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GASTROINTESTINAL, HEPATOBILIARY, AND PANCREATIC PATHOLOGY
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Little is known about the role of the spleen in mediating systemic inflammatory responses
in severe acute pancreatitis (SAP). We investigated the role played by the spleen in rats
after SAP induction. Splenectomy was performed at designated time points after SAP
induction. Pancreatic tissue and serum samples were collected and subjected to histologic,
immunohistochemical, and immunologic analyses. After SAP induction, the splenic im-
mune response was enhanced during SAP progression, as shown by the increased diameter
of the splenic periarterial lymphatic sheath and the thickness of the splenic marginal zone.
Rats with splenectomy developed acute pancreatitis more slowly than rats without sple-
nectomy. In addition, pancreatic tissues of rats with splenectomy contained lower levels
of serum amylase, tumor necrosis factor-a, and IL-6 and exhibited less acinar cell death,
leukocyte infiltration, and interstitial edema than those of rats without splenectomy.
Compared with splenectomy alone, cotreatment with splenectomy and the administration
of splenic cells originating from a rat with SAP 12 hours after induction increased systemic
inflammation in SAP rats. Splenic factors exacerbated SAP-associated liver and lung injury
and accentuated intestinal mucosal barrier dysfunction. Splenectomy altered the serum
cytokine profile in rats with SAP. In a rat model of SAP, the spleen exacerbated the
systematic inflammatory responses and injury to multiple organs, indicating a new role for
the spleen in SAP. (Am J Pathol 2019, 189: 2233e2245; https://doi.org/10.1016/
j.ajpath.2019.07.008)
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Inflammatory mediators and the subsequent local or sys-
tematic inflammatory responses play critical roles in the
pathogenesis of pancreatitis.1 Although the exact patho-
physiologic mechanisms that contribute to the inflammatory
response in acute pancreatitis (AP) are largely unknown,2

the progression of inflammation, both local and systemic,
during AP require the participation of inflammatory medi-
ators.3 An overwhelming systemic immune reaction, called
the systemic inflammatory response syndrome (SIRS),
gy. Published by Elsevier Inc
seems to be responsible for most systemic complications
and mortality.4,5 Acinar cell autodigestion initiates the in-
flammatory process in the pancreas.6,7 Along with leuko-
cytes infiltration into the pancreas and epithelial barrier
dysfunction, the inflammatory reaction may progress to
. All rights reserved.
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SIRS or multiple organ dysfunction syndrome, which is
believed to be the primary cause of mortality.8e10

The spleen is the largest lymphoid organ in the body and
contains numerous immune cells that play an important role
in the immune response.11,12 The pancreas and spleen are
located in such close proximity that splenic involvement
may occur in inflammatory diseases of the pancreas.13

Moreover, the results of previous studies suggest that the
spleen may participate in the progression of pancreatic
disease.14 Local events in AP can induce the up-regulation
of tumor necrosis factor (TNF)-a expression in the spleen,
suggesting systemic manifestation of AP.15 Spleen-derived
IL-10 may protect against the development of nonalco-
holic fatty pancreas disease.16 In a case-control study in
Taiwan, splenectomy was associated with an increased risk
of AP,17 although the underlying mechanism linking sple-
nectomy and AP has not been completely elucidated.
However, splenectomy has been reported to decrease in-
flammatory cytokine production and alleviate severe acute
pancreatitis (SAP).18 The spleen participates in the pro-
gression of AP, but the events triggering this immune re-
action and the pathophysiologic mechanism that determines
disease severity are poorly understood.14,19 Therefore, this
experiment was designed to investigate the role of the
spleen in the mechanism underlying the inflammatory
response in SAP progression.

Materials and Methods

Animals and Biological Samples

Male Sprague-Dawley (SD) rats (210 to 230 g) were pur-
chased from the Experimental Animal Centre of Xi’an
Jiaotong University Health Science Centre (Xi’an, China).
Animals were housed at a temperature of 23�C � 2�C under
a 12-hour light/dark cycle with ad libitum access to standard
laboratory chow and water. For in vivo experiments, animals
were deprived of food but were allowed access to water
from 12 hours before the start of the experiments. All animal
experimental protocols were approved by the Institutional
Animal Care and Use Committee at Xi’an Jiaotong
University.

In the first experiment, SD rats were randomly divided
into three groups, including the control (CON), sham
operation (SO), and SAP model (SAP) groups (n Z 8). The
CON group did not undergo any operation. In the SO group,
incisions were closed immediately after turning over the
pancreas. SAP was induced by retrograde injection of 5%
sodium taurocholate into the common biliopancreatic duct
as described previously.20 Pancreatic histopathologic score;
serum amylase activity; TNF-a, IL-6, and IL-10 levels;
splenic periarterial lymphatic sheath (PALS) diameter; and
splenic marginal zone (MZ) thickness were observed 15
hours after surgery.

In the second experiment, SD rats were randomly divided
into nine groups, including the CON, SO, SP (splenectomy
2234
in normal rats), and SAP groups, and five SAP þ SP groups
[rats subjected to splenectomy at 0 hours (SAP þ 0-hour
group), 3 hours (SAP þ 3-hour group), 6 hours (SAP þ 6-
hour group), 9 hours (SAP þ 9 hour group), and 12 hours
(SAP þ 12-hour group) after SAP induction] (n Z 8). The
CON group did not undergo any operation. In the SO group,
the incisions were closed immediately after turning over the
pancreas and spleen. Pancreatic histopathologic score,
serum amylase activity, and TNF-a and IL-6 levels were
observed 15 hours after surgery.
In the third experiment, SD rats were randomly divided

into five groups, including the CON, SAP, SAP þ SP
(splenectomy immediately after SAP induction),
CON þ Spl (normal rats with tail vein injection of a single-
cell suspension of splenocytes from the spleens of SAP rats
15 hours after SAP induction), and CON þ SP þ Spl groups
(SAP rats with splenectomy and splenocyte injection
immediately after SAP induction) (n Z 8). The CON group
did not undergo any operation. Pancreatic histopathologic
score, serum amylase activity, and TNF-a and IL-6 levels
were observed 15 hours after surgery.
In the fourth experiment, SD rats were randomly divided

into five groups, including the CON, SO, SP, SAP, and
SAP þ SP groups (splenectomy immediately after SAP
induction) (n Z 8). The CON group did not undergo any
operation. In the SO group, the incisions were closed
immediately after turning over the pancreas and spleen.
Pancreatic histopathologic score, serum amylase and lactate
dehydrogenase (LDH) activities, and the levels of TNF-a,
IL-6, aspartate aminotransferase (AST), alanine amino-
transferase (ALT), g-glutamyl transferase (r-GT), bilirubin
(BIL), hyaluronic acid (HA), intestinal fatty acid binding
protein (iFABP), and plasma endotoxin were observed 15
hours after surgery.

Splenectomy

Splenectomy was performed as described by Zierath et al,21

with slight modifications. Briefly, anesthesia was induced
with an i.p. injection of sodium pentobarbital (50 mg/kg,
Merck KGaA, Darmstadt, Germany). The splenic vessels and
nerves were ligated, and the spleen was removed through an
approximately 0.8-cm midline peritoneal incision.

Splenocytes

The spleen was aseptically removed from rats 15 hours after
SAP induction, subjected to gentle mechanical dispersion,
and then filtered through a cell strainer with a mesh size of
70-mm.22 After centrifugation, the resulting cell pellet was
resuspended in phosphate-buffered saline, lyzed with
ammonium-chloride-potassium lysis buffer, and washed
twice with phosphate-buffered saline. Isolated splenocytes
(1 � 106 cells/mL) were maintained in 0.9% sodium chlo-
ride on ice until use. Splenocytes were injected through the
caudal vein at a dose of 2 mL/kg body weight in rats in the
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The Spleen Aggravates Acute Pancreatitis
CON þ Spl and CON þ SP þ Spl groups. Rats in the CON,
SAP, and SAP þ SP groups were given the same amount of
normal saline. Splenocyte viability was confirmed by trypan
blue staining.

Histopathology and Immunohistochemistry

Histopathologic analysis of the pancreas, spleen, liver, lung,
and terminal ileum was performed on hematoxylin and
eosin (H&E)estained sections as described,20,23e26 and
hepatocyte (HC) apoptosis was measured with terminal
deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling staining. The number of intestinal intraepithelial
lymphocytes (iIELs) was evaluated by light microscopy.
Two independent, blinded, experienced pathologists scored
pancreatic edema, leukocyte infiltration, and necrosis (0 to
3) in �10 high-power fields per slide per rat. The individual
scores were summed27 (means � SEM, �6 rats per group).
TNF-a and IL-6 expression in the spleen, secretory IgA
(sIgA) expression in the terminal ileum, and surfactant
protein A (SP-A) expression in the lung were measured by
immunohistochemistry.

Enzyme Activity and Cytokine Level Measurement or
Serum Analysis

The serum amylase, AST, ALT, r-GT, and BIL levels and
LDH activity were determined using an automatic
biochemical analyzer (Roche, Basel, Switzerland). Serum
IL-6, TNF-a, HA, and iFABP levels were measured using
enzyme-linked immunosorbent assays (ELISAs) (Neo-
bioscience Biotech, Shenzhen, China; eBioscience, San
Diego, CA; and R&D Systems, Minneapolis, MN) accord-
ing to the manufacturers’ protocols. The absorbance at 450
nm was detected by a microplate mode reader (BioTek Inc,
Winooski, VT). Plasma endotoxin levels were measured
using an end point chromogenic assay (BioEndo, Xiamen,
China) according to the manufacturer’s protocol.

Arterial Partial Pressure of Oxygen Measurement

The arterial partial pressure of oxygen (PaO2) was deter-
mined using an automatic blood gas analyzer (AVL Omni,
Basel, Switzerland).

Ultrastructural Observation

The liver, lung, and terminal ileum were fixed using 2.5%
prechilled glutaraldehyde at 4�C for 24 hours and then
immersed in 1% osmium tetroxide at room temperature for 2
hours, followed by immersion in uranyl acetate for 2 hours.
The samples were dehydrated through serial solutions of
ethanol and acetone before being embedded in epoxy resin.
For examination by electron microscopy, 50-nm ultrathin
sections were stained with lead citrate and mounted on
200-mesh copper grids. The ultrastructure of the liver, lung,
The American Journal of Pathology - ajp.amjpathol.org
and terminal ileum was observed under a Hitachi H-600
transmission electron microscope (Hitachi, Tokyo, Japan).

Bacterial Translocation Assay

Bacterial cultures of pancreas, liver, kidney, and mesenteric
lymph node homogenates were performed to assess bacterial
translocation.

Intestinal Mucosal Barrier Dysfunction Evaluation

iFABP served as a marker of intestinal mucosal barrier
injury in the early stage of SAP. iIELs, sIgA-positive cells,
and bacterial translocation were used to evaluate intestinal
mucosal barrier dysfunction.

Biochip Array and ELISA

A rat cytokine array and ELISA were used to investigate the
cytokine profiles in the serum and spleen of SAP rats before
and after splenectomy.

Statistical Analysis

The results are presented as the means � SEM of three or
more independent experiments. Statistical analysis was
performed using a t-test or analysis of variance in SPSS
statistical software version 19.0 (SPSS Inc., Chicago, IL),
and P < 0.05 was considered significant.

Results

Enhancement of Splenic Immune Response during SAP
Progression

The changes in pancreatic and splenic histopathologic
findings, serum amylase activity, and expression of TNF-a,
IL-6, and IL-10 in the serum and spleen were determined 15
hours after surgery. The acinar architecture of the SO group
was entirely normal. However, SAP group animals exhibi-
ted pancreatic injury characterized by gross tissue edema,
sublobular hemorrhage, cell lysis associated with obvious
neutrophil infiltration, and parenchymal necrosis (Figure 1,
A and B). Serum amylase activity and the levels of IL-6,
TNF-a, and IL-10 in the SAP group were significantly
increased compared with those in the SO group (Figure 1B).

Compared with SO group animals, SAP group ani-
mals exhibited significant morphologic changes: an
increased area of white pulp, an increased splenic PALS
diameter, and an increased splenic MZ thickness were
observed in SAP rats 15 hours after SAP induction
(Figure 1, C and F).

In addition to investigating histologic changes, splenic
TNF-a and IL-6 expression was also assessed by immu-
nohistochemistry. The expression levels of TNF-a and IL-6
in the white pulp area of the spleen were higher in SAP rats
2235

http://ajp.amjpathol.org


Figure 1 The splenic immune response is enhanced during the progression of severe acute pancreatitis (SAP). A: Histopathologic changes in the pancreas
in SAP rats [hematoxylin and eosin (H&E)]. Pancreatic tissues from the control (CON) and sham operation (SO) groups show a normal structure. Pancreatic
tissues from SAP rats show extensive parenchymal necrosis and focal hemorrhage. B: Histopathologic score, serum amylase activity, and the levels of tumor
necrosis factor (TNF)-a, IL-6, and IL-10 are significantly increased in SAP rats compared with SO rats. C: Histopathologic changes in the spleen in SAP rats
(H&E). Splenic tissues from the CON and SO groups show a normal structure. Splenic tissues from SAP rats show an increased area of white pulp. D: TNF-a
expression in the pancreas is significantly increased in SAP rats compared with SO rats. E: IL-6 expression in the pancreas is significantly higher in SAP rats
than in SO rats. F: Periarterial lymphatic sheath (PALS) diameter and marginal zone (MZ) thickness are significantly increased in SAP rats compared with SO
rats. Data are expressed as means � SEM. *P < 0.05 versus the SAP group. Original magnification, �200 (A and CeE).
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than in SO group rats. These findings suggested a significant
modification of splenic structures along with SAP
progression; the role of the spleen in SAP was therefore
investigated (Figure 1, D and E).

Aggravation of SAP Severity by the Spleen

Next, the role of the spleen was studied during SAP pro-
gression by evaluating the pancreatic histopathologic score,
serum amylase activity, and serum cytokine levels in SAP
rats with splenectomy at 0 hours, 3 hours, 6 hours, 9 hours,
and 12 hours after SAP induction. SAP rats without sple-
nectomy exhibited worsening pancreatic injury and inflam-
matory reactions (Figure 2). Intriguingly, in contrast to SAP
rats without splenectomy, SAP rats with splenectomy at
0 hours, 3 hours, or 6 hours after SAP induction exhibited
decreased pancreatic histopathologic scores, amylase activ-
ity, and serum TNF-a and IL-6 levels at 15 hours.
2236
Nevertheless, compared with SAP rats that did not undergo
splenectomy, SAP rats that underwent splenectomy at 9 and
12 hours after SAP induction did not have significantly
decreased pancreatic histopathologic scores, amylase activ-
ity, and serum TNF-a and IL-6 levels. To further confirm
the role of the spleen in the progression of SAP, we
evaluated whether this phenomenon could be duplicated via
the administration of single-cell suspensions of the spleen
(splenocytes that originated from a rat with SAP 12 hours
after induction) to normal rats and SAP rats with splenec-
tomy. Compared with splenectomy alone (SAP þ SP),
cotreatment with splenectomy and splenocyte administra-
tion via the caudal vein (SAP þ SP þ Spl) increased
pancreatic histopathologic scores, amylase activity, and
systemic inflammation at 15 hours (Figure 2). Moreover,
normal rats administered splenocytes (CON þ Spl) had
more severe pancreatic injury and higher serum TNF-a
levels than rats in the CON group.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 The spleen aggravates the severity of severe acute pancreatitis (SAP).A:Histopathologic changes in the pancreas in SAP rats [hematoxylin and eosin
(H&E)]. Pancreatic tissues from rats in the control (CON), shame operation (SO), and splenectomy (SP) groups show a normal structure. Pancreatic tissues from SAP
rats show extensive parenchymal necrosis and focal hemorrhage. Pancreatic tissues from SAP rats with SP at 0 hours (SP0), 3 hours (SP3), 6 hours (SP6), 9 hours
(P9), and 12 hours (SP12) after SAP induction show an alleviation of injury compared with the SAP group. B: Histopathologic changes in the pancreas in SAP rats
(H&E). Pancreatic tissues from the CON group show a normal structure. Pancreatic tissues from SAP rats show extensive parenchymal necrosis and focal hem-
orrhage. Pancreatic tissues from the SAPþ SPþ splenocyte (Spl) group show more pathological damage than those from the SAPþ SP group. Pancreatic tissues
from the CONþ Spl group showmore single acinar cell necrosis than those from the CON group. C: Histopathologic score, serum amylase activity, and the levels of
tumor necrosis factor (TNF)-a and IL-6 are significantly lower in the SAPþ SP group than in the SAP group. D: Histopathologic score, serum amylase activity, and
the levels of TNF-a and IL-6 are significantly higher in the SAP þ SP þ Spl and CON þ Spl groups than in the SAP þ SP and CON groups, respectively. Data are
expressed as means � SEM. *P < 0.05 versus the SAP group; yP < 0.05 versus the CON group. Original magnification, �200 (A and B).

The Spleen Aggravates Acute Pancreatitis
Exacerbation of SAP-Associated Liver Injury by the
Spleen

The effect of the spleen on SAP-associated liver injury was
evaluated in SAP rats subjected to splenectomy immediately
after SAP induction (SAP rats with splenectomy at 0 hours
after SAP induction). SAP rats without splenectomy
exhibited substantial liver morphologic damage (ie, HC
edema, hepatic sinusoid hyperemia, and leukocyte infiltra-
tion) accompanied by aggravated pancreatic morphologic
abnormalities and elevated serum amylase activity, as ex-
pected, at 15 hours (Figure 3). In addition, hepatic function,
as measured by serum AST, ALT, r-GT, BIL levels, and
LDH activity, was decreased.
The American Journal of Pathology - ajp.amjpathol.org
SAP rats exhibited a marked increase in hepatic tissue
ultrastructural injury characterized by HC edema, mito-
chondrial swelling, endoplasmic reticulum dilatation and
degranulation in HCs, cell necrosis, lysosome increase in
Kupffer cells, typical secondary lysosome formation, sinus
endothelial cell disfiguration, nucleolar pyknosis, and cell
apoptosis at 15 hours, as measured by transmission electron
microscopy. Immunohistochemistry assays revealed a sig-
nificant increase in HC apoptosis at 15 hours in the SAP
group compared with the SO group.

However, compared with the SAP rats without splenec-
tomy, SAP rats with splenectomy exhibited ameliorated
SAP-associated hepatic injury and improved hepatic func-
tion at 15 hours. Similarly, ultrastructural injury and HC
2237
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apoptosis at 15 hours were significantly lower in these rats
than in rats with SAP but without splenectomy. The ELISA
results revealed an increase in serum HA levels at 15 hours
in rats with splenectomy relative to these levels in SAP rats
without splenectomy.

Aggravation of SAP-Associated Lung Injury by the
Spleen

The extent of SAP-associated lung injury was assessed in
SAP rats with or without splenectomy. In the SAP-alone
group, edema, alveolar-capillary membrane thickening,
hyperemia, and neutrophil infiltration increased significantly
15 hours after SAP induction. Interestingly, splenectomy
resulted in a decrease in lung injury during SAP relative to
that in SAP rats without splenectomy. In addition, the ul-
trastructural changes in lung tissue were studied via trans-
mission electron microscopy. The SAP group had capillary
hyperemia and thrombosis, neutrophil aggregation, pulmo-
nary capillary endothelial edema, cell nexus widening, and
mitochondrial vacuole formation. However, rats that
received splenectomy after SAP induction exhibited marked
attenuation of lung tissue ultrastructural injuries.

SP-A is often overexpressed in acute lung injury. Thus,
the expression level of SP-A was used to follow the effect of
splenectomy on lung injury in SAP rats. Lung SP-A
expression increased in SAP rats but was significantly
decreased in SAP rats with splenectomy. This finding sug-
gests that the existence of the spleen leads to the aggravation
of SAP-associated lung injury and that splenectomy leads to
the alleviation of SAP-associated lung injury. In addition,
the PaO2 level and the ratio of lung wet weight/lung dry
weight was measured. Compared with SAP rats without
splenectomy, SAP rats with splenectomy had increased PaO2
levels and lung wet weight/lung dry weight ratios
(Figure 4). These results again suggest that the existence of
the spleen leads to accentuation of lung injury in SAP.

Accentuation of SAP-Associated Intestinal Mucosal
Barrier Dysfunction by the Spleen

To assess the degree of intestinal mucosal injury, the serum
iFABP level was evaluated by ELISA.28,29 The SAP group
exhibited an increase in the iFABP level at 15 hours
Figure 3 The spleen exacerbates severe acute pancreatitis (SAP)eassociated
matoxylin and eosin (H&E)]. Pancreatic tissues from the control (CON), sham opera
tissues from the SAP group show extensive parenchymal necrosis and focal hem
damage compared to the SAP group. B: Histopathologic score and serum amylas
Cellular apoptosis in the liver shows a significant decrease in the SAP þ SP group c
rats (H&E). Hepatic tissues from the CON, SO, and SP groups show normal structure
hyperemia, and leukocyte infiltration. Hepatic tissues from the SAP þ SP group sho
aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (L
levels are significantly lower in the SAP þ SP group than in the SAP group. F: Ultr
ultrastructure of HCs, Kupffer cells (KCs), and sinus endothelial cells (SECs). In t
reduced glycogen levels, and endoplasmic reticulum dilatation and degranulation
and SECs show cell deformation and nucleolar pyknosis. Data are expressed as me
(A and D); �200 (C); �15,000 (F).
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(Figure 5). However, SAP rats with splenectomy exhibited a
significant decrease in iFABP levels.

Because intestinal mucosal barrier dysfunction promotes
systemic injury duringSAP,whether the presenceof the spleen
further augmented intestinal mucosal barrier dysfunction and
its consequences was evaluated. The SAP group exhibited an
increase in the partial disintegration and hemorrhage of the
terminal ileum lamina propria and irregularity, collapse, or
damage of terminal ileum villi at 15 hours (Figure 5). To
examine the ultrastructural changes in the terminal ileum,
tissues were examined from SAP rats with or without sple-
nectomy via transmission electron microscopy. The swelling
of absorptive cells, loss of microvilli, disordered arrangement
and establishment of intestinal microvilli, weakening of cell
junctions, increased vacuolization in goblet cells, degranula-
tion of the endoplasmic reticulum, and apoptosis of cells were
observed in SAP rats. Intriguingly, compared with SAP rats
without splenectomy, rats with SAP that were treated with
splenectomy had significantly less severe pathologic and ul-
trastructural changes in the terminal ileum.

Next, the changes in the chemical and immunologic
barrier functions of the intestinal mucosa were evaluated by
assaying the numbers of sIgA-positive cells and iIELs in
SAP rats with and without splenectomy.30 Splenectomy
increased the number of sIgA-positive cells and iIELs at 15
hours in SAP rats relative to the numbers of these cells in
SAP rats without splenectomy (Figure 5).

Bacterial dissemination to various organs was evaluated at
the 15-hour time point by culturing organ homogenates. Cul-
tures of homogenates from the liver, kidney, and mesenteric
lymphnodes revealed significantly fewer colony-formingunits
in the SAP group with splenectomy than in the SAP group
without splenectomy. These data clearly indicate a significant
decrease in bacterial translocation at 15 hours after SAP in-
duction in the SAP model (Table 1). Furthermore, compared
with no splenectomy, SAP rats with splenectomy had a sta-
tistically significant decrease in endotoxin (lipopolysaccha-
ride) levels in blood plasma (Figure 5). These results suggest a
significant decrease in the biological barrier function of the
intestinal mucosa in the presence of the spleen in SAP rats.

Alteration of Cytokine Profiles in SAP by the Spleen

To assess differences in cytokine profiles in SAP rats with
or without splenectomy, broad profiles of cytokines in the
liver injury. A: Histopathologic changes in the pancreas in SAP rats [he-
tion (SO), and splenectomy (SP) groups show a normal structure. Pancreatic
orrhage. Pancreatic tissues from the SAP þ SP group show alleviation of
e are significantly lower in the SAP þ SP group than in the SAP group. C:
ompared with the SAP group. D: Histopathologic changes in the liver in SAP
. Liver tissues from SAP rats show hepatocyte (HC) edema, hepatic sinusoid
w an alleviation of injury compared with the SAP group. E: Serum aspartate
DH), bilirubin (BIL), g-glutamyl transferase (r-GT), and hyaluronic acid (HA)
astructure of hepatic tissue. Hepatic tissues in the SO group show a normal
he SAP group, HCs show cell edema and necrosis, mitochondrial swelling,
; KCs show increased lysosomes and typical secondary lysosome formation;
ans � SEM. *P < 0.05 versus the SAP group. Original magnification: �200
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Figure 4 The spleen aggravates severe acute pancreatitis (SAP)eassociated lung injury. A: Histopathologic changes in the lungs in SAP rats (hematoxylin
and eosin). Lung tissues from the control (CON), sham operation (SO), and splenectomy (SP) groups show a normal structure. Lung tissues from SAP rats show
vascular congestion, perivascular edema, dense inflammatory infiltration, hemorrhage, and complete destruction of pulmonary architecture. Lung tissues from
SAP þ SP rats show mild vascular congestion and mild perivascular inflammatory infiltration. B: Lung surfactant protein A (SP-A) expression in SAP rats. Lung
SP-A expression is higher in the CON, SO, and SP groups than in the SAP and SAP þ SP groups. Lung SP-A levels are higher in the SAP þ SP group than in the
SAP group. C: Lung tissue ultrastructure. Lung tissues from the CON, SO, and SP groups show a normal ultrastructure. Lung tissues from the SAP group show
damage to type II epithelial cells and the extracellular matrix and emptied lamellar bodies. Lung tissues from the SAP þ SP group show an alleviation of injury
compared to the SAP group. D: Arterial partial pressure of oxygen (PaO2) level and lung wet weight/lung dry weight (W/D) ratio are higher in the SAP þ SP
group than in the SAP group. Data are expressed as means � SEM. *P < 0.05 versus the SAP group. Original magnification: �200 (A and B); �5000 (C).

Zhou et al
serum and spleen were measured via a biochip array.
Compared with the normal group, the SAP group exhibited
significant elevations in the levels of C-terminal Src kinase,
fractalkine, matrix metalloproteinase 8, matrix metal-
loproteinase 13, muscle-specific kinase, angiopoietin-1 re-
ceptor, Toll-like receptor 4 (TLR4), and ubiquitin and
significant decreases in the levels of activin A, FasL/tumor
necrosis factor ligand superfamily member 6 (TNFSF6),
IL-4, IL-10, and IL-13 in both the serum and spleen.
However, in the serum of SAP rats subjected to splenec-
tomy concurrent with SAP induction, the levels of activin A,
FasL/TNFSF6, IL-4, IL-10, and IL-13 were increased.
Furthermore, in the serum of SAP rats subjected to sple-
nectomy 6 hours after SAP induction, the up-regulation and
down-regulation of the abovementioned cytokines were
inverted from the pattern observed in SAP rats without
splenectomy (Table 2, Figure 6). To gain insight into the
probable biological functions of the differentially expressed
cytokines, these cytokines were classified by Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses. GO analysis indicated
that 14 differentially expressed cytokines were enriched in
2240
the following terms: inflammatory response, positive regu-
lation of major histocompatibility complex class II biosyn-
thetic process, positive regulation of B-cell proliferation,
and immune response (Figure 6). KEGG pathway analysis
found that the differentially expressed cytokines were
mainly involved in cytokine-cytokine receptor interactions,
TNF signaling, and the Jak-STAT signaling pathway.
Discussion

The spleen contains numerous immune cells that participate
in the course of systemic inflammatory responses.31 Previ-
ous studies have suggested that CD4þ T cells decrease and
CD8þ T cells increase in the spleen 12 hours after AP in-
duction in rats, indicating a detrimental immune function of
the spleen in SAP.32 In this study, we first report splenic
histologic changes in the course of SAP. The PALS consists
of T cells, and the MZ is populated by B cells and macro-
phages, with functions of antigen capture, antigen recogni-
tion, and immune response induction. The areas of the
PALS and MZ and the splenic expression of inflammatory
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 The spleen accentuates severe acute pancreatitis (SAP)eassociated intestinal mucosal barrier dysfunction. A: Histopathologic changes in the
terminal ileum in SAP rats (hematoxylin and eosin). Terminal ileum tissues from the control (CON), sham operation (SO), and splenectomy (SP) groups show a
normal structure. Terminal ileum tissues from SAP rats show partial disintegration and hemorrhage and villi collapse or damage in the terminal ileum. Terminal
ileum tissues from the SAPþ SP group show an alleviation of injury compared to the SAP group.B:Ultrastructure of the terminal ileum. The terminal ileum in the SO
group shows a normal ultrastructure of ileal epithelial cells and goblet cells. Terminal ileum tissues from SAP rats show absorptive cell swelling, cell junction
weakening, and increased goblet cell vacuolization. The terminal ileum of the SAP þ SP group shows an alleviation of injury compared with the SAP group.
C: Secretory IgA (sIgA) expression and number of sIgAþ cells in the terminal ileum. sIgA expression in terminal ileum tissue is higher in the CON, SO, and SP groups
than in the SAP and SAP þ SP groups. sIgA expression in the terminal ileum is significantly higher in the SAP þ SP group than in the SAP group. D: Intestinal
intraepithelial lymphocytes (iIEL) number, serum intestinal fatty acid binding protein (iFABP), and lipopolysaccharide (LPS) are improved in the SAPþ SP group
compared to the SAP group. Data are expressed as means � SEM. *P < 0.05 versus the SAP group. Original magnification: �200 (A and C); �3500 (B).

The Spleen Aggravates Acute Pancreatitis
cytokines increased in SAP rats, indicating that the immune
responses in the spleen are enhanced during the progression
of SAP.

The histologic structure of the spleen was altered under
pathologic conditions in the pancreas. However, whether the
function of the spleen changed in response to these histo-
logic structural changes is unknown, and the role of the
spleen in SAP is also undetermined.

Evidence indicates that the spleen participates in the
progression of AP. Splenectomy before AP induction
significantly decreased inflammatory cytokine production
and protected the intestinal mucosal barrier in rats.33

However, the effect of splenic contributions to SAP path-
ogenesis after SAP onset is unclear. The findings of this
study supported the results of the abovementioned report. In
addition to a group subjected to splenectomy immediately
after SAP induction (SAP þ 0-hour group), four groups of
The American Journal of Pathology - ajp.amjpathol.org
animals subjected to splenectomy at 3 hours, 6 hours, 9
hours, and 12 hours after SAP induction were added. The
results were intriguing; compared with SAP rats without
splenectomy, SAP rats subjected to splenectomy at 0 hours,
3 hours, and 6 hours after SAP induction exhibited a
decrease in the severity of SAP. Moreover, first single-cell
suspensions obtained from the spleen of SAP rats 15
hours after SAP induction were used as a splenic supple-
ment to observe the role of the spleen in the progression of
SAP. Compared with splenectomy alone, the administration
of exogenous splenocytes with splenectomy aggravated the
severity of SAP in rats. Furthermore, the administration of
splenocytes to normal rats induced SAP-like injuries. These
results implied that the spleen serves as a contributing factor
in SAP progression. Although the splenocytes produced an
effect similar to that of other interventions in the animal
experiments in this study, the splenocyte is not
2241
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Table 1 Bacterial Translocation Occurring within the Mesenteric Lymph Nodes and Remote Organs (100%)

Location

Bacterial translocation, % (no./total no.)

CON SO SP SAP SAP þ SP

Mesenteric lymph nodes 0 (0/6) 16.7 (1/6) 16.7 (1/6) 100 (6/6) 50 (3/6)*
Remote organs 0 (0/6) 0 (0/6) 0 (0/6) 100 (6/6) 33.3 (2/6)*

*P < 0.05 versus the SAP group.
CON, control; SAP, severe acute pancreatitis; SO, sham operation; SP, splenectomy.
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representative of the spleen; rather, it is only one of the
cellular elements in the spleen. Further studies need to be
performed to understand the precise role of the spleen in the
pathogenesis of SAP.

SAP is a severe acute inflammatory disorder of the
pancreas that can be complicated by the involvement of
other remote organs, including the liver, lung, kidney, brain,
and intestines.34 The spleen has been reported to participate
in the progression of SAP and SAP-associated intestinal
mucosal barrier dysfunction, but splenectomy before SAP
onset could ameliorate pancreatic injuries and
SAP-associated intestinal mucosal barrier dysfunction.33

However, the role of the spleen in the development of
SAP-associated liver and lung injury is unknown. Thus, this
study was performed to determine the role of the spleen in
SAP and remote organ damage. The results indicate that the
spleen plays a crucial role in promoting the progression of
Table 2 Differentially Expressed Cytokines in Serum and Spleen betwe

Cytokine name

Fold change
(serum of 15-hour
SAP vs serum of normal)

Fold chan
(spleen o
SAP vs sp

Down-regulated
cytokines after splenectomy

CSK 1.89 1.88
Fractalkine 20.91 2.09
MMP-8 1.43 6.16
MMP-13 1.74 2.32
MuSK 1.96 11.89
TIE-2 19.53 1.73
TLR4 1.66 1.36
Ubiquitin 2.89 2.87

Up-regulated cytokines
after splenectomy

Activin A 0.60 0.2
FasL/TNFSF6 0.63 0.65
IL-4 0.75 0.67
IL-10 0.73 0.21
IL-13 0.75 0.71

A list of significantly dysregulated cytokines in serum and spleen of SAP rats co
change >1.3 and �0.77 and >0; P < 0.05.
CSK, C-terminal Src kinase; MMP, matrix metalloproteinase; MuSK, muscle-spec

TLR4, Toll-like receptor 4; TNFSF6, tumor necrosis factor ligand superfamily mem

2242
SAP. Splenectomy was performed at 0 hours, 3 hours, and 6
hours after SAP induction and led to decreases in the sys-
temic inflammatory response; SAP-associated pancreatic,
liver, and lung injury; and intestinal mucosa barrier
dysfunction compared with these parameters in SAP rats
without splenectomy. These findings indicate that the spleen
is the main player in aggravating SAP and SAP-associated
remote organ damage, a role that we hypothesized was
related to the crucial role of the spleen in the inflammatory
cytokine cascade of the inflammatory response.19,35 How-
ever, inflammatory factors that can mediate SAP have not
been completely defined.
In this study, various inflammatory mediators were

investigated in the serum and spleen to compare cytokine
profile differences in SAP rats with or without splenectomy.
Splenectomy altered the cytokine profiles in rats with SAP;
13 cytokines, including some known to be SAP related,
en SAP Rats with or without Splenectomy

ge
f 15-hour
leen of normal)

Fold change
(serum of 15-hour
SAP with splenectomy
concurrent with SAP
induction vs serum
of 15-hour SAP)

Fold change
(serum of 15-hour
SAP with splenectomy
after 6 hours of the
SAP induction vs
serum of 15-hour SAP)

/ 0.68
/ 0.76
/ 0.47
/ 0.10
/ 0.75
/ 0.38
/ 0.73
/ 0.57

3.87 1.97
1.65 1.86
1.57 1.73
2.08 2.34
1.42 1.59

mpared with SAP rats with splenectomy is shown with the fold change. Fold

ific kinase; SAP, severe acute pancreatitis; TIE-2, angiopoietin-1 receptor;
ber 6.
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Figure 6 The spleen alters the cytokine profile
in severe acute pancreatitis (SAP). A: Microarray
analysis of cytokine expression was performed on
total protein extracted from the serum and spleen
of rats with or without splenectomy. The heat map
shows the hierarchical clustering of differentially
expressed cytokines. Each row and column repre-
sents a cytokine and a condition, respectively. The
closer the color is to bright blue, the lower the
expression; the closer to bright red, the higher the
expression. In the serum of SAP rats subjected to
splenectomy 6 hours after SAP induction, the up-
regulation and down-regulation of the cytokines
were inverted from the pattern observed in SAP
rats without splenectomy, which suggested that
the spleen altered the cytokine profile in SAP. B:
Representative Gene Ontology (GO) analysis in-
dicates that differentially expressed cytokines are
enriched in the following terms: inflammatory
response, positive regulation of major histocom-
patibility complex (MHC) class II biosynthetic
process, positive regulation of B-cell proliferation,
and immune response. C: Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis
shows that the differentially expressed cytokines
are mainly involved in cytokine-cytokine receptor
interactions, tumor necrosis factor (TNF)
signaling, and the Jak-STAT signaling pathway.
The false discovery rate value is <0.01 for all
significant GO terms and pathways. CSK, C-terminal
Src kinase; MMP, matrix metalloproteinase; MuSK,
muscle-specific kinase; TIE-2, angiopoietin-1 re-
ceptor; TLR4, Toll-like receptor 4; TNFSF6, tumor
necrosis factor ligand superfamily member 6.

The Spleen Aggravates Acute Pancreatitis
were significantly differentially expressed between SAP rats
with and without splenectomy. For example, fractalkine, a
cytokine with chemokine activity and an adhesion function,
was highly expressed in both the serum and pancreas of
SAP rats.36 TLR4 has been reported to be highly expressed
in SAP rats and positively associated with chemokine pro-
duction, neutrophil recruitment, and tissue damage in
SAP.37 Interestingly, both fractalkine and TLR4 were highly
expressed in the serum and spleen of SAP rats and could be
down-regulated by splenectomy. As anti-inflammatory me-
diators, IL-4 and IL-10 have been suggested to be valuable
treatment strategies for SAP.38,39 However, the expression
of IL-4 and IL-10 was down-regulated in the serum and
spleen of SAP rats, but this pattern could be inverted by
splenectomy. In addition, the 13 differentially expressed
cytokines were significantly enriched in the GO terms in-
flammatory response, positive regulation of major
The American Journal of Pathology - ajp.amjpathol.org
histocompatibility complex class II biosynthetic process,
positive regulation of B-cell proliferation and immune
response, and the KEGG pathways cytokine-cytokine re-
ceptor interaction, TNF signaling, and JAK-STAT
signaling. Thus, our results were consistent with previous
reports on the mechanism underlying SAP.20 The cytokine
expression profiles and bioinformatic analysis indicate that
the influence of the spleen on the modulation of serum
cytokine expression may be an important mechanism in
SAP.

In summary, we conclude that splenic contributions to
SAP mainly occur through the promotion of inflammatory
cytokine production and amylase activation. The spleen
participates in the progression of SAP, and it was charac-
terized as promoting the aggravation of SAP and SAP-
associated remote organ damage. Splenectomy before SAP
onset could reduce the production and release of SAP-
2243
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related proinflammatory cytokines and prevent SAP pro-
gression. Furthermore, this study is the first systematic
study to explore the cytokine expression profiles in SAP
rats with and without splenectomy. Splenectomy performed
at different times after SAP induction affected serum
cytokine expression in SAP rats, indicating that splenec-
tomy performed in the early stage of SAP could down-
regulate proinflammatory cytokine production. This article
provides guidance and a foundation for revealing the role
of the spleen, which influences cytokine production in
SAP. Characterization of the spleen in the context of SAP
will be important for the future management and treatment
of SAP, and this characterization may enable the devel-
opment of new therapeutic strategies for splenic modula-
tion during the management and treatment of SAP. Overall,
a comprehensive understanding of the molecular and
cellular pathways controlling splenic homeostasis and
pathophysiology is important for the development of new
therapies for SAP.
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