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Introduction

Abstract

Background and Aim: Intestinal homeostasis is closely associated with the normal intes-
tinal luminal physiological environment. Temporary loop ileostomy changes the intestinal
structure and diverts the fecal stream, thereby disturbing the intestinal environment. This
study aimed to clarify the changing situation of the human intestinal mucosa barrier in
the absence of a fecal stream after loop ileostomy.

Methods: We obtained paired samples from the fed (fecal stream maintained) and unfed
(no fecal stream) portions of the loop ileostomy and subjected these samples to RNA se-
quencing. We also determined transepithelial electrical resistance. The mucus layer thick-
ness and content of MUC2, tight junction proteins, and common antimicrobial peptides
in ileum mucosa were studied.

Results: Transcriptome data revealed that genes associated with enhancing the intestinal
barrier function of the unfed ileum were significantly decreased and genes associated with
immune defense response were significantly increased. The transepithelial electrical resis-
tance was lower and the mucus layer thickness was thinner in the unfed ileal mucosa than
in the fed ileum. The MUC2, Occludin, and zonula occludens 1 content was lower in the
unfed ileum than in the fed ileum. a-Defensin 5, a-defensin 6, and lysozyme content was
higher in the unfed ileum than in the enterally fed ileum.

Conclusion: Intestinal barrier function is weakened after long-term fecal diversion, but
antimicrobiota defense function is strengthened. Thus, the intestinal mucosa barrier adopts
an alternative stable state during fecal diversion, which may explain the clinical paucity of
cases of enterogenic infection caused by loop ileostomy.

Informed consent: \Written consents were obtained from each patient.

Financial support: This research was funded by the Second Affiliated Hospital of Army Medical
University “San Gao” and Nuclearized Military Medicine Innovation Project (grant number: 310921).

After ileostomy, the enteric environment is interlinked with the
outside world; the structure of the digestive tract is altered, which

Loop ileostomy is a common surgical procedure that is most com-
monly performed after low anterior resection for rectal
carcinoma.' It may act as a safety mechanism to protect against
sepsis in the event of a downstream intestinal anastomotic leak.’
Fecal diversion can be achieved with an ileostomy, which forms
an abdominal wall stoma to exude the proximal ileum contents.
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leads to no lumen content passing through the distal ileum but in-
stead passing through the proximal ileum. These changes likely
disrupt the primary homeostasis of the distal ileum. Studies have
shown that fecal stream diversion mediated by loop ileostomy is
associated with microbial dysbiosis,** thereby driving a decrease
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Effects of ileostomy on intestinal barrier

in obligate anaerobes and an increase in facultative anaerobes.’
Moreover, previous reports have also shown that the total mucosa
thickness is reduced in the unfed ileum.® An animal study in rab-
bits demonstrated that the loss of substances in the chyme after
loop ileostomy may lead to Paneth cell hyperplasia.’

The maintenance of intestinal mucosal homeostasis depends on
multimolecular and multicellular interactions in the gastrointesti-
nal wall, which is destined to be a complex and delicate process.”
An impairment in this homeostasis may result in an enterogenic
infection.” However, in clinical practice, not many cases of
enterogenic infection occur in these patients, despite drastic
changes in the unfed ileum lumen environment, which suggests
that a greater ecological tolerance may exist than previously recog-
nized. We hypothesize that the intestinal mucosa barrier may adopt
an alternative stable state during fecal diversion. However, to date,
related research on this new intestinal state after loop ileostomy is
insufficient. Therefore, this issue deserves further study.

The two ends of the ileum removed during ileostomy reversal
surgery form a natural control specimen that is a beneficial tool
for studying the barrier changes at both ends of the stoma. The
aim of this study was to use such a specimen to clarify the chang-
ing situation of the barrier at both ends, based on a transcriptomic
perspective, and to interpret interesting questions observed clini-
cally with regard to intestinal homeostasis.

Materials and methods

Patients and methods. Ten patients with carcinoma of the
rectum, who had undergone loop ileostomy and planned to un-
dergo ileostomy closure, were recruited at the Second Affiliated
Hospital of Army Medical University for this study. No patient
had a history of other diseases besides rectal carcinoma. They were
not using immunosuppressive drugs or antibiotics at the time of
the investigation. The participants’ demographics are in Table 1.
Loop ileostomy was performed on the oral side 30—50 cm from
the terminal ileum in patients with rectal cancer. During the
ileostomy closure, 10 cm of the oral and anal sides from the
ileostomy were resected. The paired resected ileum segments were
collected for this study (Fig. 1c). We defined “fed ileum” as the

Table 1 The participants’ demographics
Age, mean = SD (years) 52 £ 13
BMI, mean + SD 257 +2.7

Sex, female/male 6/4

Days since ileostomy formation, mean + SD 192 + 48
Before ileostomy
Obstruction symptoms, yes/no 0/10
TNM stage
T2NOMO | 3
TTNOMO | 1
T3NOMO IIA 2
T4aNOMO 1B 2
T2N1aMo Il1A 2

BMI, body mass index.
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tissue maintaining a fecal stream, and “unfed ileum” as the tissue
with no fecal stream (Fig. 1a,c), as previously reported.'” The col-
lected specimens were placed in ice-cold sterile normal saline
(0.9%) and processed within 1 h of collection.

Histological examination and immunohistochem-
istry. The 4% paraformaldehyde fixed ileum tissue samples
were embedded in paraffin and sectioned in 5-um thickness. The
following primary antibodies were incubated overnight at 4°C:
anti-mucin 2 (1:2000; Abcam, Cambridge, UK), anti-defensin 5
(1:50; Abcam), anti-defensin 6 (1:5000; Atlas, Bromma,
Sweden), anti-LYZ (1:100; Abcam), anti-Occludin (1:100;
Proteintech, Rosemont, IL, USA), anti-zonula occludens 1 (anti-
Z0 1) (1:200; Abcam), and anti-Claudin 1 (1:700; Abcam). The
sections were subsequently incubated for 60 min with a biotinyl-
ated secondary antibody (1:100; Zhongshan, Beijing, China). All
histological images were captured under a light microscope (Leica,
Wetzlar, Germany) at 200x magnification. Image-Pro Plus 6.0
(TPP6.0; Media Cybernetics, Inc., Rockville, MD, USA) was used
for morphological analysis.

The inflammation score was determined by a blinded observer
and was strictly based on a fully proven method that assigns a his-
tological score of 0—4 to quantify the degree of inflammation. The
criteria of this system include inflammatory cells, goblet cell de-
pletion, immune infiltration, and architecture destruction. !

Measurement of mucus thickness. The terminal 5 mm
of the ileum was excised and immediately fixed in Carnoy’s solu-
tion at 4°C for 4 h. It was then placed in 100% ethanol. The fixed
ileum samples were embedded in paraffin, sectioned in 5-um
thickness, and placed on glass slides. Tissue sections were stained
with Alcian blue/periodic acid-Schiff (AB/PAS) stain. The average
mucus layer thickness was obtained by taking 30 measurements
within three fields at 200x magnification per section (six to eight
sections per group).

Transmission electron microscopy. Transmission elec-
tron microscopy (TEM) samples were prepared using the same
procedure, as previously described.'> Cleaned ileal mucosal tis-
sues were fixed with 4% glutaraldehyde. The tissues then
underwent the standard treatments of fixation, dehydration, perme-
abilization, and embedding. The tissues were cut at 60-nm inter-
vals and stained with uranyl acetate and lead citrate. The tissues
were observed with TEM (JEM 1200EX; JEOL, Tokyo, Japan)
and photographed with a digital camera.

Measurement of transepithelial electrical resis-
tance. The ileum mucosa was quickly dissected from the mus-
cular layer and mounted in an Ussing chamber (Physiologic
Instruments, Inc., San Diego, CA, USA). This mucosal sample,
which had an area of 0.5 cm?, was then maintained on both sides
of the Ussing chamber. The tissue was allowed to equilibrate in
Krebs® solution, as described elsewhere.'> The transepithelial
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Figure 1 Fecal stream diversion mediated villus atrophy, but not inflamed. (a) The experimental model used in this study. The blue arrows denote the

presence and direction of the fecal stream. (b) The endoscopic features of the fed and unfed ileum. (c) The mucosal features of the resected ileum. (d)
Representative histological sections of the fed and unfed ileum stained with hematoxylin and eosin (H&E). Bars = 100 um. (e,f) Villus height and crypt
depth morphometric analyses of matched fed versus unfed ileum (n = 10). (g) The average histological inflammation score of the fed and unfed ileum
(n = 10). Data were analyzed by using Student's t test. ***P < 0.001. NS, not significant.

electrical resistance (TER) was analyzed wusing the
instrument-associated software Acquire & Analyze v2.3 (Physio-
logic Instruments, Inc.). The value of the TER is expressed as
ohm—centimeter square (Q-cm?).

Intraepithelial lymphocytes preparation. Intracpithe-
lial lymphocytes (IELs) were isolated, as previously described.'
In brief, the collected ileum was placed in Roswell Park Memorial
Institute (RPMI) 1640 medium (Life Technologies, Frederick,
MD, USA). The ileum mucosa tissue was washed in an IEL ex-
traction buffer (5-mM ethylenediaminetetraacetic acid, 2-mM di-
thiothreitol, and 10% fetal bovine serum in phosphate-buffered
saline) and cut into 5-mm pieces. The pieces were incubated in
the extraction buffer and stirred continuously and rapidly for
30 min at 37°C. The tissue suspension was rapidly filtered through
a glass wool column and centrifuged at 2000 rpm for 5 min at 4°C,
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suspended in 20-mL 40% isotonic Percoll (Sigma-Aldrich, St.
Louis, MO, USA), and centrifuged at 2200 rpm for 25 min at
4°C. The IELs constituted 40—70% of the interface. The cells were
washed twice and resuspended in RPMI 1640 medium (Life
Technologies).

Flow cytometric analysis. The IELs were stained with the
following fluorescence-labeled monoclonal antibodies: cd3-
bv421, cd8-percpeyS.5, and cd4-apc. All antibodies were obtained
from BioLegend (San Diego, CA, USA). Cells were suspended in
80 uL of a staining solution (eBioscience, San Diego, CA, USA)
with saturating the amounts of the antibodies and incubated for
30 min at 4°C in a dark environment. The apoptotic ratios for
the IELs were measured using flow cytometry, based on the man-
ufacturer’s protocol. Flow cytometry was conducted using the
standard techniques. Data acquisition and analysis were conducted
using FlowJo software (Tree Star, Ashland, OR, USA).
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RNA-Seq and data analysis. The total ribonucleic acid
(RNA) for each sample was extracted using TRIzol (Invitrogen
Life Technologies, Carlsbad, CA, USA), based on the manufac-
turer’s instructions, and then delivered to Gene Denovo Biotech-
nology Co. (Guangzhou, China) for complete sequencing.

Statistical analysis. Data are expressed as the
mean =+ standard error of the mean. Differences were analyzed
using Student’s ¢ test with GraphPad Prism version 8.0 software
(San Diego, CA, USA). Statistical significance was set at P < 0.05.

Results

Fecal diversion decreased villus height but not in-
flamed. Before closing the ileostomy, endoscopy was con-
ducted to check for any obstruction in the downstream
intestine. Endoscopic images showed that no fecal stream passed
through the unfed ileum, the annular folds were apparently re-
duced (Fig. 1b,c), the mucosa was smooth, and the mucus cover-
ing the mucosal surface was significantly reduced. By contrast,
the enterally fed ileum had a fecal stream and normal mucosal
components (Fig. la,c).

After the continuity of the ileum was reconstructed, we collected
resected ileostomy specimens (Fig. 1c). The analysis of mucosal
morphometry revealed that the villus height was significantly re-
duced in the unfed ileum (Fig. 1d,e). However, no significant dif-
ference in crypt depth existed between the two groups (Fig. 1d,f).
Compared with the enterally fed ileum, no significant difference
was observed in the inflammation score (Fig. 1g).

Fecal stream deprivation was associated with the
increased expression of immune process genes
and the downregulation of intestinal barrier
genes. An RNA sequencing genome-wide analysis was con-
ducted on five paired fed and unfed ileum samples to identify biolog-
ical processes and intestinal barrier-related genes affected by fecal

TJs-related genes

.Increased expression in unfed

o

log2 fold change
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diversion. Among the 20 289 sequenced genes, we found 4513 genes
that were differentially modulated by loop ileostomy and had a false
discovery rate with a corrected P value < 0.05 (Fig. 2a). Among
these, 1666 genes had a log2-fold change > 1 or < —1 (Fig. 2a).

We next focused on genes related to the mechanical barrier of
the intestinal mucosa. The heat map (Fig. 2b) shows that the genes
OCLN, TJPI1, TJP2, and TJP3, which enhance intestinal barrier
function,'>'® were decreased in the unfed ileum, whereas genes
that increase intestinal permeability such as CLDN2 and
CLDNI0""'® were increased. Mucus barrier-related genes such
as mucin 2 (MUC2) and mucin 3A (MUC3A4) genes were signifi-
cantly reduced in the unfed ileum (Fig. 2c).

In the unfed ileum, we conducted a gene ontology (GO) analysis
of significantly upregulated genes and found that the immune re-
sponse, defense response, response to molecules of bacterial origin,
and antimicrobial humoral immune response mediated by antimi-
crobial peptides were overrepresented pathways (Fig. 3a). By con-
trast, intestinal absorption, nutrient metabolic processes, and
hormone secretion were underrepresented pathways (Fig. 3a). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of
the unfed ileum showed significantly upregulated genes involved
in the Toll-like receptor signaling pathway, nucleotide-binding and
oligomerization domain (NOD)-like receptor signaling pathway,
and tumor necrosis factor (TNF) signaling pathway (Fig. 3b),
whereas genes associated with protein, vitamin, and fat digestion;
absorption; and metabolism were downregulated (Fig. 3b).

Fecal stream diversion decreases MUC2 expres-
sion and disrupts the intestinal mucus layer. Com-
pared with the enterally fed ileum, the average thickness of the
mucus layer in the unfed ileum was decreased, and the mucus
layer was loosely adherent (Fig. 4a,b). MUC?2 is the main secreted
mucin that forms the mucus layer in the small intestine.'” Immu-
nohistochemical staining showed that the expression of MUC2
was significantly reduced in the unfed ileum (Fig. 4c,d). We fur-
ther photographed images under TEM. The aggregation number
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Figure 2 RNA sequencing shows significant changes between fed and unfed ileum. (a) The volcano plot shows differentially expressed genes be-
tween the fed and unfed ileum. A purple dot represents a gene with a false discovery rate (FDR) < 0.05 and a log2-fold change (log2FC) < —1. A
red dot represents a gene with an FDR < 0.05 and a log2FC > 1. Black dots indicate insignificant changes in gene expression. The blue lines indicate
the cut-off values fora 1 — log2FC. (b,c) The heat map shows the differential expression of tight junctions (TJs) and mucin-related genes between the
fed and unfed ileum. Each row represents one gene, and each column represents one sample. Red represents increased gene expression and

blue-violet represents decreased expression.
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Figure 3 Differential regulatory status of biological processes in the unfed ileum. (a) The gene ontology (GO) analysis of upregulated and downreg-
ulated genes caused by fecal stream diversion. (b) The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of upregulated and downregulated
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value < 0.05.
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and the density of mucin granules in goblet cells of the unfed il-
eum were significantly less than those of the fed ileum (Fig. 4e,f).

Fecal stream deprivation impairs the mechanical
barrier. The intestinal epithelial barrier of the fed and unfed il-
eum was assessed by measuring TER, using Ussing chambers. The
results revealed that the unfed ileum had a significant lower TER
than the enterally fed segments (Fig. 5a). In addition, the tissue
content of Occludin, ZO-1, and Claudin-1 was determined by im-
munohistochemical staining. The expression of Occludin (Fig. 5c,
d) and ZO-1 (Fig. Se,f) was significantly decreased at the apex and
base of the villus than in the unfed ileum. However, the analysis of
the content of Claudin-1 (Fig. 5g,h) showed no significant differ-
ence between the two segments. The results of western blotting
were consistent with the immunohistochemistry results (Fig. 5b).

@) Fed

Unfed

AB/PAS

Unfed

MUC2

(e) Fed

X Lietal

Intraepithelial lymphocytes in the unfed ileum
were reduced after fecal deprivation. Intraepithelial
lymphocytes are one of the critical immunological compartments
involved in the host immune defense system.” To detect changes
in [ELs in the unfed ileum, immunofluorescence staining and flow
cytometry were conducted on 10 paired ileum samples. The data
revealed that the number of CD3" IELSs in the unfed ileum was sig-
nificantly reduced compared with that in the enterally fed limb
(Fig. 6a,b). However, no significant difference existed in the pro-
portion of CD4"/CD8" IELs between the two groups (Fig. 6¢,d).

Serum markers of infection were in the normal
range during fecal stream diversion. We collected clin-
ical data from the patients before ileum reversion surgery to deter-
mine whether the infection index of human serum would increase.
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Figure 4 The mucus layer is impaired after fecal deprivation. (a) Representative histological sections of the fed and unfed ileum stained with Alcian
blue/periodic acid-Schiff (AB-/PAS). Bars = 50 um. (b) The histogram shows the statistical results of mucus layer thickness. (c) MUC2 immunohisto-
chemical staining in the fed and unfed ileum. Bars = 100 um. (d) The histogram shows the statistical results of immunohistochemistry. (e) Transmission
electron microscopy (TEM) images of the fed and unfed ileum mucosa goblet cells. Bars = 2 um. (f) The average granule density and the average num-
ber of mucin granules per goblet cell (n = 10 per group and 15 goblet cells evaluated per sample). Data were analyzed by using Student's t test.

**P < 0.01, ***P < 0.001.
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Figure 5 The mechanical barrier is disrupted after fecal stream diversion. (a) The transepithelial electrical resistance of the fed and unfed ileum. (b)
The western blot analysis of the content of Occludin, Claudin-1, and zonula occludens 1 (ZO-1) between the fed and unfed ileum. (c) Occludin immu-
nohistochemical staining findings in the fed and unfed ileum. Bars = 100 um. (e) ZO-1 immunohistochemical staining findings in the fed and unfed il-
eum. Bars = 100 um. (g) Claudin-1 immunohistochemical staining in the fed and unfed ileum. Bars = 100 um. (d,f,h) The histogram presents the
statistical results of the immunohistochemical findings. Data were analyzed by using Student's ttest. ***P < 0.001. NS, not significant.
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Blood tests to measure the C-reactive protein level, neutrophil per-
centage, number of leukocytes, and the levels of interleukin-6,
interleukin-8, and TNF-a are routinely used as predictors of clini-
cal infection.”' Based on the data (Table 2), all serum marker in-
dexes collected before closing the ileostomy were within the
normal range.

Antimicrobial peptides were significantly in-
creased in the unfed ileum. The aforementioned findings
prompted us to further explore the changes in the intestinal mu-
cosal immune effectors after fecal diversion. The transcriptomic
analysis revealed that most genes associated with antimicrobial
peptides were upregulated. The common antimicrobial protein
genes DEFAS, DEFA6, LYZ, REG3A4, S10084, and S10094 were
significantly increased in the unfed ileum (Fig. 7a). The findings
of gene set enrichment analysis also suggested that the enrich-
ment score of antimicrobial peptides was higher in the unfed il-
eum than in the enterally fed limb (Fig. 7b). In addition, based
on immunohistochemical staining findings, the secretions of
a-defensin 5 (HDS5), a-defensin 6 (HD6), and lysozyme (LYZ)
by Paneth cells at the base of the crypt were significantly in-
creased in the unfed ileum compared with those in the enterally
fed ileum (Fig. 7d—i). Western blot analysis revealed a similar re-
sult (Fig. 7c).

(@)

Fed

CD3

(c)
Fed

Unfed

XLietal

Table 2 Clinical data before ileum reconstruction

Clinical indicator Results  Reference interval
CRP, mean + SD (mg/L) 48 +1.6 0-8.0
WBC, mean + SD (x 109) 5112 4.00-10.00
Neutrophil percentage, mean + SD (%) 64.2 + 6.4 50.0-70.0
IL-6, mean + SD (pg/mL) 14 +08 0-34
IL-8, mean + SD (pg/mL) 6.2+14 0-8.1
TNF-a, mean + SD (pg/mL) 244 +183 <62

CRP, C-reactive protein; IL-6, interleukin-6; IL-8, interleukin-8; TNF-a, tu-
mor necrosis factor alpha; WBC, white blood cell.

Discussion

This study clarified the changing situation of the barrier at both
ends of an ileostomy based on a transcriptomic perspective and in-
vestigated intestinal homeostasis. Our experiments demonstrated
that fecal stream deprivation was associated with decreased villus
height, a disrupted mucus barrier, and impaired function of the me-
chanical barrier of the unfed ileum mucosa. However, clinical data
have a paucity of cases of enterogenic infection, despite the im-
pairment of the unfed ileum mucosa barrier after loop ileostomy.
In addition, transcriptome data showed that genes involved in im-
mune responses and innate immune defense peptides were upreg-
ulated in the unfed limb. Furthermore, we demonstrated with
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Figure 7 Fecal deprivation enhances the secretion of
antimicrobial peptides. (a) The heat map shows the dif-
ferential expression of antimicrobial peptides (AMPs)-
related genes between the fed and unfed ileum. (b)
Gene set enrichment analysis (GSEA) shows the en-
richment score plot of antimicrobial peptides. (c) The
western blot analysis of the content of a-defensin 6
(HD®), a-defensin 5 (HD5), and lysozyme (LYZ) be-
tween the fed and unfed ileum. (d) HD6 immunohisto-
chemistry staining in the fed and unfed ileum.
Bars = 100 um. (f) HD5 immunohistochemistry staining
in the fed and unfed ileum. Bars = 100 um. (h) LYZ im-
munohistochemistry staining in the fed and unfed il-
eum. Bars = 100 pm. (e,g,i) The histogram shows the
statistical results of immunohistochemistry. Data were
analyzed by using Student’'s t test. *P < 0.05,
***P < 0.001.

immunohistochemistry that innate immune antimicrobial peptides
were increased in the unfed ileum, which suggested that immuno-
logical barrier function may be enhanced. These results provide
novel insights into the effects of loop ileostomy on intestinal

homeostasis.
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Intestinal lumen chyme contains a large amount of nutrients,
which have an important role in maintaining the growth and func-
tion of intestinal epithelial cells.”> The loss of chyme nutrients in
the unfed ileum mucosa during fecal diversion may be associated

with the destruction of the intestinal mechanical barrier and mucus
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layer. MUC2 secreted by goblet cells is the main component of the
mucus layer.”> Recent studies have also shown that mechanical
stimulation can promote goblet cells to secrete MUC2%*; loss of
mechanical stimulation in unfed ileum caused by fecal stream di-
version may be associated with the downregulation of goblet cell
secretion.

The nutritional source of the intestinal microbiota differs from
that of the intestinal epithelium, which can continue to receive
nutrients from the blood after fecal diversion. By contrast, the in-
testinal microbiota derives its nutrition almost exclusively from
chyme in the intestinal lumen. Investigators have reported that
microbiota dysbiosis occurs at the phylum and genus levels in
the unfed ileum after loop ileostomy.? Another study has reported
that the normal community in the ileum, which is dominated by
strict anaerobes, becomes dominated by facultative anaerobes af-
ter loop ileostomy.® These alterations may be partly explained by
the introduction of oxygen via ileostomy into the normally anaer-
obic ileum.*®

Intraepithelial lymphocytes, generally considered the sentinels
of the mucosal barrier, colonize the inter epithelium. Such coloni-
zation always depends on intestinal contents involved in some
nutrients and the gut microbiome and its metabolites.® Our ex-
perimental data revealed that CD3" IELs are downregulated in
the unfed ileum, which was an adaption to the loss of intestinal
contents. Previous studies have revealed that some intestinal con-
tents such as short-chain fatty acids and indole derivatives of
tryptophan can promote the differentiation and accumulation of
IELs and maintain the balance of intestinal e:pithelium,”’28 which
suggests that fecal deprivation in the unfed ileum may affect the
abundance of IELs. Furthermore, the CD4"/CD8" IEL ratio re-
flects the local immunity of intestinal mucosa.>’ In the physiolog-
ical state, the CD4'/CD8" IEL ratio is relatively constant. An
abnormal CD4"/CD8" IEL ratio in the intestinal mucosa can sug-
gest inflammatory lesions in the gut.***' In relation to this find-
ing, we found no difference in the proportion of CD4"/CD8"
IELs in the fed and unfed ileum. This finding suggested that
the immune function of IELs remains relatively constant during
fecal stream diversion.

Disturbances in the intestinal microbiota and impairment of
the mucosal barrier are associated with enterogenic infection
due to the induction of a proinflammatory state within the
intestine.*> However, few cases clinically exist regarding
enterogenic infection during fecal diversion in patients who un-
dergo ileostomy. The clinical data we collected showed similar
results with no significant increase in serologic-related indicators
of infection. We speculate that this finding may be related to the
reduced abundance or diminished virulence of intestinal microbi-
ota. A balance between the gut microbiota and intestinal barrier
may exist. If this balance is not disturbed, infections will not oc-
cur. It may also be related to some of the factors associated with
enhancing natural immune biological processes that increase af-
ter fecal diversion.

Evidence has recently emerged indicating that antimicrobial
peptides secreted by Paneth cells have vital roles in innate enteric
immunity and in the regulation of intestinal microbiota.” In the
human gut, o-defensin proteins, including a-defensin 5 and
a-defensin 6, are the most abundant, diverse, and highly
expressed antimicrobial proteins.®* Previous studies have shown
that o-defensin has spectral bactericidal activity against
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gram-positive and gram-negative bacteria and, in some instances,
against fungi, viruses, and protozoa.’> However, few studies
have focused on the exact impact of fecal stream deprivation
on the secretion of antimicrobial peptides in the small intestine.
In this study, our experimental data indicated that most antimi-
crobial peptide-related genes (i.e. DEFAS5, DEFA6, REG3A,
LYZ, S10084, and S10094) were upregulated and the secretion
of common antimicrobial peptides (i.e. HD5, HD6, and LYZ) in-
creased significantly in the unfed ileum after loop ileostomy.
This finding may explain the clinical paucity of cases of infec-
tion, despite dramatic changes in the unfed ileum after loop
ileostomy, which involves microbiota dysbiosis and impaired
mucosal barrier.

Exploring the mechanism of increased antimicrobial peptide se-
cretion caused by the loss of enteral nutrition is of great signifi-
cance. RNA sequence data and GO analysis showed increased
immune responses, defense responses, and neutrophil activation.
The KEGG analysis showed that the Toll-like receptor signaling
pathway, NOD-like receptor signaling pathway, TNF signaling
pathway, and interleukin-17 signaling pathway were all enhanced.
These signaling pathways have important roles in the secretion of
antimicrobial peptides.*®™® Together with the aforementioned
findings, we hypothesized that defective mucus and mechanical
barriers may increase the chance of bacterial, fungi, viruses, and
protozoa contact with epithelial cells, thereby altering
microorganism-epithelial signaling and promoting an increase in
immune and defense-related biological processes in the diverted
unfed ileum.

In this study, we were only able to obtain ileal samples. In actu-
ality, after the loop ileostomy, the colon was also in a foreign en-
vironment without a fecal stream. The colon is the primary
reservoir for a large collection of commensal microbiota that pro-
duces many fermentation substances such as short-chain fatty
acids, bile acids, and tryptophan. Intestinal commensal microbiota
and their fermentation products are widely reported as having an
essential role in maintaining intestinal homeostasis and
integrity.***® In addition, they are involved in the maintenance
of human health such as regulating blood pressure, promoting in-
sulin secretion, and regulating blood sugar.*'~** However, what
happens to the colon tissue and how the human body responds
to these changes in the absence of a fecal stream needs further
exploration.

In conclusion, we found that, although prolonged fecal diver-
sion mediated by loop ileostomy disrupts the mechanical barrier
and mucus layer of the intestinal mucosa, the secretion of natu-
ral immune antimicrobial peptides in the distal ileum is in-
creased. This finding may explain the fact that, although loop
ileostomy severely destroys the normal physiological environ-
ment of the distal ileum, few clinical cases of enterogenic infec-
tion exist. These results indicate that intestinal mucosal
homeostasis is highly self-regulating and adequate to manage
changes in the intestinal environment caused by loop ileostomy.
Thus, a type of “dysbiotic equilibrium state” is achieved to
maintain the stability of the intestinal environment during the
period of fecal diversion.
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