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Aim: Sepsis causes a systemic inflammatory reaction by destroying intestinal flora, which leads to a poor prognosis. In this study,
we sought to clarify the characteristics of fecal flora and metabolites in a mouse model of sepsis by comprehensive metagenomic
and metabolomic analysis.

Methods: We performed a cecal ligation and puncture model procedure to create a mild sepsis model. We collected fecal samples
on day 0 (healthy condition) and days 1 and 7 after the cecal ligation and puncture to determine the microbiome and metabolites. We
analyzed fecal flora using 16S rRNA gene sequencing and metabolites using capillary electrophoresis mass spectrometry with time-of-
flight analysis.

Results: The abundance of bacteria belonging to the family Enterobacteriaceae significantly increased, but that of order Clostridiales
such as the families Lachnospiraceae and Ruminococcaceae decreased on day 1 after the cecal ligation and puncture compared with
those before the cecal ligation and puncture. The family Enterobacteriaceae significantly decreased, but that of order Clostridiales
such as the families Lachnospiraceae and Ruminococcaceae increased on day 7 compared with those on day 1 after the cecal ligation
and puncture. In the fecal metabolome, 313 metabolites were identified. Particularly, essential amino acids such as valine and non-
essential amino acids such as glycine increased remarkably following injury. Betaine and trimethylamine also increased. In contrast,
short-chain fatty acids such as isovaleric acid, butyric acid, and propionic acid decreased.

Conclusion: The fecal microbiota following injury showed that Enterobacteriaceae increased in acute phase, and Lachnospiraceae
and Ruminococcaceae increased in subacute phase. The metabolites revealed an increase in essential amino acids and choline
metabolites and a decrease in short-chain fatty acids.
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INTRODUCTION

THE TOTAL NUMBER of genes in intestinal bacteria
exceeds that of human genes by 100 times,1 and these

bacteria produce and secrete various metabolic components by
unique metabolic pathways different from those in humans.2

In recent years, along with the development of an anal-
ysis method, the characteristics of intestinal bacteria and

metabolites in specific diseases have been clarified.3 It
has been revealed that treatment for maintaining intestinal
homeostasis for each disease has a great influence on sys-
temic homeostasis.4 In critical diseases in the emergency
medicine field, such as sepsis and heat stroke, it is
reported that destruction of the intestinal flora causes a
systemic inflammatory reaction that leads to a poor prog-
nosis.5,6 Although it is important to understand the intesti-
nal environment in these diseases, the fecal flora and
metabolites in critical disease have not been comprehen-
sively analyzed from the perspective of systemic inflam-
mation.

Therefore, the purpose of this study was to clarify the
consecutive fecal flora and metabolites in a septic mouse
model by comprehensive analysis using metagenomic and
metabolomic analysis and to explore potential factors for
systemic inflammation.
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MATERIALS AND METHODS

Ethics statement

ALL ANIMAL EXPERIMENTS were approved by the
Animal Care and Use Committee of Osaka University

Graduate School of Medicine.

Cecal ligation and puncture model

Male-specific pathogen-free C57BL/6 mice (6 weeks old,
20–25 g) provided by Japan SLC. (Hamamatsu, Japan) were
housed in laboratory cages in a 12-h light/dark room at 22°C
to 25°C and were given standard diet and water for 7 days
until the experiments began. We performed a cecal ligation
and puncture (CLP) model procedure to create a mild sepsis
model with a 1-week survival rate of 100%. We anesthetized
the mice with intraperitoneal injection of medetomidine
(0.3 mg/kg) and midazolam (4.0 mg/kg) and provided anal-
gesia with butorphanol (5.0 mg/kg). We exposed the cecum
with a 1-cm abdominal midline incision and ligated 1 cm
distal from the top of the cecum and made a single puncture
with a 23-gauge needle. We returned the cecum to the abdo-
men and closed the incision. All mice were injected with sal-
ine (50 mL/kg body weight) subcutaneously following the
operation.

Sample collection

We collected fecal samples on day 0 (healthy condition) and
days 1 and 7 after CLP to determine the microbiome and the
metabolites.

Fecal bacterial DNA extraction and 16S rRNA
gene sequencing

DNA was extracted from fecal samples using a PowerSoil
DNA Extraction Kit (MO BIO Laboratories, Carlsbad, CA).
Polymerase chain reaction (PCR) was performed using a pri-
mer set (784F: 50-AGGATTAGATACCCTGGTA-30 and
1061R: 50-CRRCACGAGCT-GACGAC-30) targeting the
V5-V6 region of the 16S rRNA genes with KAPA HiFi
HotStart Ready Mix (KAPA Biosystems, Woburn, MA).
DNA libraries were prepared using an Ion Fragment
Library Kit (Life Technologies, Gaithersburg, MD)
according to the manufacturer’s instructions. Sequencing
was performed using two 318 chips and Ion PGM
Sequencing Hi-Q Kits on an Ion PGM sequencer (both,
Life Technologies). The resulting sequences were analyzed
with Quantitative Insights into the Microbial Ecology
pipeline.

Metabolome analyses

The samples were subjected to capillary electrophoresis
mass spectrometry with time-of-flight (CE-TOFMS) analy-
sis. Metabolome analysis was conducted with the Basic
Scan package of Human Metabolome Technologies (HMT;
Tsuruoka, Yamagata, Japan) using CE-TOFMS based on the
methods described previously.7,8 CE-TOFMS analysis was
carried out using an Agilent CE capillary electrophoresis
system equipped with an Agilent 6,210 TOF mass spectrom-
eter (Agilent Technologies, Santa Clara, CA, USA). The
systems were controlled by Agilent G2201AA ChemStation
software version B.03.01 for CE (Agilent Technologies).
The spectrometer was scanned from m/z 50 to 1,000, and
peaks were extracted using MasterHands automatic integra-
tion software (Keio University, Tsuruoka, Yamagata, Japan)
to obtain peak information including m/z, peak area, and
migration time.9 Signal peaks corresponding to isotopomers,
adduct ions, and other product ions of known metabolites
were excluded, and the remaining peaks were annotated
according to the HMT metabolite database based on their m/
z values with the migration times. Areas of the annotated
peaks were then normalized based on internal standard
levels and sample amounts to obtain relative levels of each
metabolite. One hundred ten primary metabolites were abso-
lutely quantified based on one-point calibrations using their
respective standard compounds.

Statistical analysis

Comparisons between the two groups were performed using
the Mann–Whitney U test. Spearman’s rank correlation
coefficients (two-tailed test) were calculated for co-
occurrence analysis. P values of <0.05 were considered sta-
tistically significant. Clustering analysis and principal com-
ponent analysis (PCA) were performed with HMT’s
proprietary software, PeakStat and SampleStat, respectively.
Detected metabolites were plotted on metabolic pathway
maps using VANTED software.10 Metabolite pathway
enrichment analysis was conducted using MetaboAnalyst
(http://www.metaboanalyst.ca). Biclustering analysis was
done using JMP14. Network analysis was performed with
Cytoscape software (https://www.cytoscape.org) version
3.8.0. The network was based on the significant Spearman’s
correlation coefficients between the metabolites. The
metabolites with log2 fold change (0.5 > or < �0.5) were
included. The log2 fold change was calculated by dividing
average relative area of metabolites on day 1 or day 7 by
those on day 0. The size of each node was determined based
on the absolute value of the log2 fold change. Node shape
reflects the log2 fold change (i.e., circle >0.5; rhombus
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<�0.5). Statistical analysis was carried out with JMP 14
(SAS Institute, Cary, NC, USA).

RESULTS

Microbial alterations after CLP

THE ABUNDANT TAXA from the fecal samples deter-
mined by 16S rRNA analysis are shown in Figure 1A,B

(n = 12 each day). Bacteroidetes and Firmicutes were the

main predominant phyla in the mice before CLP. After CLP,
the family that mainly changed in phylum Proteobacteria was
Enterobacteriaceae, and Escherichia coli was the main genus
in this family (98.9%). The abundance of bacteria belonging
to the phylum Proteobacteria increased significantly on day 1
after CLP compared with that before CLP, whereas that
belonging to the phyla Bacteroidetes and Firmicutes decreased
on day 1 after CLP compared with that before CLP. In con-
trast, the abundance of bacteria belonging to the phylum Pro-
teobacteria decreased significantly on day 7 compared with

Fig. 1. A, The differences in the phylum-level taxonomic composition of intestinal microbiomes before and after cecal ligation and

puncture (CLP). The intestinal microbiome after CLP was more variable than that before CLP. B, The family-level taxonomic composi-

tion before and after CLP.
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that on day 1 after CLP, and that belonging to the phyla Bac-
teroidetes and Firmicutes increased on day 7 after CLP com-
pared with that on day 1 after CLP (Fig. 1A).

Those families that mainly increased in phylum Firmi-
cutes on day 7 compared with day 0 and day 1 were Lach-
nospiraceae and Ruminococcaceae in the order
Clostridiales. Those families that mainly changed in phylum
Bacteroidetes were S24-7 and Bacteroidaceae (Fig. 1B).

Metabolome alterations after CLP

From the fecal metabolome after CLP, CE-TOFMS identi-
fied 313 metabolites. The results of PCA are shown in
Figure 2. Remarkably different main components were
observed in the fecal metabolome on days 0, 1, and 7. Fold
changes and P-values of the metabolites are shown in
Appendix S1.

Volcano plot analysis in the CLP groups is shown in Fig-
ure 3A. Considering multiple comparisons adjusted for
probabilities (adjusted for P < 0.05) and fold change (fold
change >0.5, <�0.5), many metabolites were found to
increase on day 1 (261 metabolites) and day 7 (236 metabo-
lites) compared to those on day 0.

Metabolite set enrichment analysis is shown in Fig-
ure 3B. The analysis identified significantly enriched
metabolite sets among the metabolites that were increased
on day 1 compared to day 0, with the strongest enrich-
ment identified for valine, leucine, and isoleucine biosyn-
thesis; glycine, serine, and threonine metabolism;
phenylalanine, tyrosine, and tryptophan biosynthesis; and

arginine and proline metabolism. The analysis also identi-
fied significantly enriched metabolite sets among the
metabolites increased on day 7 compared to day 0, with
the strongest enrichment identified for valine, leucine, and
isoleucine biosynthesis; glycine, serine, and threonine
metabolism; phenylalanine, tyrosine, and tryptophan
biosynthesis; arginine biosynthesis; and b-alanine metabo-
lism.

A heatmap representation of the metabolites related to
the significantly enriched metabolite sets is shown in Fig-
ure 3C. The relative area of the metabolites was found to
increase on day 1 and day 7 compared to that on day 0.
Considering multiple comparisons adjusted for probabili-
ties and fold change, some metabolites were found to
decrease on day 1 and day 7 compared to those on day 0
(Fig. 3A,D).

Biclustering and network visualization are shown in
Figure 4A,B. The metabolites on day 1 were classified
into 12 categories (left side of Fig. 4A), and networks of
cluster number 12 included the elements of three enriched
metabolite sets such as “valine, leucine, and isoleucine
biosynthesis”, “glycine, serine, and threonine metabolism”,
and “phenylalanine, tyrosine, and tryptophan biosynthesis”
(right side of Fig. 4A). In addition, the metabolites on day
7 were classified into 6 categories (left side of Fig. 4B),
and networks of cluster number 6 included the same
enriched metabolite sets as shown for day 1 (right side of
Fig. 4B).

The short-chain fatty acids (SCFAs) in our study included
butyric acid (isobutyric acid), valeric acid (isovaleric acid),
and propionic acid. They were decreased on day 1 and day 7
compared to those on day 0 (Fig. 5).

DISCUSSION

THE PRESENT STUDY showed that the fecal flora and
metabolites changed dramatically following the injury

of CLP. We found that the rate of family Enterobacteriaceae
increased in the acute phase (day 1), and that of order
Clostridiales decreased, and those of the families Lach-
nospiraceae and Ruminococcaceae increased in the suba-
cute phase (day 7).

Although the reason for the increase of Enterobacteri-
aceae has not been clarified, inflammatory mediators such
as inducible nitric oxide synthase (iNOS) may have a key
role.11 The order Clostridiales, containing the families Lach-
nospiraceae and Ruminococcaceae, produces butyric acid.12

Furusawa et al.13 showed that the production of fecal butyric
acid and regulatory T cells (Treg) of the colon in mice colo-
nized with order Clostridiales increased significantly in the
high-fiber diet group compared with the low-fiber diet

Fig. 2. Principal component analysis (PCA) shows the patterns

of the metabolites. Remarkably different main components

were observed in the fecal metabolome on days 0, 1, and 7.
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Fig. 3. A, In volcano plots, the y axis shows adjusted P-values (�log10(P-value)), and the x axis shows fold change for the metabo-

lites. The horizontal dashed line indicates a P-value of 0.05. The vertical dashed lines indicate fold changes of 0.5 or � 0.5, respec-

tively. The size of the circles indicates the averaged abundance of each metabolite. The names of the metabolites discussed in our

study or previously reported are indicated next to each circle. Red color indicates over-expressed metabolites, and turquoise indi-

cates under-expressed metabolites. B, Metabolite set enrichment analysis identified significantly enriched metabolite sets among the

metabolites increased on day 1 (left) and day 7 (right) compared to day 0. C, Heatmap representation of metabolites that were signifi-

cantly enriched on day 0 and day 1 (left) and on day 0 and day 7 (right). Red indicates high expression and turquoise, low expression.

D, Metabolites that were significantly decreased on day 1 (left) and day 7 (right) compared to day 0.
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group. Antharam et al.14 showed that the proportions of
families Lachnospiraceae and Ruminococcaceae in healthy
patients were higher than those of patients with Clostridium
difficile infection (CDI). The changes in these families in
this study may have been a result of sepsis.

We found that most of the metabolites tended to increase
following the injury of CLP. Particularly, essential amino
acids such as valine, leucine, and phenylalanine and non-
essential amino acids such as glycine, serine, and threonine
remarkably increased following the CLP injury. In contrast,

Fig. 3. (continued)
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Fig. 4. A, Biclustering of metabolites and network visualization on day 1. In the biclustering analysis, the metabolites were classified

into 12 categories on day 1 (left side of A). The network visualizes the significant correlations of biclustering on day 1 (right side of A).

The different node colors indicate different categories. The lines enclosing the nodes indicate those belonging to the enriched

metabolite set. The thickness of the line between the nodes indicates the degree of correlation. Red and blue lines indicate positive

and negative correlations, respectively. The dotted-line boxes indicate categories corresponding to those in biclustering. B, Bicluster-

ing of metabolites and network visualization on day 7. In the biclustering analysis, the metabolites were classified into 6 categories on

day 7 (left side of B). The network visualizes the significant correlations of biclustering on day 7 (right side of B).
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SCFAs such as butyric acid, valeric acid, and propionic acid
decreased on day 1 and day 7 after CLP compared with
those before CLP.

Valine, leucine, and isoleucine are branched-chain essen-
tial amino acids that are not normally produced from the
intestinal epithelium. A previous study showed that
branched-chain essential amino acids increased especially in
the intramucosal cancer stage of colorectal cancer.15 How-
ever, to our knowledge, there are no previous reports on
fecal branched-chain essential amino acids in association
with sepsis. There are three possible reasons why these
amino acids increased in our study. First, the bacteria that
can produce branched-chain essential amino acids increased.
Second, the bacteria that can resolve the amino acids
decreased. Third, cell walls were shed because of intestinal
cell death.

Choline is metabolized to trimethylamine N oxide
(TMAO) and betaine in the body.16 A previous study
showed choline, TMAO, and betaine to be associated with
the exacerbation of arteriosclerosis and increased cardiovas-
cular events.17 Although there appear to be no previous
studies on the relationship between these metabolites and
infectious diseases such as sepsis, these metabolites were
increased in our study, and therefore, they may be associated
with sepsis pathophysiology.

Polyamines such as putrescine, spermidine, and sper-
mine are supplied from food or intestinal microbiota.18,19

Matsumoto et al. showed that mice administered Bifi-
dobacteria LKM512 had significantly higher fecal polya-
mine concentrations compared with control mice, and
they had significantly lower colon permeability in a
lactulose-rhamnose load test compared with control

mice.20 It is possible that polyamines were increased by
sepsis in our study.

SCFAs, the result of anaerobic metabolism in the micro-
biota, consist of acetic, propionic, and n-butyric acids with
2–4 carbon atoms and possess anti-inflammatory activity.21

The concentrations of SCFAs were reported to be signifi-
cantly lower in critically ill patients than in healthy volun-
teers.22,23 The amounts of SCFAs continued low for more
than 6 weeks24 and were associated with mortality.25 In our
study, the concentrations of SCFAs such as isovaleric acid,
butyric acid, and propionic acid decreased. This result sup-
ported the findings of these previous studies. We consider
that supplementation with metabolites showing a decrease,
such as SCFAs, may lead to improvement of the pathologi-
cal condition. However, additional work is needed to con-
firm this.

This study has a limitation in that we used only juvenile
male mice for our research. Therefore, our inferences may
not be generalizable to all mice, and further studies are
needed on the association between aging and the characteris-
tics of fecal flora and metabolites.

CONCLUSIONS

WE RESEARCHED THE consecutive fecal flora and
metabolites for the first time in a CLP model of sep-

sis. Analysis of fecal microbiota following injury showed
that Enterobacteriaceae increased in the acute phase, and
Lachnospiraceae and Ruminococcaceae increased in the
subacute phase. The metabolites revealed to increase were
essential amino acids and choline metabolites, and those that
decreased were SCFAs. The present findings may lead to a

Fig. 5. The differences in butyric acid (isobutyric acid), valeric acid (isovaleric acid), and propionic acid of intestinal metabolites

before and after cecal ligation and puncture (CLP). They were decreased after CLP compared to those before CLP (*P < 0.05 versus

day 0).
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better understanding of pathological conditions and the dis-
covery of new biomarkers by focusing on changes in the
fecal microbiota and metabolites.
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Appendix S1. Fold changes and P-values of the metabo-
lites.
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