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Abstract

Background Short bowel syndrome (SBS) resulting from extensive intestinal resection is thought to significantly affect gut
microbiota. Data are limited on the signatures of the intestinal microbiome in SBS with different anatomical types.

Aims The aim of our investigation was to characterize the composition and function of gut microbiota in SBS with or without
ileocecal resection (ICR).

Methods Six-week-old male Sprague-Dawley rats underwent 75% small bowel resection (SBR) with the ileocecal junction
intact (SBR group, jejunoileal anastomosis, n=10) or removed (ICR group, jejunocolic anastomosis, 7= 10), or sham surgery
(sham group, n=10). Colonic contents of the rats were collected 28 days after operation, and 16S rRNA gene sequencing
was performed on the MiSeq Illumina platform to analyze bacterial composition.

Results Overall structures of the gut microbiome differed significantly among the three groups. The bacterial a-diversity of
the ICR group was remarkably lower than that of the sham group. ICR rats were enriched with Lactobacillus and opportunistic
pathogens from Proteobacteria but depleted of commensal genera belonging to the Lachnospiraceae, Ruminococcaceae and
Erysipelotrichaceae families. Genera from the Bacteroidales S24-7 group, Porphyromonadaceae, Prevotellaceae, Rikenel-
laceae and Christensenellaceae were prevalent in SBR rats. Functional pathways of branched-chain and aromatic amino
acid biosynthesis, lipopolysaccharide biosynthesis and infectious diseases were abundant in the ICR group, while SBR rats
featured pathways of C5 branched dibasic acid metabolism, biotin metabolism and one carbon pool folate.

Conclusions ICR causes dramatically more severe intestinal dysbiosis than SBR only in SBS rat models, resulting in altered
functional profiles of the gut microbiome.

Keywords Intestinal microbiome - Dysbiosis - Short bowel syndrome - Ileocecal resection

Introduction

Short bowel syndrome (SBS) is defined as the inability of
the gastrointestinal tract to maintain protein-energy, fluid,
electrolyte or micronutrient balances because of an insuffi-
cient absorptive area resulting from extensive small bowel
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resection, congenital defects or disease [1]. Patients with SBS
are at high risk of malnutrition and long-term dependence on
parenteral nutrition (PN) for survival. During the first 2 years
after intestinal resection, the remnant small bowel undergoes
some adaptive process, both structurally and functionally, to
compensate for malabsorption and help patients wean off PN
[2]. Factors influencing intestinal adaptation include the extent
and anatomy of intestinal loss, gut microbiota and intestinal
hormones [3-5].

The gut microbiota plays a major role in energy salvage,
metabolic functions and immune modulation, and disturbance
in the composition and function of these intestinal microbes
is associated with numerous diseases [6, 7]. In recent years, a
host of studies with growing frequency have investigated the
altered intestinal microbiota in patients with SBS, reporting
decreased microbial diversity, increased relative abundance
of pathogenic bacteria and small bowel bacterial overgrowth
[8-10]. SBS-associated gut dysbiosis could result in mucosal
inflammation, delayed enteral diet, prolonged PN dependence,
D-lactic acidosis, hepatobiliary complications, poor growth
and consequently impaired outcomes [11-13].

SBS can be divided into different anatomical types based
on whether ileocecal resection (ICR) was performed [14].
Patients who undergo ICR usually have poorer intestinal
adaptation and worse clinical outcomes, which is prob-
ably associated with changes in the gut microbiome [15].
Although there is no lack of studies focusing on the bac-
terial alterations in SBS patients so far, few studies have
distinguished between the two anatomical types. Addition-
ally, in research, the most commonly studied model of SBS
resects the mid-intestine of varying lengths but maintains
the intact ileocecal junction [16, 17], although the intestinal
anatomy of human SBS patients is more represented by ICR.
The ileocecal junction is composed of the terminal ileum,
ileocecal valve and colon in continuity, the value of which
is evidenced by slower transit due to the ileal brake effect,
a barrier to anterograde reflux from the large to the small
intestine and colonic salvage of extra calories from bacterial
fermentation [14, 15, 18]. Therefore, this project was carried
out to describe the compositional and functional profiles of
the intestinal microbiome in rat SBS models with/without
ICR by high-throughput sequencing technology. We hypoth-
esize that the resection of the ileocecal junction will have a
greater impact on the alterations of the gut microbiome in
SBS due to the severely disrupted microenvironment.

Methods
Animals and Experimental Procedures

Four-week-old male Sprague-Dawley rats (Cavens Lab Ani-
mals, Changzhou, China) were housed in groups of five in an
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animal facility with a 12-h light-dark cycle. Animals were
allowed water and solid chow ad libitum before the experi-
ment. All animals received humane care, and this study was
approved by the Animal Experimental Ethics Committee of
the Shanghai Ninth People’s Hospital, Shanghai JiaoTong
University School of Medicine.

At 5 weeks of age, rats were transferred to a nutrient-forti-
fied water gel (DietGel Recovery, ClearH20, USA) and kept
on this diet for 1 week until operation. At 6 weeks of age,
rats were randomly assigned to three surgical groups (10 rats
per group): sham, SBR (75% mid-intestinal resection with
the ileocecal junction intact) and ICR (75% distal-intestinal
resection with the ileocecal junction removed). Rats were
anesthetized by inhalation with 2% isoflurane before surgery.
The sham operation was performed by transection and rea-
nastomosis of the bowel approximately 75 cm proximal to
the ileocecal junction. In the SBR group, the small intestine
was divided approximately 4-5 cm distal to the ligament of
Treitz and 20 cm proximal to the ileocecal junction. In the
ICR group, the intestine was transected at the site 75 cm
proximal to the ileocecal junction and the site 1 cm distal to
the cecum in the colon. The mesentery was ligated, and the
intervening bowel was excised. The resection margins were
anastomosed by an end-to-end, single-layer method using
7-0 braid sutures. During the operation, we measured the
entire resected bowel to ensure 75% resection, and, if neces-
sary, we made adjustments by resecting the bowel further.
The rats were resuscitated by intraperitoneal injection of
4 ml 0.9% saline solution and kept in a warm incubator with
free access to water for the first postoperative 24 h. After
that, rats were housed individually, fed on the water gel for
1 week and then allowed water and solid chow ad libitum
until the end of the study.

Sample Collection and DNA Extraction

On postoperative day 28, rats were killed, and colonic con-
tents were collected from a section of descending colon that
was 5 cm proximal to the anal verge. Samples were flash
frozen in liquid nitrogen and then stored at — 80 °C until
analysis. Genomic DNA was extracted from each sample
using the QIAamp DNA Stool Mini Kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions with minor
modifications.

Bacterial Sequencing

The bacterial 16S rRNA genes were amplified using 515F
(5'-GTGCCAGCMGCCGCGGTAA-3') and 926R (5'-
CCGTCAATTCMTTTGAGTTT-3') primers targeting the
V4-V5 hypervariable region. The primers were tailed with
sequences to incorporate Illumina flow cell adapters with
indexing barcodes. After polymerase chain reaction (PCR),
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barcoded 16S amplicons were purified and quantified and
then pooled and paired-end (2 X300 bp) sequenced on the
MiSeq platform (Illumina, San Diego, CA).

Raw sequences were demultiplexed using exact matches
to the supplied DNA barcodes and quality filtered with the
parameters of SLIDINGWINDOW: 50:20 and MINLEN:
50. The paired-end reads were merged using the FLASH
program [19], and low-quality merged reads were filtered
with Mothur (V.1.33.3) based on read lengths <200 bp and
reads containing ambiguous bases containing homopoly-
mers > 8 nucleotides or identified as a chimeric artifact [20].
The trimmed sequences were then clustered into operational
taxonomical units (OTUs) at 97% similarity by the UPARSE
algorithm [21]. Representative sequences in each OTU were
classified taxonomically against the SILVA 128 database at
80% confidence using Mothur [22].

The sequencing data for our study are available in
the NCBI Sequence Read Archive under accession no.
SRP186877.

Bioinformatic and Statistical Analysis

Prior to further analysis, each sequence library was randomly
subsampled to an even depth across all sequences. Microbial
a-diversity indices were calculated by sampling-based OTUs
using Mothur and compared by one-way ANOVA with the
multiple correction test of Bonferroni. Differences in the
relative abundance of bacterial taxa were evaluated with the
Kruskal-Wallis test and corrected by Dunn’s test for multiple
comparisons. The B-diversity was estimated using phylo-
genetic UniFrac (unweighted and weighted), Bray-Curtis
and Jaccard distances. Permutational multivariate analy-
sis of variance (PERMANOVA) was applied to compare
B-diversity indices among the three groups, and significance
was determined through 10,000 permutations. The dissimi-
larity among samples was explored by principal coordinate
analysis (PCoA) based on Bray-Curtis distance and partial
least squares discriminant analysis (PLS-DA). A heatmap
of genus-level bacterial OTUs was built to identify the key
variables of different groups. The PICRUSt (Phylogenetic
Investigation of Communities by Reconstruction of Unob-
served States) software was used to predict functional pro-
files based on 16S rRNA gene data [23]. Linear discriminant
analysis (LDA) effect size (LEfSe) analysis was used to elu-
cidate taxa and genes distinguishing the sham, SBR or ICR
states. Both PICRUSt and LEfSe are available online in the
Galaxy workflow framework (http://huttenhower.sph.harva
rd.edu/galaxy/). Adjusted p values <0.05 were considered
significant. The ANOVA and nonparametric tests were per-
formed by GraphPad Prism version 7 (GraphPad software,
LaJolla, CA), and the PERMANOVA, PCoA, PLS-DA and
heatmap were conducted in R (V.3.5.1).

Results

A total of 30 rats, 10 in each group, underwent sham, SBR
or ICR surgical procedures. Colonic contents were collected
from each rat for final analysis, and a total of 919192 V4-V5
16S sequences were generated.

Community Structure of the Intestinal Microbiota
in SBS Rat Models

Rarefaction analysis showed that estimated OTU richness
basically approached saturation in each group, and the rich-
ness significantly decreased in ICR rats versus sham and
SBR rats (Fig. 1a). Likewise, ICR was associated with a
lower microbial a-diversity of colonic content than sham
and SBR when surveyed by the ACE index (P <0.001),
Shannon index (P <0.001), Invsimpson index (P=0.003
and P <0.001, respectively) and phylogenetic diversity (PD;
P <0.001). However, there was no significant difference in
a-diversity between the sham and SBR groups (Fig. 1b—e).

Using a variety of measures (unweighted and weighted
UniFrac, Bray-Curtis and Jaccard distances), we detected
remarkable differences (P =0.0001) in p-diversity among
different surgical models for all four distances. We visual-
ized Bray-Curtis dissimilarity by PCoA, which suggested
different overall microbial community structures among the
sham, SBR and ICR groups. Although partial overlap was
observed, samples from the same group were more homo-
geneous and tended to cluster together (Fig. 2a). Addition-
ally, PLS-DA, a supervised analysis method, also allowed
for the detection of a separated distribution among three
groups, indicating a distinctive intestinal microbial compo-
sition (Fig. 2b).

Alterations in Intestinal Microbial Composition
of SBS Rats Relative to Sham Rats

Bacteria identified in the colonic contents of the three sur-
gical models included those from the six most dominant
phyla such as Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, Fusobacteria and Verrucomicrobia (Fig. 3a).
Rats undergoing intestine resection displayed perturbed
microbiota signatures relative to sham rats, while remark-
able differences between SBR and ICR were also visible.
In SBR rats, Firmicutes significantly decreased compared
with sham and ICR (P =0.033 and P =0.006). For rats with
ICR, Proteobacteria was dramatically enriched (P =0.006
and P=0.008), and Bacteroidetes was deficient (P=0.021
and P <0.001) compared with sham and SBR. In addition,
relative to sham, Actinobacteria was less abundant in sam-
ples from ICR (P =0.029). Both SBR and ICR rats had
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Fig.1 Comparative analyses of the microbial a-diversity among the
sham and short bowel syndrome rat models with/without ileocecal
resection (ICR). a Rarefaction curves of each group at 97% similarity.
The estimated operational taxonomy unit (OTU) richness basically
approached parallel, indicating that the total bacterial diversity pre-
sent was well represented. Microbial a-diversity estimated by ACE

higher proportions of Fusobacteria (P=0.006 and P=0.007)
and lower proportions of Verrucomicrobia (P =0.034 and
P <0.001) than sham rats (Fig. 3b—g).

Although no significant difference was found in the
relative abundance of Firmicutes between ICR and sham,
the families within the Firmicutes phylum were remark-
ably changed in ICR rats compared with sham and SBR
rats, which included the loss of bacteria within the Lach-
nospiraceae (P <0.001 and P =0.018), Ruminococ-
caceae (P=0.001 and P <0.001) and Erysipelotrichaceae
(P=0.007 and P<0.001) families and the enrichment
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index (b), Shannon index (c), Invsimpson index (d) and phylogenetic
diversity (PD; e). The box plots depict the median and interquartile
range (IQR), their whiskers denote 1.5 XIQR, and points indicate out-
lying values. P <0.01; ““P<0.001 compared with the ICR group.
SBR, small bowel resection

of bacteria within the Lactobacillaceae (P =0.036 and
P <0.001) family. Samples from SBR rats tended to have a
lower abundance of Lachnospiraceae (P=0.033) and Veil-
lonellaceae (P=0.021) than sham rats. The Bacteroidales
S24-7 group dominated a large proportion of the Bacteroi-
detes phylum in SBR rats (P =0.036 vs. sham and P <0.001
vs. ICR); nevertheless, most families belonging to the Bac-
teroidetes phylum were nearly undetectable in ICR rats.
Enterobacteriaceae contributed mostly to the prevalence of
Proteobacteria in the ICR group compared with sham and
SBR. Other pathogenic bacteria within the Proteobacteria
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Fig.2 Comparative analyses of the microbial structure of the sham
and short bowel syndrome rat models with/without ileocecal resec-
tion (ICR). a Bacterial p-diversity of principal coordinates analysis
(PCoA) based on Bray-Curtis distance indicated a separated dis-
tribution of the colonic microbial communities among all groups
(P=0.0001). b Partial least squares discriminant analysis (PLS-DA)
plots based on the operational taxonomy unit (OTU) level showed the
trend that the three groups were well separated. SBR, small bowel
resection

phylum, including Pasteurellaceae (P =0.008) and Coma-
monadaceae (P <0.001), were also more abundant in ICR
than sham. Conversely, some residential bacteria in sham,
such as Coriobacteriaceae (P =0.001), Deferribacteraceae
(P=0.001) and Verrucomicrobiaceae (P <0.001), were
lacking in the colonic contents of ICR rats. Compared
with sham, both SBR and ICR samples had significantly
increased relative abundance of the Fusobacteriaceae fam-
ily (P=0.006 and P=0.007), which was considered to be
pathogenic (Table 1, Fig. 4a).

Genus-Level Microbes Distinguishing Sham, SBR
and ICR Rats

Genus-level bacterial taxa distinguishing three surgical
groups were clustered by heatmap (Fig. 4b). There were
statistically significant differences in the taxa dominating
the ICR group and the other two groups, whereas rats with
SBR had unique microbial signatures in addition to sharing

similarity with the sham and ICR groups. Specifically, a
variety of commensal bacterial genera distributed across the
Verrucomicrobiaceae, Lachnospiraceae, Ruminococcaceae,
Erysipelotrichaceae and Desulfovibrionaceae families, such
as Akkermansia, Blautia, Butyrivibrio, Lachnoclostridium,
Roseburia, Anaerotruncus, Butyricicoccus, Flavonifractor,
Ruminiclostridium, Allobaculum and Desulfovibrio, were
identified to be abundant in sham but depleted in ICR. In
contrast, Lactobacillus and some pathogenic genera, includ-
ing Escherichia-Shigella, Klebsiella, Proteus and Pasteurella,
were indicative of ICR state. Additionally, several genera
from the Bacteroidales S24-7 group, Porphyromonadaceae,
Prevotellaceae, Rikenellaceae and Christensenellaceae, were
unique to SBR.

Signatures of the Functional Profiles of Gut
Microbiota in SBS Rats With/Without ICR

Using PICRUSt, we examined how the microbial metabolic
and functional pathways changed after SBR and ICR based
on the KEGG pathway. As a whole, the genetic profiles clus-
tered together by surgical procedures despite some overlaps
between sham and SBR. Our PCoA plot showed a statisti-
cally significant distinction among the three groups based on
Bray-Curtis distances (P <0.0001, Fig. 5a). We also identi-
fied 18 metabolic modules that discriminated between dif-
ferent surgical anatomies by LEfSe (Fig. 5b). Within amino
acid metabolism, the sham group was characterized by lysine
biosynthesis and arginine and proline metabolism; instead,
the ICR group was enriched with branched-chain and aro-
matic amino acid biosynthesis and cysteine and methionine
metabolism. Furthermore, pathways responsible for glycoly-
sis/gluconeogenesis, the pentose phosphate pathway, starch
and sucrose metabolism and riboflavin metabolism were
correlated with sham, whereas pathways of C5 branched
dibasic acid metabolism, biotin metabolism and one carbon
pool folate were featured in SBR. Additionally, lipopoly-
saccharide (LPS) biosynthesis and infectious diseases were
abundant, while oxidative phosphorylation was depleted in
the ICR group.

Discussion

In this study, we comprehensively described the colonic
microbial signatures of rats following massive SBR with/
without ICR. To date, several murine models of SBS that
differ in the extent and site of intestine resection have been
studied [5, 24]. Although murine models with 50% proximal
SBR have lower mortality and may serve as useful tools
to explore the mechanisms of intestinal adaptation, they do
not mimic extensive SBR or severe ICR conditions, which
are more commonly observed in human patients with SBS
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and intestinal failure [18]. Hence, we performed 75% SBR
with/without ICR in the present study to better understand
the pathophysiologic and microbial variations of the intes-
tine in SBS conditions. As few differences in gut microbiota
have been detected between sham and nonoperative animal
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models [16], we used only sham-operated rats as controls
in this study.

The similar clustering patterns of both the PCoA and
PLS-DA strongly suggested distinguished microbial struc-
tures among the sham, SBR and ICR groups. Moreover, the
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Table 1 Relative abundance
of bacterial families of colonic

Bacterial taxa

Sham SBR ICR

samples from rat models of
sham and short bowel syndrome
with/without ileocecal resection

Firmicutes
Lactobacillaceae
Lachnospiraceae
Ruminococcaceae
Erysipelotrichaceae
Veillonellaceae
Christensenellaceae
Peptococcaceae
Peptostreptococcaceae

Bacteroidetes
Bacteroidales S24-7 group
Prevotellaceae
Rikenellaceae
Porphyromonadaceae
Bacteroidaceae

Proteobacteria
Enterobacteriaceae
Desulfovibrionaceae
Moraxellaceae
Pasteurellaceae
Comamonadaceae

Actinobacteria
Coriobacteriaceae

Deferribacteres
Deferribacteraceae

Fusobacteria
Fusobacteriaceae

Verrucomicrobia

Verrucomicrobiaceae

24.59 (7.86-36.66)
21.75 (14.27-28.01)
13.77 (11.14-16.41)
0.84 (0.23-9.38)
0.41 (0.33-1.01)
0.21 (0.17-1.01)
0.16 (0.71-0.22)
0.26 (0.05-0.46)

18.36 (14.57-23.73)
3.68 (0.97-8.29)
0.39 (0.13-0.52)
0.28 (0.16-0.48)
0.71 (0.34-1.06)

0.15 (0.11-3.99)
0.49 (0.25-0.91)
0.004 (0-0.004)
0 (0-0.03)

0.37 (0.17-0.55)

0.09 (0.02-0.19)

1.14 (0.32-2.60)

53.43 (39.16-86.45) 11
0.04 (0.02-0.07)""*
0.02 (0.02-0.05)
0.02 (0.01-0.11)
0.06 (0.008-0.93)
0.002 (0-0.004)"" "
ot

0.02 (0-0.14)"

7.13 (2.85-9.24)
6.92 (4.32-3.27)"
14.83 (8.05-7.12)
3.18 (1.33-6.88)
0.08 (0.03-0.19)"
1.26 (0.50-2.40)
0.14 (0.07-0.26)
0.01 (0.003-0.14)

T

i

0.08 (0.05-0.14) "

0.02 (0.01-0.04)" 17
0.002 (0-0.005)"TT*
0 (0-0.05)""

0.02 (0.01-0.40)"

34.78 (27.25-8.10)"
432 (1.54-19.53)
0.76 (0.48-0.91)
0.28 (0.16-0.48)
1.01 (0.89-1.24)

9.18 (3.06-29.58)"*

0.004 (0-0.01)
0.02 (0.01-0.07)
0.09 (0.02-0.37)™"

ke

0.12 (0.004-0.03)’

0.71 (0.33-1.45)
0.11 (0.05-0.21)
0.004 (0-0.008)
0.01 (0-0.03)
0.004 (0.003-0.009)"

sk

0.26 (0.15-0.35) 0 (0-0.03)""
0.02 (0-0.08) 0"
0.01 (0.002-0.03)  0.01 (0-0.20)

0.004 (0-0.67)"" 0 (0-0.001)"™"

SBR small bowel resection; ICR ileocecal resection

Data were presented as percentage of total sequences, median (interquartile range)

stk

"P<0.05; P <0.01;
with SBR group

significant differences in p-diversity based on unweighted
and weighted UniFrac, Bray-Curtis and Jaccard distances
indicated that the alterations in the microbial community
were due not only to the change in the number of bacterial
species but also to the change in specific bacterial abundance
[25]. Surprisingly, we did not find significant differences
in bacterial a-diversity arising only from SBR; instead,
decreased bacterial diversity and richness were observed
only in the ICR group, which reveals the importance of
the ileocecal junction in maintaining the relatively normal
intestinal microbiome. Although both SBR and ICR lead
to shortened small bowel, ICR remarkably alters the lumi-
nal microenvironment, as loss of the ileocecal valve causes
rapid shunting of luminal content from the upper intestine
into the colon and loss of the distal ileum results in bile salt
malabsorption [16, 26]. These changes expose the residential

P <0.001 compared with sham group; "P <0.05; 7'P<0.01; TP <0.001 compared

bacteria in the colon to both digesta and bile acids, which is
conducive to the proliferation of only specific opportunistic
bacteria and against the survival of numerous commensal
bacteria.

There was a striking overabundance of Proteobacteria and
its family Enterobacteria in the colonic contents of ICR rats,
which composes only a minor proportion of the healthy gut
microbiota. The findings were in line with previous studies
in which such a change was seen in pediatric and adult SBS
patients, the majority of whom lost the ileocecal valve [9, 10,
27]. Many opportunistic pathogens within the Enterobacteria
family, including Escherichia, Shigella, Klebsiella and Pro-
teus, were dramatically prevalent in the ICR group, and their
potential ability to produce LPS led to the upregulation of
proinflammatory cytokines, the disruption of the intestinal
epithelial barrier and the translocation of bacteria [28, 29].
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Fig.4 Family and genus-level variations in the microbial community
in the short bowel syndrome rat models with small bowel resection
(SBR) only or ileocecal resection (ICR) relative to sham surgery. a
Cladogram showing the taxonomic hierarchical structure of the dis-
tinguished phylotype generated by linear discriminant analysis effect

Thus, the phylum Proteobacteria has been reported as a pos-
sible contributing factor to parenteral nutrition-associated
liver disease (PNALD) and central line-associated blood
stream infection (CLABSI) [12]. The gut dysbiosis fea-
tured by the dominance of gram-negative proinflammatory
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ICR

size (LEfSe) analysis. Each filled circle represents one phylotype. b
Heatmap representing the predominant genus-level microbes that
significantly differed among the three surgical groups. The colored
squares of each row were scaled to represent the relative ratios of the
genera among 30 samples

bacteria further reflects the pathologic conditions of the
intestine after ICR with impaired microbial balances and
mucosal innate immunity.

Although the phylum Firmicutes dominates the healthy
gut, it unexpectedly thrived in rats with ICR at the expense
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of depletion of Bacteroidetes, which was primarily trig-
gered by the increase in Lactobacillus. This change was
consistent with other studies focusing on SBS patients,
but the intestinal anatomy had not been distinguished [1,
4,28, 30]. Given that members of Lactobacillus are more
commonly found in the small intestine of healthy subjects
[31], the unconventional dominance of Lactobacillus in
the colonic contents of ICR rats conformed to the surgi-
cal procedures of ileocecal valve resection and jejunocolic
anastomosis, which were favorable for the growth of spe-
cies within Lactobacillus. However, certain Lactobacillus
species are able to produce D-lactic acid by fermenting
mono- and oligosaccharides, the poor metabolism and
accumulation of which may contribute to neurologic dys-
function [32]. In addition to acidosis, the acid-producing
Lactobacillus was also reported to play a role in caus-
ing diarrheal symptoms in the context of a short bowel
in children [27]. Another study of pediatric SBS patients
clarified that lack of Lactobacillus was associated with
poor growth [10], and some strains of Lactobacillus can
promote intestinal adaptation [33]. Consequently, the over-
growth of Lactobacillus may also compensate for the poor

PC1 (45.74%)

intestinal structures and functions of ICR rats, as SBR and
sham rats had similar proportions of Lactobacillus.
Another prominent alteration within the Firmicutes
phylum in ICR rats was the deficiency of genera from the
Lachnospiraceae and Ruminococcaceae families, which are
capable of producing short-chain fatty acids (SCFAs). As
important bacterial metabolites, SCFAs, especially butyrate,
can easily be oxidized in intestinal epithelial cells after being
absorbed and serve as energy-supplying fuel for colonocytes
[34]. Since the SCFA receptor, free fatty acid receptor 3
(FFA3), is expressed on glucagon-like peptide 2 (GLP-2)-se-
creting enteroendocrine L cells [35, 36], SCFAs are thought
to be important in achieving intestinal adaptation because
of the intestinotrophic activity of GLP-2, which induces
enterocyte proliferation and differentiation [37]. SCFAs
can also promote epithelial cell secretion of antimicrobial
peptides and help maintain epithelial integrity by modulat-
ing the production of immune mediators such as IL-18 [38].
In addition, inhibition of histone deacetylase by butyrate
leads to a decrease in the expression of proinflammatory
cytokine in intestinal macrophages and dendritic cells [39].
As a consequence, loss of these SCFA-producing bacteria

@ Springer



440

Digestive Diseases and Sciences (2020) 65:431-441

in ICR rats could delay gut adaptation and increase intes-
tinal inflammation. Alternatively, in SBS patients, it might
be promising to supplement SCFAs as a trophic factor to
stimulate intestinal adaptation, and fecal SCFAs may also be
used as a biomarker to judge intestinal conditions and guide
clinical practice, such as the timing of enteral nutrition [40].

When considering the functional profiles of gut micro-
biota, their changes reflected host physiology. The enriched
lysine biosynthesis pathway mapped to the normal dominant
phyla of Firmicutes and Bacteroidetes in sham rats [41],
while the enhanced LPS biosynthesis was in accordance
with the prevalence of Proteobacteria in ICR rats. Intrigu-
ingly, the pathways of branched-chain and aromatic amino
acid biosynthesis, which were identified as biomarkers for
poor growth in pediatric SBS patients [10], were featured
in the ICR rats. Arginine might prevent serious infection in
newborns [42], and biotin was confirmed to inhibit Escheri-
chia coli adherence and infection in the large intestine [43].
Therefore, the enrichment of arginine and biotin metabo-
lism pathways in sham and SBR rats, respectively, demon-
strated better intestinal immunity conditions and perhaps
lower gut inflammation levels than in ICR rats. Conversely,
the overabundance of the pathways of infectious disease in
rats with ICR revealed colonization of pathogenic bacteria.
The greater proportions of pathways responsible for galac-
tose and starch metabolism in sham rats suggested SCFA-
producing Lachnospiraceae proliferation [41]. Additionally,
lysine provides a substrate for acetate and butyrate synthesis
[44], and butyrate stress can promote the upregulation of
riboflavin synthesis [45]; as a result, the enrichment of lysine
synthesis and riboflavin metabolism pathways in sham rats
indicated adaptation to SCFAs. The reduction in carbohy-
drate metabolism, including glycolysis, gluconeogenesis and
the pentose phosphate pathway, and oxidative phosphoryla-
tion in both SBR and ICR rats strongly signified the low
capacity of energy harvest and poor growth. Although high
overall accuracy was obtained, the limitations of PICRUSt in
inferring gene functions should be considered. For example,
the prediction depends on a database of reference genomes,
and it cannot summarize gene families into pathways if those
genes are not included in the input genomic data used [23].
The PICRUSt output may also allocate particular pathways
to specific bacteria even though those do not represent the
true function in the bacteria [46]. Additionally, functional
pathways with highly variable distributions may lead to
incorrect predictions in individual cases [23]. Thus, the
predicted functional profiles must be confirmed by further
metagenomic shotgun analysis.

In summary, our study determines that, compared with
SBR only, ICR results in more robust disturbances in the
intestinal microbiome, including prominently decreased
bacterial diversity, overabundance of Proteobacteria and
Lactobacillus, lack of SCFA-producing commensal bacteria,
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and subsequent altered metabolic pathways. Because ICR
is a common surgical choice for intestinal diseases, such
as radiation enteritis and inflammatory bowel disease, our
findings may primarily contribute to the development of tar-
geted therapy strategies for intestinal rehabilitation in differ-
ent types of SBS patients based on gut microbes and their
metabolites. However, further studies assessing mucosa-
associated microflora and using metagenomic sequencing
technology are needed to provide deep insights into SBS
clinical management.
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