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(ED)�induced alteration of the fecal and mucosal microbiome in

mice. The control group was fed a normal chow and the ED group

was fed normal chow containing 50% w/w Elental® (EA Pharma,

Tokyo, Japan) for 28 days. Fecal and mucosal microbiome were

analyzed using 16S rRNA gene sequencing. In the fecal samples,

the observed species, an index for microbial richness, was signif�

icantly decreased in the ED group. Principal coordinate analysis

revealed that there were significant compositional differences

between the control and ED groups (PERMANOVA p = 0.0007 for

unweighted and p = 0.002 for weighted UniFrac distance, respec�

tively). In contrast, there was no significant difference in the overall

structure of mucosal microbiome between the control and ED

groups. In the fecal samples, abundance of the genera Adlercreutzia,

Akkermansia, Streptococcus, Helicobacter, Coprobacillus and

Coprococcus was significantly reduced in the ED group compared

to the control group. Abundance of the genera Lactobacillus and

Staphylococcus was significantly increased in the ED group. In a

functional analysis using PICRUSt software, ED altered various

pathways involved in amino acid metabolism of the gut micro�

biome. In conclusion, ED caused a reduction in bacterial diversity

and altered metabolic functions.
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IntroductionThe incidence of inflammatory bowel diseases (IBDs) is
continuously growing around the world.(1,2) The global in-

crease of IBD has been explained by the influence of a Western-
ized diet and environmental factors that are linked to the life style
in modern, industrialized nations.(1,2) In particular, the changes to a
Westernized diet is considered to be a key factor contributing to
the emergence of IBD,(1,3) since one of common luminal antigens
is the dietary factors which directly stimulate the mucosal immune
system and induce mucosal inflammation.

The development of biologics has dramatically changed the
therapeutic strategy for IBD and contributed to improvements
in patients’ quality of life.(2) However, it has become clear that
such drugs have some serious side effects such as vulnerability
to opportunistic infection and carcinogenesis and some patients
become refractory to them. Furthermore, biologics are very expen-
sive, causing economic problems for health care providers. Along
with success of biologics, the re-emergence of enteral nutrition
is attracting attention in the field of IBD treatment, as enteral
nutrition has fewer side effects and is much cheaper than bio-
logics. Enteral nutrition plays a pivotal role in the clinical care of
all patients with IBD and recently released clinical guidelines for
IBD have stated that enteral nutrition is an option for inducing and
maintaining clinical remission.(4,5) The effectiveness of enteral
nutrition in patients with Crohn’s disease (CD), especially for the

maintenance of clinical remission, has been recently confirmed.(6,7)

Enteral nutrition includes elemental diet (containing only amino
acids, fatty acids, vitamins, minerals and nutrients that do not need
digestion), semielemental diet (containing only small peptides,
oligosaccharides, vitamins, minerals and medium-chain fatty acids),
and polymeric diet (containing proteins, carbohydrates, medium-
and long-chain fatty acids, vitamins, and trace elements).(5) The
mode of action of enteral nutrition, especially of elemental diet
(ED), is considered multifactorial. The ED has been shown to
improve intestinal permeability which mediate easy access of
luminal antigens to immune cells resident in the lamina propria.(8,9)

Since the ED contains no dietary antigens, it has no ability to
stimulate the immune response and reduces the workload of diges-
tion and absorption, leading to bowel relaxation. Malnutrition is
sometimes observed in patients with IBD, especially CD, and
enteral nutrition has been used as an optional treatment to over-
come nutritional problems.

Dysregulated host-microbial interactions play a role in initiating
and perpetuating IBD.(10–13) A global alteration of the diversity and
composition of the gut microbiome (dysbiosis) rather than the
presence of specific pathogens likely plays a critical role.(11,14,15)

Recent clinical studies have revealed that the mechanisms by
which enteral nutrition reduces both physiological and metabolic
markers of inflammation in CD might relate to modulation of the
gut microbial structure.(16–19) However, there are no reports on
precisely performs this modulatory function. In this study, we
investigated ED-induced alteration of the fecal and mucosal
microbiome in mice.

Materials and Methods

Animals. BALB/c mice (6 to 8 weeks-old female) were pur-
chased from CLEA Japan Inc. (Tokyo, Japan) and housed under
specific pathogen-free conditions. Mice were allowed free access
to water and rodent chow (CE-2; CLEA Japan, Inc.). The elemental
diet (Elental®) was provided by EA Pharma Co., Ltd. (Tokyo,
Japan). The formula of Elental® contains a variety of amino acids,
together with easily digestible nutrition, minerals, vitamins and a
major energy source, dextrin.(20) Fat is present in a very small
amount, whereas L-glutamine is present at an especially high dose
(1.932 mg/package).(20) Mice were divided into two groups; the
control group was fed a normal chow (n = 10) and the elemental
diet group was fed normal chow containing 50% w/w Elental®

(n = 10). Mice were treated for 28 days and then sacrificed under
isoflurane anesthesia by quick cervical distortion. This study was
approved by the Research Center for Animal Life Science and
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Fig. 1. Comparative analyses of the fecal microbial community in the control (n = 10) and elemental diet (ED)�treated mice (n = 10). (A) a�Diversity
indices. *p<0.05 by Bonferroni test. (B) Unweighted and weighted PCoA of b�diversity measures of all samples. The microbial community was signif�
icantly different between the control group and ED group (p = 0.0007 and 0.002 by PERMANOVA test, respectively).

Fig. 2. Comparative analyses of the mucosal microbial community in the control (n = 10) and elemental diet (ED)�treated mice (n = 10). (A) a�
Diversity indices. NS, not significant. (B) Unweighted and weighted PCoA of b�diversity measures of all samples. There were no significant differences
between the control group and ED group (p = 0.50 and 0.13 by PERMANOVA test, respectively).
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Use Committee at the Shiga University of Medical Science (Otsu,
Japan) (Permit number: 2016-12-7).

DNA extraction from fecal and mucosal samples. DNA
was extracted from fresh fecal and mucosal samples of the middle
colon using Quick Gene DNA tissue kits (Kurabo, Osaka, Japan)
as described previously.(21)

16S rRNA sequencing. The MiSeqTM System (Illumina, San
Diego, CA) was used for 16S rRNA sequencing according to a
previously described method.(22) Briefly, the V3–V4 hypervariable
regions of 16S rRNA were amplified by polymerase chain reac-
tion (PCR) using the universal primers 341F and 805R, followed
by the second PCR to introduce a unique combination of dual
indices (I5 and I7 index). The concentration of the second PCR
products was normalized with a SequalPrep Normalization Plate
Kit (Life Technologies, Tokyo, Japan) and concentrated using
AMPure XP beads (Beckman Coulter, Tokyo, Japan). Ten pM
of the library combined with phiX Control was sequenced using
a 300-bp paired-end strategy according to the manufacturer’s
instructions.

16S rRNA�based taxonomic analysis and statistical analysis.
QIIME ver. 1.9,(23) USEARCH v9.2.64, UCHIME ver. 4.2.40(24)

and VSEARCH ver. 2.4.3(25) were used for processing of sequence
data including chimera check, operational taxonomic unit (OTU)
definition and taxonomy assignment. Singletons were omitted.
The RDP classifier v2.10.2 with the Greengenes database (pub-
lished May, 2013)(26) was used for taxonomy assignment of the
acquired OTUs.

Statistical analyses. The observed species, Chao-1 and
Shannon phylogenetic diversity indices were calculated by the
R “phyloseq” package(27) and statistically analyzed using the
Wilcoxon test. b-Diversity for bacterial microbiome was
estimated using the UniFrac metric. Statistical analysis was per-
formed using permutational multivariate analysis of variance
(PERMANOVA). The figures were generated using the QIIME or
R “phyloseq”. The relative abundance of bacterial phyla and
genera were compared by Wlech’s test using STAMP software.(28)

Microbial composition was statistically analyzed by the Kruskal-
Wallis test and followed by the unpaired Wilcoxon test using
Linear Discriminant Analysis Effect Size (LEfSe)(29) (available
at http://huttenhower.sph.harvard.edu/galaxy/).

Functional changes in the microbiome. Potential changes
in the microbiome at the functional level were evaluated using
PICRUSt software(30) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database release 70.0.(31) The PICRUSt soft-
ware uses 16S rRNA sequence profiles to estimate metagenome
content based on reference bacterial genomes and KEGG pathway
database. The results were further analyzed statistically by Welch’s
t test using the STAMP software.(28) Benjamini-Hochberg-corrected
p values (<0.05) were used to determine any statistically significant
differences between the groups.

Results

Initially, we compared the fecal and mucosal microbiome
between the control and ED groups. The results of fecal samples
are shown in Fig. 1 and those of mucosal samples are shown in
Fig. 2.

In the fecal samples, there was a statistically significant differ-
ence in the observed species between the control and ED groups
(Fig. 1A), although there was no significant difference in the
Chao-1 and Shannon indices (Fig. 1A). The observed species and
the Chao-1 index indicate OTU richness estimation and the
Shannon index represents OTU evenness estimation. The overall
structure of the fecal microbiome was evaluated using b-diversity
indices calculated for unweighted and weighted UniFrac distance.
Principal coordinate (PCo) analysis revealed that there were
significant structural differences between the control and ED
groups (PERMANOVA p = 0.0007 for unweighted and p = 0.002

for weighted UniFrac distance, respectively) (Fig. 1B).
As shown in Fig. 2A, in mucosal samples there were no statisti-

cally significant differences in the observed species, Chao-1 and
Shannon indices between the control and ED groups. Furthermore,
there was no significant difference in the overall structure of
mucosal microbiome between the two groups (Fig. 2B).

The differences in the gut microbial structure were taxonomi-
cally evaluated at the phylum level (Fig. 3). There were no
significant differences in the abundance of the phyla Firmicutes,
Bacterodetes, and Proteobacteria between the control and ED groups.
On the other hand, the abundance of the phylum Actinobacteria
was significantly reduced in the ED group compared to the control
group.

Changes in microbial composition of fecal samples were further
analyzed using Linear Discriminant Analysis Effect Size (LEfSe)(29)

(Fig. 4) and also demonstrated by Cladogram (Fig. 5). The signif-
icant reduction in the abundance of the phylum Actinobacteria was
represented by a reduced abundance of the genus Adlercreutzia
(Kruskal-Wallis test p<0.05). In addition, the abundance of the
genera Akkermansia, Streptococcus, Helicobacter, Coprobacillus
and Coprococcus was significantly reduced in the ED group
compared to the control group. On the other hand, the abundance
of the genera Lactobacillus and Staphylococcus was significantly
increased in the ED group compared to the control group. A signif-
icant increase in the genus Lactobacillus was also detected in
mucosal samples (data not shown).

Fig. 3. Comparative analyses of the taxonomic composition of the
microbial community at the phylum level. Number in bars means %. ED,
elemental diet. *p<0.01.
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Potential differences in the function of the microbiome were
evaluated using PICRUSt software(30) (Fig. 6). When compared
with the control group, the proportion of genes responsible for
tyrosine metabolism, taurine and hypotaurine metabolism, purine
metabolism and glycolysis/gluconeogenesis was significantly
increased in the ED group. In contrast, the proportion of genes
responsible for methane metabolism, phenylalanine, tyrosine
and tryptophan biosynthesis, lysine degradation, phenylalanine
metabolism and valine, leucine and isoleucine biosynthesis was
significantly reduced in the ED group.

Discussion

A number of studies have investigated the efficacy and
mode of action of diet in IBD and nutrition is now regarded not
only as a supportive therapy but also as a primary treatment to
induce or maintain remission.(32) The ED is a therapeutic approach
that is safe and effective for maintaining remission and preventing
recurrence of Crohn’s disease. Previous clinical studies have
suggested that enteral nutrition exerts its therapeutic effects on IBD
through modulation of the gut microbiome.(16,17) Reported microbial
changes associated with enteral nutrition included: reduced abun-
dance of Firmicutes, Bacteroides/Prevotella, and Proteobacteria
and an increase in taxa belonging to Bacteroidetes.(16) Some
studies have predicted that enteral nutrition might shift dysbiosis
toward a healthier state, but recent data have shown that enteral

nutrition initially induces an even more dysbiotic state.(16) It has
recently been shown that CD patients have distinct forms or
‘degrees’ of dysbiosis, which could impact the likelihood of
achieving remission with enteral nutrition.(19) However, studies
investigating the impact of ED on the gut microbiome are lacking.
Interpreting detailed microbial changes across different studies
is complicated by the heterogeneity of study cohorts, high inter-
individual variation, differences in sample site (e.g., stool vs
mucosal biopsy), and methodological differences in analysis. So,
in order to gain basic data on the effects of the ED on the gut
microbiome, we simply investigated its effects of ED in mice.

The current study identified some novel findings. The first is
that treatment with the ED (50% w/w) for 28 days induced a
marked alteration of the fecal microbiome but did not affect the
mucosal microbiome. This suggests that influence of luminal
microbial changes may need a much longer period (over 28 days)
to alter the mucosal microbiota. In other words, the mucosal
microbiota may be regulated by a different mechanism from that
involved in the regulation of luminal microbiome. For example,
locally secreted antimicrobial peptides and secretory immuno-
globulins might directly modulate the composition of the mucosal
microbiome.(33,34)

The second finding is that ED treatment induced a significant
reduction of the diversity characterized by a significant decrease
in the observed species. This was accompanied by a significant
decrease in the abundance of the phylum Actinobacteria. At the

Fig. 4. Alteration of the relative abundance of bacteria in the control and ED groups using linear discriminant analysis effect size (LEfSe). The
histogram indicates the Linear Discriminant Analysis (LDA) score. These taxa showed a statistically significant difference between the control and ED
group (p<0.05 by the Wilcoxon test).
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genus level, the relative abundance of the genera Adlercreutzia,
Akkermansia, Streptococcus, Helicobacter, Coprobacillus and
Coprococcus were significantly reduced in the ED group. On the
other hand, the genera Lactobacillus and Staphylococcus were
significantly increased in the ED group. Thus, ED treatment for 28
days relatively simplified the fecal microbiome and these findings
are compatible with previous clinical reports.(16) These changes
may have be resulted from not only the formula containing 17.6%
amino acids but also other dietary components such as low
amounts of dietary fiber.

ED induced a decrease in the relative abundance of the genus
Adlercreutzia. Adlercreutzia (Adlercreutzia equolifaciens) is
capable of metabolizing isoflavones to equol.(35) Equol possesses
great potential for human health due to its antioxidant and anti-
carcinogenic activity.(36) It has been shown to be strongly associated
with anticancer activity and inhibition of the epidermal growth
factor receptor tyrosine kinase.(36) These characteristics suggest
that a reduced abundance of the genus Adlercreutzia may lead
to the decrease of equol generation, resulting in deterioration of
various bioactivities related to human health.

The relative abundance of the genus Akkermansia was
decreased in the ED group. The genus Akkermansia is a mucin-
degrading bacterium of the phylum Verrucomicrobia.(37) This is
the only genus of the phylum Verrucomicrobia found in gastro-
intestinal samples and utilizes mucin as the sole source of carbon,
nitrogen, and energy for growth.(37) Akkermansia resides in the
mucus layer of the colon, where it contributes to the maintenance
of intestinal integrity. The presence of Akkermansia is therefore
considered to be associated with a healthy intestine, and its
decrease has been shown in several disease states. For example,
Akkermansia decreased in patients with IBD and/or obese
peoples.(37) Based on these previous reports, it was suggested that
ED-induced decrease in the abundance of the genus Akkermansia

may not be beneficial for IBD patients. ED contains relatively low
amounts of dietary fiber and leads to a thinning of the mucous
layer. A reduced abundance of Akkermansia may be a secondary
change to this thinning.

A positive result induced by ED treatment was an increase in
relative abundance of the genus Lactobacillus. This genus forms a
major part of the lactic acid bacteria group that converts sugars to
lactic acid and is a representative commensal bacteria.(38) In
humans, it constitutes a significant component of the microbiota at
a number of body sites, such as the gastrointestinal tract, urinary
and genital systems.(38) Lactobacillus exhibits a mutualistic rela-
tionship with human, as it protects the host against potential inva-
sions by pathogens, and in turn, the host provides a source of
nutrients. An increased abundance of the genus Lactobacillus is
therefore considered to be a desirable phenomenon.

The functional analyses of the gut microbiome using PICRUSt
software revealed that ED treatment induced a significant increase
in various pathways involving “amino acid metabolism” such as
tyrosine metabolism, glutathione metabolism, taurine and hypo-
taurine metabolism. In contrast, ED lead to a decrease in phenylal-
anine, tyrosine and tryptophan biosynthesis, lysine degradation,
phenylalanine metabolism and valine, leucine and isoleucine
biosynthesis. These findings indicate that amino acid-rich formula
ED altered the amino acid metabolism of the gut microbiota com-
plicatedly. These are based on the indirect computational method
for inferring metagenomics content, and direct metagenomic DNA
sequencing will be required to confirm the findings of this study.
This strategy will define a precise role of ED-induced alteration of
amino acid metabolism in the gut microbiota.

In conclusion, it is clear that ED has a profound impact on the
gut microbiome in mice. Not all changes of the gut microbiome in
response to ED were desirable for IBD patients. ED caused a
reduction in bacterial diversity, changes in community-level

ED
Control

Fig. 5. Cladogram showing a comparison of the bacterial microbial profile between the control and ED groups.
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metabolic functions, and seemed to increase microbial dysbiosis.
This observation suggests that ED achieves its effect by disrupting
established IBD-related dysbiosis to re-colonize and re-establish
microbial communities that are a more favorable to the host.
Further investigation is required to improve our understanding of
how ED modulates the gut microbiome.
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