
ORIGINAL ARTICLE
Emodin Alleviates Intestinal Barrier Dysfunction by Inhibiting
Apoptosis and Regulating the Immune Response in Severe

Acute Pancreatitis

Qi Zhou, MD,*† Hong Xiang, MD,* Han Liu, MD,‡ Bing Qi, MD,§ Xueying Shi, MS,*† Wenhui Guo, MS,*

Jiacheng Zou, BS,|| Xueting Wan, BS,* Wenjing Wu, BS,* Zhengpeng Wang, MS,* Wenhui Liu, MS,*
Shilin Xia, MD,* and Dong Shang, MD*†§
Objective: The intestinal barrier injury caused by severe acute pancreati-
tis (SAP) can induce enterogenous infection, further aggravating the in-
flammatory reactions and immune responses. This study aimed to test
the hypothesis that emodin protects the intestinal function and is involved
in the immune response in SAP.
Methods: The network pharmacology was established using the Swiss
target prediction and pathway enrichment analysis. The SAP mice model
was induced by cerulein (50 μg/kg) and lipopolysaccharide (10 mg/kg) hy-
perstimulation. The pharmacological effect of emodin in treating SAP was
evaluated at mRNA and protein levels by various methods.
Results: The network analysis provided the connectivity between the tar-
gets of emodin and the intestinal barrier–associated proteins and predicted
the BAX/Bcl-2/caspase 3 signaling pathway. Emodin alleviated the patho-
logical damages to the pancreas and intestine and reduced the high concen-
trations of serum amylase and cytokines in vivo. Emodin increased the ex-
pression of intestinal barrier–related proteins and reversed the changes in
the apoptosis-related proteins in the intestine. Simultaneously, emodin
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regulated the ratio of T helper type 1 (TH1), TH2, TH17, γδ T cells, and in-
terferon γ/interleukin 17 producing γδ T cells.
Conclusions: These findings partly verified the mechanism underlying
the regulation of the intestinal barrier and immune response by emodin.

Key Words: emodin, severe acute pancreatitis, intestinal dysfunction,
apoptosis, inflammatory immune response

Abbreviations: AP - acute pancreatitis, ELISA - enzyme-linked
immunosorbent assay, HE - hematoxylin and eosin, IL-1β - interleukin 1β,
MLN - mesenteric lymph node cells, SAP - severe acute pancreatitis, SIRS -
systemic inflammatory response syndrome, TNF-α - tumor necrosis factor
α, ZO-1 - Zonula occludens 1

(Pancreas 2021;50: 1202–1211)

A cute pancreatitis (AP) is one of the most common gastrointes-
tinal disorders with increasing incidence leading to high hos-

pital admissions worldwide.1 According to the updated Atlanta
classification, 12% of patients develop severe acute pancreatitis
(SAP), despite the mild self-limited property of AP. Patients
experiencing SAP have a mortality rate of 20% to 30% due to
its rapidly evolving complications, posing a significant clinical
challenge and financial burden to society.2,3 Recently accumu-
lated pieces of evidence has shown that gastrointestinal failure is
a crucial organ failure and an independent predictor of the poor
outcome in AP, mainly mediated by the injury to the intestinal
barrier.4–6 The intestine acts as a functional barrier and the largest
immune organ; hence, impairing the intestinal barrier could exag-
gerate the severity of SAP by increasing the intestinal permeabil-
ity, microbial infections, bacterial translocation, and release of
proinflammatory substances.7,8 Therefore, the intestine drives
the local inflammation in SAP leading to distant organ dysfunc-
tion. The management of the SAP-related intestinal barrier injury
is an effective strategy to alleviate the aggravation of SAP.

The Chinese herb, rhubarb, is a principal component of Chi-
nese herbal formulas (eg, Yinchenhao, Dachengqi decoctions)
and has been extensively applied in the clinical treatment of acute
abdominal diseases, such as AP.9,10 To elucidate their therapeutic
roles in the treatment of SAP, the ingredients of the herbs have
been extensively assessed via in silico, in vitro, and in vivo exper-
iments. Emodin, as a predominant compound of rhubarb, has been
reported to inhibit vacuole formation in the acinar cells,11 attenu-
ate autophagy response,12 and protect against the oxidative stress
and inflammasome signals in SAP.13,14 However, the role of emo-
din in the intestinal barrier injury and immune response caused by
SAP is still limited.

In the present study, a network pharmacology-based strategy
was designed to identify the connectivity between the targets of
emodin and the intestinal barrier–associated proteins. The patho-
logical changes in the pancreas and intestine were observed. We
continued to detect the inflammatory factors in the serum of the
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animal model. Furthermore, the levels of the intestinal barrier–related
proteins were examined. Subsequently, the proportion of the immune
cells, including T helper type 1 (TH1) cells, TH2 cells, TH17 cells,
Treg cells, and γδ T cells were evaluated. We aimed to illustrate that
the use of emodin may alleviate the severity of intestinal injury and is
involved in immune regulation during the progression of SAP.
MATERIALS AND METHODS

Analysis of Compound Targets andConstruction of
Protein-Protein Interactions

First, a canonical SMILES code of emodin was obtained from
PubChem (https://pubchem.ncbi.nlm.nih.gov), which collects and
stores the chemical information on compounds and substances.
The SMILES result was CC1 = CC2 = C(C(=C1)O)C(=O)C3 = C
(C2 = O)C=C(C=C3O)O, which was computed by OEChem 2.1.5
(https://www.eyesopen.com/oechem-tk; OpenEye, Santa Fe, NM).
Next, we submitted the result of SMILES to SwissTargetPrediction
(http://www.swisstargetprediction.ch; Swiss Institute of Bioinfor-
matics, Lausanne, Switzerland).15We used this web tool to estimate
the most probable molecular targets of emodin. An interaction net-
work between the targets and the intestinal barrier–related proteins
was constructed using the STITCH database (Version 5.0, http://
stitch.embl.de; STITCH Consortium, Dresden, Germany). Finally,
this network connectivity was analyzed and visualized using
Cytoscape software (Version 3.7.2, Cytoscape Consortium, San
Diego, Calif ). The Cytoscape bioinformatics software enabling
the visualization of protein-protein interactions (PPIs), and a clus-
ter screening of complicated molecular networks was used.16

Materials and Reagents
Emodin and sodium carboxymethyl cellulose (CMC-Na)

were purchased from Solarbio Science and Technology Co (Bei-
jing, China). Cerulein and the 4 kDa fluorescent dextran–FITC
(DX-4000–FITC) were purchased from Sigma-Aldrich Co (St
Louis, Mo). The mouse AMY ELISA kits were purchased from
Lengton Biotech (Shanghai, China). The mouse tumor necrosis
factorα (TNF-α) and interleukin 1β (IL-1β) ELISA kitswere pur-
chased from Fine Biotech Co (Wuhan, China). The antioccludin
(Cat. Ab216327), antizonula occludens 1 (ZO-1, Cat. Ab96587),
and anticlaudin 4 (Cat. Ab15104) were purchased from Abcam
(Cambridge, United Kingdom). The anti-BAX (Cat. YT0455)
and anti-Bcl-2 (Cat. YM3041), anti-caspase 3 (Cat. YM3435),
and anti-β-actin antibodies (Cat. YM3435) were purchased from
the Immunoway Biotechnology Company (Plano, Tex). The red
blood cell lysate was purchased from Tianjin Haoyang Biological
Manufacturer (Tianjin, China). The Leukocyte Activation Cocktail
(with BD GolgiPlug), Fixation and Permeabilization Kit (BD
Golgistop protein transport inhibitor), Fixable Viability Stain 780,
PE Hamster Antimouse γδ T-Cell Receptor, Alexa Fluor 647 Rat,
Antimouse IL-17A, Percp-cy 5.5 Hamster, Antimouse CD3e, FITC
Rat Antimouse CD4, Alex-Flour700 Rat Antimouse IFN-γ, PE-
Cy7 Rat Antimouse IL-4, and Mouse BD Fc Block were obtained
from BD Biosciences (Franklin Lakes, NJ). The kits for detection
the amylase and creatinine, aspartate aminotransferase, alanine
aminotransferase, and urea nitrogenwere purchased fromNanjing
Jiancheng Bioengineering Institute (Nanjing, China). Terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay kit was obtained fromKeyGENBioTECH (Jiangsu, China).

Animal Experiments
Male C57BL/6 J mice (7–8 weeks old) with a bodyweight of

20 g (standard deviation [SD], 2 g) were obtained from the
© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
Experimental Animal Center of the Dalian Medical University.
The mice were housed under a stress-free and specific pathogen-
free condition, with a constant room temperature of 22�C (SD, 3)
and 70% (SD, 5%) relative humidity and maintained under a
12-hour light/12-hour dark cycle. All the animals were provided
with standard laboratory chow and water ad libitum before the ex-
periment and acclimatized for 1 week before the experiment. Be-
fore inducing SAP, the micewere subjected to fasting for 12 hours
but had access to water. The medical ethics committee of the Da-
lianMedical University approved all the animal experimental pro-
tocols (AEE18072), which complied with the recommendations
of the National and International Guidelines for the Care and
Use of Laboratory Animals.

Model Establishment and Groups
The animals were divided randomly into 3 groups (n = 5,

where “n” refers to the number of animals in each group). The mice
in the control group were injected with normal saline (50 μg/kg).
The SAP and emodin-treated groups were induced by the intraper-
itoneal injection of cerulein (50 μg/kg) 7 times, and LPS (10mg/kg)
was incorporated into the final injection of cerulein. In the 48-hour
treatment group, the animals were pretreated with emodin (dis-
solved in 0.5% CMC-Na) at a dose of 70 mg/kg before the first
intraperitoneal injection of cerulean, and emodin was adminis-
tered at an interval of 8 hours between the two. Both the control
and SAP groups were administered an equivalent volume of
0.5% CMC-Na solution. The animals were killed 48 hours after
the last injection of LPS by injecting pentobarbital (100 mg/kg
body weight) intraperitoneally. The blood samples were collected
from the heart for biochemical parameter analysis of the serum.
The pancreas and part of the distal ileum were promptly fixed in
a 10% neutral buffered formaldehyde solution for further histolog-
ical examination. The segments of the distal ileum were isolated,
washed with cold phosphate-buffered saline, snap-frozen in liquid
nitrogen, and stored at −80°C for further experiments. In addition,
the spleen was freshly isolated for the immune cell analysis.

Hematoxylin and Eosin Staining
Samples of the pancreas and terminal ileum were fixed with

10% neutral buffered formaldehyde solution and embedded in
paraffin wax. The deparaffinized and rehydrated serial sections
(5 μm) were stained with hematoxylin and eosin (HE). The slides
were visualized under a microscope for morphologic changes like
pancreatic edema, acinar cell necrosis, adipose necrosis, hemor-
rhage, and inflammation, and scored in a blinded manner according
to the previous description.17,18 The histological damage of the ileum
was evaluatedwith scores between 0 and 5 as described previously.19

Immunohistochemistry and TUNEL Staining
Paraffin-embedded sections were subsequently processed.

For immunohistochemistry, antibody dilutions were as follows:
claudin 4 (1:100), ZO-1 (1:200), and occludin (1:10). The staining
intensity and extent (positively stained area) were evaluated inde-
pendently by 2 pathologists independently. Besides, sections were
stained with TUNEL to evaluate in situ cell apoptosis. In brief, the
slides were incubated with 50 μL of TUNEL reaction mixture in a
humid atmosphere for 1 hour at 37°C and then incubated for
0.5 hours with an antibody specific for fluorescein-conjugated
horseradish peroxidase (HRP).

Intestinal Permeability In Vivo
To detect the intestinal permeability, 4000 Da fluorescent

dextran–FITC (500 mg/kg body weight, 125 mg/mL) was
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gavaged to the mice 3 hours before the experiment. The serum was
collected and diluted in an equal volume of PBS. The fluorometric
analysis was performed using a fluorescence spectrophotometer
(PerkinElmer, Wellesley, Mass) at an excitation wavelength of
485 nm and emission wavelength of 535 nm as previously de-
scribed.20 A standard curve was obtained by diluting FITC-
dextran in the nontreated plasma diluted with PBS (1:3 vol/vol).
All the procedures were performed strictly protected from light.

Enzyme-Linked Immunosorbent Assay:
Measurement of Amylase Activity and
Inflammatory Cytokines

The blood samples were collected from the heart and centri-
fuged at 3000g for 20 minutes at 4°C, and the serum was stored
frozen at −80°C. The serum levels of amylase, TNF-α, and IL-
1β were measured using a commercial kit according to the manu-
facturer's instructions.

Cell Isolation From the Spleen
To prepare the lymphocytes, the spleen was removed from

the mice, minced into small pieces, and ground gently with a sy-
ringe core on a stainless-steel mesh under aseptic conditions.
The red blood cell lysates were used to remove the red blood cells.
The lymphocytes were passed through a 100-mm nylon mesh to
remove the tissue debris.

Flow Cytometry Analysis
To analyze the changes in the immune cells during SAP, the

lymphocytes were immediately harvested from the spleen and de-
tected as follows: for an obvious and better cytokine production
assay, the total lymphocytes were incubated with a leukocyte acti-
vation cocktail containing phorbol ester, PMA, ionomycin, and
brefeldin A in the RPMI 1640 complete medium at 37°C for
6 hours. Before staining, the cell suspension was preincubated
with Fc block at 4°C for 15 minutes. The Fixable Viability Stain
780 (FVS780) was used to exclude the dead cells. Surface staining
was performed using the CD3, CD4, and γδ TCR antibodies. For
intracellular staining, the cells were fixed and permeabilized using
a fixation and permeabilization kit for 50minutes at 4°C and finally
stained with the antibodies against IL-4, IL-17A, and IFN-γ. The
flow cytometry analysis was performed using a flow cytometer
(Fortessa; BD Biosciences), and the data were analyzed using
Flowjo software (Version 10.6.0; BD Life Sciences, Ashland, Ore).
FIGURE 1. Network pharmacology. A, Herb compound-targets network
diamond represents targets). B, Compound-related targets in the PPI ne
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Western Blotting Analysis
Protein from the distal ileum was extracted using a protein

extraction kit (Invent SD001/SN002; Plymouth, Minn). The pro-
tein concentrations were determined using the BCA assay kit.
Equal amounts of protein samples were subjected to SDS-PAGE
in a mini gel apparatus (Mini-PROTEAN II; Bio-Rad, Hercules,
Calif ) and then transferred onto the nitrocellulose membranes.
The membranes were blocked with 5% fat-free milk for 2 hours
and were incubated with antibodies against occludin (1:1000),
ZO-1 (1:500), claudin 4 (1:100), BAX (1:500), Bcl-2 (1:500), cas-
pase 3 (1:500), and β-actin (1:1000) overnight at 4°C. Subse-
quently, the membranes were washed with Tris-buffered saline with
Tween-20 (TBST) and incubated with the HRP-conjugated second-
ary antibodies for 1 hour at room temperature. The protein bands
were visualized with a Western Bright ECLWestern blotting HRP
Substrate kit and analyzed using the Image Lab software (Bio-Rad).

Statistical Analysis
The data represent the mean of at least 3 independent exper-

iments and are presented as the mean ± standard error of the mean
(SEM). The GraphPad Prism 7.0 software (GraphPad, San Diego,
Calif ) was used for the statistical analysis. The statistical analysis
of the quantitative multigroup was compared using the 1-way
analysis of variance and Tukey test. Differences were considered
statistically significant at P < 0.05 or P < 0.01.
RESULTS

Emodin's Targets Are Involved in the Regulation of
Intestinal Barrier–Related Proteins and the
Apoptosis Pathway

To explore the network of emodin's potential targets and pro-
vide clues to connect emodin and the intestinal barrier, we ob-
tained the SMILES data for emodin based on PubChem, to iden-
tify 43 potential targets of emodin with higher scores in the
SwissTargetPrediction database. Next, an interaction network
was constructed between the network of emodin's target and intes-
tinal barrier–related proteins, as well as the apoptosis pathway.
Figure 1 shows that the network of emodin targets was associated
with OCLN and ZO-1 (known as the tight junction protein), as
well as BAX, Bcl-2, and caspase 3. Then, the analysis of this net-
work was expanded from 15 to 45 proteins based on the PPI en-
richment. We found that the expanding network was involved in
of rhubarb (red rectangle represents compounds and the blue
twork (the inside circle represents the hub PPI network).

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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the biological processes, including apoptosis signaling pathway
(false discovery rate: 3.20e-28), cellular response to stress (false
discovery rate: 3.82e-23), and positive regulation of cell commu-
nication (false discovery rate: 2.13e-16). Our analysis highlighted
that emodin may regulate the intestinal barrier by targeting intes-
tinal barrier–related proteins and apoptosis-related proteins.

Emodin Ameliorated the Severity and the
Inflammatory State of SAP in Mice

The results of serum biochemical parameters and HE stain-
ing showed that emodin at the dose of 70 mg/kg did not exhibit
toxicology for major organs (Supplemental Fig. 1, http://links.
lww.com/MPA/A899). The level of amylase in the serum from
the SAP group was significantly higher than in the control group,
and it was markedly decreased after the emodin treatment
FIGURE 2. Effects of emodin on pancreatitis based on amylase, proinfla
concentrations of amylase, TNF-α, and IL-1β of all 3 groups. D–E, The H
pathological score of the pancreas and intestine after SAP induction and
are presented as the mean ± SEM (n = 5), where “n” refers to independ
****P < 0.0001 versus the control group; #P < 0.05, ###P < 0.001 versu

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
(Fig. 2A). Subsequently, the concentrations of the proinflammatory
cytokines, TNF-α, and IL-1β were evaluated in the serum. As
shown in Figures 2B and C, the markedly increased level of amy-
lase in the SAP group was decreased compared with that in the
emodin group. These results suggested that emodin exerts potent
protective effects against inflammation in SAP mice.

Emodin Reversed Pathological Phenotype of
Pancreatic Injury in the SAP Mice

To assess the pathological changes among the different
groups, we performed HE staining. As shown in Figure 2D, the
pancreatic pathology in the control group had normal morphol-
ogy. In contrast, marked disruption characterized by extensive en-
larged interlobular interspaces, acinar necrosis, hemorrhage, and
inflammatory infiltration was observed in the SAP mice.
mmation cytokines, and histological morphology. A–C, Serum
E staining (original magnification �200 and �400). F–G, The
emodin treatment. H, The evaluation of intestinal permeability. Data
ent values; **P < 0.01, ***P < 0.001 versus the control group;
s the SAP group; ####P < 0.0001 versus the SAP group.
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Moreover, emodin notably decreased the severity of the pancreas
histopathology shown by milder damage compared with that in
the SAP group. As shown in Figure 2F, high pancreatic patholog-
ical scores were evaluated in comparison with that of the control
group, but emodin treatment markedly inhibited the pathological
changes, which were statistically significantly different from that
observed in the SAP group. These results indicated that the model
was successfully established by the long-term intraperitoneal in-
jection of cerulein along with a large dose of LPS, and emodin ex-
hibited the potential anti-inflammatory function in SAP.
FIGURE 3. Changes in the protein level of the intestinal barrier–related
groups. A, Western blot imaging of claudin 4, occludin, and ZO-1. B, The re
staining of intestine sections. **P < 0.01 versus the control group; ***P

1206 www.pancreasjournal.com
Emodin Relieved the Intestinal Barrier Injury in
the SAP Mice

Next, HE staining of the intestinal tissue was performed to
detect the intestinal changes after the SAP induction. As shown in
Figure 2E, the intestinal tissues in the SAP groups consistently
exhibited severe damage, including obvious hyperemia and edema
and microvilli exfoliation. This phenomenon was attenuated in the
emodin-treated group. As shown in Figure 2G, compared with
those in the control group, the SAP group demonstrated higher
mediators, including claudin 4, occludin, and ZO-1 in the different
lative expression of claudin 4, occludin, and ZO-1 protein. C, TUNEL
< 0.001 versus the control group; #P < 0.05 versus the SAP group.

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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pathological scores of the intestinal mucosa, but the emodin group
showed statistically lower pathological scores than the SAP group.
Furthermore, the serum FITC-dextran level is a frequently used
indicator for revealing intestinal mucosal mass and integrity. As
shown in Figure 2H, it was significantly increased in the mice
with SAP, and the effect was reversed after treatment with emodin.
This observation suggests that emodin plays a protective role in
SAP-related intestinal barrier injury.

Emodin Upregulated the Mediators to the
Intestinal Barrier

In addition to an obvious disruption of the intestinal barrier
injury, the expression levels of the intestinal barrier–related pro-
teins, including claudin-4, ZO-1, and occludin, which comprise
a tight junction complex for regulating the intestinal permeability,
were examined. As shown in Figures 3A and B, all the three pro-
teins were significantly downregulated in the SAP group com-
pared with the control group, whereas the changes in proteins
were recovered in the emodin group. The results of immunohisto-
chemistry staining were consistent with results of western blot
(Fig. 3C). These results indicate the promising protective effects
of emodin against intestinal barrier dysfunction in the SAP mice.
FIGURE 4. Changes in the protein levels of the BAX/Bcl-2/caspase 3 sign
BAX, Bcl-2, and caspase 3 proteins. B, The relative expression of the BAX,
and occludin in intestines by immunohistochemistry staining. ****P < 0
#P < 0.05 versus the SAP group.

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
Emodin Regulated the BAX/Bcl-2/Caspase 3
Pathway in the Intestine of the SAP Mice

To further verify the apoptotic mechanism mediated by emo-
din predicted previously, we investigated the BAX/Bcl-2/caspase
3 pathway, closely associated with the regulation of both the apo-
ptosis as well as the tight junction complex. As shown in
Figures 4A to B, western blotting showed upregulation in the
levels of BAX and cleaved caspase 3 (proapoptotic) and downreg-
ulation in the expression of Bcl-2 (antiapoptotic) in the SAP
group, compared with that in the control group. However, this
trend was reversed after the administration of emodin. Thus, the
classical BAX/Bcl-2/caspase 3 pathway may participate in intesti-
nal barrier injury, and emodin showed a protective function
against intestinal barrier injury, possibly mediated by targeting this
pathway. In addition, to evaluate in situ cell apoptosis, TUNEL
staining was performed, the results of which exhibited that emodin
could inhibit apoptosis of intestine in SAP development (Fig. 4C).

Emodin Regulated the Profile of Immune Cells
in SAP Mice

Previous studies have emphasized the importance of T cells
in the adaptive immune response.21–23 Thus, we continued to
aling pathway in the different groups. A, Western blot imaging of the
Bcl-2, and caspase 3 protein. C, The expression of claudin 4, ZO-1,
.05 versus the control group; ###P < 0.001 versus the SAP group,

www.pancreasjournal.com 1207
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explore the activation of the splenic CD4+ T cells by flow cytom-
etry. As shown in Figure 5, increased ratios of TH1 and TH17 cells
and a decreased proportion of TH2 cells were detected in the SAP
group compared with the control group. Interestingly, emodin re-
versed the elevated ratio of TH1 and TH17 cells. Subsequently, we
detected a significant induction of Tregs in the SAP group com-
pared with that in the control group. However, emodin did not af-
fect the ratio of Tregs. Next, based on the previous studies indicat-
ing the emerging role of γδ T cells in inflammatory diseases, we
measured the activation of the splenic γδ T cells. As shown in
Figure 6, the number of γδ T and IFN-γ/IL-17 producing γδ T
cells was higher in the SAP group than in the control group, while
the emodin-induced reversion was significant.
DISCUSSION
Severe acute pancreatitis, which originates primarily as a

sterile local inflammation, has been found to escalate rapidly to
the systemic inflammatory response syndrome and organ failure.
FIGURE 5. Effects of emodin on the subsets of CD4+ T cells in the spleen
(C), and Treg cells (D) in the CD4+ T cells of the spleen, analyzed by flow
***P < 0.001 versus the control group; ***P < 0.0001 versus the contro
group; NS, not significant.

1208 www.pancreasjournal.com
It has been recognized that intestinal barrier injury amplifies the
severity of SAP. A series of studies have indicated that Chinese
medicine plays a pleiotropic role in the progression of inflamma-
tory disorders.24,25 The therapeutic potential of rhubarb, a Chinese
herb, in treatment of abdominal disorders has been well docu-
mented. This study illustrated the therapeutic potential of emodin,
the principal component of rhubarb, in alleviating the severity of
intestinal injury and inhibiting the progression of SAP and aimed
to identify the connectivity between the targets of emodin and the
intestinal barrier–associated proteins.

First, the molecular targets of emodin were retrieved to con-
struct a connectivity network of these targets in SAP. Furthermore,
we determined whether occludin and ZO-1 (also shown as TJP1)
were associated with this network of emodin targets. Emodin was
also found to regulate the BAX/Bcl-2/caspase 3 pathway to inhibit
cell apoptosis. Collectively, the results of our study suggested that
emodin influences the intestinal barrier simultaneously mediating
the tight junctions and apoptosis. Given that the compensatory
anti-inflammatory response syndrome not only initiated a mainly
of the SAPmice. The ratio of the TH1 cells (A), TH2 cells (B), TH17 cells
cytometry in mice. **P < 0.01 versus the control group;

l group; #P < 0.05 versus the SAP group; ##P < 0.01 versus the SAP

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 6. Effects of emodin on the changed subsets profile of the γδ T cells in the spleen of the SAP mice. The ratio of the γδ T cells in the
CD3+ T cells (A), the ratio of IFN-γ (B), IL-4 (C), and IL-17 (D) producing γδ T cells in the total γδ T cells of spleen, analyzed by flow cytometry
inmice. ***P < 0.001 versus the control group; ****P < 0.0001 versus the control group; #P < 0.05 versus the SAP group; ###P < 0.001 versus
the SAP group; ####P < 0.001 versus the SAP group.
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anti-inflammatory role but also induced immunosuppression, the
change in the immune cells after emodin treatment was assessed.
In summary, the current data substantiated the protective function
of emodin on the intestinal barrier during SAP by regulating tight
junctions, apoptosis, and immune responses.

Our current study has demonstrated that emodin treatment
decreases the pathological score and permeability of the intestine.
The components of the tight junction complex were found to in-
crease after the emodin treatment. The intestinal barrier injury pre-
sumably accounts for the accelerated severity of SAP. The tight
junction complex of the intestine is important for maintaining
the integrity of the intestinal barrier. The tight junction complex
mainly consists of the proteins like claudins, ZO-1, and occludin.
This complex constitutes a paracellular structure between the epi-
thelial and endothelial cells to prevent the invasion of toxins, path-
ogens, and other exogenous substances.26 The transmembrane
proteins like occludin and members of the claudin family form
tight junction strands in the extracellular environment. Moreover,
the ZO proteins, such as ZO-1, ZO-2, and ZO-3, offer molecular
scaffolds by interacting with the claudins and occludin via binding
the cytoplasmic tail to the actin cytoskeleton.27 Lei et al28 found
that emodin decreased the expression of ZO-1 by inhibiting the
NF-κB and HIF-1α signaling pathways in the inflammatory and
hypoxic injury of the intestinal epithelial cells. Emodin has also
been reported to promote pancreatic claudin-5 and occludin ex-
pression and improve the pancreatic paracellular permeability in
the AP model of rats.29 This evidence, thus, indicated that emodin
could diminish the intestinal barrier dysfunction caused by SAP.
The results of the previous study were in unison with those of
© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
our present study, revealing both the histopathological changes
and molecular mechanisms involved in the progression of SAP.
Our findings, thus, provide a detailed insight into the molecular
mechanism by which emodin mediates protection against the in-
testinal barrier injury during the progression of SAP.

Apoptosis plays a beneficial role in the acinar damage during
AP, which is attributed to the decreased trypsin activity. However,
previous studies have verified that the damage of the nonpancreatic
organs in AP is primarily induced by apoptosis.30 Thus, it is nec-
essary to find a strategy to inhibit the mediators of apoptosis in the
intestine in SAP. In the current study, we detected an increased ex-
pression of BAX and a decrease in the Bcl-2 after SAP induction.
Bcl-2 is a crucial antiapoptotic protein that is negatively regulated
by BAX.We also found an increase in the cleaved caspase 3 as the
final effector to execute the program of apoptosis.31,32 Moreover,
our results verified that emodin treatment reversed these changes.
Our results indicate that emodin protects against intestinal barrier
injury induced by SAP, possibly via the BAX/Bcl-2/caspase
3 pathway.

In the present study, we observed elevated percentages of
Tregs, TH1, and TH17 cells, but a low percentage of TH2 cells in
the spleen. Furthermore, emodin inhibited the ratio of the TH1
and TH17 cells and promoted the ratio of TH2 cells. Previous stud-
ies have found that the process of pancreatitis is paralleled by the
innate and the adaptive immune response.33 Although the neutro-
phils and macrophages are responsible for the innate immune sys-
tem, the T cells assume an essential role in the adaptive immune
response.34 As evident in recent literature, the T cells have vital
functions in the immune response. The T helper cells, a subset
www.pancreasjournal.com 1209
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of CD4+ T cells, induce a special immune response. For example,
the TH1 cells produce proinflammatory cytokines, such as TNF-α,
IFN-γ, and IL-1β, which mediate cellular immunity. In contrast,
the TH2 cells drive anti-inflammatory responses by secreting
anti-inflammatory cytokines. Therefore, it may be an effective
strategy to reduce the TH1/TH2 ratio, maintain balance, and pre-
vent further deterioration in the patients with SAP. In addition,
Tregs also regulate the balance between immune activation and
tolerance.35 Minkov et al36 have shown that an enhanced ratio of
circulating Tregs could be an independent prognostic biomarker
in the SAP patients, indicating immune suppression occurring in
the early AP. Our findings corresponded to some studies37 but
contradicted the others.33 The possible reason for this phenome-
non is primarily the variability in the immune response observed
at multiple time points within different SAP models.

This study has made a novel revelation of the altered profiles
of the γδ T cells, IFN-γ–producing γδ T cells, and γδT17 cells in
mice with SAP under the influence of cerulein. Recently, the
emerging role of γδ T cells has attracted more attention because
of its potent inflammatory cytokine-producing function under nu-
merous pathophysiological conditions. The γδ T cells drive proin-
flammatory processes by differentiating into IFN-γ-producing or
IL-17–producing subsets depending on the weak or strong γδ
TCR signals.38,39 Interleukin 17 is a proinflammatory cytokine
with pleiotropic function and is implicated in imparting protection
against bacterial and fungal infection by inducing chemokines,
recruiting neutrophils, and activating the T cells and B cells.40,41

Interleukin 17 plays an essential role in neutrophil chemoattraction,
promoting the formation of aggregated neutrophils and hindering
the outflow of pancreatic secretion, resulting in focal pancreatitis
and determining the severity of pancreatitis.42 In contrast, the role
of IL-17 is controversial for the maintenance of the integrity of the
intestinal barrier in inflammatory bowel diseases. Some studies
hold beneficial effects, but some support the impaired functions.43

Recently, IL-17 was reported that it was not only produced by the
TH17 cells but also primarily secreted by the γδ T cells in inflam-
matory disease. Considering the potential of γδ T cells, we de-
tected the changes in the γδ T cells and their subsets in the spleen.
In this study, we found an enhanced proportion of γδT cells, IFN-
γ–producing γδ T cells, and γδ T17 cells in the SAP group and a
decline in the proportion after emodin administration. The finding
of an elevated percentage of γδ Tand γδ T17 is supported by Yan
et al.44 In that study, a transient upregulation of IL-17A expression
and γδ T influx was found within 3 days in the pancreas of
coxsackievirus B3–induced pancreatitis, mediated by promoting
neutrophil infiltration and TH17 induction, suggesting the critical
pathogenic effect of γδ T17 cells.44 Our results showed that emo-
din was involved in the regulation of the immune response in the
SAP mice by restoring the balance between the CD4+ T cells and
decreasing the ratio of the γδ T cells and their subsets from the
spleen. The disrupted adaptive immune system could trigger the
translocation of the intestine-derived bacteria, resulting in a sys-
temic inflammatory response and even sepsis in SAP. A previous
study has shown rhubarb restores the TH1/TH2 cell balance and
decreases the number of Tregs in the small intestinal tissues or
mesenteric lymph node cells.37 Moreover, a novel role of the
spleen in SAP was recognized in aggravating the occurrence of
the systematic inflammatory responses and multiple organ failure,
including intestinal mucosal barrier dysfunction. Thus, we specu-
lated that emodin displayed a protective function by regulating the
inflammatory immune response of SAP by maintaining the
splenic homeostasis.45

Although 5 subsets of T cells were detected, there was a lack
of other T cells, such as CD8+ T cells and TH9 cells. In the future,
the profile of the other T cells needs to be delineated in SAP,
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which would enable us to delineate the landscape of the immune
response to emodin. In addition, we examined the immune cells
from the spleen tissue. The role of the immune cells in the intes-
tines should be confirmed. The T cells were difficult to stabilize
in the intestine of SAP mice, because of which, we were unable
to record the proportion of the T cell subsets.

Taken together, the present study has demonstrated that em-
odin protects against intestinal injury via the BAX/Bcl-2/caspase
3 pathway and regulates the immune response in the SAP mice.
We herein proposed pieces of evidence that emodin executes a
protective function to the intestinal barrier and, concomitantly, in-
fluences the immune response in the SAP mice. Therefore, it en-
hances our understanding of the potential of emodin in SAP.

CONCLUSIONS
This study was based on the pharmacological network and

the network analysis providing the connectivity between the tar-
gets of emodin and intestinal barrier–associated proteins, mainly
the tight junctions (occludin and claudins) and ZO-1. Further-
more, the pathway enrichment and PPI network analyses showed
that emodin plays a vital role in the BAX/Bcl-2/caspase 3 signal-
ing pathway. The data from the in vivo experiments showed that
emodin acts as a potential drug for preventing intestinal barrier in-
jury. Emodin was found to promote the intestinal barrier integrity
by inhibiting the apoptosis signaling pathway and regulating the
immune response simultaneously in the mouse model of SAP.
These findings may clinically contribute to the potential therapeu-
tic targets of an important traditional Chinese medicine, rhubarb.
Moreover, the underlying targets and pathways of emodin, the
main gradient of rhubarb, have been identified partly. Therefore,
this study established emodin as a promising therapeutic interven-
tion for treating SAP and intestinal injury.
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