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1 | INTRODUCTION

Abstract

Inflammatory bowel disease (IBD) is a multifactorial immunomodulatory disorder.
In relative nosogenesis, gut microbiota has been the focus of research on IBD. In
our previous study, we demonstrated the ameliorating effect of zeolite-containing
mixture (Hydryeast®, HY) on dextran sodium sulfate (DSS)-induced colitis, through
transcriptomics and proteomics. In the present study, we performed further investi-
gation from the perspective of metagenomics using the gut microbiota. C57BL6 mice
were provided an AIN-93G basal diet or a 0.8% HY-containing diet, and sterilized
tap water for 11 days. Thereafter, colitis was induced by providing 1.5% (w/v) DSS-
containing water for 9 days. DNA was extracted from the cecal contents and pooled
into libraries in a single lllumina MiSeq run. The resulting sequences were analyzed
using Quantitative Insights Into Microbial Ecology (QIIME) software. According to
the alterations in the relative abundance of certain bacteria, and the related gene and
protein expressions, HY supplementation could improve the gut microbiota compo-
sition, ameliorate the degree of inflammation, inhibit the colonic mucosal microbial
growth, and, to some extent, promote energy metabolism in the colon compared
with the DSS treatment. Thus, we believe that HY may be a candidate to prevent and
treat IBD.
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the gastrointestinal tract (Jakubowski et al., 2014). Recently, gut mi-
crobiota research has garnered attention in human health-related

Inflammatory bowel disease (IBD), the umbrella term used for
Crohn's disease and ulcerative colitis, is induced by multiple fac-
tors including genetic predisposition, environmental factors, gut
microbiota, food, and smoking (Peloquin & Nguyen, 2013; Richman
& Rhodes, 2013). IBD is distinguished from other diseases by its
chronic, remittent, and inflammation-mediated disorders that affect

research (Peng et al., 2020; Ramli et al., 2020; Tanabe et al., 2020),
and the gut microbiota is a major factor associated with IBD (Chen
et al., 2017; Jakubowski et al., 2014; Oh et al., 2020). However, to
the best of our knowledge, the precise etiology of IBD has not been
fully elucidated, and there are only a few therapies to completely
cure IBD.
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Zeolite-containing mixture, registered as Hydryeast® (HY,
Azuma Chemical Co., Ltd., Tokyo, Japan), is a nutraceutical,
and its main ingredient is Azumaceramics (Lyu et al.,, 2017).
Azumaceramics is a mixture of zeolite and oyster shell, burned
under a high temperature. Zeolite, a microporous mineral, is
utilized as an additive in the fodder of livestock and poultry,
owing to its ability to improve the absorptivity and bioavailabil-
ity of some minerals and vitamins (Katsoulos et al., 2009; Li, Li,
et al., 2015). Zeolite has been used in industries and medical field
for its cation exchange property (Tondar et al., 2014). Recently,
zeolite has garnered increasing attention, especially in the field
of human health, owing to its anticancer and antioxidative effects
(Pavelic et al., 2001; Zarkovic et al., 2003), sustained drug-release
property (Vilaca et al.,, 2013), and ethanol-absorption capacity
(Federico et al., 2015).

In our previous study, we demonstrated the ameliorating effect
of HY- on DSS-induced colitis in mice, by integrating transcriptom-
ics and proteomics. The results revealed that HY could improve
DSS-induced inflammation by suppressing the intestinal inflam-
matory pathway and ameliorating apoptosis in colon mucosa (Lyu
et al., 2017). In the present study, we used nutrigenomics to gain a
more comprehensive understanding of HY as a dietary supplement
for improving colitis in a DSS-induced colitis mouse model, through

metagenomics of the gut microbiota.

2 | MATERIALS AND METHODS
2.1 | Animals and dietary treatment

Seven-week-old male C57BL6 mice were purchased from Charles
River Japan (Tokyo, Japan) and individually maintained in cages
under controlled temperature (23 + 2°C), relative humidity (50%-
60%), and lighting conditions (12-:12-hr light/dark cycle). After
3 days of acclimatization, the mice were divided into four groups,
with equal mean body weight per group. There were 6-8 mice per
group. The groups were as follows: (a) CON, provided the American
Institute of Nutrition in 1993 (AIN-93G) basal diet and sterilized tap
water throughout the experiment; (b) HY8, provided the AIN-93G
basal diet supplanted with 0.8% HY powder and sterilized tap water
throughout the experiment; (c) DSS, provided the AIN-93G basal
diet and sterilized tap water for 11 days, and then, colitis was in-
duced by administering 1.5% (w/v) DSS (molecular weight, 40 kDa;
MP Biomedicals, Irvine, CA, USA)-containing sterilized tap water
for 9 days; and (d) DHY8, provided the AIN-93G basal diet sup-
plemented with 0.8% HY powder throughout the experiment and
sterilized tap water for 11 days, and then, colitis was induced by
administering 1.5% DSS-containing sterilized tap water for 9 days.
The compositions of both 0.8% HY-supplemented diet (adjusted
using cornstarch to maintain the caloric balance) and the HY is are
separately shown in Table S1 (A&B). We selected 0.8% as HY con-
centration based on our preliminary dose-dependence experiment
(unpublished data).
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2.2 | Tissue and Cecal Content Harvest

All mice were anesthetized with pentobarbital sodium before eu-
thanasia. The colonic mucosa and cecal contents were collected and

stored at -80°C until further analysis.

2.3 | Total RNA extraction, quality assessment, and
reverse transcription-polymerase chain reaction

RNA from the total colon mucosa was extracted using the total
RNA Isolation Kit, NucIeoSpin® RNAII (Macherey-Nagel, Diren,
Germany), according to the manufacturer's instructions. RNA con-
centration and purity were measured using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). Reverse transcription-polymerase chain reaction (RT-PCR)
was conducted to determine the relative expression of genes, and
the sequence of primers used is shown in Table S2. The expression of
genes in the colon mucosa was normalized against that of 60S acidic
ribosomal protein p1 (Rplp1).

2.4 | Cecal Bacterial DNA Extraction and
Metagenomic Analysis

We performed this experiment according to a previously de-
scribed protocol (Jia et al., 2017). DNA from the cecal contents
for metagenomics was extracted using the QlAamp Stool Mini
Kit (Qiagen, Hilden, Germany), following the manufacturer's in-
structions. We amplified the variable regions, 3 and 4, of the 16S
rRNA gene using the primers 5'-CCTACGGGNGGCWGCAG-3' and
5'-GACTACHVGGGTATCTAATCC-3’, followed by a modification to
include the lllumina adapters and barcode sequences for sequenc-
ing. The amplification process in the DSS and DHY8 groups was
not conducted smoothly; thus, the number of mice in the DSS and
DHY8 groups was 5 and 7, respectively. Library size and quantifica-
tion analysis were conducted using the Agilent 2,100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). All libraries were
pooled in a single Illumina MiSeq run (MiSeq Reagent Kit V3, 600
cycles, Illumina, San Diego, CA, USA) to generate paired-end reads
of length 300 bases in each direction, following the manufacturer's
instructions. Quantitative Insights Into Microbial Ecology (QIIME
v1.8.3) (http:/www.qiime.org) was used to merge the overlapping
paired-end reads. The USEARCH method was used to remove the
chimeric sequences against the Greengenes alignment (v gg_13_8),
and reads longer than 250 bp and with an average quality score
above 30 were retained.

With a threshold of 97% pairwise identity, we assigned the re-
sulting sequences to operational taxonomic units (OTUs) and clas-
sified the representative sequences using the Ribosomal Database
Project (RDP) classifier in QIIME, and then the Greengenes OUT
database. We graphically visualized the distance between samples

using the principal coordinate analysis (PCoA).
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2.5 | Statistical analysis

The experiment results are presented as mean + standard error (SE).
For statistical analyses of the data, p values were analyzed using the
two-way analysis of variance (ANOVA). Significant differences were

evaluated using Tukey's test at *p < 0.05 and ** p < 0.01.

3 | RESULTS
3.1 | Microbiota dysbiosis and community structure

According to the hierarchical clustering dendrogram analysis, the gut
microbiota composition of the DSS drinking groups (DSS and DHY8)
was clearly different from that of the DSS nondrinking groups (CON
and HY8) (Figure 1). Alpha diversity was measured using the Shannon
diversity index. It showed that the DSS treatment decreased the
diversity of microbiota compared with that of the CON and HY8
groups; however, no obvious difference was observed compared
with that of the DHY8 group (Figure 2). The PCoA was performed to
measure the differences in the distribution of taxonomic classifica-
tions between samples, up to a fixed taxonomic level. The results of
the PCoA at the genus level showed that microbial distribution in
some mice in the DHY8 group was closer to that in the CON and HY8
groups than the DSS group (Figure 3).

A comparative analysis of the taxonomic composition of the
microbial community at the phylum level was achieved as shown
in Figure 4a. The phylum level of microbiota profiling is shown in
Figure 4b. The relative abundance of the proinflammation-related
bacterial phylum, Proteobacteria, ranged from 0.25% in the CON
group and 0.47% in the HY8 group to 49.66% in the DSS group and
27.92% in the DHY8 group (Figure 4c). The results of the compara-
tive analyses of the taxonomic composition of the microbial commu-
nity at the family level are shown in Figure 5a. HY supplementation
altered the relative abundance of some bacteria. The marker bacte-
ria of IBD, Enterobacteriaceae members, ranged from 0.06% in the
CON group and 0.04% in the HY8 group to 48.28% in the DSS group
and 26.87% in the DHY8 group. The inflammation-related bacte-
ria, Erysipelotrichaceae members, ranged from 0.46% in the CON
group and 0.30% in the HY8 group to 2.65% in the DSS group and
1.41% in the DHY8 group. HY supplementation significantly down-
regulated the relative abundance of bacteria in the DHY8 group
compared with that in the DSS group. The short chain fatty acid
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(SCFA)-related bacteria, Ruminococcaceae members, ranged from
7.55% and 7.10% in the CON and HY8 groups, respectively, to 9.78%
and 17.70% in the DSS and DHY8 groups, respectively (Figure 5b).
The relative abundance of these bacteria in the DHY8 group was
significantly increased compared with that in the DSS group. At the
genus level (Figure 6a), the relative abundance of a marker bacte-
rium of IBD, Staphylococcus, ranged from 0.000% and 0.000% in the
CON and HY8 groups, respectively, to 0.019% and 0.004% in the
DSS and DHY8 groups, respectively (Figure 6b). At the species level
(Figure 7a), the relative abundance of the inflammation-related bac-

terium, Propionibacterium acnes, ranged from 0.000% and 0.000% in
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the CON and HY8 groups, respectively, to 0.025% and 0.002% in the
DSS and DHY8 groups, respectively (Figure 7b).

3.2 | Gene expression in the colonic mucosa

HY supplementation downregulated the expression of inflammation
regulator and mediator gene, superoxide dismutase 2 (Sod2), oxida-
tive stress-related gene, cytochrome c oxidase subunit 2 (Cox2), mi-
crobial growth-related genes, lipocalin 2 (Lcn2), s100 calcium-binding
protein A8 (5100a8), and s100 calcium-binding protein A9 (5100a9)
in the DHY8 group compared with the DSS treatment (Figure 8).

4 | DISCUSSION

The alpha diversity results revealed no significant effect of HY sup-
plementation on microbiota diversity. However, the PCoA analysis
suggested that HY supplementation improved the gut microbiota
composition.

The supplementation of HY significantly ameliorated the in-
flammation condition by altering the relative abundance of the
gut bacteria. Proteobacteria, at the phylum level, showed the ten-
dency to decrease with HY supplementation. Thus, members of
this phylum may have unique abilities that allow them to exploit
host defenses and promote proinflammatory changes in susceptible
hosts (Mukhopadhya et al., 2012). Here, we found that the relative

abundance of some IBD-related bacteria was altered by HY supple-
mentation. The relative abundance of the marker bacteria of IBD,
Erysipelotrichaceae members, at the family level was significantly
decreased in the HY8 group compared with that in the DSS group.
It has been reported that inflammation associated with colitis in-
creases the abundance of Erysipelotrichaceae members; thus, lim-
iting the expansion of Erysipelotrichaceae members will improve
colitis (Chen et al., 2017). Erysipelotrichaceae members have also
been associated with an elevation in TNF and chronic intestinal in-
flammation in animals infected with simian immunodeficiency virus
(Handley et al., 2016). In addition, Enterobacteriaceae comprises
several pathogenic bacterial families and is a marker of intestinal
inflammation and oxidative stress in human IBD and murine colitis
(Jia et al.,, 2017). It has been reported that zeolite supplementa-
tion in diet could reduce the abundance of the pathogen-rich bac-
teria, Enterobacteria, in poultry (Prasai et al., 2017). In the present
study, we found a decreasing tendency in the relative abundance
of Enterobacteriaceae members in the DHY8 group compared with
that in the DSS group (p = 0.13).

At the genus level, the decrease in the relative abundance of
Staphylococcus spp. indicated that HY supplementation improved
DSS-induced colitis. Staphylococcus is implicated as a major cause
of antibiotic-associated enterocolitis and antibiotic-associated diar-
rhea (Altemeier et al., 1963; Khan & Hall, 1966) and is also defined as
the diagnosis Staphylococcus aureus (S. aureus) enterocolitis (Boyce
& Havill, 2005). Additionally, supplementing HY decreased the rel-

ative abundance of P. acnes at the species level. Propionibacterium
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acnes is a normal inhabitant of the gastrointestinal tract and is also
related to the immune system; it may cause a granulomatous reac-
tion (Wada et al., 2001). Propionibacterium acnes has been identified
as the causative agent of granulomatous lesions in soft tissue inflam-
mation, meningitis, pneumonia, and hepatitis (Esteban et al., 1994).
The overgrowth of P. acnes in Crohn's disease has also been reported
(Bashir et al., 2016). Bacteroides ovatus has been proven to injure the
gut tissue, resulting in the induction of inflammation, and an accom-
panying elevation in serum antibodies in patients with IBD (Saitoh
et al., 2002). However, in the present study, the relative abundance
of B. ovatus decreased with HY supplementation in the HY8 and
DHY8 groups compared with that in the DSS group.

Besides the alterations in the bacteria mentioned above, the al-
leviated inflammatory status can also be attributed to the relative
expression of genes in the colon mucosa. HY supplementation down-
regulated the expression of Cox2, which is an inflammatory regulator
and mediator (Zhang et al., 2014). The infiltration of neutrophils and
macrophages in the colon suggested an inflammatory response. In
addition, inflammatory cytokines were produced by the activated
macrophages (Xavier & Podolsky, 2007). In oral keratinocytes,
Staphylococcus spp., especially S. aureus, could induce infection-as-
sociated malignant transformation of oral epitheliums via Cox2 acti-

vation (Wang et al., 2019). Staphylococcus aureus can also upregulate

Cox2 expression and prostaglandin E2 (Pge2) secretion in human
aortic endothelial cells and induce Pge2/interleukin 6 (Il-6)/matrix
metallopeptidase-9-dependent cell migration (Tsai et al., 2018).
Moreover, it has been reported that the expression of Cox2 and the
subsequent production of nitric oxide and prostaglandin increased
after P. acnes infection in HaCaT cells; P. acnes also induced the ex-
pression of interleukin 1 beta (ll-1p) (Jin & Lee, 2018). According to
the above indirect evidence, we speculated that HY supplementa-
tion could decrease the relative abundance of Staphylococcus and
then downregulate the inflammation-related genes Cox2 and II-6.
Moreover, a reduction in the relative abundance of P. acnes sup-
pressed the expression of Cox2 and IlI-14. The expression of the in-
flammation-related genes II-6, II-15, and tumor necrosis factor-alpha
(Tnf-a) was investigated in our previous study (Lyu et al., 2017).
Sod2 encodes a mitochondrial enzyme that quenches free radi-
cals and protects against oxidative stress by converting superoxide
radicals to H,0, (Kosaka et al., 2009). In the present study, under
oxidative stress, the expression of Sod2 was downregulated by HY
supplementation. It has been reported that S. aureus peritonitis can
significantly induce Sod2 in WT mice (Cherry et al., 2014). The host
response to S. aureus involves the generation of sufficient amounts
of Tnf-a and II-1p (Hattar et al., 2006). Similar alterations were ob-

served in our study, indicating the HY supplementation might
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alleviate oxidative stress and inflammation by suppressing the rel-
ative abundance of S. aureus and then the expression of Sod2, Tnf-a,
and [I-1p. In our previous study, we proposed that supplementing HY
may ameliorate DSS-induced inflammation by downregulating the
expressions of genes in the intestinal inflammatory pathway. The ex-
pression of the proinflammatory cytokine genes, II-6, II-153, and Tnf-a,
was suppressed. Moreover, upregulated expression of anti-inflam-
mation-related proteins including adenylate cyclase-activating poly-
peptide and galectin 2 may contribute to this amelioration. Similarly,
downregulating inflammation degree-related proteins such as hap-
toglobin, complement component 3, myeloperoxidase, Annexin A2,
heat shock protein family A member 4, and heterogeneous nuclear
ribonucleoprotein U (Hnrpu), a protein biomarker for colorectal car-
cinoma, may also assist in improving DSS-induced inflammation (Lyu
et al., 2017).

The downregulation of the following genes also indicated
that HY supplementation inhibited bacterial growth in the colon.
(a) S100a8 and S100a9, two monomers of calprotectin that could
sequester manganese and zinc ions, and thus limit the growth of
bacteria (Faber & Baumler, 2014). The extracellular S100a8 and
S100a9 proteins increase the levels of diverse inflammatory medi-
ators via TLR-4 engagement, and these proteins are released from
neutrophils and the extracellular matrix in the presence of S. au-
reus (Van Crombruggen et al., 2016). A similar association between
5$100a8/5100a9 and S. aureus was also observed in our study. (b)
Lcn2, which could prevent bacterial iron acquisition by binding and
sequestering enterobactin (Flo et al.,, 2004), and may affect the
growth of bacteria. Thus, the altered expression of these genes

indicates that HY supplementation could inhibit bacterial growth
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induced by DSS. The abundance of Proteobacteria members in
fecal bacterial composition reportedly decreased in Lcn2 knockout
(KO) mice compared with that in WT mice (Singh et al., 2016). On
the contrary, Proteobacteria members, regarded as opportunistic,
colitogenic, and a marker of dysbiosis, moderately increased in Lcn2
KO mice; it is necessary to further investigate the effect of Lcn2 on
gut microbiota and mucosal barrier function in the colon (Toyonaga
et al., 2016). Lcn2 is also known to be overexpressed in human col-
orectal cancer (CRC) and other cancers (Maier et al., 2014). It is
negatively correlated with the decrease in Ruminococcaceae mem-
bersin CRC (Burns et al., 2015; Peters et al., 2016). In our study, HY
supplementation significantly suppressed the expression of Lcn2
and improved the relative abundance of Ruminococcaceae mem-
bers; these alterations might help improve energy metabolism as
mentioned above.

In this study, Ruminococcaceae members attracted our at-
tention owing to their association with the production of SCFA.
Ruminococcaceae members may release ammonia or amine, and
via the enteric fermentation of SCFAs, promote the ratio of carbo-
hydrate-to-nitrogen as fermentative substrates. This in turn may
increase SCFA availability, leading to an improvement in energy me-
tabolism (Jia et al., 2017). In the present study, the relative abun-
dance of Ruminococcaceae members was significantly increased by
HY supplementation in the DHY8 group compared with that in the
DSS group. However, their relative abundance in the DSS group was
not significantly decreased compared with that in the CON group.
The alteration in the abundance of Ruminococcaceae members sug-

gests, to some extent, that HY supplementation improved energy
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metabolism. The proteome analysis revealed upregulation of the
energy utilization-related protein fatty acid-binding protein (Fabp4)
in adipocytes (fold change for DSS versus. CON: 0.06 and DHY8
versus. DSS: 7.73). Fabp4, a member intracellular fatty acid-binding
protein family, plays a vital role in the uptake of fatty acids and in
intracellular transport (Bernlohr et al., 1985; Li, Zhao, et al., 2015).
Fabp4 is also a key contributor in maintaining systemic glucose me-
tabolism and the biology of adipocytes (Scheja et al., 1999; Uysal
et al., 2000). The above results suggest that HY supplementation
may have the potential to improve energy metabolism and thus ame-

liorate DSS-induced colitis.

5 | CONCLUSIONS

Our observations of the gut microbiota and the relative alterations
in gene expression in the colon mucosa revealed that HY supple-
mentation could ameliorate DSS-induced colitis in mice by improv-
ing the inflammation status, limiting the growth of bacteria in gut,
and improving energy metabolism. Furthermore, we conducted the
correlation analysis between microbial markers and colonic mucosal
genes. Concomitantly, in our previous study, we demonstrated that
HY supplementation could ameliorate DSS-induced inflammation

and apoptosis in the colon, using transcriptomics and proteomics.

Overall, we believe that Hydryeast is a promising candidate to pre-
vent and treat IBD.
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