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Sanguinarine protects against
Indomethacin-induced small
Intestine injury in rats by
regulating the Nrf2/NF-xB
pathways

Xiu-lian Lin?, Ya-ning Shi*?, Yu-ling Cao?, Xi Tan?, Ya-ling Zeng?,
Shi-teng Luo?, Ya-mei Li%, Li Qin?, Bo-hou Xia', Rong-geng Fu?,
Li-mei Lin?, Kai Li*, Deliang Cao'*, Jian-guo Zeng** and
Duan-fang Liao?*

Key Laboratory for Quality Evaluation of Bulk Herbs of Hunan Province, Hunan University of Chinese
Medicine, Changsha, Hunan, China, ?Division of Stem Cell Regulation and Application, Hunan

University of Chinese Medicine, Changsha, Hunan, China, *Hunan Key Laboratory of Traditional
Chinese Veterinary Medicine, Hunan Agricultural University, Changsha, Hunan, China

In recent years, small intestine as a key target in the treatment of Inflammatory
bowel disease caused by NSAIDs has become a hot topic. Sanguinarine (SA) is
one of the main alkaloids in the Macleaya cordata extracts with strong
pharmacological activity of anti-tumor, anti-inflammation and anti-oxidant.
SA is reported to inhibit acetic acid-induced colitis, but it is unknown
whether SA can relieve NSAIDs-induced small intestinal inflammation.
Herein, we report that SA effectively reversed the inflammatory lesions
induced by indomethacin (Indo) in rat small intestine and IEC-6 cells in
culture. Our results showed that SA significantly relieved the symptoms and
reversed the inflammatory lesions of Indo as shown in alleviation of
inflalmmation and improvement of colon macroscopic damage index (CMDI)
and tissue damage index (TDI) scores. SA decreased the levels of TNF-a, IL-6, IL-
1B, MDA and LDH in small intestinal tissues and IEC-6 cells, but increased SOD
activity and ZO-1 expression. Mechanistically, SA dose-dependently promoted
the expression of Nrf2 and HO-1 by decreasing Keap-1 level, but inhibited
p65 phosphorylation and nuclear translocation in Indo-treated rat small
intestine and IEC-6 cells. Furthermore, in SA treated cells, the colocalization
between p-p65 and CBP in the nucleus was decreased, while the colocalization
between Nrf2 and CBP was increased, leading to the movement of gene
expression in the nucleus to the direction of anti-inflammation and anti-
oxidation. Nrf2 silencing blocked the effects of SA. Together our results
suggest that SA can significantly prevent intestinal inflammatory lesions

Abbreviations: SA, sanguinarine; Indo, indomethacin; Ber, berberin; CMDI, colonic mucosa damage
index; TDI, tissue damage index; SIMB, small intestinal mucosal barrier; TJs, tight junctions; ZO-1,
zonula occludens 1.
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induced by Indo in rats and IEC-6 cells through regulation of the Nrf2 pathway
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs), such as
aspirin, diclofenac, indomethacin, and celecoxib, are widely
prescribed for treatment of pain and inflammation in a
variety of chronic conditions, such as rheumatoid arthritis and
osteoarthritis. One of the major adverse effects of NSAIDs is
severe gastrointestinal complications, such as hemorrhage,
ulceration and perforation (Watanabe et al, 2020). The
introduction of new modalities, such as capsule endoscopy
(Iddan et al, 2000) endoscopy
(Matsumoto et al., 2008) revealed that NSAIDs result not only
in colitis, but also in small bowel lesions, including various types

and balloon-assisted

of mucosal damage, such as petechiae, red spots, erosions, and
ulcers (Graham et al., 2005; Maiden et al., 2005), which often
limits the use of NSAIDs (Watanabe et al., 2020).

Inflammatory bowel disease (IBD) includes ulcerative colitis
(UC) and Crohn’s disease (CD). The former mainly affects the
colorectum, while the latter affects the large intestine and small
intestine. Therefore, previous studies on IBD focused more on
the colon (Watanabe et al., 2020). In recent years, International
journals such as Nature, Science and Cell have reported that the
small intestine is involved in the enterohepatic circulation (Chen
et al., 2021) and gut-brain-axis regulation (Bauer et al.,, 2016). In
particular, the intestinal microbes play a key role in regulation of
host immune function (Kim et al., 2016; Schluter et al., 2020;
Chen et al., 2021; Wastyk et al., 2021). In particular, Chen et al.
(2021) found that the small intestine, especially small intestine
lamina propria (siLP), is the place of the CAR/MDRI1 pathway
activating,  transcriptional = reprogramming and  sub-
specialization of Teff cells, and hereby Teff cells prevents
against bile acid toxicity and inflammation in the mouse small
intestine. On the other hand, the intestinal microbes in small
bowel play a key role in regulation of host immune function (Kim
et al., 2016; Schluter et al., 2020; Wastyk et al., 2021). The small
intestine is also closely associated with inflammation caused by
NSAIDs (Leung et al., 2007). These studies strongly suggest the
role of small intestine as a key target in the prevention and
treatment of human intestinal diseases.

Small intestinal mucosal barriers (SIMB) include physical
barrier, chemical barrier, immune barrier and biological barrier.
The physical barrier, consisting mainly of a single layer of small
intestinal epithelial cells (IECs) and tight junctions (T7Js), plays an
important role in NSAIDs-induced intestinal lesions. SIMB
damage was recently recognized as common complications of

NSAIDs. Goldstein, et al. reported that small bowel mucosal
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breaks occurred in 55% of healthy volunteers given naproxen for
2 weeks (Graham et al., 2005). Matsumoto, et al. showed that the
intestinal ulceration occurred in around 51% patients taking
NSAIDs (Matsumoto et al., 2008). Similarly, 2-week ingestion of
slow-release diclofenac resulted in intestinal ulceration in 68%-
75% of healthy volunteers (Maiden et al., 2007).

It is generally recognized that the pathologic changes of
NSAIDs-induced enteritis are caused mainly by inflammatory
and oxidative stress. Existing literature suggests that SIMB
injuries, in particular endothelial cell damage, are the main
pathologic changes, in which inflammatory stress plays a key
role (Maiden et al., 2007; Watanabe et al., 2020). Therefore,
control of the inflammation of small intestinal mucosa is the
main strategy to mitigate intestinal damage in NSAIDs users
(Lanza et al., 2009). It has been reported that many agents, such
as misoprostol (Taha et al., 2018), rebamipide (Kurokawa et al.,
2014), rifaximin (Fornai et al., 2016), and probiotics (Endo et al.,
2011), can alleviate intestinal damage induced by NSAIDs.
Nevertheless, clinical trials have not demonstrated that any of
these drugs are clearly effective for treatment of NSAID-induced
small bowel lesions other than drug withdrawal (Watanabe et al.,
2020).

Botanical drugs and Chinese medicine have unique
advantages and prospects in relieving the NSAIDs-induced
damage of small intestinal mucosa. It has been reported that
berberine (He et al., 2018), curcumin (Wang et al, 2021),
quercetin (Fan et al, 2021), all showed obvious protective
effects on NSAIDs-induced intestinal mucosal damage.

Sanguinarine (SA) is a benzophenanthridine alkaloid derived
from the roots of Sanguinaria canadensis or other poppy-fumaria
species. SA also exits in the seeds of Argemone mexicana L. and
the capsules of Macleaya cordata (Lin et al., 2020). SA is present
in the cationic iminium and neutral alkanolamine forms, and a
positive moiety exits in the aromatic ring of the molecule. Many
studies have shown that SA has impressive biological activity and
drug developmental potentials, especially for the treatment of
chronic human diseases, such as cancer and asthma (Basu and
Kumar, 2016).

Several studies demonstrated that Macleaya cordata extracts
improved gut health of early-weaned piglets (Chen et al., 2018),
alleviated oxidative damage induced by weaning in the lower gut of
young goats (Chen K. et al., 2020), and improved intestinal barrier
function in growing piglets (Liu et al.,, 2016). It has been reported
that SA has protective effects in acetic acid-induced ulcerative colitis
in mice (Niu et al., 2013). However, whether SA can relieve small
intestine inflammatory injuries induced by NSAIDs has not been
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reported. This study unraveled for the first time that SA could
from NSAIDS-induced
inflammatory lesions by regulating the Nrf2/NF-kB pathways.

prevent intestinal epithelial cells

Materials and methods
Materials

Sanguinarine and berberine were purchased from Beijing
Solarbio Science & Technology Co., Ltd. and Shanghai Yuanye
Bio-Technology Co., Ltd., respectively. Indomethacin was purchased
from MedChemExpress Bio-Technology Co., Ltd., United States.
Antibodies against Keap-1 (ab119403), Nrf2(ab89443 and ab62352),
HO-1 (ab189491 and ab68477), Claudin-1 (ab180158) and ZO-1
(ab276131) proteins were purchased from ABCOM; CBP (#7389),
NF-kB p65 (#8242) and phospho-NF-kB p65 (#3033) were
purchased from Cell Signaling Technology. Phospho-NF-kB p65
(sc-136548), Nrf-2 (sc-365949) were purchased from Santa Cruz
Biotechnology, Inc. p-actin (20536-1-AP), GAPDH (60004-1-Ig),
horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody
(SA00001-2), HRP-conjugated goat anti-mouse antibody (SA00001-
1), and Alexa Fluor 488-conjugated goat anti-mouse antibody
(SA00013-1) were products of Proteintech Co., Ltd.
Cy3 conjugated Goat anti-Rabbit IgG (H+L) (GB21303) and
Cy3 conjugated Donkey anti-Rabbit IgG (H+L) (GB21403) were
purchased from Servicebio Co., Ltd.

Kits of tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6),
and interleukin-1B (IL-1B) were purchased from Wuhan Huamei
Biological Engineering Co., LTD. The CCK-8 kit was purchased from
BioSharp. LDH, MDA and SOD kits were purchased from Nanjing
Jiancheng Institute of Biological Engineering. DMEM (Zq-100), 10%
newestern blotorn bovine serum (AU0600), 1%P/S (CSP006), and
insulin (10 pg ml™', Csp001-10) were all purchased from Shanghai
Zhonggqiao Xinzhou Biotechnology Co., Ltd.

Three types of Nrf2 siRNA were provided by Sangon Biotech
(Shanghai) Co., Ltd. Their sequences are as follows:

1. R Nrf2a-539: sense (5'-3') GCCAGGCCAUAGACAUCA
ATT, antisense (5'-3) UUGAUGUCUAUGGCCUAACTT

2. R Nrf2a-869: sense (5'-3') CCAAGCAUAUCACAACCA
UTT, antisense (5'-3') AUGGUUGUGAUAUGCUUGGTT

3. R Nrf2a-1470: sense (5'-3') GCUAAAUCAGCCUGAAUU
ATT, antisense (5'-3') UAAUUCAGGCUGAUUUAGCTT.

Animals

Male SPF grade clean SD rats at 180-200 g were purchased
from Hunan Silaike Jingda Laboratory Animal Co., Ltd. Rats
were maintained in an air-conditioned (24 + 2°C) room with light
cycle of 12 hlight + 12 h dark and humidity at 50% + 5% with free
access to drink and food. The animal studies were performed in
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accordance with the Animal Ethics Guide of Experimental
Animal Society of China and approved by the Hunan
University of Chinese Medicine (SYXK (xiang)2019-0009).

Development of rat small bowel
inflammation induced by indomethacin

According to the literature method (Nandi et al., 2010), a
total of 60 male SD rats at 180-200 g were randomly divided into
6 groups (n = 10 each): saline control (Ctrl), indomethacin (Indo,
7.5 mg kg™"), berberine positive control (Ber, 60 mg kg™), Indo +
SA at low-dose (SA-L, 0.33 mg kg ™), Indo + SA at medium-dose
(SA-M, 1.0mgkg") and Indo + SA at high-dose (SA-H,
3.3mgkg™). After 3days of adaptive feeding, SA and Ber
groups were administered with SA or berberine at indicated
doses by gavage for 3 days. Thereafter, except for the Ctrl group
delivered with saline, all rats were given indomethacin at
7.5 mgkg ™' subcutaneously, once a day for 2 days, SA and Ber
were administered simultaneously and continued to be
administered by gavage until the ninth day.

Abdominal cavity macroscopy and colonic
mucosa damage index scores

24 h after the last dose of SA or berberine, the rats were
deeply anesthetized, the abdominal cavity was opened, and the
small intestine effusion, redness, adhesions and necrosis were
evaluated and recorded by macroscopy. Jejunum tissues were
then excised, washed with ice phosphate buffer (PBS), and
longitudinally opened along the mesentery to observe jejunum
mucosal ulcers, erosion, hyperplasia and other conditions.

The colonic mucosa damage index (CMDI) scores were
evaluated as reported in literature (Gautam et al, 2016; Ke
et al, 2019): 0 point: no gross lesions; 1 point: mild
hyperemia, edema, smooth surface, but no erosion or ulcers;
2 points: hyperemia, edema, rough and granular mucosa, erosion
or intestinal adhesion; 3 points: high hyperemia and edema,
the
longitudinal diameter of the ulcer is less than 1 cm, intestinal

mucosal necrosis and ulcer formation, maximum
wall thickening or necrosis and inflammation on the surface;
4 points: high degree of hyperemia and edema, mucosal necrosis
and ulceration, the maximum longitudinal diameter of
ulceration >1 cm, or necrosis of the whole intestinal wall and

dilation of the intestinal lumen that may lead to death.

Histological analysis and tissue damage
index scores

Jejunum tissues of rats were taken for routine fixation and
paraffin embedding, followed by sectioning and H&E
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FIGURE 1

Protection of SA on small bowel inflammatory lesions induced by indomethacin in rats. Male SD rats at 180-200 g were treated with
indomethacin (Indo, 7.5 mg kg™) alone or with sanguinarine (SA, 0.33 mg kg%, 1.0 mg kg™, 3.3 mg kg™, SA-L, SA-M and SA-H, respectively) or with
berberine (Ber, 60 mg kg™). Tissue sections of the jejunum and H&E (Hematoxylin and eosin) staining were prepared. (A) The body weight change of
rats. (B) Gross damage of small intestine. (C) Jejunum intima macroscopy observations, showing mucosal lesions. (D) Colonic mucosal damage
index (CMDI). (E) Representative images of jejunum histology (magnification at x200). (F) Tissue damage index (TDI). Arrows indicate typical
pathological changes. Data are presented as the mean + SD (n = 9). p < 0.05 and ##p < 0.01 vs., control (Ctrl). *p < 0.05 and **p < 0.01 vs.

indomethacin (Indo).
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staining and then histologically estimated under light
microscope. Tissue damage index (TDI) scores were
evaluated according to standards previously reported (Xu
et al., 2020). The scoring indexes were set up at 0-3 points
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according to the degree of lesions, including epithelial injury,
ulcer depth, lymphocyte infiltration, edema and infiltration
of inflammatory cells (such as neutrophils and eosinophilic
cells).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.960140

Lin et al.

Cell culture

Rat small intestinal crypt epithelial cells (IEC-6, ZQ0783)
were provided by the Cell Bank of the Chinese Academy of
Science (Shanghai, China). IEC-6 cells were cultured and
maintained in DMEM medium with 10% newestern blotorn
bovine serum, 1% penicillin/streptomycin and 10 pg mL™
insulin in a humidified incubator with 5% CO, and 95% O,
at 37°C (Fan et al., 2021).

For drug treatment, IEC-6 cells were spread in 6-well plates at
a density of 2 x 10° cells/well and pre-treated with SA (0.25, 0.5,
and 1.0 umol L™") or berberine at 30 mmol-L'for 12 h, followed
by 300 umol L' indomethacin for 24 h. Indomethacin vehicle
was used as a control.

Evaluation of cell viability

IEC-6 cells were incubated in 96-well culture plates at
5.0x10° cells per well for 24h, followed IEC-6 cells were
preincubated with SA (0.25-1.0 umol L™") in the medium for
12 h, and then indomethacin (300 pmol L™') was added for 24 h
of continuing treatment. According to the instructions of the
CCK-8 kit, 10% CCK-8 solution was added to the wells (100 pl/
well) for 2-2.5 h. The absorbance (OD values) of IEC-6 cells at
450 nm was read using a microplate reader. Cell viability (%) =
(ODreatment=ODplant)/(ODcontroi=ODplank) X 100%.

Measurement of lactate dehydrogenase,
Malondialdehyde and super oxide
dismutase

An appropriate amount of protein from the rat jejunum tissues
or IEC-6 cells were processed. The serum was collected from
abdominal aorta, placed at 4°Cfor 30 min, and centrifuged at
1000g and the supernatant was taken. The cell culture
supernatant was collected directly and centrifuged at 4000 g
before use. Protein concentrations were quantified by BCA
method. The levels of LDH, MDA and SOD were measured and
calculated according to the instructions of LDH, MDA and SOD,
respectively. LDH/MDA/SOD = (Measured OD value-control OD
value)/(standard OD value-blank OD value) x
concentration/protein concentration of the tested sample.

standard

Measurement of IL-1B, IL-6 and TNF-a

100 mg of rat jejunum tissues were accurately weighed, added
into 500 pl cold PBS and homogenized with a tissue grinding
apparatus at 4°C for 3 times with 45 s grinding and 20 s interval
each time. After centrifuged at 7000 ¢ for 10 min, then the
supernatant was collected and protein concentrations were
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quantified by BCA method. TNF-a, IL-6 and IL-1p were
detected in accordance with the ELISA Kit instructions.

Molecular docking analysis

Molecular docking analysis of Sanguinarine in the kelch
pockets of Keap-1 was performed using Gold 3.0. The small
ligand-binding C-terminal kelch domain of the human Keap-1
(PDB: 4XMB) was selected as described in previous studies
(Georgakopoulosl et al., 2016; Jain et al., 2015).

Western blotting

100 mg of tissues from the rat jejunum were taken and
cleaned with PBS at 4°C, followed by homogenization in RIPA
with protease inhibitors (100:1) at 4°C for 3 times with 45s
grinding and 20s interval each time. Centrifugation was
performed at 16,000 ¢ for 15min, and the supernatant was
taken. BCA kit
Bromophenol cyanogen loading buffer was

was used for protein quantification.
added and
denatured at 100°C for 10 min. Western blot was performed
by SDS-PAGE gel electrophoresis, and the target proteins were
isolated by 6%-10% SDS-PAGE electrophoresis, blotted onto the
PVDF membrane, and then sealed with 5% milk or 5% BSA
(prepared in TBST) for 1 h. Primary antibodies against Keap-1,
Nrf2, HO-1, p65, p-p65, CBP or ZO-1 was added and incubated
overnight at 4°C. Secondary antibodies corresponding to primary
antibody hosts were incubated next day at 37°C for 1 h, and then
exposed. The gray values of the target protein bands were

calculated using Image ] Software.

Immunofluorescence and colocalization
analysis

Jejunum tissues were formalin fixed and paraffin embedded,
and 3 mm sections were dewaxed in the following order: xylene I
for 15min, xylene II for 15 min, anhydrous ethanol for 15 min,
85% ethanol for 5 min, 75% ethanol for 5 min, distilled water for
5 min.Then the antigen was repaired with EDTA repair solution
(pH: 8.0-9.0) and hydrophobic histochemical pen was used to
block the hydrosphere. After the slides were sealed in 3%-5%
BSA for 30-60 min primary antibody was added and incubated
overnight at 4°C, followed by respective secondary antibodies
conjugated with fluorescence.

IEC-6 cells were treated with 4% paraformaldehyde for
15 min, then treated with 0.1% Triton/PBS at 4 °C and
permeabilized for 10-20 min according to the expression
position of the target protein. Then IEC-6 cells were
incubated with 3-5% BSA for 1h followed by primary
antibody overnight at 4 “C. On the second day, the jejunum
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Protection of SA on mucosal barrier of jejunum in indomethacin-treated rats. Male SD rats were treated with indomethacin (Indo, 7.5 mg kg™)

alone or with sanguinarine (SA, 0.33 mg kg™, 1.0 mg kg™, 3.3 mg kg™, SA-L, SA-M and SA-H, respectively) or with berberine (Ber, 60 mg kg™).The
jejunum tissue samples of SD rats were collected and prepared according to the requirements of the detection kit. Chemiluminescence was utilized
to measure the levels of tissue lactate dehydrogenase (LDH) (A). Western blot was used to measure the expression of tight junction proteins

zonula occludens-1 (ZO-1) and claudin-1 (B—D). The laser confocal immunofluorescence assay was used to detect the location and expression
levels of ZO-1, and the small box represents the typical fluorescence area, which is enlarged and placed to the right of the whole fluorescence field
(E,F). Data are presented as the mean + SD (n = 3). *p < 0.05 and *#p < 0.01 vs. control (Ctrl). *p < 0.05 and **p < 0.01 vs. indomethacin (Indo).

sections and IEC-6 cells were washed with PBS for 3 times, 5min/
per time, and then incubated with corresponding fluorescence
secondary antibody for 1h. After washed with PBS 3 times,
5min/per time, DAPI was used to stain the nuclei. Nikon A1R
confocal microscope was used for evaluation, Image J and Image-
Pro Plus software was used for Image analysis.

siRNA silencing

The IEC-6 cells were inoculated in antibiotic-free

medium, and the number of cells was controlled at
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50%-60% confluence 24 h after inoculation. Before siRNA
transfection, cells were rinsed with PBS for 3 times, and the
medium was replaced with serum-free medium. SiRNA was
diluted with Opti-MEM medium (reduced serum) until the
final concentration at 50 n mol-L™', and then mixed gently.
diluted with Opti-MEM
incubated at room temperature for 5min. The diluted

Lipofectamine2000 was and
siRNA and lipofectamine2000 were gently mixed and
incubated at room temperature for 15 min. The mixture of
siRNA and lipofectamine2000 was then added into the
medium, and the whole process was completed within
30 min. 4-6 h after transfection with siRNA, the IEC-6 cells
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FIGURE 3

Inhibition of SA on indomethacin-induced intestinal infammatory response and oxidative stress in rats. Male SD rats were treated with
indomethacin (Indo, 7.5 mg kg™) alone or with sanguinarine (SA, 0.33 mg kg%, 1.0 mg kg™, 3.3 mg kg™, SA-L, SA-M and SA-H, respectively) or with
berberine (Ber, 60 mg kg™). The jejunum tissue of SD rats was collected and the supernatant was homogenized. After the protein was balanced, it
was detected by ELISA, and the serum was detected by oxidative stress index. (A) Inflammatory cytokines. TNF-a (left), IL-6 (middle), and IL-1f
(right) were measured by ELISA. (B) Oxidative stress. Super Oxide Dismutase (SOD) and Malondialdehyde (MDA) were estimated using a colorimetric
assay kit and a chemiluminescent assay kit, respectively. Data are presented as the mean + SD (n = 6). *p < 0.05 and ##p < 0.01 vs. control (Ctrl). *p <

0.05 and **p < 0.01 vs. indomethacin (Indo).

were incubated in serum-containing medium. When the cell
confluence reached at 90%, the cells were incubated with Ber
or SA for 12 h, and then treated with indomethacin for 24 h.
Total protein of the cells was extracted, and the expression of
related proteins was detected.

Statistical analysis

Data are displayed as a mean of at least three separate
experiments + standard deviation (SD). For the comparisons
between two groups, Student’s t-test was used for independent
samples. One-way analysis of variance (ANOVA) test with
Dunnett’s method was performed to compare multiple
groups. A p-value =0.05 was considered statistically
significant.  GraphPad Prism version 8.0 software
(GraphPad Software, Inc., La Jolla, CA, United States) was
used for statistical analyses.

Frontiers in Pharmacology 07

Results

Protection of Sanguinarine on small bowel
inflammatory lesions induced by
indomethacin in rats

Weight change is an important indicator for intestinal
inflammation and drug prevention and treatment of the
inflammatory lesions in animal modeling (Yuan et al,
2019). In order to evaluate the protective effects of SA on
indomethacin-induced small bowel inflammatory injury, SD
rats with a body weight of 180-200g were selected for
modeling studies. The weight of rats was measured every
day, and feeding and activity of rats were monitored daily.
The results showed that control rats continued to gain weight
with an average of 4% per day during the study period, but the
indomethacin-treated rats stopped growth on the second day
of drug delivery and then began to lose weight with 6% per
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FIGURE 4

SA inhibited the NF-kB expression but increased Nrf2 and HO-1 expression in small intestinal mucosa of indomethacin-treated rats. Male SD

rats were treated with indomethacin (Indo, 7.5 mg kg™) alone or with sanguinarine (SA, 0.33 mg kg%, 1.0 mg kg™, 3.3 mg kg™, SA-L, SA-M and SA-H,
respectively) or with berberine (Ber, 60 mg kg™). Protein was extracted from rat jejunum and tissue sections were prepared. (A—G) Protein levels of
NF-KB p-p65, Keap-1, Nrf2, nucleus-Nrf2 and HO-1 evaluated by western blot with p-actin as an internal control. Data were calculated from at
least three independent experiments. (H-K) Location and expressions of NF-kB p-p65 and Nrf2 in jejunum were detected by laser confocal
immunofluorescence assay (magnification at x200). NF-kB p-p65 and Nrf2 were labeled with FITC-red and FITC-green, respectively. The nuclei
were stained with DAPI. The small box represents the typical fluorescence area, which is enlarged and placed to the right of the whole fluorescence
field. Data are presented as the mean + SD (n = 3). *p < 0.05 and #*#p < 0.01 vs. control (Ctrl). *p < 0.05 and **p < 0.01 vs. indomethacin (Indo).
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FIGURE 5

SA improved viability, permeability and barrier function of indomethacin-treated IEC-6 cells. IEC-6 cells were treated with indomethacin (Indo,

300 pmol L™) and/or sanguinarine (SA, 0.25, 0.5, and 1.0 umol L™, SA-L, SA-M and SA-H, respectively) or with berberine (Ber, 30 mmol L™), and cell
viability was measured by CCK8 assay. (A) Viability of IEC-6 cells. Original pictures of IEC-6 cells (left, magniﬁcation at x200); Protection of SA on
indomethacin cytotoxicity (right). (B) LDH released from the IEC-6 cells, measured by chemiluminescence (n = 8). (C) Protein levels of ZO-1
estimated by western blot (n = 3). (D,E) Laser confocal immunofluorescent staining (n = 3). Left, images; Right, quant|ﬁcat|on. Data are presented as
the mean + SD. *p < 0.05 and *#p < 0.01 vs. control (Ctrl). *p < 0.05 and **p < 0.01 vs. indomethacin (Indo).

day, reaching the peak on day 6. SA quickly reversed the effect rats in the indomethacin-treated group comparing to the
of indomethacin on rat weight with a good dose-response control. However, these pathologic changes were
relationship (Figure 1A). The effect of 1 mgkg™" SA was significantly relieved in the rats that were administered
similar to that of berberine at 60 mg kg™ with berberine or SA (Figure 1B). Similar changes were

At the same time, marked exudations, effusion, edema, observed in the jejunum intima (Figure 1C) and CMDI
erosion and even adhesion occurred in the abdominal cavity of scores (Figure 1D). The results showed that the jejunum
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FIGURE 6

SA antagonized indomethacin-induced inflammatory and oxidative stress of IEC-6 cells. [EC-6 cells were treated with indomethacin (Indo,
300 pmol L™ and/or sanguinarine (SA, 0.25, 0.5, and 1.0 umol L™, SA-L, SA-M and SA-H, respectively) or with berberine (Ber, 30 mmol L™). (A)
Inflammatory cytokines. TNF-a (left), IL-6 (middle), and IL-1f (right) were measured by ELISA (n = 8). (B) Oxidative stress. MDA and SOD were
detected using a colorimetric assay kit and a chemiluminescent assay kit, respectively (n = 6). Data are presented as the mean + SD. p <
0.05 and #p < 0.01 vs. control (Ctrl). *p < 0.05 and **p < 0.01 vs indomethacin (Indo).

intima in the control group was smooth without hyperplasia
and adhesion, and that in Indo-treated group was swollen,
enlarged with adhesion and serious peritoneal effusion.
Berberine and SA could obviously protect the jejunum
intima from Indo-induced injury in rats.

Small intestinal mucosal barrier (SIMB) plays an
important role in NSAIDs-induced intestinal damage.
Therefore, SIMB protection is the main strategy for
alleviating intestinal injury in NSAIDS users (Lanza et al.,
2009). In the indomethacin-treated rats, we observed obvious
mucosal damage in the small intestine, including edema,
inflammatory cell infiltration, shortened microvilli,
abscission, and wulcers (Figures 1E,F). The microscopic
index (TDI),

significantly increased. Interestingly, SA dose-dependently

pathological score, tissue damage was
reduced the mucosal damage (Figure 1E) and improved the
TDI (Figure 1F). No significant pathological changes of SIMB

were observed in the control rats.
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Rescue by Sanguinarine of intestinal
lactate dehydrogenase production and
mucosal barrier in indomethacin-treated
rats

Increase of tissue lactate dehydrogenase (LDH) is a key
marker of tissue damage and permeability change of cell
membrane (Filez et al., 1987). Small intestinal mucosal
barrier (SIMB) is mainly composed of IECs and Tight
Junctions (TJs) consisting of TJ proteins, such as zonula
occludens 1 (ZO-1), claudin-1, occludin and muco-2
(Pearce et al.,, 2018; Chen L. et al,, 2020). Recently, it has
reported that ZO-1
maintaining the mucosal barrier function and permeability

been has special significance in
of intestinal epithelial mucosa (Yu et al., 2010). The levels of
LDH and TJ proteins of intestinal tissues can effectively reflect
the mucosal barrier function. In this study, Western blotting
and immunofluorescent staining were used to detect the
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expression of T] protein ZO-1 and claudin-1. Tissue LDH was
measured by Colorimetry. Our that
indomethacin enhanced the tissue LDH levels, but SA
decreased the LDH levels in a dose dependent manner

results showed

(Figure 2A). At the same time, in the indomethacin-treated
rats, the expression of ZO-1 and claudin-1 significantly
decreased, but SA and berberine effectively increased the
expression of ZO-1 without remarkable effect on claudin-1
(Figure 2B) which confirmed the Western blot data (Figures
2C,D). Therefore, we mainly observed the effect of SA on ZO-
1 in Immunofluorescence staining. The fluorescence staining
showed that indomethacin treatment decreased the average
fluorescence intensity of ZO-1, and both Ber and SA could
antagonize the effect of indomethacin (Figure 2E).

Inhibition of Sanguinarine on
indomethacin-induced intestinal
inflammatory response and oxidative
stress in rats

It is well known that inflammatory response and oxidative
stress are the key etiological elements in NSAIDs-induced
intestinal damage. Many inflammatory factors, such as

interleukins (IL), tumor necrosis factor o (TNF-a),
chemokines (CKs), matrix metalloproteinases (MMPs),
cyclooxygenases (COXs) and Interferon-y (IFN-y) are

involved. In order to confirm that SA protected intestine
mucosa through inhibition of inflammation and oxidative
stress, we assessed the inflammatory factors (TNF-a, IL-6, and
IL-1p) and oxidative stress factors (MDA and SOD) in jejunum
tissues. The results showed that indomethacin significantly
increased the expression of TNF-a, IL-6 and IL-1P in small
intestine, but SA inhibited the expression of TNF-a, IL-6 and IL-
1P (Figure 3A). Furthermore, results showed that SOD activity
decreased but MDA increased in the intestinal mucosa of
but both berberine and SA
significantly ~antagonized the effects of indomethacin
(Figure 3B). The effects of SA showed a good dose-effect
relationship.

indomethacin-treated rats,

Effects by Sanguinarine on the expression
of NF-«kB, Keap-1, Nrf2 and HO-1 in small
intestinal mucosa of indomethacin-
treated rats

NF-kB, Nrf2 and HO-1 play an important role in NSAIDs-
induced small bowel injury (Wardyn et al., 2015). In order to
elucidate the mechanisms by which SA antagonized
indomethacin-induced intestinal mucosal inflammation, we
analyzed the main inflammatory pathways and signals in NF-

kB molecules involved. In this study, the protein levels of NF-
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kB p65 (p65), Keap-1, Nrf2, nucleus- Nrf2 and HO-1 were
estimated by Western blot (Figures 4A-G) and laser confocal
immunofluorescent analysis (Figures 4H-K). The results
showed that indomethacin reduced the levels of Nrf2,
nucleus- Nrf2 and HO-1 but enhanced the level of Keap-1
and phosphorylated NF-«xB p-p65 (p-p65) (Figures 4A-G). In
contrast, SA increased the expression of Nrf2 and HO-1, but
decreased the expression of Keap-1 and p-p65 in a dose
dependent manner (Figures 4A-G). SA had no marked
effect on non-phosphorylated p65 (Figure 4C). The data
from laser confocal immunofluorescence analysis showed
that Indomethacin treatment enhanced the p-p65 level
(Figure 4H, Figure 4J) with an increase of average
fluorescence intensity and reduced the Nrf2 expression with
a decrease of average fluorescence intensity. On the contrary,
both Ber and SA could upregulate Nrf2 expression and
decrease p-p65 level
(Figure 41, Figure 4K).

in a dose dependent manner

Effects of Sanguinarine on viability,
permeability and barrier function of
indomethacin-treated IEC-6 cells

Epithelial cell is a major component of the intestinal mucosal
barrier (Vancamelbeke and Vermeire, 2017; Fan et al., 2021). To
further evaluate the protection of SA on intestinal mucosa and to
clarify the mechanisms of action, IEC-6 cells were used to
estimate the effects of indomethacin and SA on epithelial cells
(Figure 5A left). Furthermore, we observed that SA dose-
dependently prevented IEC-6 «cells damage induced by
indomethacin at the range of 0.25-1.0 pmolL™" (Figure 5A
right). Therefore, indomethacin at 300 umol L' and SA at
0.25-1 umol L™' were used in the subsequent experimental
studies.

More importantly, in this study, we observed the effects of SA
on membrane permeability and barrier function of IEC-6 cells
demonstrated by LDH release and ZO-1 expression. As shown in
Figure 5B, SA significantly inhibited the indomethacin-induced
LDH release of IEC-6 cells but promoted ZO-1 expression
(Figures 5C-E).

Preventive role of Sanguinarine in
inflammatory and oxidative stress in IEC-6
cells induced by indomethacin

Both inflammatory and oxidative stress induced by
NSAIDs
permeability of intestinal

and increase
To further

confirm the protective role of SA in NSAIDs-induced

can destroy barrier function

epithelial cells.

damage of epithelial cells, we used IEC-6 cells to establish
an indomethacin-induced inflammatory model, and found
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FIGURE 7

Binding of SA to Keap-1to regulate the expression of Nrf2, p-p65, and HO-1in indomethacin-treated IEC-6 cells. Molecular ligand docking was
performed between SA and the KEAP1 using Gold 3.0. I[EC-6 cells were treated with indomethacin (Indo, 300 pmol L™) and/or sanguinarine (SA, 0.25,
0.5, and 1.0 pmol L™, SA-L, SA-M and SA-H, respectively) or with berberine (Ber, 30 mmol L™). Total cell protein and nuclear proteins of IEC-6 cells
were extracted. (A) the structure of SA (left) and interaction of SA and Keap-1 (right). (B—G) Protein levels of Keap-1 increased, but decreased
significantly in Ber and SA treatment groups. The expression of phosphorylated NF-kB p65 (p-p65), Nrf2 and HO-1 in IEC-6 cells, estimated by
Western blot. (H-J) Expression of Nrf2 and p-p65 in IEC-6 cells shown by laser confocal immunofluorescence staining. Nrf2 and p-p65 were labeled
with red and green FITC, respectively. The nuclei were stained with DAPI (magnification at x200). Data are presented as the mean + SD (n = 3). "p <
0.05 and ##p < 0.01 vs. control (Ctrl). *p < 0.05 and **p < 0.01 vs. indomethacin (Indo)
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that SA remarkably inhibited the release of TNF-a, IL-6 and
IL-1p (Figure 6A), reduced MDA levels, and promoted SOD
activity (Figure 6B).

Effects of Sanguinarine on expression of
Keap-1, Nrf2, HO-1 and p-p65 induced by
indomethacin in IEC-6 cells

It has been reported that Nrf2 is the target gene of Keap-1
(Baird and Yamamoto, 2020). In order to clarify the mechanism
that sanguinarine (SA) regulates the Nrf2 pathway, we
investigated the possible binding mode of SA to Keap-1.
Molecular ligand docking in silico was performed between SA
and the Keap-1 kelch domain using Gold 3.0. SA had a fully rigid
structure, with six rings in the same plane, and the conformation
occupied a small space (Figure 7A, left). Docking analysis showed
that SA entered a large hydrophobic cavity and formed a
hydrophobic interaction with Gly364, Tyr334 and Ala556.
Two oxygen atoms in SA formed two hydrogen bonds with
Arg380 (Figure 7A, right). These results suggest that SA could
directly bind with Keap-1 protein and thereby has the potential
for regulating Keap-1/Nrf2 pathway.

We further evaluated the expression of Keap-1, Nrf2, HO-1
and p-p65 (including total p65) in cultured IEC-6 cells in the
presence of indomethacin with or without SA. As shown in
Figure 7B, in the indomethacin-exposed cells, the expression of
Keap-1 increased, but decreased significantly in Ber and SA
treatment groups (Figure 7C). Meanwhile, indomethacin
reduced the levels of Nrf2 and HO-1 proteins, accompanied
by an increase of p-p65. SA promoted Nrf2 and HO-1 expression
but downregulated p-p65 in a dose dependent manner (Figures
7D-G). Both indomethacin and SA had no effects on non-
p65 7E).
immunofluorescence staining analysis further confirmed the
effect of SA on the expression of Nrf2 and p-p65 in IEC-6
cells (Figures 7G,H).

phosphorylated (Figure Confocal

Effects of Sanguinarine on endonuclear
expression and co-localization of Nrf-2,
p-p65 and CBP in IEC-6 and the role of
Nrf2 silencing

It has been reported that the negative cross-talk between
Nrf2 and NF-kB is related to competitive combination with
transcriptional co-activator CBP complex (Liu et al., 2008).
We proposed that anti-inflammatory effect of SA might be
related to its regulation of competitive binding of Nrf2 or
p-p65 with CBP. Therefore, we further detected endonuclear
levels of Nrf2, p-p65 and CBP. The results showed that SA
increased Nrf2 level in the nucleus and decreased the p-p65 level,
but had no effect on CBP expression (Figures 8A-C). It is well
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known that Nrf2 and NF-kB counteract in regulation of redox
state and inflammatory stress in cells (Cuadrado et al., 2014). In
order to further confirm the action of SA on the expression of
inflammatory factors through balancing the pathways of
Nrf2 and NF-kB, we evaluated the effects of Nrf2 silencing on
p-p65 expression and nuclear translocation using siRNA
interference technology and confocal immunofluorescent
staining assays. Our results showed that siRNAs targeting
Nrf2 effectively decreased Nrf2 expression (Figure 8D).
Meanwhile, the expression and nuclear entrapment of p-p65
increased significantly after Nrf2 silencing, and the inhibitory
effect of SA and berberine on p-p65 expression was almost
nullified by Nrf2 silencing (Figures 8E-G). More importantly,
we observed the colocalization of Nrf2 with CPB and p-p65 with
CBP by confocal fluorescence microscope. CBP was distributed
in the nucleus in a dot shape. In ICE-6 cells exposed to
indomethacin, the co-localization of Nrf2 and CBP decreased,
while the co-localization of p-p65 and CBP increased. SA
treatment could antagonize the effect of indomethacin, and
the effect of SA was abolished by Nrf2 siRNA interference
(Figures 8H,I).

Effects of Nrf2 silencing on the expression
of ZO-1, levels of inflammatory factors,
super oxide dismutase activity and
Malondialdehyde content of IEC-6 cells
induced by indomethacin

To further confirm the role of Nrf2 in SA protecting small
intestine against NSAIDs injury, we investigated the effect of
Nrf2 gene silencing on SA anti-inflammatory, anti-oxidation and
protecting cellular barrier function in a model of IEC-6 cell injury
induced by indomethacin. The results showed that SA-H (1.0 u
M) was found to significantly inhibit the release of inflammatory
factors TNF-a, IL-6 and IL-1 B (Figure 9A). And the inhibitory
effect of SA was blocked by Nrf2 silencing. SA decreased the level
of MDA and promoted the activity of SOD, which were both
significantly reversed by Nrf2 silencing (Figure 9B). Similarly, we
observed the effect of SA on the membrane barrier function of
IEC-6 cells, and found SA decreased LDH release and increased
the level of membrane protein ZO-1. However, as shown in
Figures 9C,D, the effects of SA on ZO-1 expression and LDH
release were obviously reduced after Nrf2 silencing.

Discussion

NSAIDs are extensively used in clinical practice, such as
treating rheumatoid arthritis, for their prominent characteristics
of anti-pyretic, anti-inflammatory and analgesic properties.
However, some  patients serious

may  experience

gastrointestinal adverse effects, including dyspepsia, heartburn,
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FIGURE 8

Regulation of SA on endonuclear expression and co-localization of Nrf2, p-p65 and CBP in IEC-6 and the effect of Nrf2 interference. IEC-6 cells
were treated with indomethacin (Indo, 300 pmol L™) and/or sanguinarine (SA, 0.25, 0.5, and 1.0 ymol L™, SA-L, SA-M and SA-H, respectively) or with
berberine (Ber, 30 mmol L™). (A-C) Effects of SA on the expression of NRF-2, p-p65 and CBP in IEC-6. (D) Effects of different Nrf2 siRNAs on the
Nrf2 levels of IEC-6 cells. [IEC-6 cells were treated with 3 different Nrf2 siRNAs (50 nM), scrambled duplex (a blank control) or GAPDH siRNA (a
positive control of RNA silencing). The expression of Nrf2 and GAPDH was measured by Western blot. (E-G) Effects of Nrf2 siRNA on the Nrf2 levels
of IEC-6 cells at the present of indomethacin. (H,l) Effect of Nrf2 siRNA on location of Nrf2 and p-p65 in IEC-6 cells shown by laser confocal
immunofluorescence staining. Nrf2 and p-p65 were labeled with green and red FITC, respectively. Nuclei were stained with DAPI. The upper right
corner of the Merge diagram is the scatter plots of Nrf2 (green) and p-p65 (red), with the ordinate of Nrf2 and the abscis of p-p65. Data are presented

as the mean + SD (n = 3). *p < 0.05 and ##p < 0.01 vs. control (Ctrl).
Indo+SA-H.

peptic ulcer, bleeding, and perforation, etc. Patients often have to
stop taking NSAIDs due to the side effects. For a long term,
gastrointestinal damage induced by NSAIDs was thought to
occur mainly in the colon, but in recent years, an increasing
number of reports showed that NSAIDs could result in small

intestine injuries (Graham et al., 2005; Maiden et al,, 2005;
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Yp < 0.05and YVp < 0.01 vs.

Matsumoto et al., 2008). With the recent discovery that the
small intestine is involved in the regulation of enterohepatic
circulation (Chen et al., 2021), gut-brain Axis (Bauer et al., 2016),
and especially, the host immune function (Kim et al, 2016;
Schluter et al., 2020; Chen et al., 2021; Wastyk et al., 2021),

the small intestine has also been emphasized as an therapeutic
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FIGURE 9

Effects of Nrf2 silencing on the expression of ZO-1, levels of LDH, inflammatory factors, SOD activity and MDA content of IEC-6 cells induced by
indomethacin. IEC-6 cells were treated with indomethacin (Indo, 300 pmol L™) and/or sanguinarine (SA, 1.0 pmol L™%, SA-H) or with berberine (Ber,
30 mmol L™). (A) Inflammatory cytokines. TNF-a (left), IL-6 (middle), and IL-1p (right) were measured by ELISA (n = 9). (B) Oxidative stress parameters
of MDA and SOD were detected using a colorimetric assay kit and a chemiluminescent assay kit, respectively (n = 6). (C) Protein levels of ZO-1
evaluated by western blot (n = 3). (D) LDH released from the IEC-6 cells, measured by chemiluminescence (n = 8). Data are presented as the mean +
SD. #*p < 0.05 and #**p < 0.01 vs. control (Ctrl). *p < 0.05 and **p < 0.01 vs. indomethacin (Indo). Yp < 0.05 and YVp < 0.01 vs. Indo+SA-H.
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FIGURE 10

Hypothetic model of SA protection from NSAIDs-indued inflammatory damage of small intestine through regulating the Nrf2/NF-KB pathways.
Under the stimulation of NSAIDs and other inflammatory factors, the inflammatory pathway of NF-kB is activated in epithelial cells and intestinal tract.
P65 (an active subunit of NF-KB) is phosphorylated and depolymerized from the inflammatory complex composed of p65, p50 and IkB-a. Then
phosphorylated p65 (p-p65) enters the nucleus, binds with its target gene under the guidance of CBP, and induces the expression of
inflammatory factors TNF-q, IL-6 and IL-1p, which activate the inflammatory response of IEC-6 cells and intestinal mucosa, leading to inflammatory
lesions. SA binds to Keap-1, inhibits Keap-1 and increases cellular expression of Nrf2, which competes with p-p65 to bind to CBP in the nucleus, and
then reduce the expression of TNF-a, IL-6 and IL-1p. On the other hand, the increased Nrf2/CBP complexes promote the expression of HO-1 (target
gene of Nrf2), so as to counteract the effects of inflammatory factors TNF-a, IL-6 and IL-1p.

target for NSAIDs-induced gastrointestinal inflammation (Leung antibiotic, has a prophylactic effect against intestinal lesions
et al., 2007). The main pathological changes induced by NSAIDs induced by NSAID diclofenac (Fornai et al., 2016). Probiotics
are the damage of endothelial physical barrier due to NSAIDs- is another promising therapy to treat NSAIDs-induced
caused disorders of prostaglandin E synthesis, oxidative stress, enteropathy. Capsule endoscopic studies showed that both
inflammatory stress, immune dysregulation and intestinal Lactobacillus casei (L. casei) and Lactobacillus gasseri (L.
microorganism dysbiosis. gasseri) could mitigate aspirin-induced small bowel injuries
In recent years, many drugs and health products are used to (Endo et al., 2011). In addition, colchicine (Otani et al., 2016),
prevent and treat NSAIDs-induced gastrointestinal lesions. omeprazole (Maiden et al,, 2005), infliximab and etanercept
Misoprostol, a synthetic prostaglandin E1 analogue, was used (TNF-a antagonist) (Watanabe et al., 2014), are also reported
as a first choice for treating low dose aspirin-induced enteropathy to relieve NSAIDs-induced small intestinal damage. However,
and showed to be effective on healing small-bowel ulcers in a the clear effects and mechanisms of these drugs remain unclear
randomized trial (Taha et al., 2018). Rebamipide, a muco- (Watanabe et al., 2020).
protective drug, could relieve NSAIDs-induced gastroduodenal Botanical drugs have obvious advantages in alleviating the small
damage (Kurokawa et al., 2014). Rifaximin, a poorly absorbed intestinal injuries caused by NSAIDs. It has been reported that
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berberine, curcumin, and quercetin could relieve gastrointestinal
injuries of inflammatory bowel disease (IBD) patients or NSAIDs
users (Fan et al, 2021; Wang et al,, 2021). SA is one of the main
alkaloids (isoquinoline alkaloid) in the Macleaya cordata extracts
(MCE) (Qing et al., 2021). In our previous studies, we systematically
investigated the source (Huang et al,, 2018; Qing et al., 2021) and
detection methods Chen et al,, 2009) of SA, analyzed biosynthetic
pathway of SA in Macleaya cordata (Liu et al, 2017) and its
pharmacokinetics following oral and intravenous administration
(Wu et al,, 2013; Hu et al., 2019). It has been reported that SA has a
strong pharmacological activity, such as enhancing innate immunity
(Guan et al,, 2019), protecting intestinal mucosa and antioxidation
(Liu et al, 2016; Guan et al, 2019). Four principal isoquinoline
alkaloids, such as SA, chelerythrine, allocryptopine, chelionine, were
found in the MCE (Huang et al., 2018). Among them, SA possesses
strong anti-tumor, anti-inﬂammatory and antioxidant activities, as
well as promoting animal growth (Ahmad et al., 2000; Rahman et al,,
2016; Palocz et al., 2019; Liu et al,, 2020). SA is a potent inhibitor of
NF-kB (Chaturvedi et al., 1997), mitogen-activated protein kinase
(MAPK) phosphatase-1 (Vogt et al, 2005) and Akt signaling
cascade (Rahman et al, 2016), as well as a strong protective
agent of HO-1 (Park et al,, 2014; Vrba et al, 2012). It has been
reported that SA could inhibit acetic acid-induced ulcerative colitis
by regulating the MAPK/NF-«B pathway in mice (Niu et al,, 2013),
mitigate inflammatory responses in porcine jejunal cells (Palocz
et al, 2019), and enhance growth performance in broilers by
modulating gut microbiome (Liu et al., 2020). However, whether
SA can relieve small intestinal inflammatory injury induced by
NSAID has not been reported.

In the present study, we discovered that SA recovered the body
weight lost by indomethacin in rats and drove a series macroscopic
relieves of small intestine, e.g., intimal ecchymosis, bleeding, edema,
exudation, congestion, adhesion, and CMDI scores (Figure 1).
Histologically, SA significantly reduced the infiltration of
inflammatory cells and ulcer formation of small intestinal
mucosa as shown by H&E staining (Figure 1). Meanwhile, SA
protected intestinal barrier function by promoting ZO-1 expression,
increasing SOD activity, declining of LDH release and MDA
oxidative marker, and inhibiting the expression of TNF-a, IL-1f
and IL-6 in indomethacin-treated rats and IEC-6 cells (Figures 2, 3,
5, 6). Notably, SA inhibited p65 phosphorylation and enhanced the
levels of Nrf2 and HO-1 in both indomethacin-treated rats and IEC-
6 cells (Figures 4, 7).

The integrity of the structure and function of the small
intestinal intima (especially the barrier function) is the basis of
intestinal resistance to inflammation and oxidative stress. The
small intestinal intima barrier mainly includes biological,
immune, chemical and physical barriers. It is well known
that tight junctions and membrane permeability between
intestinal endothelial cells are the main components of the
biological barrier, which play an important role in preventing
intestinal inflammatory injury. Recently, Chen et al. (2021) has
reported that the small intestine is a specific place where the
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immune cells, such as CD4 +T cell, prevent against
inflammation. They found that CD4 +T effector (Teff) cell
need to infiltrate the small intestine lamina propria (siLP), not
the colon, for activating CAR/MDRI pathway, initiating
transcriptional reprogram and sub-specialization. Here the
Teff cells detoxify bile acids and resolve inflammation. Based
on the critical role of small intestinal intima in maintaining the
integrity and stability of small intestine lamina propria, our
study focused on the antagonistic effect of SA on the biological
barrier injury of small intestinal intima and endothelial cell
(IEC-6) caused by indomethacin. Our results showed that SA
could effectively protect the permeability stability of small
intestinal intima and endothelial cell membrane, increase the
expression of TJ protein ZO-1, and reduce the release of LDH
induced by indomethacin (Figures 2, 5B-E).

NEF-«B is a major nuclear transcription factor which regulates
the transcription of inflammatory factors, such as IL-1p, IL-6,
TNF-a and COX-2 (Vallabhapurapu and Karin, 2009) and is
considered as an ideal target for the treatment of NSAIDs-
induced gastrointestinal injuries. It has been shown that in
patients with IBD or NSAID-induced gastrointestinal damage,
the NF-kB signaling pathway was always abnormally activated.
NEF-kB is a heterodimer composed of p50 and p65. Normally,
NE-xB is located in the cytoplasm in a complex with IkB (an
inhibitory protein of NF-«B) (Scheidereit, 2006). When the body
or cell is exposed to exogenous substances (e.g., LPS or
indomethacin) or proinflammatory cytokines (e.g., TNF-a and
IL-1P), IkB is phosphorylated by IkB kinase (IxK) and release
NEF-kB. The activated NF-xB is then translocated into the
nucleus, binds with specific genes and promotes transcription
of TNF-a, IL-1B, IL-6, etc. Our results showed that SA
significantly reduced the level of p-p65 in both cytoplasm and
nucleus, but not on non-phosphorylated p65 (Figure 8).

It is well known that Nrf2 mainly regulates the expression of
antioxidant proteins, such as HO-1 (DeNicola et al., 2011). In
recent years it is found that Nrf2 also plays a key role in
inflammatory disease including IBD (Ahmed et al., 2017;
Mills et al, 2018). Under physiological conditions, Nrf2 is
primarily located in the cytoplasm combining with Keap-1 (a
inhibiting protein of Nrf2) and maintains at a low level through
Keap-1 E3-mediated degradation (Baird and Yamamoto, 2020).
Under the stimulation of ROS, and/or inflammatory cytokines,
Keap-1 mediated Nrf2 degradation is terminated and cytoplasm
Nrf2 is accumulated. Nrf2 is then translocated into the nucleus,
binds to antioxidant response element ARE, and regulates
of HO-1,
participating in Nrf2-mediated NF-xB inhibition. In the

expression antioxidant  proteins, such as
present study, we found that indomethacin decreased the
expression of Nrf2 and HO-1 in both rats and IEC-6 cells,
while SA markedly increased the level of Nrf2 and HO-1 in a
dose dependent manner (Figures 4, 7).

Nrf2 and NF-kB are key regulators for the balance of cellular

redox status and for r inflammatory response through a negative
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crosstalk. Many studies showed the disorders of Nrf2 and NF-«B
NSAIDs-induced
gastrointestinal damage, and Nrf2 activation was involved in the

signaling pathways in IBD patients or
protective effect on indomethacin-induced damage of IEC-6 cells
(Harada et al., 2015; Wardyn et al., 2015; Sivandzade et al., 2019).
Therefore, we proposed that the anti-inflammatory effects of SA on
NSAIDs-induced enteritis could be related to the regulation of
Nrf2 and NF-«B interplay. In order to confirm our hypothesis, we
evaluated the levels of Nrf2 and p-p65 in SA-treated IEC-6 cells with
siRNA interference using immunofluorescence co-localization. We
found that SA induced Nrf2 expression and decreased the level of
PP65, and the effect of SA is cancelled by Nrf2 silencing (Figure 8).
In addition,Nrf2 silencing almost completely counteracted the
protective effect of SA on barrier function, as well as anti-
inflammatory and anti-oxidation effect of SA in indomethacin-
treated IEC-6 cell (Figure 9). More importantly, the effect of SA on
regulating colocalization of Nrf2 with CPB and p-p65 with CBP was
abolished by Nrf2 siRNA interference (Figures 8H,I). These findings
further confirmed that Nrf2 mediated the protective effect of SA
against intestinal inflammatory injury.

Nrf2 regulates NF-xB activity by multiple pathways: such as
modulating p65 activity by interplay with MafK (a s Maf proteins)
(Hwang et al,, 2013), increasing intracellular GSH levels (Ganesh
Yerra et al,, 2013), increasing HO-1 expression and competitively
combining with CBP. The most well-established negative cross-talk
between Nrf2 and NF-xB is a competitive combination with
CBP-p300 complex (Liu et al, 2008). CBP is a transcriptional
co-activator that helps transcription factors, such as p65 and Nrf2,
to initiate transcription of target genes, such as HO-1, TNF-a, and
IL-1. CBP has intrinsic histone acetyltransferase activity which
causes histone acetylation and loosens the chromatin structure.
Thus, DNA is exposed to transcription factors, such as p-p65 and
Nrf2 (Ganesh Yerra et al,, 2013). When Nrf2 combines with CBP, it
forms a complex with ARE to promote the transcription of
Nrf2 targeted gene HO-1. On the other hand, when CBP binds
to p-p65 (at Ser276), it forms a complex with MafK and promotes
the transcription of p-p65 targeted genes, such as TNF-q, IL-6, and
IL-1p (Vanden Berghe et al,, 1999; Hwang et al,, 2013). In this study,
we confirmed that upregulated Nrf2 may increase its binding to
CBP, thus depriving CBP interaction with p65 and thereby
decreasing expression of TNF-q, IL-6 and IL-1p (Figure 10).

Conclusion

We that SA
indomethacin-induced intestinal damage in rats and IEC-6
by
protecting

demonstrated significantly ~ prevented

cells inhibiting stress,

inflammatory and oxidative

intestinal  barrier function. Importantly, we
discovered for the first time that the entero-protection of SA
was mediated through balancing the Nrf2 and NF-«xB pathways.
Our study provides a new mechanism accounting for the

protective role of SA in NSAID-induced intestinal damage.

Frontiers in Pharmacology

18

10.3389/fphar.2022.960140

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material, further
inquiries can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the
Hunan University of Chinese Medicine (SYXK (xiang)2019-
0009), (Ethics number: L1L2020102001).

Author contributions

D-fL and J-gZ designed the research. X-1L, Y-1C, Y-1Z, and
Y-mL completed the experiments. X-1L, R-gF, Y-nS, B-hX,
and XT analyzed the data. D-fL and DC wrote the manuscript.
LQ, L-mL, and KL reviewed the manuscript.

Funding

This work was supported by the National Key R&D
Program of China (2017YFD0501500), National Natural
81773736),
Changzhutan national independent innovation zone special
project (No. 2018XK2106); the Central Government Guided
Local Science and Technology Development Projects (No.
019XF5076), Project of Science and Technology Bureau of
Changsha, Hunan Province (kql801109) and the First-Class
Discipline of Pharmacy Science of Hunan.

Science Foundation of China (No. Hunan

Acknowledgments

We are grateful to Prof. Tuo QH for expert assistance with
preparation of this article.

Conflict of interest

The authors declare that the research was conducted in the
of
relationships that could be construed as a potential conflict

absence any commercial or financial

of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.960140

Lin et al.

affiliated organizations, or those of the publisher, the editors
and the reviewers. Any product that may be evaluated in
this that by
its manufacturer, is not guaranteed or endorsed by the

article, or claim may be made

publisher.

References

Ahmad, N., Gupta, S., Husain, M. M., Heiskanen, K. M., and Mukhtar, H. (2000).
Differential antiproliferative and apoptotic response of sanguinarine for cancer cells
versus normal cells. Clin. Cancer Res. 6, 1524-1528. doi:10.1093/carcin/21.4.849

Ahmed, S. M., Luo, L, Namani, A, Wang, X. J, and Tang, X. (2017).
Nrf2 signaling pathway: Pivotal roles in inflammation. Biochim. Biophys. Acta.
Mol. Basis Dis. 1863, 585-597. doi:10.1016/j.bbadis.2016.11.005

Baird, L., and Yamamoto, M. (2020). The molecular mechanisms regulating the
KEAP1-NRF2 pathway. Mol. Cell. Biol. 40, 000999-e120. doi:10.1128/MCB.
00099-20

Basu, P., and Kumar, G. S. (2016). Sanguinarine and its role in chronic diseases.
Adv. Exp. Med. Biol. 928, 155-172. do0i:10.1007/978-3-319-41334-1_7

Bauer, P. V., Hamr, S. C., and Duca, F. A. (2016). Regulation of energy balance by
a gut-brain axis and involvement of the gut microbiota. Cell. Mol. Life Sci. 73,
737-755. doi:10.1007/s00018-015-2083-z

Chaturvedi, M. M., Kumar, A., Darnay, B. G., Chainy, G. B., Agarwal, S., and
Aggarwal, B. B. (1997). Sanguinarine (pseudochelerythrine) is a potent inhibitor of
NF-kappaB activation, IkappaBalpha phosphorylation, and degradation. J. Biol.
Chem. 272, 30129-30134. doi:10.1074/jbc.272.48.30129

Chen, J., Kang, B., Zhao, Y., Yao, K,, and Fu, C. (2018). Effects of natural dietary
supplementation with Macleaya cordata extract containing sanguinarine on growth
performance and gut health of early-weaned piglets. J. Anim. Physiol. Anim. Nutr.
102, 1666-1674. doi:10.1111/jpn.12976

Chen, K., Liu, Y., Cheng, Y., Yan, Q. Zhou, C, He, Z, et al. (2020).
Supplementation of Lactobacillus plantarum or Macleaya cordata extract
alleviates oxidative damage induced by weaning in the lower gut of young goats.
Animals. 10, 548. doi:10.3390/ani10040548

Chen, L., Li, L, Han, Y,, Lv, B, Zou, S, and Yu, Q. (2020). Tong-fu-li-fei
decoction exerts a protective effect on intestinal barrier of sepsis in rats through
upregulating ZO-1/occludin/claudin-1 expression. J. Pharmacol. Sci. 143, 89-96.
doi:10.1016/j.jphs.2020.02.009

Chen, M. L, Huang, X., Wang, H., Hegner, C,, Liu, Y., Shang, J., et al. (2021). CAR
directs T cell adaptation to bile acids in the small intestine. Nature 593, 147-151.
doi:10.1038/s41586-021-03421-6

Chen, Y. Z, Liu, G. Z, Shen, Y., Chen, B, and Zeng, J. G. (2009). Analysis of
alkaloids in Macleaya cordata (Willd.) R. Br. using high-performance liquid
chromatography with diode array detection and electrospray ionization mass
spectrometry. J. Chromatogr. A 1216, 2104-2110. doi:10.1016/j.chroma.2008.
08.066

Cuadrado, A., Martin-Moldes, Z., Ye, J., and Lastres-Becker, 1. (2014).
Transcription factors NRF2 and NF-kB are coordinated effectors of the Rho
family, GTP-binding protein RAC1 during inflammation. J. Biol. Chem. 289,
15244-15258. doi:10.1074/jbc.M113.540633

DeNicola, G. M., Karreth, F. A., Humpton, T. J., Gopinathan, A., Wei, C,,
Frese, K., et al. (2011). Oncogene-induced Nrf2 transcription promotes ROS
detoxification and tumorigenesis. Nature 475, 106-109. doi:10.1038/
naturel0189

Endo, H., Higurashi, T., Hosono, K., Sakai, E., Sekino, Y., Tida, H,, et al. (2011).
Efficacy of Lactobacillus casei treatment on small bowel injury in chronic low-dose
aspirin users: A pilot randomized controlled study. J. Gastroenterol. 46, 894-905.
doi:10.1007/s00535-011-0410-1

Fan, ], Li, B. R, Zhang, Q., Zhao, X. H., and Wang, L. (2021). Pretreatment of
IEC-6 cells with quercetin and myricetin resists the indomethacin-induced barrier
dysfunction via attenuating the calcium-mediated JNK/Src activation. Food Chem.
Toxicol. 147, 111896. doi:10.1016/j.fct.2020.111896

Filez, L., Stalmans, W., Penninckx, F., Kerremans, R., and Geboes, K. (1987). The
use of biochemical parameters for a qualitative and quantitative assessment of
ischemic damage to the small-intestinal mucosa. Biosci. Rep. 7, 917-923. doi:10.
1007/BF01122124

Fornai, M., Antonioli, L., Pellegrini, C., Colucci, R., Sacco, D., Tirotta, E., et al.
(2016). Small bowel protection against NSAID-injury in rats: Effect of rifaximin, a

Frontiers in Pharmacology

19

10.3389/fphar.2022.960140

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.960140/full#supplementary-material

poorly absorbed, GI targeted, antibiotic. Pharmacol. Res. 104, 186-196. doi:10.1016/
j.phrs.2015.12.031

Ganesh Yerra, V., Negi, G., Sharma, S. S., and Kumar, A. (2013). Potential
therapeutic effects of the simultaneous targeting of the Nrf2 and NF-xB
pathways in diabetic neuropathy. Redox Biol. 1, 394-397. do0i:10.1016/j.
redox.2013.07.005

Gautam, R, Singh, M., Gautam, S., Rawat, J. K, Saraf, S. A, and Kaithwas, G.
(2016). Rutin attenuates intestinal toxicity induced by Methotrexate linked with
anti-oxidative and anti-inflammatory effects. BMC Complement. Altern. Med. 16,
99. doi:10.1186/512906-016-1069-1

Georgakopoulos1, N. D,, 2, J. G., and Wells1, G. (2016). Development of Keap1-
interactive small molecules that regulate Nrf2 transcriptional activity. Curr. Opin.
Toxicol. 1, 1-8. d0i:10.1016/j.cotox.2016.08.002<

Graham, D. Y., Opekun, A. R,, Willingham, F. F,, and Qureshi, W. A. (2005).
Visible small-intestinal mucosal injury in chronic NSAID users. Clin. Gastroenterol.
Hepatol. 3, 55-59. doi:10.1016/s1542-3565(04)00603-2

Guan, G., Ding, S., Yin, Y., Duraipandiyan, V., Al-Dhabi, N. A, and Liu, G.
(2019). Macleaya cordata extract alleviated oxidative stress and altered innate
immune response in mice challenged with enterotoxigenic Escherichia coli. Sci.
China. Life Sci. 62, 1019-1027. doi:10.1007/s11427-018-9494-6

Harada, S., Nakagawa, T., Yokoe, S., Edogawa, S., Takeuchi, T., Inoue, T., et al.
(2015). Autophagy deficiency diminishes indomethacin-induced intestinal
epithelial cell damage through activation of the ERK/Nrf2/HO-1 pathway.
J. Pharmacol. Exp. Ther. 355, 353-361. doi:10.1124/jpet.115.226431

He, Y., Yuan, X,, Zhou, G., and Feng, A. (2018). Activation of IGF-1/IGFBP-
3 signaling by berberine improves intestinal mucosal barrier of rats with acute
endotoxemia. Fitoterapia 124, 200-205. doi:10.1016/j.fitote.2017.11.012

Hu, N. X,, Chen, M,, Liu, Y. S,, Shi, Q,, Yang, B., Zhang, H. C,, et al. (2019).
Pharmacokinetics of sanguinarine, chelerythrine, and their metabolites in broiler
chickens following oral and intravenous administration. J. Vet. Pharmacol. Ther. 42,
197-206. doi:10.1111/jvp.12729

Huang, P., Liu, W., Xu, M,, Jiang, R., Xia, L., Wang, P., et al. (2018). Modulation of
benzylisoquinoline alkaloid biosynthesis by overexpression berberine bridge
enzyme in Macleaya cordata. Sci. Rep. 8, 17988. doi:10.1038/s41598-018-36211-8

Hwang, Y.J., Lee, E. W, Song, J., Kim, H. R, Jun, Y. C,, and Hwang, K. A. (2013).
MafK  positively regulates NF-xkB activity by enhancing CBP-mediated
p65 acetylation. Sci. Rep. 3, 3242. doi:10.1038/srep03242

Iddan, G., Meron, G., Glukhovsky, A., and Swain, P. (2000). Wireless capsule
endoscopy. Nature 405, 417. doi:10.1038/35013140

Jain, A. D., Potteti, H., Richardson, B. G., Kingsley, L., Luciano, J. P., Ryuzoji, A.
F, et al. (2015). Probing the structural requirements of non-electrophilic
naphthalene-based Nrf2 activators. Eur. J. Med. Chem. 103, 252-268. doi:10.
1016/j.ejmech.2015.08.049

Ke, J., Bian, X., Liu, H., Li, B., and Huo, R. (2019). Edaravone reduces oxidative
stress and intestinal cell apoptosis after burn through up-regulating miR-320
expression. Mol. Med. 25, 54. d0i:10.1186/s10020-019-0122-1

Kim, K. S, Hong, S. W., Han, D., Yi, J,, Jung, J., Yang, B. G,, et al. (2016). Dietary
antigens limit mucosal immunity by inducing regulatory T cells in the small
intestine. Science 351, 858-863. doi:10.1126/science.aac5560

Kurokawa, S., Katsuki, S., Fujita, T., Saitoh, Y., Ohta, H., Nishikawa, K., et al.
(2014). A randomized, double-blinded, placebo-controlled, multicenter trial,
healing effect of rebamipide in patients with low-dose aspirin and/or non-
steroidal anti-inflammatory drug induced small bowel injury. J. Gastroenterol.
49, 239-244. doi:10.1007/s00535-013-0805-2

Lanza, F. L., Chan, F. K, and Quigley, E. M. (2009). Guidelines for prevention of
NSAID-related ulcer complications. Am. J. Gastroenterol. 104, 728-738. doi:10.
1038/2jg.2009.115

Leung, W. K., Bjarnason, I, Wong, V. W., Sung, J. J., and Chan, F. K. (2007). Small
bowel enteropathy associated with chronic low-dose aspirin therapy. Lancet 369,
614. doi:10.1016/S0140-6736(07)60282-7

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.960140/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.960140/full#supplementary-material
https://doi.org/10.1093/carcin/21.4.849
https://doi.org/10.1016/j.bbadis.2016.11.005
https://doi.org/10.1128/MCB.00099-20
https://doi.org/10.1128/MCB.00099-20
https://doi.org/10.1007/978-3-319-41334-1_7
https://doi.org/10.1007/s00018-015-2083-z
https://doi.org/10.1074/jbc.272.48.30129
https://doi.org/10.1111/jpn.12976
https://doi.org/10.3390/ani10040548
https://doi.org/10.1016/j.jphs.2020.02.009
https://doi.org/10.1038/s41586-021-03421-6
https://doi.org/10.1016/j.chroma.2008.08.066
https://doi.org/10.1016/j.chroma.2008.08.066
https://doi.org/10.1074/jbc.M113.540633
https://doi.org/10.1038/nature10189
https://doi.org/10.1038/nature10189
https://doi.org/10.1007/s00535-011-0410-1
https://doi.org/10.1016/j.fct.2020.111896
https://doi.org/10.1007/BF01122124
https://doi.org/10.1007/BF01122124
https://doi.org/10.1016/j.phrs.2015.12.031
https://doi.org/10.1016/j.phrs.2015.12.031
https://doi.org/10.1016/j.redox.2013.07.005
https://doi.org/10.1016/j.redox.2013.07.005
https://doi.org/10.1186/s12906-016-1069-1
https://doi.org/10.1016/j.cotox.2016.08.002
https://doi.org/10.1016/s1542-3565(04)00603-2
https://doi.org/10.1007/s11427-018-9494-6
https://doi.org/10.1124/jpet.115.226431
https://doi.org/10.1016/j.fitote.2017.11.012
https://doi.org/10.1111/jvp.12729
https://doi.org/10.1038/s41598-018-36211-8
https://doi.org/10.1038/srep03242
https://doi.org/10.1038/35013140
https://doi.org/10.1016/j.ejmech.2015.08.049
https://doi.org/10.1016/j.ejmech.2015.08.049
https://doi.org/10.1186/s10020-019-0122-1
https://doi.org/10.1126/science.aac5560
https://doi.org/10.1007/s00535-013-0805-2
https://doi.org/10.1038/ajg.2009.115
https://doi.org/10.1038/ajg.2009.115
https://doi.org/10.1016/S0140-6736(07)60282-7
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.960140

Lin et al.

Lin, L, Li, X. Y, Liu, S. S, Qing, Z. X, Liu, X. B,, Zeng, J. G., et al. (2020).
Systematic identification of compounds in Macleaya microcarpa by high-
performance liquid chromatography/quadrupole time-of-flight tandem mass
spectrometry combined with mass spectral fragmentation behavior of Macleaya
alkaloids. Rapid Commun. Mass Spectrom. 34, e8715. doi:10.1002/rcm.8715

Liu, G., Guan, G., Fang, J., Martinez, Y., Chen, S, Bin, P., et al. (2016). Macleaya
cordata extract decreased diarrhea score and enhanced intestinal barrier function in
growing piglets. Biomed. Res. Int. 2016, 1069585. doi:10.1155/2016/1069585

Liu, G. H,, Qu, J., and Shen, X. (2008). NF-kappaB/p65 antagonizes Nrf2-ARE
pathway by depriving CBP from Nrf2 and facilitating recruitment of HDAC3 to
MafK. Biochim. Biophys. Acta 1783, 713-727. doi:10.1016/j.bbamcr.2008.01.002

Liu, X,, Liu, Y., Huang, P., Ma, Y., Qing, Z., Tang, Q., et al. (2017). The genome of
medicinal plant Macleaya cordata provides new insights into benzylisoquinoline
alkaloids metabolism. Mol. Plant 10, 975-989. doi:10.1016/j.molp.2017.05.007

Liu, Z. Y., Wang, X. L., Ou, S. Q,, Hou, D. X, and He, J. H. (2020). Sanguinarine
modulate gut microbiome and intestinal morphology to enhance growth
performance in broilers. PLoS One 15, €0234920. doi:10.1371/journal.pone.0234920

Maiden, L., Thjodleifsson, B., Seigal, A., BjarnasonlII, Scott, D., Birgisson, S., et al.
(2007). Long-term effects of nonsteroidal anti-inflammatory drugs and
cyclooxygenase-2 selective agents on the small bowel: A cross-sectional capsule
enteroscopy study. Clin. Gastroenterol. Hepatol. 5, 1040-1045. doi:10.1016/j.cgh.
2007.04.031

Maiden, L., Thjodleifsson, B., Theodors, A., Gonzalez, J., and Bjarnason, 1. (2005).
A quantitative analysis of NSAID-induced small bowel pathology by capsule
enteroscopy. Gastroenterology 128, 1172-1178. doi:10.1053/j.gastro.2005.03.020

Matsumoto, T., Kudo, T., Esaki, M., Yano, T., Yamamoto, H., Sakamoto, C., et al.
(2008). Prevalence of non-steroidal anti-inflammatory drug-induced enteropathy
determined by double-balloon endoscopy: A Japanese multicenter study. Scand.
J. Gastroenterol. 43, 490-496. doi:10.1080/00365520701794121

Mills, E. L., Ryan, D. G., Prag, H. A., Dikovskaya, D., Menon, D., Zaslona, Z., et al.
(2018). Itaconate is an anti-inflammatory metabolite that activates Nrf2 via
alkylation of KEAP1. Nature 556, 113-117. doi:10.1038/nature25986

Nandi, J., Saud, B., Zinkievich, J. M., Yang, Z.J., and Levine, R. A. (2010). TNF-
alpha modulates iNOS expression in an experimental rat model of indomethacin-
induced jejunoileitis. Mol. Cell. Biochem. 336, 17-24. doi:10.1007/s11010-009-
0259-2

Niu, X, Fan, T., Li, W., Huang, H., Zhang, Y., and Xing, W. (2013). Protective
effect of sanguinarine against acetic acid-induced ulcerative colitis in mice. Toxicol.
Appl. Pharmacol. 267, 256-265. doi:10.1016/j.taap.2013.01.009

Otani, K., Watanabe, T., Shimada, S., Takeda, S., Itani, S., Higashimori, A., et al.
(2016). Colchicine prevents NSAID-induced small intestinal injury by inhibiting
activation of the NLRP3 inflammasome. Sci. Rep. 6, 32587. doi:10.1038/srep32587

Palocz, O, Szita, G., and Csikd, G. (2019). Alteration in inflammatory responses
and cytochrome P450 expression of porcine jejunal cells by drinking water
supplements. Mediat. Inflamm. 2019, 5420381. doi:10.1155/2019/5420381

Park, S. Y., Jin, M. L., Kim, Y. H,, Kim, C. M,, Lee, S. J., and Park, G. (2014).
Involvement of heme oxygenase-1 in neuroprotection by sanguinarine against
glutamate-triggered apoptosis in HT22 neuronal cells. Environ. Toxicol. Pharmacol.
38 (3), 701-710. doi:10.1016/j.etap.2014.08.022

Pearce, S. C., Al-Jawadi, A., Kishida, K., Yu, S., Hu, M, Fritzky, L. F,, et al. (2018).
Marked differences in tight junction composition and macromolecular permeability
among different intestinal cell types. BMC Biol. 16, 19. doi:10.1186/s12915-018-0481-z

Qing, Z., Yan, F., Huang, P., and Zeng, J. (2021). Establishing the metabolic
network of isoquinoline alkaloids from the Macleaya genus. Phytochemistry 185,
112696. doi:10.1016/j.phytochem.2021.112696

Rahman, A., Thayyullathil, F., Pallichankandy, S., and Galadari, S. (2016).
Hydrogen peroxide/ceramide/Akt signaling axis play a critical role in the
antileukemic potential of sanguinarine. Free Radic. Biol. Med. 96, 273-289.
doi:10.1016/j.freeradbiomed.2016.05.001

Scheidereit, C. (2006). IkappaB kinase complexes: Gateways to NF-kappaB
activation and transcription. Oncogene. 25 (51), 6685-6705. doi:10.1038/sj.onc.
1209934

Frontiers in Pharmacology

20

10.3389/fphar.2022.960140

Schluter, J., Peled, J. U,, Taylor, B. P., Markey, K. A., Smith, M., Taur, Y., et al.
(2020). The gut microbiota is associated with immune cell dynamics in humans.
Nature 588, 303-307. doi:10.1038/s41586-020-2971-8

Sivandzade, F., Prasad, S., Bhalerao, A., and Cucullo, L. (2019). NRF2 and NF-kB
interplay in cerebrovascular and neurodegenerative disorders: Molecular
mechanisms and possible therapeutic approaches. Redox Biol. 21, 101059.
doi:10.1016/j.redox.2018.11.017

Taha, A. S., McCloskey, C., McSkimming, P., and McConnachie, A. (2018).
Misoprostol for small bowel ulcers in patients with obscure bleeding taking aspirin
and non-steroidal anti-inflammatory drugs (MASTERS): A randomised, double-
blind, placebo-controlled, phase 3 trial. Lancet. Gastroenterol. Hepatol. 3, 469-476.
doi:10.1016/S2468-1253(18)30119-5

Vallabhapurapu, S., and Karin, M. (2009). Regulation and function of NF-kappaB
transcription factors in the immune system. Annu. Rev. Immunol. 27, 693-733.
doi:10.1146/annurev.immunol.021908.132641

Vancamelbeke, M., and Vermeire, S. (2017). The intestinal barrier: A
fundamental role in health and disease. Expert Rev. Gastroenterol. Hepatol. 11,
821-834. doi:10.1080/17474124.2017.1343143

Vanden Berghe, W., De Bosscher, K., Boone, E., Plaisance, S., and
Haegeman, G. (1999). The nuclear factor-kappaB engages CBP/p300 and
histone acetyltransferase activity for transcriptional activation of the
interleukin-6 gene promoter. J. Biol. Chem. 274, 32091-32098. doi:10.
1074/jbc.274.45.32091

Vogt, A., Tamewitz, A., Skoko, J., Sikorski, R. P., Giuliano, K. A., and Lazo, J. S.
(2005). The benzo[c]phenanthridine alkaloid, sanguinarine, is a selective, cell-active
inhibitor of mitogen-activated protein kinase phosphatase-1. J. Biol. Chem. 280,
19078-19086. doi:10.1074/jbc.M501467200

Vrba, J., Orolinova, E., and Ulrichova, J. (2012). Induction of heme oxygenase-1
by Macleaya cordata extract and its constituent sanguinarine in RAW264.7 cells.
Fitoterapia 83, 329-335. doi:10.1016/j.fitote.2011.11.022

Wang, X., Khoshaba, R., Shen, Y., Cao, Y, Lin, M., Zhu, Y., et al. (2021). Impaired
barrier function and immunity in the colon of aldo-keto reductase 1B8 deficient
mice. Front. Cell Dev. Biol. 9, 632805. doi:10.3389/fcell.2021.632805

Wardyn, J. D., Ponsford, A. H., and Sanderson, C. M. (2015). Dissecting
molecular cross-talk between Nrf2 and NF-kB response pathways. Biochem. Soc.
Trans. 43, 621-626. doi:10.1042/BST20150014

Wastyk, H. C., Fragiadakis, G. K., Perelman, D., Dahan, D., Merrill, B. D., Yu, F.
B., et al. (2021). Gut-microbiota-targeted diets modulate human immune status.
Cell 184, 4137-4153. e14. doi:10.1016/j.cell.2021.06.019

Watanabe, T., Fujiwara, Y., and Chan, F. K. L. (2020). Current knowledge on
non-steroidal anti-inflammatory drug-induced small-bowel damage: A
comprehensive review. J. Gastroenterol. 55, 481-495. doi:10.1007/s00535-019-
01657-8

Watanabe, T., Tanigawa, T., Shiba, M., Nadatani, Y., Nagami, Y., Sugimori, S.,
et al. (2014). Anti-tumour necrosis factor agents reduce non-steroidal anti-
inflammatory drug-induced small bowel injury in rheumatoid arthritis patients.
Gut 63, 409-414. doi:10.1136/gutjnl-2013-304713

Wu, Y., Liu, Z. Y., Cao, Y., Chen, X. J., Zeng,]. G., and Sun, Z. L. (2013). Reductive
metabolism of the sanguinarine iminium bond by rat liver preparations. Pharmacol.
Rep. 65, 1391-1400. doi:10.1016/s1734-1140(13)71498-1

Xu, G, Sun, Y., He, H,, Xue, Q,, Liu, Y., and Dong, L. (2020). Effect of TrkB-
PLC/IP3 pathway on intestinal inflammatory factors and enterocyte apoptosis in
mice with colitis. Acta Biochim. Biophys. Sin. 52, 675-682. doi:10.1093/abbs/
gmaa044

Yu, D., Marchiando, A. M., Weber, C. R, Raleigh, D. R,, Wang, Y., Shen, L., et al.
(2010). MLCK-dependent exchange and actin binding region-dependent anchoring
of ZO-1 regulate tight junction barrier function. Proc. Natl. Acad. Sci. U. S. A. 107,
8237-8241. doi:10.1073/pnas.0908869107

Yuan, Z., Yang, L., Zhang, X, Ji, P., Hua, Y., and Wei, Y. (2019). Huang-lian-jie-
du decoction ameliorates acute ulcerative colitis in mice via regulating NF-kB and
Nrf2 signaling pathways and enhancing intestinal barrier function. Front.
Pharmacol. 10, 1354. doi:10.3389/fphar.2019.01354

frontiersin.org


https://doi.org/10.1002/rcm.8715
https://doi.org/10.1155/2016/1069585
https://doi.org/10.1016/j.bbamcr.2008.01.002
https://doi.org/10.1016/j.molp.2017.05.007
https://doi.org/10.1371/journal.pone.0234920
https://doi.org/10.1016/j.cgh.2007.04.031
https://doi.org/10.1016/j.cgh.2007.04.031
https://doi.org/10.1053/j.gastro.2005.03.020
https://doi.org/10.1080/00365520701794121
https://doi.org/10.1038/nature25986
https://doi.org/10.1007/s11010-009-0259-2
https://doi.org/10.1007/s11010-009-0259-2
https://doi.org/10.1016/j.taap.2013.01.009
https://doi.org/10.1038/srep32587
https://doi.org/10.1155/2019/5420381
https://doi.org/10.1016/j.etap.2014.08.022
https://doi.org/10.1186/s12915-018-0481-z
https://doi.org/10.1016/j.phytochem.2021.112696
https://doi.org/10.1016/j.freeradbiomed.2016.05.001
https://doi.org/10.1038/sj.onc.1209934
https://doi.org/10.1038/sj.onc.1209934
https://doi.org/10.1038/s41586-020-2971-8
https://doi.org/10.1016/j.redox.2018.11.017
https://doi.org/10.1016/S2468-1253(18)30119-5
https://doi.org/10.1146/annurev.immunol.021908.132641
https://doi.org/10.1080/17474124.2017.1343143
https://doi.org/10.1074/jbc.274.45.32091
https://doi.org/10.1074/jbc.274.45.32091
https://doi.org/10.1074/jbc.M501467200
https://doi.org/10.1016/j.fitote.2011.11.022
https://doi.org/10.3389/fcell.2021.632805
https://doi.org/10.1042/BST20150014
https://doi.org/10.1016/j.cell.2021.06.019
https://doi.org/10.1007/s00535-019-01657-8
https://doi.org/10.1007/s00535-019-01657-8
https://doi.org/10.1136/gutjnl-2013-304713
https://doi.org/10.1016/s1734-1140(13)71498-1
https://doi.org/10.1093/abbs/gmaa044
https://doi.org/10.1093/abbs/gmaa044
https://doi.org/10.1073/pnas.0908869107
https://doi.org/10.3389/fphar.2019.01354
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.960140

	Sanguinarine protects against indomethacin-induced small intestine injury in rats by regulating the Nrf2/NF-κB pathways
	Introduction
	Materials and methods
	Materials
	Animals
	Development of rat small bowel inflammation induced by indomethacin
	Abdominal cavity macroscopy and colonic mucosa damage index scores
	Histological analysis and tissue damage index scores
	Cell culture
	Evaluation of cell viability
	Measurement of lactate dehydrogenase, Malondialdehyde and super oxide dismutase
	Measurement of IL-1β, IL-6 and TNF-α
	Molecular docking analysis
	Western blotting
	Immunofluorescence and colocalization analysis
	siRNA silencing
	Statistical analysis

	Results
	Protection of Sanguinarine on small bowel inflammatory lesions induced by indomethacin in rats
	Rescue by Sanguinarine of intestinal lactate dehydrogenase production and mucosal barrier in indomethacin-treated rats
	Inhibition of Sanguinarine on indomethacin-induced intestinal inflammatory response and oxidative stress in rats
	Effects by Sanguinarine on the expression of NF-κB, Keap-1, Nrf2 and HO-1 in small intestinal mucosa of indomethacin-treate ...
	Effects of Sanguinarine on viability, permeability and barrier function of indomethacin-treated IEC-6 cells
	Preventive role of Sanguinarine in inflammatory and oxidative stress in IEC-6 cells induced by indomethacin
	Effects of Sanguinarine on expression of Keap-1, Nrf2, HO-1 and p-p65 induced by indomethacin in IEC-6 cells
	Effects of Sanguinarine on endonuclear expression and co-localization of Nrf-2, p-p65 and CBP in IEC-6 and the role of Nrf2 ...
	Effects of Nrf2 silencing on the expression of ZO-1, levels of inflammatory factors, super oxide dismutase activity and Mal ...

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


