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inflammation; Background: Inflammatory bowel disease (IBD) is a common chronic intestinal disease.
intestinal epithelial Protopine isolated from different plants has been investigated to understand its special func-
cell injury; tions on varied diseases. However, the regulatory effects of protopine on the progression of
LPS; IBD remain unclear. Our study is aimed to explore the effects of protopine on the progression
oxidative stress; of IBD and its underlying regulatory mechanism of action.

protopine Methods: The cell viability was assessed through MTT colorimetric assay. The protein expres-

sions of genes were examined by Western blot analysis. The cell apoptosis and reactive oxygen
species level were measured using flow cytometry. The levels of inflammation and oxidative
stress-related proteins were tested through enzyme-linked-immunosorbent serologic assay.
The intracellular Ca** concentration and mitochondrial membrane potential were measured
through immunofluorescence assay.

Results: First, different concentrations of lipopolysaccharide (LPS) were treated with NCM460
cells to establish IBD cell model, and 5-pg/mL LPS was chosen for followed experiments.
In this study, we discovered that protopine relieved the LPS-induced inhibited intestinal
epithelial cell viability and enhanced cell apoptosis. Moreover, protopine attenuated LPS-
stimulated inflammation activation and oxidative stress. Further experiments illustrated that
the increased intracellular Ca* concentration and decreased mitochondrial membrane poten-
tial stimulated by LPS were reversed by protopine treatment. Finally, through Western blot
analysis, it was demonstrated that protopine retarded the activated NLR family pyrin domain
containing 3 (NLRP3) and nuclear factor kappa B (NF-kB) signaling pathways mediated by LPS.
Conclusion: Protopine alleviated LPS-triggered intestinal epithelial cell injury by inhibiting
NLRP3 and NF-kB signaling pathways to reduce inflammation and oxidative stress. This discov-
ery may provide a useful drug for treating IBD.
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Introduction

Inflammatory bowel disease (IBD) is a common sickness
associated with inflammation in the gastrointestinal tract
(GIT)." IBD is a noninfectious, chronic, and relapsed inflam-
matory disease of GIT, featured by repeated occurrence and
persistent diarrhea and abdominal pain, mainly manifested
as ulcerative colitis and Crohn’s disease.?* The course of
these two diseases consists of numerous responses involv-
ing environmental, intestinal, and immune factors, and the
confusion of immune system homeostasis is a hallmark of
IBD.>¢ At present, the treatment of IBD principally consists
of anti-inflammatory drugs, immunosuppressants, and anti-
biotics, but drug resistance remains the main difficulty that
limits therapeutic efficacy.”® Therefore, there is an urgent
requirement to develop novel and useful therapies for IBD.

The study of protopine, which is derived from a vari-
ety of plants belonging to poppy (e.g., corydalis), berberis,
walnut, and buttercup families,”® has become a hot topic
of investigation. Previous reports have demonstrated that
protopine has a variety of biological activities and exerts
key regulatory functions in varied diseases.'"'2 For example,
protopine and tetrahydropalmatine modulate the dopamine
receptor D2 expression to relieve migraine.” Protopine
suppresses cell apoptosis and inflammation through
the toll-like receptor 4 (TLR4) pathway, and improves
lipopolysaccharide (LPS)-stimulated acute renal injury.'
In addition, protopine modulates the reactive oxygen spe-
cies (ROS)/phosphoinositide-3-kinase (PI3K)/protein kinase
(Akt) pathway to stimulate apoptosis in liver carcinoma.®
Protopine stabilizes p53 to trigger colon cancer cell apop-
tosis and autophagy.'® Moreover, protopine inhibits Histone
Deacetylase 6 (HDAC6) gene expression in Alzheimer’s
disease to accelerate the proteasomal degradation of
pathological tau.” Protopine affects the mitogen-ac-
tivated protein kinase-nuclear factor kappa B (MAPK/
NF-kB) pathway to reduce inflammation triggered by LPS
and carrageenan.”® Interestingly, the total alkaloid fraction
from Fumaria capreolata (AFC) (with 1.3% stylopine and
0.9% protopine) demonstrates intestinal anti-inflammatory
effects in colitis."” However, special functions of protopine
in the progression of IBD remains unclear.

In this study, we aimed to explore the regulatory
effects of protopine on the progression of IBD. Our results
demonstrated that protopine modulated LPS-stimulated
cell viability, apoptosis, inflammation, and oxidative stress,
and inhibited NLR family pyrin domain containing 3 (NLRP3)
and NF-kB signaling pathway activity to relieve progression
of IBD.

Materials and Methods
Cell lines and culture

NCM460 (a normal human colon mucosal epithelial cell
line) cells were acquired from American Tissue Culture
Collection (ATCC, Manassas, VA, USA). The Dulbecco’s
Modified Eagle Medium (DMEM; Thermo Fisher, Shanghai,
China) containing 10% fetal bovine serum (FBS; Gibco, MA,
USA) and 1% penicillin/streptomycin was applied to cul-
tivate NCM460 cells at 37°C in a moist incubator with 5%

CO,. LPS (from Escherichia coli 0111:B4; Sigma-Aldrich St.
Louis, MO, USA; Merck KGaA, Darmstadt, Germany; 0, 2, 5,
and 10 pg/mL) or protopine (Sigma-Aldrich; 0, 5, 10, and 20
HM) was used to treat NCM460 cells.

MTT assay

MTT colorimetric assay was carried out following previ-
ous methods.?>?" Cells (1000 cells/well) were plated in a
96-well plate, and each well was mixed with 20-uyL MTT
solution (5 mg/L; Sigma-Aldrich). After 4 h, the generated
formazan crystals were dissolved in 150-pL dimethyl sulfox-
ide (DMSO; Sigma-Aldrich). The cell viability was evaluated
at 490 nm under a microplate reader (Multiskan EX; Lab
Systems, Helsinki, Finland).

Western blot analysis

Proteins from NCM460 cells were separated with radio-
immunoprecipitation assay (RIPA) lysis buffer (Beyotime
Institute of Biotechnology, Jiangsu, China), and the con-
centration was evaluated through bicinchoninic acid assay
(BCA) kit (Thermo Fisher Scientific Inc., Waltham, MA,
USA).2223 Protein electrophoresis was done through 10%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). The separated proteins were transferred
to polyvinylidene fluoride (PVDF) membranes (Beyotime,
Shanghai, China). After blocking, the membranes were
incubated with the following primary antibodies at 4°C
for 12 h: Bax (1:1000; ab32503; Abcam, Shanghai, China),
Bcl-2 (1:2000; ab182858), NLRP3 (1:1000; ab263899),
p-IkBa (1:10,000; ab133462), IkBa (1:1000; ab32518), p-P65
(1:2000; ab86299), P65 (0.5 pg/mL; ab16502), and B-actin
(1:1000; ab8227). Next, the secondary antibodies (1:2000;
ab7090) were supplemented into membranes. B-actin
acted as an internal reference. Eventually, the blots were
assessed using chemiluminescence detection kit (Thermo
Fisher Scientific).

Flow cytometry

The cell apoptosis was determined through an Annexin-V-PI
apoptosis detection kit (BD Biosciences, Franklin Lakes,
NJ, USA).2#2> After rinsing with phosphate-buffered saline
(PBS), NCM460 cells were resuspended. Next, NCM460 cells
were subjected to Annexin V-fluorescein isothiocyanate
(FITC, 5 pL, 50 pg/mL) and propidium iodide (PI, 5 pL, 50
pg/mL) for counterstaining in darkness. Cell apoptosis was
examined under flow cytometry (FCM; BD Biosciences).

Enzyme-linked immunosorbent serological assay
(ELISA)

The collected cell supernatant was applied to measure
the levels of tumor necrosis factor-a (TNF-a; Cat. No.
ab181421), Interleukin (IL)-18 (Cat. No. ab214025), and IL-6
(Cat. No. ab178013) in line with the corresponding instruc-
tions provided with ELISA kits (Abcam).?
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The total contents of superoxide dismutase (SOD),
malondialdehyde (MDA), total antioxidant capacity (T-AOC),
and myeloperoxidase (MPO) were evaluated with the corre-
sponding commercial ELISA kits (Thermo Fisher Scientific).?”

Detection of ROS

The ROS level was assessed by staining NCM460 cells with
2'7"-dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma-
Aldrich).?82 NCM460 cells and DCFH-DA (10 mM) were mixed
in darkness for 0.5 h for incubation. Finally, the ROS index
was assessed through flow cytometry (BD Bioscience).

Immunofluorescence assay

NCM460 cells were cultured in 5-uM Fluo-3 AM (Biyuntian,
China) at a loading temperature (TL) of 37°C. After wash-
ing in pure Hanks’ balanced salt solution (HBSS), cells were
allowed to de-esterify at a de-esterification temperature
(TD) of 37°C. Finally, in order to assess intracellular cal-
cium concentration, images of NCM460 cells with Fluo-3
AM staining were captured under a fluorescence micro-
scope (Olympus, Tokyo, Japan).*

The NCM460 cells were incubated with 4-pg/mL
rhodamine 123 (Rh123; KeyGEN Biotech. Co. Ltd, China).
The fluorescence intensity of Rh123 in cells was observed
to assess the level of mitochondrial membrane potential
(MMP).31:32

Statistical analysis

The data were represented as the mean+standard devia-
tion (SD). The statistical analysis was conducted using the
GraphPad Prism software, version 8.0 (GraphPad Software,
La Jolla, CA, USA). All experiments were repeated for
three times. The Student’s t-test or one-way analysis of
variance (ANOVA) was employed for comparison between
two or more groups; P < 0.05 was deemed as statistically
significant.

Results

Protopine relieved LPS-triggered intestinal
epithelial cell injury

The chemical structure of protopine is displayed in
Figure 1A. The cell viability of NCM460 cells was weak-
ened with the increased concentration of LPS (0, 2, 5,
and 10 pg/mL; Figure 1B). The cell viability was weakened
to about 70% in NCM460 cells treated with 5-pg/mL LPS.
Thus, the concentration of 5-pg/mL LPS was chosen for
further experiments. Next, it was demonstrated that the
weakened cell viability stimulated by LPS was reversed
by protopine treatment in a dose-dependent manner
(Figure 1C). Specially, 20-uM protopine could restore cell
viability to 94%. In addition, cell apoptosis proteins (Bax
and Bcl-2) were determined by Western blot analysis. The
up-regulated Bax expression and down-regulated Bcl-2

expression triggered by LPS were offset by protopine treat-
ment (Figure 1D). Moreover, the enhanced cell apoptosis
index mediated by LPS (7%-25%: Ctrl to 5-pug/mL LPS) and
relieved by protopine treatment (25%-8%: 0-20-uyM pro-
topine) was detected by flow cytometry (Figure 1E). These
data revealed that protopine relieved LPS-triggered intesti-
nal epithelial cell injury.

Protopine reduced LPS-mediated inflammation

Results from ELISA established that the increased levels of
TNF-a, IL-18, and IL-6 triggered by LPS were attenuated by
protopine treatment (TNF-a, 259-77 pg/mL; IL-18, 106-31
pg/mL; IL-6, 185-51 pg/mL: 0-20-pM protopine) (Figure 2).
In general, protopine reduced LPS-mediated inflammation.

Protopine attenuated LPS-induced oxidative stress

The decreased SOD and T-AOC levels and increased MDA
and MPO levels stimulated by LPS were rescued after cells
were treated with protopine (Figure 3A). Moreover, the ROS
level was strengthened by LPS (9%-42%: Ctrl to 5-pg/mL
LPS), but this effect was weakened after treatment with
protopine (42%-10%: 0-20-uM protopine; Figure 3B). Taken
together, protopine attenuated LPS-induced oxidative
stress.

Protopine decreased intracellular Ca*
concentration and increased mitochondrial
membrane potential

The increased fluo-3-AM fluorescence intensity (intracellu-
lar Ca? concentration) stimulated by LPS was offset by pro-
topine treatment (Figure 4A). Additionally, the decreased
Rh123 fluorescence intensity (mitochondrial membrane
potential) mediated by LPS was reversed by protopine
treatment (Figure 4B).

Protopine inhibited NLRP3 and NF-kB signaling
pathways

Finally, the effects of protopine on the NLRP3 and NF-kB
signaling pathways were investigated. The up-regulated pro-
tein expressions of NLRP3, p-lkBa/IkBa, and p-P65/P65 trig-
gered by LPS were inhibited by protopine treatment (NLRP3,
1.7-0.8; p-lkBa/IkBa, 14-0.5; p-P65/P65, 1.1-0.5: 0-20-uM
protopine; Figure 5). These findings indicated that protopine
inhibited the NLRP3 and NF-kB signaling pathways.

Discussion

Increasing varieties of plant extracts have been demon-
strated as involved in the regulation of IBD progression.
For example, Ginsenoside Rg1 modulates the balanced
differentiation of Tfh/Treg cells to alleviate experi-
mental colitis.>* Additionally, oxymatrine represses the
RhoA/ROCK signaling pathway to relieve dextran sulfate
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Figure 1

Protopine relieved LPS-triggered intestinal epithelial cell injury. (A) The chemical structure diagram of protopine.

(B) The cell viability was assessed with the increased concentration of LPS (0, 2, 5, and 10 pg/mL) through MTT assay. (C) Groups
were divided as follows: control, LPS, LPS+protopine (5 pM), LPS+protopine (10 pM), and LPS+protopine (20 pM) groups. The cell
viability was evaluated through MTT assay. (D) Groups were divided as follows: control, LPS, LPS+protopine (5 pM), LPS+protopine
(10 uM), and LPS+protopine (20 pM) groups. The protein expressions of Bax and Bcl-2 were examined through Western blot analysis.
(E) Groups were divided as follows: control, LPS, LPS+protopine (5 pM), LPS+protopine (10 pM), and LPS+protopine (20 pM) groups.

The cell apoptosis was measured through flow cytometry. *P
##P < 0.001 vs, the LPS group.

sodium (DSS)-triggered acute intestinal inflammation.3*
Moreover, pogostone suppresses T helper cells to attenuate
2,4,6-trinitrobenzenesulfonic acid-stimulated experimental
colitis.® In DSS-stimulated acute colitis, alpinetin inhibits
the TLR4 and NLRP3 pathways to improve inflammatory
responses.3®

Protopine, an isoquinoline alkaloid, has asthma reliev-
ing, cough relieving, sedation, analgesic, antiplatelet
aggregation, and antibacterial functions. It can be used for
treating malaria, fundus congestion, and thrombotic disor-
ders. Protopine is often used as anti-tumor agent, smooth
muscle relaxant, antibacterial agent, and sedative drug in

< 0.05, **P < 0.01, ***P < 0.001 vs. the control group; #P < 0.01,

clinical applications.’®33® Protopine has been investigated
for its special functions in varied diseases.'"'*'® However,
regulatory effects of protopine in the progression of IBD
remains unclear. Our work explored the effects of pro-
topine on the progression of IBD and its related regula-
tory pathways. In previous studies, protopine was found to
modulate cell viability and apoptosis to affect the progres-
sion of diseases." ' Similarly, in this study, we discovered
that protopine rescued the inhibited intestinal epithelial
cell viability and the enhanced cell apoptosis triggered by
LPS. Moreover, protopine also controlled inflammation, oxi-
dative stress, and other cellular progressions.'"'®3° In the
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Figure 2 Protopine reduced LPS-mediated inflammation. Groups were divided as follows: control, LPS, LPS+protopine (5 puM),

LPS+protopine (10 pM), and LPS+protopine (20 pM) groups. The
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Figure 3 Protopine attenuated oxidative stress. Groups were divided as follows: control, LPS, LPS+protopine (5 pM),
LPS+protopine (10 pM), and LPS+protopine (20 pM) groups. (A) The levels of MDA, SOD, T-AOC, and MPO were evaluated through
ELISA. (B) The ROS level was assessed through flow cytometry. “P < 0.001 vs. the control group; #P < 0.01, ##P < 0.001 vs. the LPS

group.

present study, the results demonstrated that protopine
attenuated LPS-induced inflammation and oxidative stress.
Further experiments illustrated that the increased intra-
cellular Ca* concentration and decreased mitochondrial
membrane potential stimulated by LPS were reversed by
protopine treatment.

The production of pro-inflammatory cytokines has
been under the jurisdiction of NLRP3.40 NLRP3 is an apop-
tosis-relevant dot-like protein, containing activated pro-
caspase-1 and caspase-1.442 Activation of caspase-1 is
essential for the conversion of pro-IL-18 into its mature
active form IL-18, which is activated in macrophages by
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LPS group.



90

Li J et al.

LPS-activated NLRP3 inflammasome.*** Upon activation,
NLRP3 binds to ASC connector, and triggers the translo-
cation and activation of pro-caspase-1.% In addition, the
NF-kB pathway modulates immune response and cell sur-
vival by regulating the expressions of pro-inflammatory and
pro-survival genes.*® The NLRP3 and NF-kB signaling path-
ways have been revealed to participate in progression of
IBD. For instance, NEK7 and NLRP3 affect NF-kB signaling
to regulate pyroptosis in progression of IBD.# Monotropein
modulates the NLRP3 inflammasome and the TLR4/NF-«kB
pathway in chronic colitis to relieve secondary liver
injury.” In addition, the fermentation broth of Platycodon
grandiflorum root regulates the adenosine monophosphate-
activated protein kinase (AMPK)/NF-kB/NLRP3 pathway to
attenuate inflammation in IBD.* Moreover, carboxyamido-
triazole affects NLRP3 inflammasome and NF-kB activation
to ameliorate 2,4,6-trinitrobenzene sulfonic acid-triggered
colitis.’® In the present work, we proved that protopine
repressed the activation of the NLRP3 and NF-kB signaling
pathways mediated by LPS.

Conclusion

Our study for the first time explored the effects of pro-
topine on progression of IBD and its associated regulatory
pathways. Our results revealed that protopine alleviated
LPS-triggered intestinal epithelial cell injury by inhibition of
the NLRP3 and NF-kB signaling pathways to reduce inflamma-
tion and oxidative stress. This findings of the present study
established that protopine could be a validated drug for IBD
therapeutic strategy. However, this study also has some lim-
itations regarding the impact of protopine on progression of
IBD. For instance, the effects of protopine on IBD in animal
models, clinical samples as well as other cellular progres-
sions must be investigated in the future studies. In addition,
more experiments must be conducted to explore other reg-
ulatory functions of protopine in IBD and different diseases.
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