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Introduction: Clostridium butyricum MIYAIRI 588 (CBM 588) is a probiotic bacterium used in antidiarrheal
medicine in Japan. A few studies analyzed the changes in gut microbiome in patients treated with an-
timicrobials based on metagenomics sequencing. However, the impact of CBM 588 on gut metabolic
alterations has not been fully elucidated. This study was to reveal the impact of CBM 588 on gut
metabolic alterations.

Material and methods: In this in vivo study, mice were divided into four groups and CBM 588, clinda-
mycin (CLDM), and normal saline (control) was orally administered (1. CLDM, 2. CBM 588, 3. CBM

K ds: .

Clegsvtvr(;;iljm butyricum 588 + CLDM, 4. water) for 4 days. Fecal samples were collected to extract DNA for metagenomics
Microbiome analysis. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt)
PICRUSt was used to obtain relative Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway abundance

information derived from metagenomics data.
Results: CLDM treatment resulted in a dramatic increase in Firmicutes phylum compared to non-CLDM-
treated groups (control and CBM 588-treated group). Then, the CBM 588 + CLDM-treated group showed
a trend similar in many metabolic pathways to the CLDM-treated group. On the other hand, the CBM
588 + CLDM-treated group showed higher relative abundance compared to the CLDM-treated group
especially in starch and sucrose metabolism.
Discussion: We concluded that CBM 588 caused a gut microbiome functional shift toward increased
carbohydrate metabolism. These results support the hypothesis that CBM 588 treatment modulates gut
microbiome under dysbiosis conditions due to antimicrobials.

© 2019 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.

Published by Elsevier Ltd. All rights reserved.

Metabolic alterations

1. Introduction

Microbial colonization of the gastrointestinal tract is a funda-
mental process in human life cycle [1,2]. Recent studies using 16S
ribosomal RNA sequencing showed disease associations with
dysbiosis or abnormal compositions of the gut microbiome [3—7].
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Dysbiosis includes increase in bacterial numbers, decrease in
bacterial biodiversity, and increase in abundance of the Proteo-
bacteria and Firmicutes phyla [8—10]. Sequencing of 16S rRNA
revealed alterations to taxonomic group and species composition
in patients receiving antimicrobial therapy [11—13]. However, the
metabolic activity and function of microbial communities are still
unknown [5,14,15].

Antimicrobial treatments have been reported to be among the
most powerful factors affecting the gut microbiome [11—13,15]. As a
previous clinical study revealed, exposure to clindamycin (CLDM)
resulted in the most pronounced and long-lasting change in gut
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microbial profiles [15]. The lincosamide CLDM has a broad spec-
trum of antimicrobial activity, including gram-positive aerobes and
anaerobes and gram-negative anaerobes [16].

Probiotics are used with antimicrobials to prevent or cure
diarrhea, and they are defined as live microorganisms that,
administered in adequate amounts, confer a health benefit to the
host [17]. They colonize the intestine and affect either microbiome
composition or function, acting on the host epithelial and immu-
nological responses [18], reducing intestinal inflammation and
improving intestinal functions at clinical and biochemical levels
when they are altered by an antimicrobial therapy [19—21].

Clostridium butyricum MIYAIRI 588 (CBM 588) is one probiotic
bacterium used in antidiarrheal medicine in Japan. Our previous
study revealed the impact of CLDM and CBM 588 on mice gut
microbiome based on 16S rRNA sequencing and metagenomics
analysis [22]. However, the impact of CLDM and CBM 588 on gut
metabolic alterations has not been fully elucidated. To reveal the
impact on the metabolic functional profiles of the gut microbiome,
we performed Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) analysis to predict
the relative abundance of metabolic pathways.

2. Material and methods
2.1. Medicine

CBM 588 bacterial powder was used for all in vivo experiments.
It was composed of 2.2 x 10'° cfu/g (Lot 61 GT: Miyarisan Phar-
maceutical Co., Ltd.). CLDM for injection was purchased from Pfizer
Japan Inc. Immediately prior to each in vivo experiment, CBM 588
powder was weighed and reconstituted with sterile water. CLDM
was further diluted in appropriate diluents to achieve the desired
concentration.

2.2. Animals and housing

Specific-pathogen-free female ICR mice (9—10 weeks) weighing
approximately 30 g were obtained from Charles River Laboratories
Japan Inc. and utilized throughout the experiments. The animals
were maintained and utilized in accordance with National Research
Council recommendations and were provided food and water ad
libitum. The study was reviewed and approved by the ethics com-
mittee of the Aichi Medical University (2018—100).

2.3. Method of the administration

Twenty female ICR mice were divided into the following four
treatment groups, each consisting of 5 mice: control group, CLDM-
treated group, CBM 588-treated group, and CBM 588 + CLDM-
treated group (combination). CBM 588 was administered by oral
gavage at a concentration of 500 mg/kg/day (3.4 x 108 cfu/kg/day).
CLDM was also administered by oral gavage at a concentration of
40 mg/kg/day. CBM 588 powder was dissolved in sterilized water,
mixed, and orally administered to mice using a sonde (0.2 mL for
each mouse). For the treated group, CBM 588 and CLDM were
dissolved in sterilized water separately and orally administered to
mice twice a day, at 10 a.m. and 4 p.m., separately, using 1/2 dose
every time for 4 days. For control group, sterilized water (0.2 mL)
was orally administered to mice using a sonde at twice a day (at 10
a.m. and 4 p.m.).

2.4. Sampling

Before adding the treatment (day 0), the 2nd and 4th day of
treatment, the 2nd (day 6), 4th (day 8), 6th (day 10), 8th (day 12),

10th (day 14), 12th (day 16), and 14th (day 18) day after termination
were the examining days. At those selected days, at least 0.3 g feces
were collected and transferred to 0.45 mL of transport medium.

2.5. DNA extraction

To characterize the microbiome composition in the colon, fecal
samples from each mouse were analyzed by sequencing the 16S
rRNA gene V3—V4 regions. DNA extraction and sequencing of 16S
rRNA encoding gene amplicons were conducted as previously
described [23].

2.6. Gut microbiome analysis

Meta 16S rRNA gene sequencing polymerase chain reaction
(PCR) was performed as previously described [22]. As for the
sequence analysis pipeline, the 16S rRNA sequence data generated
by the MiSeq sequencer (Illumina) were processed by quantitative
insights into microbial ecology (QIIME v1.9.1) pipeline [24,25]. Se-
quences with an average quality value of <20 were filtered out.
Chimeric sequences were removed using USEARCH [26]. Sequences
were clustered into operational taxonomic units (OTUs) based on
97% sequence similarity at the species level using UCLUST [26]
against Greengenes database 13_8 [27]. A representative
sequence for each OTU was aligned with PyNAST [24]. Bacterial
taxonomy was assigned using UCLUST. Genomic DNA from 20
Strain Even Mix Genomic Material (ATCC® MSA-1002™) was used
to evaluate data analysis procedures. The relative abundances of
the fecal metagenome categories were calculated and graphed
using Microsoft Excel software (Microsoft).

2.7. Predictive functional profiling of gut microbial communities

To gain more insight into the metagenomics-based function of
the microbiome in each mice group, the Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States (PICRUSt)
v1.1.1 was used [28]. PICRUSt was used to obtain relative Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway abundance
information derived from metagenomics data [28]. The predicted
data were collapsed into hierarchical categories (KEGG-Level-2 and
3), and the relative abundances of the gut metabolic functions were
calculated and graphed using Microsoft Excel software. We only
focused on level 2 and 3 to investigate the impact of CLDM and CBM
588 treatments on gut microbial functions.

2.8. Statistical analysis

P-value for a significant difference between the mean relative
abundances of each group was recognized as p < 0.05. Data ana-
lyses were performed by using the one-way analysis of variance
(ANOVA) to test homogeneity of variances.

3. Results
3.1. Gut microbiome

Changes to the murine gut microbiome at phylum level during
the study period are shown in Fig. 1. Bar graphs depict the mean
percent abundances of bacteria at the phylum level. At the phylum
level, intestinal flora mainly consisted of Firmicutes phylum and
Bacteroidetes phylum in the control and CBM 588-treated group.
CLDM treatment in mice resulted in a dramatic increase in the
Firmicutes phylum compared to the other groups from the begin-
ning of the treatment. The Proteobacteria phylum also dramatically
increased at day 2. These compositions began back to similar
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Fig. 1. Changes to the mice gut microbiome. Bar graphs depict the mean relative abundances (%) of bacterial phyla of the control group (Control), clindamycin-treated group
(Clindamycin), CBM 588-treated group (CBM 588), and CBM 588 + clindamycin-treated group (Combination).

composition to the control group 6—8 days after the treatment was
stopped. In the CBM 588 + CLDM-treated group, the transition of
gut microbiome was very similar to that observed in the CLDM-
treated group. However, the Actinobacteria phylum (mainly Bifi-
dobacterium) increased only in the CBM 588 + CLDM-treated group
after the 6th day of treatment termination (day 10).

3.2. Predictive functional profiling of gut microbial communities

The overall metabolic functions such as carbohydrate, amino
acid, lipid metabolisms (KEGG-Level-2 categories) were largely
conserved across the treatment groups (Fig. 2). The gut microbiome
showed higher relative abundance of carbohydrate metabolism
compared to the other metabolic pathways. The relative abundance
of carbohydrate metabolism in the CLDM-treated groups (including
CBM 588 + CLDM-treated group) showed a downward trend during
the treatment period. However, they returned to equal levels or
increased to higher levels than that of the control group after
treatment period. The relative abundance of lipid and amino acid
metabolism was relatively stable in all groups.
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3.3. Investigations of carbohydrate metabolism

Investigations of the KEGG-Level-3 subcategories from carbo-
hydrate metabolism showed in Fig. 3. The relative abundance of
starch and sucrose metabolism (E) in CLDM-treated group
decreased during the treatment period compared to the control
group (p < 0.05) (Fig. 3). However, the relative abundance of py-
ruvate metabolism (F) and butyric acid metabolism (D) in the
CLDM-treated group increased compared to the control group
(p < 0.05). After CLDM treatment, glycolysis/gluconeogenesis (A),
pentose phosphate pathway (B), fructose and mannose metabolism
(C), starch and sucrose metabolism (E), pyruvate metabolism (F),
and butyric acid metabolism (D) in the CLDM-treated group
increased compared to the control group (p < 0.05). The relative
abundance of some metabolic pathways in the CBM 588 + CLDM-
treated group showed a trend similar to that of the CLDM-treated
group (Fig. 3 and Supplemental data 1). However, the CBM
588 + CLDM-treated group showed higher relative abundance of
starch and sucrose metabolism (E) (day 12: 1.2726 + 0.0812 vs.
1.1139 + 0.0171, p = 0.0027) than those in the CLDM-treated group.

Lipid metabolism
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Fig. 2. Changes to the mice gut metabolic functions. Graphs depict the relative abundances (%) of metabolic pathways of carbohydrate, amino acid, lipid, metabolism (Kyoto

Encyclopedia of Genes and Genomes (KEGG)-Level-2 categories).
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Fig. 3. Changes to the mice gut carbohydrate metabolism. Graphs depict the relative abundances (%) of metabolic pathways of carbohydrate metabolism (Kyoto Encyclopedia of
Genes and Genomes (KEGG)-Level-3 subcategories). *: p < 0.05 when compared relative abundances (%) in the clindamycin-treated group to the control group. *: p < 0.05 when
compared relative abundances (%) in the CBM 588 + clindamycin-treated group to the clindamycin-treated group.
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Fig. 4. Changes to the mice gut amino acid metabolism. Graphs depict the relative abundances (%) of metabolic pathways of amino acid metabolism (Kyoto Encyclopedia of Genes
and Genomes (KEGG)-Level-3 subcategories). *: p < 0.05 when compared relative abundances (%) in the clindamycin-treated group to the control group. *: p < 0.05 when compared
relative abundances (%) in the CBM 588 + clindamycin-treated group to the clindamycin-treated group.

3.4. Investigations of amino acid metabolism alanine aspartate and glutamate metabolism (A), p-glutamate and
p-glutamine metabolism (G) in the CLDM-treated group decreased

Investigations of the KEGG-Level-3 subcategories from amino during the treatment period compared to the control group
acid metabolism showed in Fig. 5. The relative abundance of (p < 0.05) (Fig. 4). However, the relative abundance of valine leucine
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Fig. 5. Changes to the mice gut lipid metabolism. Graphs depict the relative abundances (%) of metabolic pathways of lipid metabolism (Kyoto Encyclopedia of Genes and
Genomes (KEGG)-Level-3 subcategories). *: p < 0.05 when compared relative abundances (%) in the clindamycin-treated group to the control group. *: p < 0.05 when compared
relative abundances (%) in the CBM 588 + clindamycin-treated group to the clindamycin-treated group.

and isoleucine degradation metabolism (B), valine leucine and
isoleucine degradation biosynthesis (C), lysin degradation (E), p-
arginine and p-ornithine metabolism (D), and glutathione meta-
bolism (H) increased compared to the control group (p < 0.05).
After CLDM treatment, the relative abundance of valine leucine and
isoleucine degradation biosynthesis (C), lysine degradation (E), and
metabolism in the CLDM-treated group increased compared to the
control group, while the valine leucine and isoleucine degradation
metabolism (B), lysine degradation (E), histidine metabolism (F)
decreased (p < 0.05). The relative abundance of most metabolic
pathways in the CBM 588 + CLDM-treated group showed a trend
similar to that in the CLDM-treated group (Fig. 4 and Supplemental
data 2). There was no significant difference in the relative abun-
dance profiles between the CBM 588 + CLDM-treated group and
the CLDM-treated group.

3.5. Investigations of lipid metabolism

Investigations of the KEGG-Level-3 subcategories from fatty
acid metabolism showed in Fig. 5. The relative abundance of bile
acid biosynthesis (D) and sphingolipid metabolism (G) in the
CLDM-treated group decreased during the treatment period
compared to the control group (p < 0.05) (Fig. 5). However, the
relative abundance of fatty acid biosynthesis (A), fatty acid
metabolism (B), biosynthesis of unsaturated fatty acid (E) and
arachidonic acid metabolism (F) in the CLDM-treated group
increased compared to the control group (p < 0.05). After CLDM
treatment, the relative abundance of steroid hormone biosyn-
thesis (C), and unsaturated fatty acid biosynthesis (E), fatty acid
metabolism (B), and arachidonic acid metabolism (F) in the
CLDM-treated group increased compared to the control group
(p < 0.05), while bile acid biosynthesis (D) and sphingolipid
metabolism (G) decreased (p < 0.05). The relative abundance of
most metabolic pathways in the CBM 588 + CLDM-treated group
showed a trend similar to the CLDM-treated group (Fig. 5 and
Supplemental data 3). However, the CBM 588 + CLDM-treated
group showed higher relative abundance in steroid hormone

biosynthesis (C) (day 18: 0.0493 + 0.0210 vs. 0.0236 + 0.0068,
p = 0.0311) than that in the CLDM-treated group.

4. Discussion

The tissue microenvironment can influence nutrient availability,
affecting the gut microbiome, because intestinal bacteria compete
for the limited supply of nutrients within the intestine. In this
study, the overall metabolic function (KEGG-Level-2 categories)
was largely conserved in each treatment group, even with wide-
spread differences in gut bacteria composition (Figs. 1 and 2).
However, the activities of detailed metabolic pathways (KEGG-
Level-3 subcategories) showed considerable variations.

By using PICRUSt, a bioinformatics program with considerable
efficacy in the predictions of metabolic functions of microbial
communities, we were able to predict that the activity of some
metabolic pathways decreased upon CLDM therapy. At the same
time, the other metabolic pathway worked in a complementary
manner to keep fixed amount of energy production. Especially,
some metabolic changes were seemed likely to keep the carbohy-
drate metabolite activities.

In our previous study, only the CLDM-treated group showed
abnormal colon mucosa after CLDM treatment [22]. In this group,
histologic examination showed superficial epithelial necrosis and
presence of inflammatory cells. On the other hand, control, CBM
588, the CBM 588 -+ CLDM-treated group showed histological
normal colon mucosa. Considering the increased relative abun-
dance of glycolysis/gluconeogenesis, pentose phosphate pathway,
fructose and mannose, starch and sucrose, and pyruvate meta-
bolism in the gut tissue after CLDM treatment (Fig. 3), we may
speculate that inflamed tissue provides less supply of glucose [29].
Thus, gut microbiome shifted to enhance pentose phosphate
pathway, fructose and mannose metabolism, starch and sucrose
metabolism to produce glucose for carbohydrate metabolism.
Additionally, the increased relative abundance of butyric acid
metabolism in the CLDM-treated and CBM 588 + CLDM-treated
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group indicated that gut microbiome function shifted toward the
repair of superficial epithelial necrosis on colon mucosa [30].

Moreover, especially in starch and sucrose metabolism, CBM
588 + CLDM-treated group showed higher relative abundance
compared to the CLDM-treated group (Fig. 3). Considering the
increased abundance of Bifidobacterium, limited species can use
starch and sucrose as energy source in the gut microbiome, only in
the CBM 588 + CLDM-treated group, as our previous study revealed
[22], it appears that CBM 588 indirectly enhanced starch and su-
crose metabolism to produce glucose with the increase of Bifido-
bacterium. And the microbiome change may contribute to attenuate
colon epithelial damages.

In amino acid metabolism, the reductions of relative function of
histidine metabolism, p-glutamate and p-glutamine metabolism
and alanine asparate and glutamate metabolism in the CLDM-
treated and CBM 588 + CLDM-treated group were admitted
(Fig. 4). Dietary glutamate is absorbed from the gut by an active
transport system into mucosal cells where it is metabolized as a
significant energy [5]. Hence, these changes may lead to a shortage
of metabolic fuel in intestine mucosa. Besides, the increase in
relative function of valine leucine and isoleucine degradation,
lysine degradation, p-arginine and p-ornithine metabolism, and
glutathione metabolism in the CLDM-treated and CBM
588 + CLDM-treated group indicated that gut microbiome function
shifted toward the enhance of tricarboxylic acid (TCA) cycle
accompanied by the activation of urea cycle and pyruvate pro-
duction, because utilization of arginine as a carbon source entailed
deamination of glutamate to a-ketoglutarate, which was then
channeled into the TCA cycle [31].

In lipid metabolism, the increase in relative function of fatty acid
biosynthesis and fatty acid biosynthesis metabolism (Fig. 5),
arachidonic acid metabolism, and steroid hormone and unsatu-
rated fatty acid biosynthesis in the CLDM-treated and CBM
588 + CLDM-treated group indicated that gut microbiome function
shifted toward the production of some kinds of prostaglandins to
react the inflammation of colon mucosa [32].

Interestingly, the mucus layer in the intestinal tract is an
important barrier to luminal bacteria and a major substrate and
adhesion component for bacteria living in this microenvironment.
Alterations of the mucus layer due to antimicrobials can lead to
breaches of the epithelial barrier by specific bacteria, resulting in
immune responses that can result in chronic inflammation [22].
Changes in the quantity and quality of this mucus layer influence
the constituency of attached microbial populations. Since mucin is
an important source of carbohydrates for the commensal bacteria,
gut mucosal microbiome in inflamed regions can shift toward
bacteria that can metabolize pentose, starch and sucrose, and
amino acids to keep fixed amount of energy production with the
activation of carbohydrate metabolism [33].

Our study suggested that CLDM reduced the activities of car-
bohydrate metabolism. However, gut amino acid metabolism
shifted to enhance TCA cycle due to activation of urea cycle and
pyruvate production. Gut fatty acid metabolism also shifted to
produce some kinds of prostaglandins to attenuate the inflamma-
tion of colon mucosa. Additionally, CBM 588 enhanced starch and
sucrose metabolism to produce glucose due to the increase of
Bifidobacterium in the CBM 588 + CLDM-treated group. As results,
these functions of CBM 588 resulted beneficial for the protection of
colon mucosa [22].

However, our study has some limitations. Microbiome in mice
fecal sample showed some differences at the family, genus, and
species level between the gut microbiome of mice and humans, while
this microbiome showed similar compositions as human at phyla
level [34]. Hence, the properties of CBM 588 should be investigated in
carefully planned and controlled human studies in the future.

5. Conclusion

This is the first report showing that gut metabolic function can
be altered by CLDM and CBM 588. We found that the alteration in
gut metabolic function was more considerably in CLDM-treated
mice than non-treated mice. Additionally, this study provides
new insight into the CBM 588 function. CBM 588 contributed to
increase carbohydrate metabolism to repair mucosal layer of the
gastrointestinal tract. These results support the hypothesis that
CBM 588 treatment modulates gut microbiome under dysbiosis
conditions due to antimicrobials. Further metagenomics analysis
would help substantiate the metabolic attributes of the gut
microbiome in benefitting health and digestive physiology.
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