Forty-four metabolites were identified
among 83 metabolites, and the most influenced
metabolic pathway was determined (ie., those
with impact values >0.05) (Figure 5d). The linoleic
acid, nicotinate and nicotinamide, glyceropho-
spholipid, glutathione, and sphingolipid metabolic
pathways were altered by cellulose intake.

Administration of Akkermansia muciniphila
ameliorated gut inflammation in ICD-fed mice

We observed that dietary cellulose contributes to an
increased abundance of Akkermansia symbionts,
which are known to elevate goblet cell numbers and
mucus production.’®” Moreover, antibiotic treat-
ment of HCD-fed mice worsened colitis and had
a positive association with decreased levels of
A. muciniphila (Figure S4d). We therefore hypothe-
sized that administration of A. muciniphila to LCD-

fed mice would restore dysregulated intestinal barrier
function and reduce colitis susceptibility. Thus, begin-
ning 2 weeks after LCD feeding began, mice were
given LCD with or without A. muciniphila (8 x 10%)
every day for 3 more weeks (Figure 6a). We found that
decreased crypt depth and goblet cell numbers caused
by LCD feeding were significantly improved by
administration of A. muciniphila in the steady-state
condition (Figure 6b). Notably, administration of
A. muciniphila reversed severe DSS-induced colitis
in LCD-fed mice (Figure 6¢c-g). Overall, symbiont
A. muciniphila play a crucial role in maintenance of
gut homeostasis.

Discussion

In the present study, long-term consumption of LCD
resulted in mild gut inflammation, crypt atrophy, and
goblet cell depletion in the steady-state condition.
Accordingly, LCD-fed mice showed a higher suscept-
ibility to DSS-induced colitis than did HCD-fed mice.
The protective role of the HCD against gut inflamma-
tion depended on the gut microbiota composition, as
proved by antibiotic treatment. Further, the HCD
supported expansion of symbiotic Akkermansia,
which restored gut dysfunction and inflammation
caused by the LCD. These results indicate that cellu-
lose intake changes the gut microbiota landscape and
subsequently ameliorates gut inflammation.

The consumption of an LCD for a relatively long
period induced crypt atrophy and goblet cell deple-
tion in the mouse colon, which suggests a potential
anti-inflammatory role of dietary cellulose. In this
regard, the expression levels of metabolic process-
associated genes such as Mt1 and 2, which have
a central function in zinc homeostasis by regulating
zinc uptake, distribution, and excretion,” were
higher in HCD-fed mice (Figure le,f). Previously
Mt was found to play a protective role in various
types of inflammation® and a potential role in colitis
through its anti-apoptotic and immune-modulating
effects.** Moreover, zinc is involved in the prolifera-
tion and differentiation of intestinal epithelial
cells.*™ We observed increased zinc levels in
cecal contents of HCD-fed mice (Figure 1g), consis-
tent with previous studies in rats and humans.***
However, no changes were found in zinc level in the
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contents from LCD- and HCD-fed mice analyzed using LC-MS (n = 5/group). (b) Principal component analysis (PCA) plot showing
clustering between groups. (c) Differentially enriched metabolites were selected and clustered in a heatmap. (d) Pathway analysis
summary of significant changes in metabolite levels between LCD- and HCD-fed mice (obtained by MetaboAnalyst 4.0) shows
pathway impact score from pathway topology analysis on x-axis and negative log (p-values) from pathway enrichment analysis on
y-axis. Statistical analyses were conducted using Student’s t-test.

portal vein (data not shown), indicating zinc absorp- ~ Overall, the upregulation of the zinc metabolic path-
tion was not affected. Although the exact mechanism  way by dietary cellulose provides evidence of crypt
is not known, our results suggest that high cellulose ~ proliferation and anti-inflammatory effects of diet-
increases the amount of zinc entering the colon.  ary cellulose.
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Although there was no significant change in the
richness and diversity of gut microbiota in LCD- and
HCD-fed mice, there were substantially more
Akkermansia organisms in HCD-fed mice than in
LCD-fed mice (Figure 4 and S4). A. muciniphila,
a mucin-degrading bacterium, is considered
a beneficial microbe; it has a negative correlation
with obesity, diabetes, and colitis.*>*’ It is possible
that A. muciniphila may reduce DSS-induced colitis
either via its extracellular vesicle®® or by beneficially
modifying the gut microbiota community.*** Since
supplementation ~ with  polyphenol-rich  foods
enhances mucus production and exerts prebiotic
functions on A. muciniphila, the effect of polyphenols
may result from providing a favorable niche for bac-
teria to thrive.”"* Oligofructose intake also elevates
goblet cell numbers™ and subsequently supports the
expansion of A. muciniphila.”* In our study, even
when gut microbiota were depleted by antibiotic treat-
ment, crypt length and goblet cell numbers were still
similar to HCD-fed mice without antibiotics (Figure
S3c and S3e), indicating that dietary cellulose may
directly trigger mucin secretion via goblet cell matura-
tion. Previous studies have suggested that indigestible
fiber augments crypt length, goblet cell maturation,
and mucin secretion via mechanical stimulation
caused by increased stool bulk.”>*® Hence, we spec-
ulate that dietary cellulose directly enhances mucin
secretion by goblet cells and subsequently increases
the numbers of mucin-degrading Akkermansia, which
promote gut barrier function and ameliorate LCD-
induced sensitivity to colitis.

In addition to having fewer symbionts such
as A. muciniphila, LCD-fed mice had increased
abundance of Ruminococcaceae and
Oscillibacter (Figure 4d). Increased numbers of
Ruminococcaceae were also found in patients
with colonic Crohn’s disease.”” Oscillibacter,
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in the family Ruminococcaceae, reportedly has
a negative correlation with barrier function
parameters in the colon.”® Our metabolite ana-
lysis showed that LCD-fed mice had higher
levels of saturated fatty acids, including palmi-
tic, stearic, and myristic, and ceramides
(Figure 5c), which may be crucial for pro-
inflammatory  signaling.”>  For instance,
in vitro treatment of intestinal epithelial cells
with palmitate-induced oxidative and ER stress
contributing to a decrease in mature MUC2
secretion.®  Overall, LCD  consumption
increases microbiota and metabolites, which
could exacerbate mucosal barrier dysfunction
and lead to high susceptibility to colitis.

Our results, as well as those of previous studies,
show that dietary cellulose does not contribute to the
production of SCFAs in mice (Figure 5a) and rats.”
We found that the metabolic pathways most influ-
enced by cellulose intake were those of linoleic acid
and nicotinate and nicotinamide metabolism
(Figure 5d). Two types of biologically active-oxidized
linoleic acid metabolites [i.e., 9(S)-HpODE and 13-
HODE] were altered by cellulose feeding. The level of
9(S)-HpODE  (hydroperoxyoctadecadienoic acid),
a precursor of 9(S)-HODE (hydroxyoctadecadienoic
acid), was higher in the cecal contents of LCD-fed
mice than in those of HCD-fed mice, whereas the
situation was reversed for 13(S)-HODE levels
(Figure 5c¢). The two oxidized products may have
opposite effects. Recent studies suggest that 9-HODE
performs pro-inflammatory roles,”"** whereas 13-
HODE exhibits anti-inflammatory functions.®>**
These studies support our findings that mild inflam-
mation in the normal colon and severe inflammation
in the DSS-induced colon of LCD-fed mice might be
the consequence of high 9-HODE levels.
Consequently, 13-HODE might contribute to the

Figure 6. Administration of Akkermansia muciniphila improved gut barrier and ameliorated severe colitis in LCD-fed mice.
(a) Experimental design. After 2 weeks of LCD feeding, mice were treated daily with oral gavage of A. muciniphila (A.K.) or PBS for
3 weeks more. DSS treatment was started 2 weeks after A.K. administration began. (b) H&E- and PAS-stained sections of colon and
quantification of crypt depth and goblet cells per crypt in distal and middle colon from LCD- and LCD+A.K.-fed mice (n = 3/group).
(c) Body weight and (d) DAI scores were recorded daily during DSS treatment (n = 5/group). (e) Colon lengths were measured
following sacrifice on day 8 (n = 5/group). (f) Pathologic score and (g) representative H&E-stained images of colon sections (n = 5/
group). Data are representative of two independent experiments and are mean + SEM. Statistical analyses were conducted using
Student’s t-test and one- or two-way ANOVA with Bonferroni's post-hoc test. **P < .01. Statistical comparisons between LCD-DSS vs.

LCD+A.K.-DSS are represented as *P < .05; **P < .01.
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protection against DSS-induced colitis in HCD-fed
mice. Which enzymes or non-enzymatic factors
drive the different types of linoleic acid oxidation
processes during cellulose feeding remain to be
determined.

Our present study also revealed a higher level of
niacin (vitamin B3) in HCD-fed mice than in LCD-
fed mice (Figure 5¢). In previous studies, niacin was
found to prevent colitis through Treg cell differen-
tiation and IL-18 secretion in a Gpr109a-dependent
manner® as well as through prostaglandin D2 pro-
duction, which could suppress colitis-induced
epithelial cell apoptosis and pro-inflammatory cyto-
kine secretion.”® These results suggest that
a beneficial effect of cellulose consumption may be
an increase in niacin in the gut. One study reported
that the colonization of A. muciniphila in germ-free
mice changed the gene expression of nicotinate and
nicotinamide metabolism.®” Recently, Blacher et. al*®
found that A. muciniphila directly produces nicoti-
namide. Although further study is needed, nicotina-
mide production might be one of the mechanisms of
the beneficial effect of A. muciniphila on gut barrier
function.

In this study, we found that high cellulose feed-
ing enhances mucus production by goblet cells and
shows prebiotic effects on A. muciniphila (Figure
S5). The results also suggest that administration of
A. muciniphila may improve gut barrier function
impaired by low cellulose intake, thereby amelior-
ating gut inflammation. Taken together, these
results suggest that dietary cellulose may be
a beneficial food supplement for the maintenance
of gut homeostasis and treatment of colitis.
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