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Abstract

AIM: To investigate the dysfunction of the immuno-
logical barrier of the intestinal mucosa during endotox-
emia and to elucidate the potential mechanism of this
dysfunction.

METHODS: Male Wistar rats were randomly distribut-
ed into two groups: control group and lipopolysaccha-
ride (LPS) group. Endotoxemia was induced by a single
caudal venous injection of LPS. Animals were sacrificed
in batches 2, 6, 12 and 24 h after LPS infusion. The
number of microfold (M)-cells, dendritic cells (DCs),
CD4* T cells, CD8" T cells, regulatory T (Tr) cells and
IgA™ B cells in the intestinal mucosa were counted
after immunohistochemical staining. Apoptotic lympho-
cytes were counted after TUNEL staining. The levels of
interleukin (IL)-4, interferon (IFN)-y and forkhead box
P3 (Foxp3) in mucosal homogenates were measured
by ELISA. The secretory IgA (sIgA) content in the total
protein of one milligram of small intestinal mucus was
detected using a radioimmunological assay.

RESULTS: This research demonstrated that LPS-

induced endotoxemia results in small intestinal mucosa
injury. The number of M-cells, DCs, CD8" T cells, and
IgA* B cells were decreased while Tr cell and apoptotic
lymphocyte numbers were increased significantly. The
number of CD4" T cells increased in the early stages
and then slightly decreased by 24 h. The level of IL-4
significantly increased in the early stages and then
reversed by the end of the study period. The level of
IFN-y increased slightly in the early stages and then
decreased markedly by the 24 h time point. Level of
Foxp3 increased whereas sIgA level decreased.

CONCLUSION: Mucosal immune dysfunction forms
part of the intestinal barrier injury during endotoxemia.
The increased number and function of Tr cells as well
as lymphocyte apoptosis result in mucosal immunode-
ficiency.

© 2009 The WIG Press and Baishideng. All rights reserved.
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INTRODUCTION

Endotoxemia can induce sepsis which is among the
leading causes of death in noncardiac intensive care
units (ICUs) in the US, with approximately 750 000 cases
and up to 200000 deaths per yearm. An epidemiological
investigation in 3665 ICUs in China showed that the
overall hospital mortality of severe sepsis is 48.7%; the
mean hospital cost is $11390 per patient at a mean cost
of $502 per patient per day”. Despite hospital mortality
of 20% for simple sepsis and 40% or higher for severe
sepsis or septic shock, there has nonetheless been
improvement over the past decade".

Lipopolysaccharide (LPS) is a component of the outer
cell wall of gram-negative bacteria, which gives rise to
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various manifestations of gram-negative endotoxemia
and septic shock!. Endotoxemia-induced sepsis has
been associated with deleterious functional and structural
changes in many organs, such as the gastrointestinal tract"”
lungs, and other organs. During sepsis, the most frequent
complications within the gastrointestinal tract are mucosal
barrier dysfunction and ileus”. One of the most important
functions of the gastrointestinal tract is the ability to
act as a2 mucosal barrier to infections. Mucosal barrier
dysfunction plays an important role in the pathophysiology
of sepsis by promoting bacterial stasis, bacterial over-
growth, and bacterial translocation, which can lead to
the development of secondary infections and multiple
organ failure!”. Intestinal mucosal bartiers consist of a
mechanical barrier, a chemical barrier, an immunological
barrier, and a biological barrier. Damage to any one of
these components causes mucosal barrier dysfunction.
The immunological barrier is considered as the first line of
defense of the intestinal mucosa from bactetial invasion”
and plays an important role in the overall defense. It
consists of Peyer’s patches, which are the induction sites
of the immune response, and diffused lymphoid tissue
which are the effector sites. Intestinal mucosa immune
responses tely largely on humoral immunity. The primary
functions of the immunological barrier include!""
inhibiting bacterial adhesion to the mucosa so that
they can be eliminated, neutralizing viruses and toxins,
enclosing some antigens of acquired extranecous matetial
to prevent systemic reactions, activating the complement 3
(C3) pathway, participating in the anti-infection effect, and
protecting probiotics. Therefore, damage to the intestinal
immune barrier will result in bacterial translocation and
gut-derived endotoxemia.

Previous studies have discussed the changes to
immunity during sepsis, but what happens to immunity,
specifically the gut immunity, during endotoxemia before
sepsis is not clear. Thus in the present study, changes
to the number and function of intestinal mucosal
immune cells in rats with endotoxemia wetre observed
to investigate whether dysfunction of immunological
barrier occurred during endotoxemia and to elucidate
the potential mechanism of this dysfunction.

MATERIALS AND METHODS

Animals

Male Wistar rats weighing 200.5 £ 12.3 ¢ were purchased
from Vital River Laboratories (Beijing, China). The
rats were fed a standard laboratory chow diet (Vital
River Laboratories) for 72 h before the experiment and
maintained at 24 + 1°C, at a relative humidity of 50% =+
1% with a 12/12-h light/dark cycle. The animals were
fasted for 12 h before the experiment, allowing free
access to water. All animals were handled according to
the institutional criteria for the care and use of laboratory
animals in research.

Methods
Establishment of animal model: A total of 80 animals
wete included and randomly distributed into the control
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Figure 1 A sample image of immunohistochemical staining and TUNEL

staining. Some sample cells are circled to illustrate the positive cells that were
counted (400 x).

group (40 rats) and LPS (Escherichia coli, O55: B5, Sigma,
St Louis, MO, USA) group (40 rats). In accordance with
the study of Cheng ef al™ | endotoxemia was induced
by a single caudal venous injection of LPS at 10 mg/kg,
while control animals received caudal venous injections

of saline. Ten animals were sacrificed in each group at
each time point (2, 6, 12 and 24 h) after LPS infusion.

Histological testing: Small intestinal tissue was
obtained from the middle part of the ileum. Samples
were fixed in 4% paraformaldehyde and then observed
by hematoxylin and eosin (HE) staining to explore the
histopathological changes in the intestinal mucosa.

Cytological testing: A 5-cm-long tissue section with
Peyer’s patches cut off was obtained from the ileum
near the cecum and observed by immunohistochemical
staining after fixation in 4% paraformaldehyde to
investigate immune cell changes in the mucosa. The fixed
tissue was transferred to phosphate buffer solution (PBS)
overnight at 4°C and then transferred to 30% sucrose
for 2 h at 4°C. Then the tissue was mounted in optimum
cutting temperature (OCT) embedding medium and
placed on dry ice until frozen before cryosectioning of
4 um thick continuous slides. The slides were washed 3
X 5 (3 times, 5 min each) with PBT (Phosphate Buffer
Saline with 0.02% Tween 20). Next, 500 L. of diluted
primary antibody in blocking buffer (containing 40 mL
PBT, 400 pl. heat-inactivated goat serum, 400 pl. heat-
inactivated donkey serum, 400 pl. 10% Triton X-100) was
added to each slide before they were covered and stored
at 4°C overnight. The slides were then washed 6 X 5 with
PBT before the addition of 500 pl. of diluted secondary
antibody in blocking buffer to each slide. The slides were
then covered and incubated at room temperature for 90
min before being washed 6 X 5 with PBT. The slides
were then mounted with Vectashield. After staining, six
clear-viewed slides were selected from each group and
two viewing fields for each slide at high magnification (400
X) were randomly selected for counting immune cells.
Brownish-yellow stained lymphocytes were an indication
of positive cells (Figure 1). Rabbit anti-rat cytokeratin 8",
integrin aBE2"! cluster of differentiation (CD) 4, CDS,
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neuropilin-1 (NRP-1)"" and immunoglobulin A (IgA)
polyclonal antibodies were purchased from Biosynthesis
Biotechnology (Beijing, China) to indicate microfold cells
(M-cells), dendritic cells (DC), CD4" thymus dependent
lymphocytes (T cells), CD8" T cells, CD4'CD25" T
cells (regulatory T cell, Tr) and IgA" bursa dependent
lymphocytes (B cells), respectively.

The terminal deoxynucleotidyl transferase mediated
dUTP-biotin nick end labeling (TUNEL) assay was used
to obsetve apoptotic lymphocytes in the small intestinal
mucosa. The TUNEL kit was obtained from Roche
Diagnostics (Indianapolis, IN, USA) to label apoptotic
lymphocytes. The slides were deparaffinized in two
changes of xylene for 5 min each, hydrated with two
changes of 100% ethanol for 3 min each and 95% ethanol
for 1 min, and then rinsed in distilled water. Slides were
then incubated in TdT reaction buffer for 10 min before
incubation in TdT reaction mixture for 1-2 h at 37-40°C in
a humidified chamber. The reaction was stopped by rinsing
the slides in stop wash buffer for 10 min. The slides were
then rinsed 3 X 2’ in PBT before incubation with FITC-
Avidin D in PBS for 30 min at room temperature. Slides
were then rinsed 3 X 2’ in PBT, counterstained with PI or
DAPI for 20 min and rinsed in PBS for 5 min. Slides were
then mounted with Vectashield. Brownish-yellow stained
lymphocytes were an indication of positive cells. The
intraepithelial apoptotic lymphocytes were identified and
counted.

Detection of IL-4, IFN-y and Foxp3: The small
intestinal mucosa was stripped off by circumferentially
pushing the muscularis with a moist cotton applicator,
as described previously" and then weighed to prepare a
10% homogenate by adding an appropriate amount of
normal saline. The homogenate was then centrifuged
at 3000 X g for 10 min at 0°C. The supernatant was
harvested and diluted with normal saline to make a
1% homogenate. The levels of interferon-y (IFN-y),
interleukin-4 (IL-4) and forkhead box P3 (Foxp3) in
the homogenate were measured by enzyme-linked
immunosorbent assays (ELISA) to evaluate the function
of Helper T-cell (TH) 1, TH2 and Tr cells. The IFN-y
and IL.-4 ELISA kits were obtained from R&D Systems
(Minneapolis, MN, USA). The Foxp3 ELISA kit was
obtained from Adlitteram Diagnostic Laboratories (San
Diego, CA, USA). The ELISA assays were performed
according to the manufacturer’s instructions.

Detection of sIgA: Secretory IgA (sIgA) was detected
using a radioimmunological assay (RIA). A 10-cm-long
tissue section was obtained from the small intestine,
dissected and carefully washed with normal saline.
Small intestinal mucus was collected into an Eppendorf
tube, and 1 mL of 0.01 mol/L PBS was added into the
Eppendorf tube. The solution was then centrifuged at
3000 x g for 10 min at 0C. The supernatant was then
harvested and the level of sIgA was measured by a double
antibody sandwich RIA purchased from Beijing Nuclear
Research Center (Beijing, China). The total protein level

of the intestinal mucus was assayed by the Bradford
brilliant blue method simultaneously. The sIgA content
in 1 mg of total protein from small intestinal mucus was
detected.

Statistical analysis

All statistical analyses were performed using the SPSS
15.0 software package. All data were expressed as the
mean * SD. Group comparisons were carried out using a
one-factor analysis of variance. P < 0.05 was considered
statistically significant.

RESULTS

Mortality of rats in different groups

During the course of the study there were no rats that
died in the control group. A total of 5 rats died in the
LPS group; 3 at 12 h and 2 at 24 h after LPS injection.

Histological changes

As shown in Figure 2, the intestinal mucosa of saline-
treated rats was complete and the villi were presented
in an orderly fashion. Samples displayed no abnormal
epithelial cell morphology and there was no evidence
of congestion, edema or infiltration of inflammatory
cells (Figure 2A). In contrast, the intestinal mucosal villi
of rats with endotoxemia were loosened and atrophic
where the epithelial cells were necrotic. The mucosa was
edematous and infiltrated with inflammatory cells (Figure
2B-E). These abnormal changes to the intestinal mucosa
were most obvious 12 h after LPS injection (Figure 2D).

Numbers of immune cells and apoptotic lymphocytes in
the intestinal mucosa

The effects on the immune system induced by LPS were
assessed in the rat intestinal mucosa (Figure 3). We found
that M-cell and CD8" T cell numbers in the small intestinal
mucosa were significantly decreased 6 and 12 h after LPS
challenge compared to controls. Furthermore, the number
of DCs was significantly decreased after 2, 6 and 12 h. In
contrast, the number of CD4" T cells was significantly
increased after 6 and 12 h, before decreasing slightly by 24 h,
although this decrease was not statistically significant.
The number of Tr cells was significantly increased at 2,
6 and 12 h. The number of IgA” B cells and apoptotic
lymphocytes were significantly increased at all time points.

Levels of IL-4, IFN-y and Foxp3 in the small intestinal
mucosa

As shown in Figure 4, the level of 11.-4 was significantly
increased in the small intestinal mucosa after 2 h before
significantly decreasing after 6 and 12 h in LPS-treated
animals compared with controls. The level of IFN-y was
increased slightly after 2, 6 and 12 h before decreasing
markedly by 24 h. The level of Foxp3 was significantly
increased after 12 and 24 h.

Level of intestinal mucus sigA
As shown in Figure 5, LPS induced a significant decrease
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Figure 2 Representative images of the histological changes in the small intestinal mucosa of rats after LPS injection. A: The intestinal mucosa of normal rats
was complete and the villi were in an orderly fashion with no abnormal morphology present in the epithelial cells, as well as no manifestation of congestion, edema or
infiltration of inflammatory cells; B-E: Representative of the changes 2, 6, 12 and 24 h after LPS treatment. The intestinal mucosal villi of rats with endotoxemia were
loosened and atrophic while the epithelial cells were necrotic and the mucosa was edematous and infiltrated with inflammatory cells. The LPS-induced changes to the
intestinal mucosa were most obvious in the rats after 12 h.

in sIgA levels in rat intestinal mucus after 2, 12 and 24 h
compared with controls.

DISCUSSION

This study has demonstrated that L.PS-induced endo-
toxemia results in small intestinal mucosa injury. The
number of M-cells, DCs, CD8" T cells and IgA+ B cells
were decreased and the number of Tt cells and apoptotic
lymphocytes were increased significantly. The number
of CD4" T cells was increased in the early stages before
slightly decreasing by the end of the study period.
Similarly, the level of IL.-4 was significantly increased
at early time points and then reversed by the 24 h time
point, while IFN-y levels were also increased slightly at
early time points before decreasing markedly by the end
of the study. The level of Foxp3 was increased whereas
the level of sIgA decreased.

Many researchers have demonstrated that the diges-
tive tract is the largest immune organ in the body"". The
immune response of the digestive tract mucosa primarily
relies on humoral immunity. The induction site of mu-
cosal immune responses is at the Peyet’s patches and the
effector site is at the mucosa”. The mucosal immune
response involves a number of processes: the M-cells
of the Peyer’s patches collect granular antigens and pass
them to DCs and macrophages which can then activate
the T cells. The activated T cells will further activate B
cells and the latter will produce antigen-specific sIgA af-
ter homing to the effector site.

During endotoxemia, oxidative stress causes direct
damage to cells and tissues and is involved in inflamma-
tory cytokine production. The response of the immune

system to LPS is an inflammatory reaction in the early
phase and anti-inflammatory reaction in the later pe-
riod™”

LPS can activate phagocytes, stimulating them to re-
lease large amounts of cytokines and inflaimmatory factors
which can further induce microcirculatory disturbances
and intestinal epithelium injury, resulting in intestinal bar-
tier damage™. Tn this study, it was observed that the small
intestinal mucosa was injured in rats with endotoxemia,
suggesting that the intestinal barrier was damaged and that
the most severe damage occurred 12 h after LLPS injection.
This study also demonstrated that the immune function
of the small intestinal mucosa changed most significantly
after 12 h, indicating that the immune barrier dysfunction
was a part of intestinal mucosal barrier injury.

To investigate the changes to local immune induc-
tion during endotoxemia we observed the numbers of
M-cells and DCs in the intestinal mucosa. M-cells are a
special kind of intestinal epithelium mucosa cell that can
play a role by delivering antigen to antigen presenting
cells (APCs). It is believed that the M-cell is the first step
in intestinal immunity™. It has been observed that the
number of M-cells decreased and the intestinal barrier
was damaged during chronic intestinal inflammation and
bacterial invasion™. In this study, we found the same
change in M-cells during acute LPS stimulation, suggest-
ing that endotoxemia could impair the first step of intes-
tinal immunity. DCs are a kind of APC and a previous
study by Hotchkiss ¢# 2" demonstrated DC depletion in
patients with sepsis. In this study, a decrease in DC num-
ber was observed in the intestinal mucosa, suggesting the
same change in rats with endotoxemia. The decreases in
M-cell and DC numbers in the small intestinal mucosa in
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Figure 3 The number of immune cells and apoptotic lymphocytes in the intestinal mucosa. A: The number of M-cells was significantly decreased after
6 and 12 h in the LPS group; B: The number of DCs was significantly decreased after 2, 6 and 12 h in the LPS group; C: The number of CD4" T cells was
significantly increased after 6 and 12 h before slightly decreasing by 24 h in the LPS group; D: The number of CD8" T cells was significantly decreased after
6 and 12 h in the LPS group; E: The number of Tr cells was significantly increased after 2, 6 and 12 h in the LPS group; F: The number of IgA" B cells was
significantly increased at all time points in the LPS group; G: The number of apoptotic lymphocytes was significantly increased at all time points in the LPS
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Figure 4 Levels of IL-4, IFN-y and Foxp3 in small intestinal mucosa.
A: The level of IL-4 was significantly increased after 2 h and significantly
decreased by 6 and 12 h in the LPS group; B: The level of IFN-y was increased
slightly after 2, 6 and 12 h and decreased markedly by 24 h in the LPS group;
C: The level of Foxp3 was significantly increased after 12 and 24 h in the LPS
group. °P < 0.05.

rats with endotoxemia implied that the induction of lo-
cal immune responses was impaired.

T lymphocytes, especially the Tr cells, play a major
regulatory role in mucosal immunity. T cells can be clas-
sified into CD4" T cells and CD8" T cells according to
the different protein markers on their cell surface. TH
cells and Tr cells belong to the CD4" T cell family. TH
cells can be further divided into TH1 and TH2, where
TH1 secretes inflammatory factors such as IFN-y to
mediate the protective immune response while TH2 se-
cretes anti-inflammatory factors such as IL.-4 to mediate
the non-specific immune responsem. A previous study
demonstrated a TH1/TH2 driftm, suggesting that the
immune response progressed from being active to a sup-

Figure 5 Small intestinal mucosa slgA levels. The level of intestinal
mucus slgA was significantly decreased after 2, 12 and 24 h in the LPS
group. °P < 0.05.

pressed state during sepsis, while a further study demon-
strated that it was Tr cells that mediated this drift”". In
addition, other studies have demonstrated that Tr cells
could selectively kill and directly suppress B cells™”, Tt
was reported that circulating Tr numbers were markedly
elevated and induced immunoparalysis in sepsism'. The
development and function of Tr cells can be investi-
gated by the expression level of Foxp3”. CD8" T cells
include cytotoxic T' (Tc) cells and suppressor T (Ts) cells,
which are the effector cells of cell immunity and sup-
pressors of TH cells, respectively. In accordance with
Bruder ¢z a/' study, we inferred Tr cell numbers from a
single marker of NPR-1 positive cells in our study. We
only observed the intraepithelial NPR-1 positive cells to
exclude interference since NRP-1 can be expressed by
other cells such as DCs. Our study showed that CD4"
T cells increased in the early stages of endotoxemia be-
fore sepsis and then slightly decreased in the later phase,
while CD8" T cells decreased and Tt cells increased in
the small intestinal mucosa in rats with endotoxemia. It
should also be noted that in this study the level of I1.-4
increased at the beginning and then decreased by the end
of the study whereas the level of IFN-y demonstrated
the opposite change and the level of Foxp3 increased.
Though a lot of activated immunological cells can se-
crete 1L-4 and IFN-y, the effects of 1L-4 and IFN-y
remained unchanged. Similatly, Foxp3 is not exclusively
expressed by Tr cells but also by activated effector T
cells. The combination of an increase in NRP-1 cells
and intestinal Foxp3 levels could suggest that Tr cells
are increased. These results suggest a trend of immune
changes whereby cellular immunity progressed from an
active to a suppressed state during endotoxemia before
sepsis. It can be concluded from this study that the rise
in the number and function of Tt cells is one of the ma-
jor reasons for immunosuppression in the small intesti-
nal mucosa of rats with endotoxemia before sepsis.
IgA+ B cells are identified by positive IgA staining,
because only B cells produce IgA or have surface IgA. A
previous study showing decreases in the level of sIgA,
the number of IgA+ B cells and the number of Gram-
negative bacteria enclosed by sIgA in the intestinal tract
during stress suggested that humoral immune function
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was inhibited dramatically™. Our study demonstrated
that the level of sIgA and the number of IgA+ B cells
diminished during endotoxemia, suggesting that LPS-in-
duced endotoxemia inhibited humoral immune function
of the digestive tract in accordance with the previous re-
port. One explanation for this could be due to the rise in
the number and function of Tt cells, as demonstrated in
our study, which could lead to the suppression of B cell
function.

Mongini ez al™ reported that relocation of endotoxin
after injury can increase the number of apoptotic lym-
phocytes. Our research demonstrated a similar change,
with an increase in the number of apoptotic lympho-
cytes in the intestinal mucosa of rats with endotoxemia.
This could contribute to the immunosuppression of the
small intestine in rats with endotoxemia.

In conclusion, our study showed that mucosal im-
mune barrier dysfunction was a part of intestinal mu-
cosal barrier injury. Cellular immunity was active in the
carly phase of endotoxemia and suppressed in later pe-
riods, humoral immunity was abnormal and lymphocyte
apoptosis was increased. Our study suggests that the in-
creased number and function of Tr cells and the increase
in lymphocyte apoptosis are the reasons for intestinal
mucosal immunodeficiency. Based on these findings, an
carlier protective or immunoregulative treatment aimed
at gastrointestinal immune function may be of benefit
to severely infected patients. We suggest future studies
could be designed to test this hypothesis.

COMMENTS

Background

Immune dysfunction is one of the most frequent complications within the
gastrointestinal mucosal barrier during sepsis. Mucosal barrier dysfunction
plays an important role in the pathophysiology of sepsis by promoting bacterial
stasis, bacterial overgrowth, and bacterial translocation, which can lead to the
development of secondary infections and multiple organ failure. The changes
of gastrointestinal immune function may appear at the beginning or even before
Sepsis.

Research frontiers

Intestinal mucosal barriers consist of a mechanical barrier, a chemical barrier,
an immunological barrier, and a biological barrier. The immunological barrier is
considered as the first line of defense of the intestinal mucosa from bacterial
invasionand plays an important role in the overall defense. This study observed
the changes in the gastrointestinal immunological barrier during endotoxemia.

Innovations and breakthroughs

Previous studies have discussed the changes to immunity during sepsis, but
what happens to immunity, specifically the gut immunity, during endotoxemia
before sepsis is not clear. In this study, changes to the number and function
of intestinal mucosal immune cells in rats with endotoxemia were observed to
investigate whether dysfunction of the immunological barrier occurred during
endotoxemia and to elucidate the potential mechanism of this dysfunction.

Applications

By observing the changes of gastrointestinal inmune function, the study shows
that the gastrointestinal immune dysfunction occurs during endotoxemia before
sepsis. Thus, a protective or an immunoregulative treatment of gastrointestinal
immune function should be used earlier in severely infected patients.

Terminology

Lipopolysaccharides (LPS) are large molecules consisting of a lipid and
a polysaccharide joined by a covalent bond; they are found in the outer
membrane of Gram-negative bacteria, act as endotoxins and elicit strong
immune responses in animals. Endotoxemia is the immune responses to LPS in
animals. Cytokines: non-antibody proteins secreted by inflammatory leukocytes

and some non-leukocytic cells, which act as intercellular mediators. Sepsis is
defined as infection plus systemic manifestations of infection.

Peer review

This is a descriptive study of the effect of intravenous LPS on intestinal immune
cells and cytokine levels in the rat. Straightforward and generally well written
paper.
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