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Severe acute pancreatitis (SAP) results in high mortality. This is partly because of early multiple organ dysfunction syndromes that
are usually caused by systemic inflammatory response syndrome (SIRS).Many studies have reported the beneficial effects of emodin
against SAP with SIRS. However, the exact mechanism underlying the effect of emodin remains unclear.This study was designed to
explore the protective effects and underlying mechanisms of emodin against SIRS in rats with SAP. In the present study, cytosolic
Ca2+ levels, calpain 1 activity, and the expression levels of the active fragments of caspases 12 and 3 decreased in neutrophils from
rats with SAP and increased after treatment with emodin. Delayed neutrophil apoptosis occurred in rats with SAP and emodin
was able to reverse this delayed apoptosis and inhibit SIRS. The effect of emodin on calpain 1 activity, the expression levels of the
active fragments of caspases 12 and 3, neutrophil apoptosis, and SIRS scores were attenuated by PD150606 (an inhibitor of calpain).
These results suggest that emodin inhibits SIRS in rats with SAP by inducing circulating neutrophil apoptosis via the Ca2+-calpain
1-caspase 12-caspase 3 signaling pathway.

1. Introduction

Acute pancreatitis (AP) is a common acute abdominal dis-
ease. Clinically, AP can be classified asmild acute pancreatitis
(MAP), moderately severe acute pancreatitis (MSAP), or
severe acute pancreatitis (SAP). SAP is extremely dangerous,
and its mortality rate is approximately 38.4% [1]. The reason
that SAP is difficult to treat is that it has two peak time
points at which the risk of mortality is high; the first one
occurs owing to early multiple organ dysfunction syndromes
(MODS) that are usually caused by the systemic inflamma-
tory response syndrome (SIRS), and the second one occurs
owing to late MODS, which are usually caused by necrosis in
the pancreas and sepsis [2–4]. Therefore, the prevention of
SIRS is undoubtedly important in the early treatment of SAP.

Emodin (1,3,8-trihydroxy-6-methyl-anthraquinone) is
the main active component of rhubarb. In China, rhubarb
has been used for many years to treat AP. Many findings
support the idea that emodin has benefits as a pharmaceutical
treatment for SAP [5–9] and that it can ameliorate SIRS and
MODS [10]. However, the exact mechanism underlying the
effect of emodin is not yet clear. The aim of this study was to
explore the mechanism by which emodin ameliorates SIRS
in SAP. Delayed neutrophil apoptosis is proinflammatory
and has been demonstrated to be associated with SIRS [11].
Several studies have shown that emodin promotes apoptosis
in cancer cells [12–15]. Therefore, we hypothesized that the
promotion of neutrophil apoptosis could serve as a potential
mechanism for the protective effect of emodin against SIRS
in SAP.
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Apoptosis has two main pathways: one is the death
receptor pathway, and the other is themitochondrial pathway.
Recent studies suggest a third pathway that is triggered in
response to endoplasmic reticulum (ER) stress.

Caspase 12, C/EBP homologous protein (CHOP), and c-
Jun N-terminal kinase (JNK) are three primary molecules
that play a critical role in ER stress-induced apoptosis [16].
ER stress-induced apoptosis via the CHOP or JNK signaling
pathways is mitochondria-dependent [17, 18]. Caspase 12, a
member of the caspase family of proteases, is located on the
ER. ER stress-induced apoptosis via the caspase 12 signaling
pathway is independent of mitochondria. The activation
of ER-resident caspase 12 directly results in the activation
of cytoplasmic caspase 3 during ER stress-induced apoptosis
[19, 20].

Caspase 12 can be activated by calpain. Calpain cleaves
caspase 12 and promotes its activation during ER stress-
induced apoptosis [21, 22]. It belongs to a family of thiol
proteases and has more than ten isoforms. The two major
isoforms are calpain 1 and calpain 2. Calpain is regulated by
many mechanisms, one of which is changes in Ca2+ levels
[23]. Calpain 1 belongs to the 𝜇-calpain group and requires
micromolar changes in Ca2+ levels to induce its activity. Cal-
pain 2, however, belongs to the m-calpain group and requires
millimolar changes in Ca2+ levels to induce its activity. The
binding of Ca2+ to calpains 1 and 2 induces a regulatory sub-
unit to be released, thereby activating a catalytic subunit [24].
Increases in Ca2+ correlate with an increase in calpain acti-
vation [25]. Based on the above knowledge, we hypothesized
that emodin would induce neutrophil apoptosis via a Ca2+-
calpain 1-caspase 12-caspase 3 signaling pathway. This study
was performed to explore whether emodin could inhibit SIRS
by inducing apoptosis in circulating neutrophils via the Ca2+-
calpain 1-caspase 12-caspase 3 pathway in SAP.

2. Materials and Methods

2.1. Reagents. Sodium taurocholate was obtained from Sigma
(St. Louis, USA). Emodin was purchased from Dalian Food
and Drug Administration (Dalian, China). The calpain
inhibitor (PD150606) was obtained fromAlexis Biochemicals
(San Diego, USA). The amylase, TNF-𝛼, and IL-6 assay
kits were obtained from Lengton Bioscience Co. (Shang-
hai, China). 4% paraformaldehyde was purchased from
Solarbio (Beijing, China). Dextran T500 was obtained from
Sigma (St. Louis, USA). Anti-CD 2, anti-CD 5, and anti-CD
45R were purchased from PharMingen (San Diego, USA).
Anti-F4/80 was purchased from AbD Serotec (Oxford, UK).
Anti-ICAM-1 was purchased from eBioscience (San Diego,
USA). Goat anti-rabbit IgGmicrobeads were purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany). The Fluo-
3-AM assay kit was obtained from Dojindo Laboratories
(Kyushu, Japan). Antibodies against calpain 1, caspase 12,
caspase 3, 𝛽-tubulin, and goat anti rabbit IgG (H+L) sec-
ondary antibody were obtained from Abcam (Cambridge,
UK). Calpain activity assay kit was obtained from Genmed
(Boston, USA). The apoptosis detection kit (Annexin V-
FITC/PI) was purchased from Solarbio (Beijing, China).

2.2. Experimental Model and Groups. Healthy adult male
Sprague–Dawley rats (300–350 g) were obtained from the
Laboratory Animal Center of Dalian Medical University
(Dalian, China). Before the experiment, all the rats were
housed under controlled day-night cycles and adapted to the
experimental environment for 1 week.

Intraperitoneal injections of 1% pentobarbital sodium
(4mg/100 g) were used for surgical anesthesia. Pancreatic and
biliary duct retrograde infusions of 3.0% sodium taurocholate
(0.1mL/100 g), as described by Paran et al. [26], were used to
induce amodel of SAPwith SIRS. Rats in the sham-operation
group only had their abdomen opened and closed.

Sham-operation rats were assigned to an SO group that
received intraperitoneal injections of equivalent amounts
of solvent for emodin and PD150606, and SAP rats
were assigned to an SAP group that received intraperi-
toneal injections of equivalent amounts of solvent for
emodin and PD150606, a PD group that received intraperi-
toneal injections of PD150606 (3mg/kg) and equivalent
amounts of solvent for emodin, an EM group that received
intraperitoneal injections of emodin (10mg/kg) and equiv-
alent amounts of solvent for PD150606, or a PE group that
received intraperitoneal injections of PD150606 (3mg/kg)
and emodin (10mg/kg). Twelve hours after establishing
the SAP model and the administration of the respective
drugs, intraperitoneal injections of 1% pentobarbital sodium
(4mg/100 g) were used for surgical anesthesia. Heart rate
was measured with a tail cuff (BIOPAC MP150, USA), body
temperature was measured via the anus (BIOPAC MP150,
USA), and blood samples were taken from the abdominal
aorta. PaCO

2
was measured in the samples using a blood

gas analyzer (Abbott, i-STAT300, USA) and white cells were
counted using a hematology analyzer (Mindray, BC-3000
Plus, China). Neutrophils were isolated.

SIRS criteria and score calculations followed the descrip-
tion of Lu and Giannoudis [27, 28]. A point was scored for
a heart rate increase of 50% above the normal value, a 2-fold
increase or 50% decrease in the white cell count compared
with normal values, a core temperature increase or decrease
of 1∘C relative to the normal value, and a PaCO

2
decrease of

25% below the normal value, resulting in scores ranging from
0 to 4. When the score was 2 or more, the rat was defined to
be in a state of SIRS.

This study was conducted in strict accordance with the
criteria in the Guide for the Care and Use of Laboratory
Animals of theNational Institutes ofHealth.Theprotocol was
approved by the Animal Ethics Committee of DalianMedical
University.

2.3. Isolation and Purification of Neutrophils. Theneutrophils
were isolated and purified using negative immunomagnetic
separation as described by Hu [29]. Blood samples (5mL)
were added to an equal volume of Dextran T500 (30 g/L,
w/v in saline) and bathed in 37∘C water for 30min to allow
erythrocytes sedimentation. The leukocyte-rich supernatant
was taken and centrifuged at 800 rpm (Eppendorf, Centrifuge
5804 R, Germany) for 5min. 0.2% NaCl (7mL) solution was
added to remove the residual erythrocytes. 1.6% NaCl (7mL)
supplemented with 0.1% glucose was added for hypertonic



BioMed Research International 3

rescue of leukocyte. The leukocyte was collected, washed off
erythrocyte debris, and suspended in PBS (1mL). Anti-CD 2
(15 𝜇g), anti-CD 5 (20 𝜇g), anti-CD 45R (100𝜇g), anti-F4/80
(2 𝜇g), and anti-ICAM-1 (6 𝜇g) were added to the cells, and
the cells were incubated at 4∘C for 30min. Excess antibodies
were removed, and cells were suspended in PBS (80 𝜇L) and
incubated with goat anti-rabbit IgG microbeads (20𝜇L) at
4∘C for 15min. The leukocyte-microbead mixture was then
added to the column which was connected to a VarioMACS
Magnet (Miltenyi Biotec, Germany). Neutrophils were col-
lected.

2.4. Serum Amylase, TNF-𝛼, and IL-6 Assays. Blood samples
were collected and clotted at room temperature, and serum
samples were obtained following centrifugation. Serum amy-
lase activity, TNF-𝛼 levels, and IL-6 levels were assayed using
ELISA kits.The intensity of the color was measured using the
Multiskan Spectrum system.

2.5. Evaluation of Pancreatic Pathologies. Pancreases were
removed immediately after bleeding the animals and fixed
in 4% paraformaldehyde. The fixed pancreases were embed-
ded in paraffin and sectioned at 4 𝜇m with a microtome.
The sections were stained with hematoxylin and eosin (H-
E). The scoring system applied to evaluate the histological
examinations followed previous description [30, 31] as shown
in Table 1. Five fields in each sample were observed and the
total scores of the five fields were averaged.

2.6. Cytosolic Ca2+ Determination. The collected cells were
washed with HBSS and loaded with 3𝜇mol/L of Fluo-3-
AM staining solution at 37∘C for 30min. Then, the mix was
centrifuged and cells were collected. The collected cells were
suspended in HBSS and assayed via flow cytometry (BD
Accuri C6, USA).

2.7. Western Blot Analyses. Cells were collected, added to
an ice cold cell lysis buffer with a fresh protease inhibitor
cocktail, and incubated for 30min on ice. The lysate was
clarified via centrifugation at 12,000 rpm for 10min at 4∘C
(Eppendorf, Centrifuge 5430R, Germany). The supernatant
was collected, and the protein concentration was measured
using the Bio-Rad Protein Assay (Bio-Rad, Richmond, CA).

Protein samples (50 𝜇g) were loaded in each lane for
western blotting. Calpain 1, caspase 12, and caspase 3 proteins
were separated via 10% SDS-PAGE. The protein was run for
approximately an hour, with a low voltage (75V) for the stack-
ing gel and a higher voltage (100V) for the separating gel,
until the dye front ran off the bottom of the gel. The protein
was then electrophoretically transferred to a polyvinylidene
fluoride (PVDF) membrane. The membrane was blocked
with a 5% solution of nonfat milk powder and then incubated
over night with primary antibodies at 4∘C. The primary
antibodies were diluted as follows: anti-𝛽-tubulin, 1 : 2,000;
anti-calpain 1, 1 : 4,000; anti-caspase 12, 1 : 2,000; anti-caspase
3, 1 : 1,000. The next day, the membranes were washed with
TBST (15min, ×3) and incubated with an anti-rabbit IgG
(H+L) secondary antibody (1 : 5,000) at room temperature for
2 h. The membranes were then washed with TBST (15min,
×3). An ECL mix (the proportion of solutions A and B was

Table 1: Histological scoring for SAP.

Condition Score Description

Edema

0 Absent
1 Diffuse expansion of interlobar septa
2 1+ diffuse expansion of interlobular septa
3 2+ diffuse expansion of interacinar septa
4 3+ diffuse expansion of intercellular septa

Inflammation

0 Absent
1 Around ductal margins
2 In parenchyma (≤50% of lobules)
3 In parenchyma (51–75% of lobules)
4 In parenchyma (>75% of lobules)

Hemorrhage

0 Absent
1 Blood in parenchyma (≤25%)
2 Blood in parenchyma (26–50%)
3 Blood in parenchyma (51–75%)
4 Blood in parenchyma (>75%)

Necrosis

0 Absent
1 Periductal parenchymal destruction
2 Focal parenchymal necrosis (≤20%)
3 Diffuse loss of lobules (21–50%)
4 Severe loss of lobules (>50%)

1 : 1) was prepared, and the membrane was incubated for 1-
2min to ensure that the ECL mix covered the membrane
completely. The results were visualized using the gel imager
system (Bio-Rad ChemiDoc MP, USA).

2.8. Calpain 1 Activity Measurement. Protein samples were
obtained and the protein concentrations were measured as
described for the western blot analyses. Calpain 1 activity
was evaluated by measuring the hydrolysis of its substrate
SLLVY-AMC, which has been described by previous studies
[32, 33]. The steps followed the manufacturer’s instructions.
The samples were detected at an Ex = 380 nm and Em =
460 nm (SpectraMax Paradigm, Multi-Mode Detection Plat-
form, USA). Calpain 1 activity was expressed as nmol AMC
released per hour of incubation time permilligramof protein.

2.9. Flow Cytometric Analysis of Apoptosis. Neutrophils were
washed with PBS, suspended in 200 𝜇L of binding buffer, and
stained with 10 𝜇L of Annexin V-FITC and 10 𝜇L of propid-
ium iodide (PI). After staining for 15min in the dark, 500 𝜇L
of binding buffer was added. The samples were then assayed
via flow cytometry (BD Accuri C6, USA). The excitation
wavelength of the argon laser was set at 488 nm.

2.10. Statistical Analysis. SPSS 17.0 was used for statistical
analyses. The SIRS scores are expressed as the mean ± 95%
Cl and were assessed using nonparametric tests. The Mann–
Whitney 𝑈 test was used for the analysis of two independent
samples, andKruskal-Wallis𝐻 tests were used for the analysis
of multiple independent samples. Other dates are expressed
as the mean ± standard. Unpaired Student’s 𝑡-tests were used
for two-group comparisons, and one-way ANOVAs were
used for multigroup comparisons.



4 BioMed Research International

SO SAP
(a)

∗∗

SAPSO
0

5

10

15

Pa
nc

re
at

ic
 h

ist
op

at
ho

lo
gi

ca
l s

co
re

(b)

∗∗

SO SAP
0

5

10

15

20
Se

ru
m

 am
yl

as
e (

ng
·m

L
−
1
)

(c)

∗∗

SO SAP
0

200

400

600

Se
ru

m
 T

N
F-

𝛼
(n

g·
L
−
1
)

(d)

∗∗

SO SAP
0

20

40

60

80

Se
ru

m
 IL

-6
 (n

g·
L
−
1
)

(e)

∗∗

SAPSO
0

1

2

3

4

SI
RS

 sc
or

e

(f)

Figure 1: The changes of pancreatic pathology, serology, and SIRS scores in rats with SAP were observed. (a) Pancreases in rats with
SAP presented with different degrees of damaged lobules, hemorrhaging, necrosis, and infiltration of neutrophils and monocytes. (b) The
pancreatic pathological scores in the SAP group were obviously high. ((c), (d), and (e)) The levels of serum amylase, TNF-𝛼, and IL-6 were
significantly elevated in the SAP group. (f) The SIRS scores were obviously high in the SAP group. ∗∗𝑃 < 0.01 versus SO.

3. Results

3.1. SAPModel Assay. Pancreases in the SAP group presented
with different degrees of damaged lobules, hemorrhaging,
necrosis, and infiltration by neutrophils and monocytes

(Figure 1(a)). The pathological scores in the SAP group were
significantly higher than those in the SO group (Figure 1(b)).
The levels of serum amylase, TNF-𝛼, and IL-6 in the SAP
group were 14.38 ± 1.93 (ng/mL), 493.43 ± 57.16 (ng/L), and
59.90 ± 8.45 (ng/L), respectively, which were significantly
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Figure 2: Emodin changed the level of cytosolic Ca2+. Cytosolic Ca2+ levels decreased in the SAP group compared with that in the SO group.
It increased in the EM group and PE group compared with that in the SAP group. ∗∗𝑃 < 0.01 versus SO. ##𝑃 < 0.01 versus SAP.

higher than those in the SO group (Figures 1(c), 1(d), and
1(e)). The SIRS score for the SAP group was also significantly
higher than that of the SO group (Figure 1(f)).

3.2. Effect of Emodin on Cytosolic Ca2+. As shown in Figure 2,
cytosolic Ca2+ levels decreased in the SAP group compared
with that in the SO group. It increased in the EM group and
PE group compared with that in the SAP group.

3.3. Effect of Emodin on Calpain, Caspase, and Apoptosis.
As shown in Figures 3(a)–3(e), each group showed a com-
parable level of calpain 1 protein expression, but calpain 1
activity varied. Calpain 1 activity decreased in rats with SAP
and increased in emodin-treated rats. PD150606 attenuated
the effects of emodin. The same trend was observed for
the changes in the expression levels of cleaved fragments of
caspases 12 and 3.

As expected, rates of apoptosis in neutrophils were also
different among the groups: they decreased in rats with SAP
and increased in emodin-treated rats. PD150606 attenuated
the effects of emodin (Figure 4).

3.4. Effect of Emodin on SIRS Scores. The SIRS scores from
each group mentioned above were calculated and are shown
in Figure 5.The SIRS scores were obviously higher in the SAP
group than in the SO group. Compared with those in the SAP
group, the SIRS scores decreased in the EM group. The rats
with SAP cotreated with emodin and PD150606 exhibited a
slight decrease in their SIRS sores.

4. Discussion

Although there are several ways to establish models of AP,
retrograde infusions of taurocholate into the pancreatic duct
is the primary method used to establish a rat model of
necrotizing AP. Paszt et al.’s study [34] suggests that infusing
3% taurocholate is sufficient to establish a rat model of severe

hemorrhagic pancreatitis with SIRS. TNF-𝛼 is produced by
activated macrophages. Its concentration in both tissues and
serum correlates positively with the severity of pancreatic
damage and inflammation [35]. IL-6 is derived from a wide
range of cells, such as monocytes/macrophages, fibroblasts,
and endothelial cells. The IL-6 level rises in patients with
AP, and it correlates with the severity of AP [36]. IL-6 is
able to predict the SIRS state, and both IL-6 and SIRS scores
correlate with systemic complications [28]. In the present
study, pancreases in the SAP group presented with different
degrees of damaged lobules, hemorrhaging, necrosis, and
infiltration by neutrophils and monocytes. The pathological
scores in the SAP group were significantly higher than those
in the SO group. The levels of serum amylase, TNF-𝛼, and
IL-6 in the SAP group were significantly higher than those
in the SO group. The SIRS score for the SAP group was also
significantly higher than that of the SO group. These results
confirm that we successfully established a rat model of SAP
with SIRS using 3% taurocholate.Thismethodwas repeatable
and produced effects similar to those observed in clinical
pancreatitis.

Our results showed that cytosolic Ca2+ levels decreased
in the SAP group compared with that in the SO group and it
increased in the EM group and PE group compared with that
in the SAP group. Cytosolic Ca2+ is an important secondmes-
senger and is involved in many cell events, including apop-
tosis. Cytosolic Ca2+ maintenance depends on extracellular
calcium influx via voltage-gated Ca2+ channels, or calcium
release from organelles via the inositol 1,4,5-trisphosphate
receptor (IP3R). Previous studies have reported that emodin
could elevate intracellular Ca2+ concentration through Ca2+

influx from extracellular medium and Ca2+ release from
intracellular stores in smooth muscle cells [37, 38]. Similar
to those studies, our results indicated that emodin raises
cytosolic Ca2+ levels in the neutrophils of rats with SAP. The
different cytosolic Ca2+ levels in neutrophils between the SO
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Figure 3: Emodin did not alter protein expression levels of calpain 1 but did increase calpain 1 activity and alter the expression levels of
cleaved fragments of caspases 12 and 3. (a) Calpain 1 activity was different in each group. It was decreased in rats with SAP and was increased
in emodin-treated rats. PD150606 attenuated this effect of emodin. ((b), (c), (d), and (e)) Each group showed a comparable level of calpain 1
protein expression. However, the levels of cleaved fragments of caspases 12 and 3 were different in each group.They were decreased in the SAP
group and increased in the EM group. PD150606 attenuated this effect of emodin. ∗∗𝑃 < 0.01 versus SO. ##𝑃 < 0.01 versus SAP. B𝑃 < 0.05
and BB
𝑃 < 0.01 versus EM.

and SAPgroups suggested that the capability of neutrophils to
regulate cytosolic Ca2+ was suppressed when SAP with SIRS
occurred. Emodin elevating cytosolic Ca2+ levels suggested
that emodin partly remedies the suppressed regulatory capa-
bility of neutrophils. According to previous literature [39], we
inferred that emodin regulates cytosolic Ca2+ in neutrophils
mainly via IP3R in ER membranes.

The protein expression levels of calpain 1 in each group
were not significantly different. However, protein activity was
suppressed in the SAP group and upregulated in the EM
group. The effect of emodin on calpain 1 activity was atten-
uated by PD150606 [3-(4-iodophenyl)-2-mercapto-(Z)-2-
propenoic acid], which is a selective calpain inhibitor and

binds to the Ca2+-binding domain of calpain 1 or calpain 2
[40–42].These results indicate that emodin does not regulate
the protein expression of calpain 1 but has the ability to alter
calpain 1 activity. Since PD150606 binds to the Ca2+-binding
domain of calpain 1 and attenuates the effect of emodin, the
results suggest that emodin increases calpain 1 activity by
elevating intracellular Ca2+ levels.

The levels of cleaved fragments of caspases 12 and 3 were
different in each group. They were decreased in the SAP
group compared with those in the SO group and increased
in the EM group compared with those in the SAP group.The
increases of cleaved fragments of caspases 12 and 3were atten-
uated in the PE group compared with those in the EM group.
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Figure 5: Emodin reduced SIRS scores in rats with SAP. The SIRS
scores were obviously high in the SAP group, but they decreased
significantly after treatment with emodin. The rats in the PE group
exhibited a slight decrease in SIRS sores compared with those in the
EM group. ∗∗𝑃 < 0.01 versus SO. ##𝑃 < 0.01 versus SAP. BB

𝑃 < 0.01
versus EM.

Such results indicated that the active fragments of caspases
12 and 3 change according to calpain 1 activity. As calpain 1
activity decreased in the SAP group, the levels of the active

fragments of caspases 12 and 3 decreased. In addition, since
calpain 1 activity was increased by emodin, the levels of the
active fragments of caspases 12 and 3 increased. Furthermore,
as calpain 1 activity was attenuated by PD150606 in the PE
group, the levels of the active fragments of caspases 12 and
3 were attenuated. These results confirm that calpain cleaves
caspase 12 and promotes caspase 12 activation and that the
activation of caspase 12 results in the activation of caspase 3.

The degree of apoptosis in the SAP group was lower
than that in the SO group. In addition, the SIRS scores
were markedly higher in the SAP group than those in the
SO group. This phenomenon suggests that neutrophil apop-
tosis is delayed in SAP with SIRS. The pathophysiological
mechanisms responsible for SIRS are not fully understood.
Cytokines are considered to be involved in the occur-
rence and progression of SIRS. Activated neutrophils induce
macrophages to release inflammatory cytokines, amplifying
the inflammatory response and increasing the risk of devel-
opingMODS [43].Therefore, it can be concluded that delayed
neutrophil apoptosis results in SIRS. A study by Jimenez et al.
[11] supports this, reporting that large numbers of activated
neutrophils or delayed neutrophil apoptosis are associated
with the pathogenesis of SIRS.

As mentioned above, many studies have shown that
emodin promotes apoptosis in cancer cells. However,
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whether emodin promotes apoptosis in neutrophils remains
unknown. The results of the present study showed that rates
of neutrophil apoptosis decreased in rats with SAP and
increased in emodin-treated rats. Such results support that
emodin promotes neutrophil apoptosis. In line with previous
results, our results support the hypothesis that emodin
increases cytosolic Ca2+ levels, leading to the induction
of neutrophil apoptosis via the Ca2+-calpain 1-caspase 12-
caspase 3 signaling pathway.

Compared with those in the SAP group, the SIRS scores
decreased in the EM group. The rats with SAP cotreated
with emodin and PD150606 exhibited a slight decrease in
their SIRS sores. Therefore, we conclude that emodin has
protective effects against SIRS in rats with SAP and that these
effects depend on emodin-induced neutrophil apoptosis via
the Ca2+-calpain 1-caspase 12- caspase 3 signaling pathway.
Protective effects of emodin on SAP were also confirmed by
Wu et al. [44] and Yao et al. [45]. According to their studies,
emodin restrains inflammatory reaction and improves sur-
vival rate via inhibiting IRE1𝛼 andNF-𝜅B in pancreatic tissue.
Compared with their findings, the present study provides
another mechanism of emodin protecting SAP.

The mechanisms underlying SIRS remain unclear and,
currently, there is no specific drug for its treatment. The
present study confirmed the existence of delayed neutrophil
apoptosis in SAP with SIRS and the protective effect of
emodin-induced neutrophil apoptosis against SIRS. We also
partly clarified the mechanisms underlying emodin-induced
neutrophil apoptosis. These results provide novel and signif-
icant strategies that may be employed for treating SAP with
SIRS in the future.

5. Conclusions

Delayed neutrophil apoptosis causes SIRS in rats with SAP
and emodin-induced neutrophil apoptosis protects rats with
SAP against SIRS. The mechanism underlying this effect
includes the following steps: emodin increases cytosolic Ca2+
levels, calpain 1 is activated by increased cytosolic Ca2+ levels,
activated calpain 1 cleaves caspase 12 localized to the ER, and
the activation of ER-resident caspase 12 causes the activation
of cytoplasmic caspase 3.

Competing Interests

The authors declare no competing interests.

Acknowledgments

This work was supported by the funds from the National
Natural Science Foundation of China (no. 81373875). The
authors thank the Institute of Gene Engineering Animal
Models for Human Diseases, Dalian Medical University, for
technical support.

References

[1] B. E. Muhs, S. Patel, H. Yee, S. Marcus, and P. Shamamian,
“Inhibition of matrix metalloproteinases reduces local and

distant organ injury following experimental acute pancreatitis,”
Journal of Surgical Research, vol. 109, no. 2, pp. 110–117, 2003.

[2] P. Mentula, M.-L. Kylänpää, E. Kemppainen et al., “Early pre-
diction of organ failure by combined markers in patients with
acute pancreatitis,” British Journal of Surgery, vol. 92, no. 1, pp.
68–75, 2005.

[3] W. Steinberg and S. Tenner, “Acute pancreatitis,” The New
England Journal of Medicine, vol. 330, no. 17, pp. 1198–1210, 1994.

[4] R. Mofidi, M. D. Duff, S. J. Wigmore, K. K. Madhavan, O. J.
Garden, and R. W. Parks, “Association between early systemic
inflammatory response, severity of multiorgan dysfunction and
death in acute pancreatitis,” British Journal of Surgery, vol. 93,
no. 6, pp. 738–744, 2006.

[5] G. Wang, B. Sun, Y. Gao, H. M. Qing, and C. J. Hong, “An
experimental study of emodin assisted early enteral nutri-
tion for the treatment of severe acute pancreatitis,” Hepato-
Gastroenterology, vol. 55, no. 81, pp. 33–40, 2008.

[6] X.-P. Zhang, Y. Shi, and L. Zhang, “Progress in the study of
therapeutic effects of traditional Chinese medicine and extracts
in treating severe acute pancreatitis,” Journal of the Pancreas, vol.
8, no. 6, pp. 704–714, 2007.

[7] Z. Gong, Y. Yuan, K. Lou, S. Tu, Z. Zhai, and J. Xu, “Mechanisms
of Chinese herb emodin and somatostatin analogs on pancre-
atic regeneration in acute pancreatitis in rats,” Pancreas, vol. 25,
no. 2, pp. 154–160, 2002.

[8] J. X. Wu, J. Y. Xu, and Y. Z. Yuan, “Effects and mechanism of
emodin and sandostatin on pancreatic ischemia in acute haem-
orrhagic necrotizing pancreatitis,” Chinese Journal of Integrated
Traditional and Western Medicine, vol. 17, no. 6, pp. 356–359,
1997.

[9] X.-P. Zhang, Z.-F. Li, X.-G. Liu et al., “Effects of emodin and
baicalein on rats with severe acute pancreatitis,” World Journal
of Gastroenterology, vol. 11, no. 14, pp. 2095–2100, 2005.

[10] L.Wan, Z.Wang, and L. Zhou, “Protecting effects of emodin on
multiorgan failure of rats with severe acute pancreatitis,” Pan-
creas, vol. 38, no. 7, pp. 835–836, 2009.

[11] M. F. Jimenez, R. W. G. Watson, J. Parodo et al., “Dysregulated
expression of neutrophil apoptosis in the systemic inflamma-
tory response syndrome,” Archives of Surgery, vol. 132, no. 12,
pp. 1263–1270, 1997.

[12] H. Chen, W.Wei, Y. Guo et al., “Enhanced effect of gemcitabine
by emodin against pancreatic cancer in vivo via cytochrome C-
regulated apoptosis,” Oncology Reports, vol. 25, no. 5, pp. 1253–
1261, 2011.

[13] G. Srinivas, R. J. Anto, P. Srinivas, S. Vidhyalakshmi, V. P. Senan,
and D. Karunagaran, “Emodin induces apoptosis of human
cervical cancer cells through poly(ADP-ribose) polymerase
cleavage and activation of caspase-9,” European Journal of
Pharmacology, vol. 473, no. 2-3, pp. 117–125, 2003.

[14] D.-E. Shieh, Y.-Y. Chen,M.-H. Yen, L.-C. Chiang, andC.-C. Lin,
“Emodin-induced apoptosis through p53-dependent pathway
in human hepatoma cells,” Life Sciences, vol. 74, no. 18, pp. 2279–
2290, 2004.

[15] Y.-T. Su, H.-L. Chang, S.-K. Shyue, and S.-L. Hsu, “Emodin
induces apoptosis in human lung adenocarcinoma cells through
a reactive oxygen species-dependent mitochondrial signaling
pathway,” Biochemical Pharmacology, vol. 70, no. 2, pp. 229–241,
2005.

[16] C. H. Kubisch and C. D. Logsdon, “Endoplasmic reticulum
stress and the pancreatic acinar cell,” Expert Review of Gastroen-
terology & Hepatology, vol. 2, no. 2, pp. 249–260, 2008.



BioMed Research International 9

[17] S. Oyadomari and M. Mori, “Roles of CHOP/GADD153 in
endoplasmic reticulum stress,”Cell Death&Differentiation, vol.
11, no. 4, pp. 381–389, 2004.

[18] C. R. Weston and R. J. Davis, “The JNK signal transduction
pathway,” Current Opinion in Cell Biology, vol. 19, no. 2, pp. 142–
149, 2007.

[19] J. Hitomi, T. Katayama, M. Taniguchi, A. Honda, K. Imaizumi,
and M. Tohyama, “Apoptosis induced by endoplasmic reticu-
lum stress depends on activation of caspase-3 via caspase-12,”
Neuroscience Letters, vol. 357, no. 2, pp. 127–130, 2004.

[20] N. Morishima, K. Nakanishi, H. Takenouchi, T. Shibata, and
Y. Yasuhiko, “An endoplasmic reticulum stress-specific caspase
cascade in apoptosis. Cytochrome c-independent activation of
caspase-9 by caspase-12,” The Journal of Biological Chemistry,
vol. 277, no. 37, pp. 34287–34294, 2002.

[21] T. Nakagawa and J. Yuan, “Cross-talk between two cysteine pro-
tease families: activation of caspase-12 by calpain in apoptosis,”
The Journal of Cell Biology, vol. 150, no. 4, pp. 887–894, 2000.

[22] Y. Tan, N. Dourdin, C. Wu, T. De Veyra, J. S. Elce, and P.
A. Greer, “Ubiquitous calpains promote caspase-12 and JNK
activation during endoplasmic reticulum stress-induced apop-
tosis,” The Journal of Biological Chemistry, vol. 281, no. 23, pp.
16016–16024, 2006.

[23] M. Molinari and E. Carafoli, “Calpain: a cytosolic proteinase
active at themembranes,”The Journal of Membrane Biology, vol.
156, no. 1, pp. 1–8, 1997.

[24] D. E. Goll, V. F. Thompson, H. Q. Li, W. Wei, and J. Y. Cong,
“The calpain system,” Physiological Reviews, vol. 83, no. 3, pp.
731–801, 2003.

[25] D. B. Hoffmann, S. K. Williams, J. Bojcevski et al., “Calcium
influx and calpain activation mediate preclinical retinal neu-
rodegeneration in autoimmune optic neuritis,” Journal of Neu-
ropathology and Experimental Neurology, vol. 72, no. 8, pp. 745–
757, 2013.

[26] H. Paran, A. Mayo, D. Kidron et al., “Experimental acute
necrotising pancreatitis: evaluation and characterisation of a
model of intraparenchymal injection of sodium taurocholate in
rats,”The European Journal of Surgery, vol. 166, no. 11, pp. 894–
898, 2000.

[27] Q.-Y. Lu, Y.-Y. Zhou, J.-B. Wang et al., “Preparation of rat
model of systemic inflammatory response syndrome induced
by zymosan,” Zhejiang Da Xue Xue Bao Yi Xue Ban, vol. 40, no.
6, pp. 641–646, 2011.

[28] P. V. Giannoudis, P. J. Harwood, P. Loughenbury, M. Van
Griensven, C. Krettek, and H.-C. Pape, “Correlation between
IL-6 levels and the systemic inflammatory response score: can
an IL-6 cutoff predict a SIRS state?” The Journal of Trauma:
Injury, Infection, and Critical Care, vol. 65, no. 3, pp. 646–652,
2008.

[29] Y. Hu, “Isolation of Human and Mouse Neutrophils Ex Vivo
and In Vitro,” in Leucocytes, vol. 844 of Methods in Molecular
Biology, pp. 101–113, Humana Press, New York, NY, USA, 2012.

[30] A.M.Kusske,A. J. Rongione, S.W.Ashley,D.W.McFadden, and
H. A. Reber, “Interleukin-10 prevents death in lethal necrotizing
pancreatitis in mice,” Surgery, vol. 120, no. 2, pp. 284–289, 1996.

[31] A. J. Rongione,A.M.Kusske, K.Kwan, S.W.Ashley,H.A. Reber,
and D. W. Mcfadden, “Interleukin 10 reduces the severity of
acute pancreatitis in rats,” Gastroenterology, vol. 112, no. 3, pp.
960–967, 1997.

[32] H. Weber, H.-H. Hopp, A. C. C. Wagner et al., “Expression and
regulation of calpain in rat pancreatic acinar cells,”Pancreas, vol.
24, no. 1, pp. 63–74, 2002.

[33] Y. Li, Y. Li, Q. Feng,M. Arnold, and T. Peng, “Calpain activation
contributes to hyperglycaemia-induced apoptosis in cardiomy-
ocytes,” Cardiovascular Research, vol. 84, no. 1, pp. 100–110,
2009.
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