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Severe acute pancreatitis (SAP) is one of the most common diseases of the
gastrointestinal tract, characterized by a complicated pathogenesis, multiple
organ failure, and high mortality. The primary aim of the present study
was to observe the effect of intestinal lymphatic ligation on intestinal injury
and modification in rats with SAP. Male Sprague-Dawley (SD) rats were
randomly divided into: (a) Saline group (SO); (b) SAP group; and (c)
SAP + ligation group. We evaluated the effect of mesenteric lymphatic
duct ligation on the pancreas and intestine tissue by HE. The histopathol-
ogy of the pancreas in SAP + ligation rats was alleviated slightly compared
with SAP rats, but aggravated in the intestine of SAP + ligation rats.
Treatment of mesenteric lymphatic duct ligation resulted in an increase in
the levels of tumor necrosis factor (TNF)-a, interleukin (IL)-1B, and
myeloperoxidase compared with the small intestinal tissues of SAP rats. In
addition, the expression of nucleotide-binding oligomerization domain-like
receptors 3, apoptosis-associated speck-like protein containing a caspase
recruitment domain (CARD) (ASC), and caspase-1 in the intestine were
higher in the SAP + ligation group. The ratio of Th1/Th2 and regulatory
T cells (Tregs) in the mesenteric lymph nodes of the SAP group was lower
than those in the SAP + ligation group. The present results indicated that
ligation of the mesenteric lymph duct can effectively prevent intestinal
inflammatory mediators entering the body through the mesenteric lymph
duct, but these mediators assembled in the intestine where they induced an
excessive immune response and intestinal injury during SAP.

Severe acute pancreatitis (SAP) is one of the most
common diseases of the gastrointestinal tract, charac-
terized by a complicated pathogenesis, multiple
organ failure, and high mortality [1,2]. The patho-
genesis of SAP is a complex pathophysiological pro-
cess, which has not been fully elucidated. It has
been suggested that the intestinal tract is the central
organ of the stress response and involved in multiple

Abbreviations

organ dysfunction syndrome (MODS) secondary to
SAP.

It has been recognized that bacteria and/or endotoxin
translocation from the intestinal lymphatic duct, but
not the vein, into the blood circulation is associated with
severe complications, such as SAP, systemic inflamma-
tory response syndrome, sepsis, MODS, and multiple
organ failure [3]. The intestinal lymphatic system plays

(TNF)-a, tumor necrosis factor; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; GALT, gut-associated
lymphoid tissue; IL-1B, interleukin-1B; LPL, lamina propria lymphocyte; MLNSs, intestine and mesenteric lymph nodes; MPO,
myeloperoxidase; NLRP3, nucleotide-binding oligomerization domain-like receptors 3; SAP, severe acute pancreatitis; SIgA, secretory

immunoglobulin A; Treg, regulatory T.
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Intestinal lymphatic ligation of SAP

an important role in SAP. The intestinal lymphatic sys-
tem consists of the gut-associated lymphoid tissue
(GALT) and intestinal lymph duct. GALT may facili-
tate the release of leukocytes from these tissues into the
lymphatic circulation [4,5]. Additionally, the intestinal
lymph duct is the anatomical pathway that connects
pulmonary circulation and the intestines [6,7]. Sensitized
T and B lymphocytes assemble into the pulmonary and
blood circulation via the mesenteric lymph duct and
thoracic duct, and become effector cells [8,9]. Mucosal
addressin cell adhesion molecule-1 plays a role in the
transfer of mucosal lymphocytes into the effector cells.
Besides bacteria, endotoxin, cytokines, and other
immune responses produced by stimuli can also be
transferred to the lungs and blood via the intestinal lym-
phatic system [10].

The gastrointestinal system is a common entry point
for pathogenic microbes to access the internal environ-
ment of the body [11]. The intestine harbors high num-
bers of commensal bacteria [12]. Hammer ez al. [13]
demonstrated that, at the histological level, the small
and large intestines contain a barrier of mucous and
epithelial cells that block the translocation of bacteria
in the lumen to sites in the body beyond the intestines.
The intestinal flora and its products play a crucial role
in the induction of the intestinal lymphatic system of
the innate immune response and adaptive immune
response by increasing Immunoglobulin A (IgA) pro-
duction and mucin expression [14,15]. IgA is a key
molecule that limits microbiota adherence and access
to the intestinal epithelial surface [16]. In the gut, regu-
latory T cells (Tregs), characterized by the expression
of the forkhead family transcription factor, and fork-
head box P3 (FOXP3) have also been observed to be a
primary mediator that maintain immune homeostasis
[17]. FOXP3" Tregs can convert into T helper (Th)1,
Th17, and follicular Th cells in the intestine, especially
during inflammation [18-21].

However, no study has fully elucidated a target in the
intestinal lymphatic system for the treatment of SAP.
Therefore, to explore the action and underlying mecha-
nisms of mesenteric lymph duct ligation in SAP is of
high importance. Our previous work on SAP indicated
that mesenteric lymph duct ligation can alleviate lung,
kidney, and liver injury by preventing the intestinal
inflammatory factor shift in rats, thus reducing systemic
endotoxins, tumor necrosis factor (TNF)-a, interleukin
(IL)-1B, and myeloperoxidase (MPO) in lung, kidney,
and liver tissue [22,23]. In contrast, the damage of the
small intestine was slightly worse than that of the model
group after ligation of the intestinal lymphatic vessels.
The aforementioned results showed that the intestinal
lymphatic pathway was one of the more important

Y. Liu et al.

pathways for inflammatory transfer to mediate remote
organ injury. The result differed greatly from the tradi-
tional hypothesis that damage factors entered into the
blood circulation primarily via portal vein migration.

We hypothesized that intestinal lymphatic ligation
may play a role in systemic inflammatory response
induced by pancreatitis by regulating the intestinal
lymphatic system immune response. If the gut lym-
phatic system was the primary route of production
and translocation of intestinal damage factors, then
inflammatory and the immune response effector cells
were retained in the gut and resulted in a more robust
immune response in the gut. The results of the present
study may help elucidate the role of the intestinal lym-
phatic system in SAP from a novel perspective and
provided evidence that the gut lymphatic system may
be a potential target for drug treatment.

Materials and methods

Experimental animal

Clean grade, healthy male Sprague-Dawley (SD) rats weigh-
ing 200 + 20 g were purchased from the Laboratory Animal
Center, Southwest Medical University [SCXK (chuan) 2013-
24]. Rats were maintained in a temperature-controlled envi-
ronment at 24 °C with a 12-h light/dark cycle and were pro-
vided with drinking water and feed ad libitum. All efforts
were taken to minimize the suffering of animals used. During
housing, animals were monitored twice daily for health sta-
tus. No adverse events were observed. The rats were acclima-
tized in the laboratory conditions for a period of 1 week
before being used in the experiment. Eighteen rats were ran-
domly divided into: (a) Saline group (SO; n = 6); (b) SAP
group (n = 6); and (c) SAP + ligation group (n = 6). 3.5%
sterile sodium taurocholate solution (STC, 1 mL-kg™'; St.
Louis, MO, USA) was injected into the biliopancreatic duct
of rats to prepared for the SAP group and SAP + ligation
group. In addition, the mesenteric lymphatic ducts of the
SAP + ligation group, which ran along the superior mesen-
teric artery, were separated and were only threaded with silk
below, and then, the abdomen was closed.

After 24 h, the rats were successfully prepared. The rats
were anesthetized with an intraperitoneal injection of
50 mg-kg ! of 2.0% pentobarbital sodium (Sigma, St. Louis,
MO, USA). Rats were euthanized by cervical dislocation.
The tissue specimens of rat ileum (~ 200 mg), pancreas, and
MLN were collected. MLN was prepared for single cell sus-
pension. A part of intestinal tissues was preserved in —80 °C
refrigerator for the preparation of tissue homogenate for
ELISA. Another part of tissues was fixed in 10%
paraformaldehyde for 4 h, then washed for 24 h with tap
water, and then observed the pathological changes and
immune index. The study was approved by the Southwest
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Medical University, and the experimental procedures were in
accordance with the ‘Guidelines for the Protection and Use
of Laboratory Animals’.

Hematoxylin and eosin staining

Pancreas and terminal ileum specimens were stained with
hematoxylin and eosin (HE). Thin slices of pancreas and
intestine tissues for all groups were fixed in 4% formalde-
hyde solution (pH 7.0) for periods not exceeding 24 h. The
tissues were processed routinely for paraffin embedding,
and 4 pum-thick sections were cut and placed on glass
slides. Tissue samples were stained with HE and observed
by the microscope (Olympus, model CX31, Shinjuku-Ku,
Japan). The morphologic changes in the pancreas, includ-
ing pancreatic edema, acinar cell necrosis, adipose necrosis,
hemorrhage, and inflammation, were scored according to
the criteria of Schmidt (Schmidt’s score: 0—4, edema, neu-
trophil infiltration, necrosis, and hemorrhage, resp.) [24].
The pathological damage of the ileum was graded accord-
ing to Chiu’s standard. Chiu’s score was graded as follows:
Grade 0: normal mucosa; Grade 1: formation of subepithe-
lial detachments at the tip of the villi with capillary conges-
tion; Grade 2: subepithelial detachments exert a moderate
amount of upward push on the mucosal epithelium; Grade
3: large subepithelial detachments exert a massive amount
of upward push on the mucosal epithelium along the villi
and a few denuded villus tips are observed; Grade 4: the
villi are denuded to the level of lamina propria and dilated
capillaries; Grade 5: presence of ulceration, disintegration
of lamina propria, and hemorrhage [25].

Enzyme-linked immunosorbent assay

An ELISA (Long Beach, CA, USA) was performed to deter-
mine the levels of the pro-inflammatory cytokines TNF-o
and IL-1 using commercially available kits from R&D Sys-
tems (Minneapolis, MA, USA). Optical density was mea-
sured on an ELISA plate scanner (Bio-Rad 680, Hercules,
CA, USA) at 490 nm. The results were expressed as pico-
grams of TNF-o or IL-1 per milliliter of intestine tissue.

MPO assay

Frozen intestine tissues were homogenized and processed
for measurement of MPO activity. The MPO Activity
Assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) was used for MPO determination accord-
ing to manufacturer instructions.

Analysis of NLRP3 and ASC by
immunofluorescence

Samples were baked in the oven at 65 °C for 2 h and
dewaxed, repeatedly with xylene I, II, III, for 10 min and
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hydrated sequentially in 100% EtOH, 95% EtOH, 80%
EtOH, respectively, for 5 min, 70% EtOH for 2 min, and
then distilled water for 2 min. After hydration, washed three
times in PBS for 5 min. Dropped 3% H,0, of deionized
water on the sample and incubated for 10 min to block
endogenous peroxidase, and then washed three times with
PBS for 5 min. Antigen repair: added citric acid repair solu-
tion (PH 6.0), heated to 95 °C, sliced, cooked for 20 min.
After stopping heating, cooled naturally to room tempera-
ture and washed three times with PBS for 5 min. Samples
were absorbed by filter paper, added 0.3% TritonX-100 for
10 min, and washed three times with PBS for 5 min. Block-
ing antigen: dried water with filter paper and added sealing
liquid (5% FBS) for 30 min. Erased sealing liquid with filter
paper and do not wash. Added primary antibody (Delaware
Ave Santa Cruz, Santa Cruz, CA, USA; 1 : 50), put into the
wet box, placed in the refrigerator at 4 °C, and incubated
overnight. After rewarming for 1 h, washed three times with
PBS for 5 min, dried residue PBS, added second antibody
(ZSGB, Beijing, China; 1 : 100) with fluorescence, placed in
the wet box at 37 °C, and incubated for 30 min avoiding
meeting up. Then washed three times with PBS for 5 min
and wiped out the PBS to take photographs [26].

Western blotting

Equal amounts of total protein were loaded onto 12% SDS/
PAGE at 80 V for 80 min, electro transferred to polyvinyli-
dene difluoride membranes by the wet transfer method, and
blocked in 5% BSA at 4 °C overnight. Subsequently, the
membranes were incubated with an anti-B-actin antibody
(Santa Cruz, CA, USA; 1 : 1000) and anti-nucleotide-bind-
ing oligomerization domain-like receptors 3 (NLRP3) anti-
body (Santa Cruz, CA, USA; 1 : 1000) at room temperature
for 2 h. After washing with TBST, the membranes were incu-
bated with secondary goat anti-mouse IgG antibody (Santa
Cruz, CA, USA; 1 : 500) or goat anti-rabbit IgG antibody
(Santa Cruz, CA, USA; 1 :500) at room temperature for
1 h. Equal loading of protein in each lane was verified by
reblotting the membrane with an anti-B-actin antibody
(ZSGB, Beijing, China). Then, proteins were detected by
chemiluminescence reagent. Protein band density was quan-
tified using Bio-Rad QUANTITY ONE v4.62.

Analysis of Caspase-1 and SigA by
immunohistochemistry

Samples were baked in the oven at 65 °C for 2 h and
dewaxed repeatedly with xylene I, II, III, for 10 min and
hydrated sequentially in 100% EtOH, 95% EtOH, 80%
EtOH, respectively, for 5 min, 70% EtOH for 2 min, and
then distilled water for 2 min. After hydration, washed three
times in PBS for 5 min. Antigen repair: added citric acid
repair solution (PH 6.0), heated to 95 °C, sliced, cooked for
20 min. Dropped 3% H,O, of deionized water on the sample
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and incubated for 10 min to block endogenous peroxidase,
and then washed 3 times with PBS for 5 min. Added primary
antibody (Delaware Ave Santa Cruz; 1 : 50), put into the
wet box, placed in the refrigerator at 4 °C, and incubated
overnight. After rewarming for 1 h, washed three times with
PBS for 5 min, dried residue PBS, added second antibody
(ZSGB; 1 : 100) with fluorescence, placed in the wet box at
37 °C, and incubated for 30 min avoiding meeting up. Appli-
cated DAB solution for coloration for 5 min and washed by
distilled water. Redyeing: nuclear staining with hematoxylin
for 5 min, washed with tap water, and observed under the
microscope. If hypochromasia, stained with hematoxylin
once again. If deep, redifferentiated with hydrochloric acid
and stained with hematoxylin. Hydrated sequentially in
100% EtOH, 95% EtOH, 80% EtOH, respectively, for
5 min. Mounted with neutral balata.

Cell isolation

Part of MLN was taken and placed in a sterile plate con-
taining precooled (4 °C) PBS, and the membrane was
removed. Then, it was transferred to the 400 mesh sieve
and cut into pieces by ophthalmology scissors. The MLN
was gently ground with the inner core of a 2-mL syringe to
remove the cell mass and prepare single cell suspension the
MLN. Centrifugation was performed at 1000 r.p.m. for
5 min. The supernatant was removed and repeated once.
Cells of MLN were resuspended in complete medium, and
the concentration was adjusted to 10%/mL by cell counting
plate for flow cytometry.

Analysis of Th1/Th2 ratio by flow cytometry

The three groups of cell suspension were added into the ster-
ile 6-well cell culture plate. Each hole was added with 2 puL
monensin by pipette avoiding air bubbles. The plate was put
into cell culture box for 5 h. After the collection of cells and
centrifugation (350 g) for 5 min, removed the supernatant.
Two millilitre PBS were added into the tube, centrifugated
(100 g) for 5 min, and removed the supernatant, and respec-
tively, the MLN cells were suspended into the EP tube. Five
microliter the corresponding surface marker antibody CD4
(BioLegend, San Diego, CA, USA) was added to each tube
and incubated at room temperature for 15 min in the dark.
The MLN cells were suspended with PBS, centrifugated
(350 g) for 5 min, and removed the supernatant. Fixed cell
with 0.5 mL fixed liquid, incubated at room temperature for
20 min in the dark, centrifugated (350 g) for 5 min, and
removed the supernatant. Added 500 pL. PBS to suspend
cells and restored overnight at 4 °C in the dark. Centrifu-
gated (350 g) for 5 min and removed the supernatant. Resus-
pended MLN cells with 1 mL membrane rupture,
centrifugated (350 g) for 5 min, and removed the super-
natant repeatedly. Resuspended MLN cells with 100 pL
membrane rupture, added 5 pL IL-4-FITC (BioLegend, CA,
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USA) and 20 pL IFN-y-PC5 (BioLegend) into the tube, and
incubated at room temperature for 20 min in the dark.
Washed MLN cells two times with PBS centrifugated (350 g)
for 5 min and removed the supernatant [27]. Took 0.3 mL
PBS suspension cell to analyze by FCM.

Analysis of Treg by flow cytometry

The MLN cells were suspended into the EP tube. Five micro-
litre the corresponding surface marker CD4-FITC (BioLe-
gend) and CD25-PE (BioLegend) was added to each tube
and incubated at room temperature for 20 min in the dark.
The MLN cells were suspended with PBS, centrifugated
(350 g) for 5 min, and removed the supernatant. Fixed cell
with 1 mL FOXP3 fixed liquid (BioLegend), incubated at
room temperature for 20 min in the dark, centrifugated
(350 g) for 5 min, and removed the supernatant. Added
2 mL PBS to suspend cells and restored overnight at 4 °C in
the dark. Centrifugated (250 g) for 5 min and removed the
supernatant. Resuspended MLN cells with 1 mL FOXP3
membrane rupture (BioLegend), incubated at room tempera-
ture for 20 min in the dark, and removed the supernatant
repeatedly. Added 2 mL PBS to suspend cells and restored
overnight at 4 °C in the dark. Centrifugated (250 g) for
S min and removed the supernatant. Resuspended MLN
cells with 100 unL. FOXP3 membrane rupture. Centrifugated
(250 g) for 5 min and removed the supernatant. MLN cells
were resuspended with 1ml FOXP3 membrane rupture, incu-
bated at room temperature for 20 min in the dark, centrifu-
gated (250 g) for 5 min, and removed the supernatant. MLN
cells were resuspended with 100 pL FOXP3 membrane rup-
ture. Added 5 pL. FOXP3-APC (BioLegend) into the tube,
and incubated at room temperature for 30 min in the dark.
Washed MLN cells two times with 2 mL PBS, centrifugated
(250 g) for 5 min, and removed the supernatant. Took
0.3 mL PBS suspension cell to analyze by FCM. Gated strat-
egy with CD4" T cells. Lymphocytes were selected on the
FSC/SSC scatter plot, and then, CD4 * lymphocytes were
selected from the lymphocyte gate. In the above cells, CD25"
FOXP3" cells were selected as Treg.

Statistical analysis

Data were expressed as mean + SD and analyzed by one-
way ANOVA followed by LSD and Dunnett’s T3 using
spss version 14 software (Chicago, IL, USA). P < 0.05 was
considered as statistical significance.

Results

Pathological changes in the pancreas

To investigate the effect of mesenteric lymphatic duct
ligation on pancreas of SAP rats, we observed
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histopathology of pancreas. Under light microscope,
the structure of the pancreas in the SO group was
mostly normal. SAP group showed congestion, edema,
several spot hemorrhage, and inflammatory cell infil-
tration of pancreatic tissue. The inflammation was
relieved slightly in the SAP + ligation group (Fig. 1).
But there was no significant difference. The results
indicated that there was no direct protective effect on
pancreatic injury with mesenteric lymphatic duct
ligation.

Pathological changes in the intestinal mucosa

To investigate the effect of mesenteric lymphatic duct
ligation on intestine of SAP rats, we observed
histopathology of intestine. Under light microscope,
the structure of the small intestinal mucosa in the SO
group was mostly normal. After induction of SAP, the
small intestine wall was characterized by congestion,
edema, damage to the villi, epithelial degeneration,
necrosis, and shedding. The lamina propria mucosa
was separated. Dilation of blood vessels, hemorrhage,
and inflammatory cell infiltration were observed in the
submucosa. Conversely, in the SAP + ligation group,
fusion and defect of intestinal villi were worse com-
pared with the SAP group (Fig. 2). The degree of
intestinal pathological injury in the SAP group and
SAP + ligation group was significantly higher than
those of the SO group. The SAP + ligation group was
more serious than the SAP group (P < 0.05). The
results indicated that intestinal inflammation was more
serious in the SAP + ligation rats. Ligation of

Intestinal lymphatic ligation of SAP

mesenteric lymph duct may prevent the intestinal dam-
age factor from entering the blood circulation through
the mesenteric lymphatic pathway, and stay in the
intestinal tract. The inflammatory reaction remained in
the intestine.

Levels of TNF-q, IL-1, and MPO in intestinal
tissue homogenate

The levels of TNF-a, IL-1, and MPO in the SAP
group were notably higher than those in the SO group
(P <0.05). The level of IL-1 in the SAP + ligation
group was significantly higher than that in the SAP
group (P < 0.05). There were no significant differences
in TNF-a and MPO between the SAP group and
SAP + ligation group (Fig. 3). The results indicated
that intestinal lymphatic ligation may aggravate
intestinal injury.

Expression of NLRP3 and ASC in the small
intestine and MLN of rats

To evaluate the effect of mesenteric lymphatic duct
ligation on the nonspecific immune (innate immunity)
response of the intestinal tract in the SAP rats, we
investigated the effects of mesenteric lymphatic duct
ligation on the expressions of NLRP3 and apoptosis-
associated speck-like protein containing a caspase
recruitment domain (ASC) in the sections of small
intestines and MLN cells by IF. NLRP3 (green fluo-
rescence) was mainly expressed in the cytoplasm of
intestinal epithelial cells and lamina lymphocytes. ASC

SAP+ligation
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Fig. 1. Change in pathological tissue of pancreas of rats and histological score of the pancreas in each group. (A) Pancreatic tissue (B) H&E
stain of pancreatic tissue. (C) Histological score. The pancreatic sections were stained by H&E stain and observed under a microscopy
(200x magnification). Scale bars = 50 um. The data were presented as mean + SD. There were six rats in each group (n = 6). P values
were derived by LSD (L) test and Dunnett's T3 test. *P < 0.05 vs SO group.
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Histological damage score

(red fluorescence) was mainly expressed in the cyto-
plasm of intestinal epithelial cells and lamina lympho-
cytes. The expression of ASC was colocalized with
NLRP3 expression. In the small intestinal tissues
(Fig. 4) and MLN (Fig. 5) of the SO group, the
expression of NLRP3 and ASC was very low. How-
ever, the SAP group was stained positively for NLRP3
and ASC. Expression in the SAP + ligation group was
notably increased compared with the SAP group
(P <0.05).

Expression of NLRP3 in the small intestine by
western blotting

As was shown in Fig. 6, the expression of NLRP3 in
the small intestine in the SAP rats was notably higher
than those in the SO rats (P < 0.05), but in the
SAP + ligation group was higher than that in the SAP
group. The results indicated that intestinal lymphatic
ligation may aggravate intestinal injury.

Expression of Caspase-1 and SIgA with
immunohistochemistry

Caspase-1 is able to transform active pro-interleukin-
1B (IL-1P) to biological active IL-1p which is a major
inflammatory factor. It binds to its receptor after
released into  extracellular space to induce

1114
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x#

Fig. 2. Change in pathological tissue of
small intestine of rats and histological
score of the intestine in each group. (A)
SO (B) SAP (C) SAP + ligation. The
intestinal sections were stained by H&E
stain and observed under a microscopy
(200x magnification). Scale bars = 50 um.
The data were presented as mean + SD.
.9° There were six rats in each group (n = 6).
\\Q"' P values were derived by LSD (L) test and
,}-@‘ Dunnett’s T3 test. *P < 0.05 vs SO group;
#P < 0.05 vs SAP group.

inflammatory mediators and cause inflammation.
Therefore, we evaluated the expression of caspase-1.
Using immunohistochemical methods, it was deter-
mined that the expression of caspase-1 was primarily
detected in the intestinal intraepithelial in the cyto-
plasm. In the intestinal tissue of the SO group, cas-
pase-1 expression was very low. However, the
expression of caspase-1 in the SAP group was stained
positively. Notably, the positive expression of caspase-
1 in the SAP + ligation group increased compared
with the SAP group (Fig. 7A). Secretory immunoglob-
ulin A (SIgA) is a key player in humeral immunity
and the first line of intestinal mucosal defense. The
results showed that the expression of SIgA was mark-
edly decreased in SAP rats compared with that of SO
rats. Notably, the positive expression of SIgA in the
SAP + ligation group decreased compared with the
SAP group (Fig. 7B).

Ratio of Th1/Th2 in the MLN between different
groups

The expressions of CD4" IFN-y" and CD4" IL-4" pre-
sent the populations of Thl and Th2 cells, and the
ratio of Thl/Th2 represents their balance. Results
showed that the Thl level in the SAP group was mark-
edly higher than that in the SO group, but significantly
lower than that in the SAP + ligation group
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Fig. 3. The levels of TNF-a, IL-1, and MPO in small intestinal tissues in rats. (A) TNF-a (B) IL-1 (C) MPO. There were six rats used for each
experimental group (n = 6) and expressed as mean + SD. P values were derived by LSD (L) test and Dunnett's T3 test. *P < 0.05 vs SO

group; #P < 0.05 vs SAP group.

(P < 0.05). The Th2 level in the model group was sig-
nificantly higher than that in the SO group (P < 0.05).
Compared with the SO group, the ratio of Th1/Th2 in
the SAP group was significantly increased, but signifi-
cantly lower than in the SAP + ligation group
(P < 0.05; Fig. 8). That indicated Th1/Th2 was more
seriously imbalance in the SAP + ligation group.

Ratio of Tregs in the MLN between different
groups

Tregs have an essential role in maintaining the bal-
ance between immune activation and tolerance. The
transcription factor CD4" FOXP3" of Tregs is the
most specific marker for Tregs. The results showed
that the level of CD4™ CD25" FOXP3" in the model
group was significantly higher than that in the SO

group (P < 0.05), but was significantly lower than
that in the SAP + ligation group (P < 0.05). The ratio
of Tregs in the SAP group was significantly higher
than that in the SO group (P < 0.05), but significantly
lower than that in the SAP + ligation group
(P < 0.05; Fig. 9). The data indicated that the popula-
tion of Tregs was significantly increased in SAP + li-
gation rats.

Discussion

The results of the present study indicated that there
was no direct protective effect on pancreatic injury
with mesenteric lymphatic duct ligation (Fig. 1). Lym-
phatic ligation may reduce systemic inflammatory
response. Ligation of mesenteric lymphatic duct may
prevent the intestinal damage factor from entering the
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Fig. 4. Effects of intestinal lymphatic ligation on the expressions of NLRP3 and ASC in the small intestinal tissues in rats. The
representative images of the uptake of NLRP3 and ASC in the small intestinal tissues of rats (A) and summary results of bar graphs for
each group (B and C). NLRP3 and ASC were determined by confocal laser scanning microscopy (400x magnification), positive expression of
NLRP3 presented as green fluorescence, while positive expression of ASC presented as red fluorescence. The counts of positive
expressions of ASC and NLRP3, the fluorescence expressions were counted at least 10 fields for each slide. Scale bars = 100 um. There
were six rats used for each experimental group (n = 6) and expressed as mean + SD. P values were derived by LSD (L) test and Dunnett’s

T3 test. *P < 0.05 vs SO group; P < 0.05 vs SAP group.

blood circulation through the mesenteric lymphatic
pathway, and stay in the intestinal tract. The intestinal
immune response overactivated due to intestinal lymph
ligation in SAP rats. Blocking the intestinal lymph
pathway led to a large number of inflammatory cytoki-
nes in the intestinal tract, which increased intestinal
tract damage (Fig. 2), thus indicating that the intesti-
nal lymphatic pathway was an important pathway
involved in the translocation of endotoxin and inflam-
matory factors.

The intestinal tract, which is the single largest bar-
rier tissue in the human body, has evolved to confine
microbiota and resist pathogens, while maintaining the
major function of nutrient uptake. It is in direct con-
tact with a large and varied microbial community, and
furthermore, the intestinal tract has a large variety of
immune cells and structures that help maintain intesti-
nal homeostasis in order to protect against harmful
microbes [28]. Researchers have reported that gut bar-
rier function is disordered in SAP and that endotox-
emia is associated with SAP [29]. Balanced adaptive
immune responses in the intestine are essential for the
homeostatic maintenance of the intestinal environment
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and protection against infection. The role of the
intestinal lymphatic system in the natural immune
response to inflammatory injury has attracted wide-
spread attention. It is composed of GALT and lym-
phatic vessels. The former consists of intestinal
intraepithelial lymphocytes, lamina propria lympho-
cytes (LPLs), Peyer’s patches, and MLN. During the
development of SAP, sensitized T and B lymphocytes
translocate from the mesenteric lymph duct and tho-
racic duct into pulmonary circulation. Researchers
have observed that bacterial translocation does not
occur via transperitoneal pathways, but most likely via
lymphatic spread [30]. Our results showed that intes-
tine damage was more serious in the SAP + ligation
group compared with that in the SAP group. It
demonstrated that after the ligation of the mesenteric
lymph, a large number of cytokines and other
immune-stimulating substances gathered in the gut to
induce the immune response, therefore indicating that
ilEL regulates functions of the lymphocyte and intesti-
nal epithelial cells by secreting IL-22, IL-24, IL-25,
TNF-a, and TGF-B. LPLs produce a large amount of
SIgA, which can secrete IL-6 and IL-5 to promote the
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Fig. 5. Effects of intestinal lymphatic ligation on the expressions of NLRP3 and ASC in the MLN cells in rats. The representative images of
the uptake of NLRP3 and ASC in the intestine and mesenteric lymph nodes cells of rats (A) and summary results of bar graphs for each
group (B and C). NLRP3 and ASC were determined by confocal laser scanning microscopy (400x magnification), positive expression of
NLRP3 presented as green fluorescence, while positive expression of ASC presented as red fluorescence. The counts of positive
expressions of ASC and NLRP3, the fluorescence expressions were counted at least 10 fields for each slide. Scale bars = 100 pm. There
were six rats used for each experimental group (n = 6) and expressed as mean + SD. P values were derived by LSD (L) test and Dunnett’s

T3 test. *P < 0.05 vs SO group; *P < 0.05 vs SAP group.

differentiation and maturation of IgA B cells to IgA
plasma cells.

At present, researchers have demonstrated that
intestine damage caused by SAP leads to the release of
systemic inflammatory cytokines, including TNF-o and
IL-1B [31]. TNF-a and IL-1PB are proposed to play a
pivotal role in the pathogenesis of SAP, directly injur-
ing cells and causing necrosis, inflammation, and
edema [32]. The present results showed that levels of
IL-1 and TNF-a in the intestine tissue were increased
in SAP + ligation rats when compared with the SAP
group (Fig. 3). These findings clarified that ligation of
the mesenteric lymph duct promotes the increase in
these cytokines by blocking the translocation of
inflammatory cytokines via the mesenteric lymph duct.
MPO is a biochemical marker for neutrophil infiltra-
tion in studies of multiple organ injury in SAP, and its
activity is related to the severity of intestine injury
[33]. The present results showed that the increase in
intestine MPO indicated the progressive aggravation of
SAP-associated intestine injury (Fig. 3). While there
were no significant differences in the levels of TNF-a

and MPO between the SAP group and SAP + ligation
group. This could be due to the timing of samples
taken and experiments. On the other hand, the reduc-
tion in systemic inflammation alleviated the intestinal
injury due to mesenteric lymphatic ligation to some
extent, which indicated that systemic inflammatory
reaction was the important reason for serious injury to
the body.

Among various inflammasome complexes, the
NLRP3 inflammasome is characterized by its role in
inducing various human autoinflammatory and
autoimmune diseases [34]. It controls the maturation
of two pro-inflammatory IL-1 family cytokines, IL-13
and IL-18, by mediating autoactivation of caspase-1
[10]. NLRP3 assembly is mediated by protein interac-
tion domains belonging to the death-fold superfamily,
which comprises the death domain, death effector
domain, CARD, and pyrin domain (PYD) subfamilies
[35]. Immunoglobulin G antibody-secreting cells
(ASCs) are important cell types in the mucosal
immune system. A hallmark of inflammasome activa-
tion is the ASC speck, consisting of a PYD and a
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Fig. 6. The levels of NLRP3 in the small intestinal tissues by
western blotting. There were six rats used for each experimental
group (n = 6) and expressed as mean + SD. P values were derived
by LSD (L) test and Dunnett's T3 test. *P < 0.05 vs SO group;
#P < 0.05 vs SAP group.

CARD. The oligomerization of ASC creates a number
of potential caspase-1 activation sites, thus leading to
inflammasome-mediated cytokine production [36]. The
cysteine protease caspase-1 plays a critical role in

SO
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proteolytically maturing and secreting cytokines, such
as IL-1B and IL-18, and in inducing a pro-inflamma-
tory programmed cell death mode known as pyropto-
sis [37]. The present data indicated that the expression
levels of NLRP3, ASC, and caspase-1 were increased
in mesenteric lymph duct ligation rats compared with
the SAP group (Figs 4, 5, 6 and 7A). The results
revealed mesenteric lymph duct ligation enhanced
intestinal inflammation through the assembly of
NLRP3, ASC, and caspase-1.

SIgA ASCs are important cell types in the mucosal
immune system. SIgA, a dominant Ig in external mucosal
secretions, might play a pathogenic role in intestinal
inflammatory responses. Substantial evidence has
demonstrated that intestinal SIgA regulates the composi-
tion and function of the commensal microbiota. SIgA is
concentrated in the outer layer of the intestinal mucus
along with commensal bacteria to protect the epithelium
[38]. In the present study, levels of SIgA were analyzed in
the small intestine after ligation of the mesenteric lymph
duct; decreased levels of SIgA were found in SAP + liga-
tion rats as a result of intestinal inflammation (Fig. 7B).
Our data demonstrated that lymphatic ligation could
decrease the secretion of SIgA to promote bacteria into
the blood and intestinal damage.

Emerging evidence has suggested that CD4" Th cells
can be divided into Thl and Th2 subsets based upon
the cytokines they produce, which are mutually antag-
onistic. Thl cell differentiation induced by IFN-y and

SAP + ligation

o

AV oot |

Fig. 7. Effects of intestinal lymphatic ligation on the levels of caspase-1 (A) and SIgA (B) in small intestinal tissues by IHC analysis. Scale
bars = 50 um. There were six rats used for each experimental group (n = 6). * P < 0.05 vs SO group; # P < 0.05 vs SAP group
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IL-12 signaling via STATI and STAT4 produces reac- CD4" CD25" Tregs play a pivotal role in the main-
tive oxygen species and mediates innate immunity, tenance of immune homeostasis. Tregs can potentially
respectively, whereas Th2 cell differentiation driven by inhibit microbial clearance or benefit the host by sup-
IL-4 signaling via STAT6 promotes Ab-mediated pressing immune pathology [40]. FOXP3, expressed in
immunity by activating mast and B cells [39]. The bal- CD4" CD25" cells, determines Treg development and
ance of Th1/Th2 regulates the immune system under function. By inhibiting Gata3 and RORyt to block IL-
normal conditions. The present data showed that 4 and IL-17 expression, FOXP3 plays a critical role in
development of intestinal inflammation was regulated inhibiting both Th2 and Thl7 differentiation [41].
by Th1/Th2 bias induced by ligation of the mesenteric Ectopic expression of FOXP3 in CD4" CD25™ T cells
lymph duct (Fig. 8). may endow CD4" CD25~ T cells with a Treg-like
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suppressive capability to prevent the development of
IBD and autoimmune gastritis [42,43]. In the present
study, it was found that levels of CD4" CD25"
FOXP3" and Tregs were enhanced significantly in the
ligation rats (Fig. 9).

In conclusion, the results demonstrated that ligation
of the mesenteric lymph duct can effectively prevent
intestinal inflammatory mediators entering the body
via the mesenteric lymph duct, and thus, they assem-
bled in the intestine. Consequently, excessive release of
inflammatory mediators and excessive immune
responses during SAP were induced, thus aggravating
intestinal injury.
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