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Purpose: Gastric ulcers (GU) are a disease of the gastrointestinal tract that can be caused by
excessive alcohol consumption and heavy use of nonsteroidal anti-inflammatory drugs. GU
manifests predominantly as pathological damage, such as extensive inflammatory erosion
and superficial bleeding of the gastric mucosa. Oxidative stress damage and the inflammatory
response are now considered important predisposing factors for GU, suggesting that anti-
oxidant and anti-inflammatory drugs could be treatments for GU. Nanoparticle drug carriers
offer many advantages over conventional drugs, such as improved drug efficiency, increased
drug stability, and increased half-life.

Methods: We designed chitosan-bilirubin conjugate (CS-BR) nanoparticles and assessed the
anti-inflammatory and antioxidant abilities of CS-BR in gastric epithelial cells. Then, we
evaluated the intragastric retention time and the anti-ulcer effects of CS-BR in vivo.
Results: The in vitro data showed that CS-BR nanoparticles protect gastric epithelial cells
against oxidative/inflammatory injury. The in vivo study demonstrated that CS-BR nanopar-
ticles accumulate permanently in the stomach and exert powerful antioxidant and anti-
inflammatory effects against GU.

Conclusion: This study applied bilirubin to the treatment of GU and confirmed that CS-BR
nanoparticles are effective at alleviating acute GU in an experimental model. The findings
provide innovative ideas for prophylaxis against or treatment of GU.

Keywords: oxidative stress, inflammation, reactive oxygen species, gastroprotection

Introduction

Gastric ulcers (GU) are a disease of the digestive system characterized by chronic
and recurrent epigastric pain that is caused by an imbalance between mucosa-
offensive factors (gastric acid, reactive oxygen species [ROS]) and mucosa-
defensive factors (gastric mucus and bicarbonate secretion, prostaglandins, nitric
oxide).! Ethanol is one of the most important causes of gastric mucosal damage.
Ethanol stimulation can directly damage gastric mucosal capillary endothelial cells,
resulting in intragastric hemorrhage; aggravating tissue ischemia, thereby impacting
the normal metabolism and function of the gastric mucosa; and weakening the
ability of the mucosa to resist damage and repair.” Previous studies have shown that
ethanol-induced GU mainly result from oxidative stress and an inflammatory
reaction, manifested as extensive erosion and bleeding in the gastric mucosa and
accompanied by massive infiltration of pro-inflammatory cells and the production
of oxygen free radicals as well as immunocytes that aggregate in the ulcerative area
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and induce lymphocyte differentiation.’ In addition, the
accumulation of inflammatory cells and the release of
ROS are involved in the inflammatory response to ulcers;
this accumulation leads to widespread hemorrhagic ulcers
and tissue necrosis, thereby exacerbating the extent of
gastric mucosal damage.* Traditional medications for GU
include the histamine receptor antagonist ranitidine, the
proton pump inhibitor omeprazole, antacids, and gastric
mucosal protection drugs. However, these traditional drugs
have unavoidable adverse effects.’ Therefore, develop-
ment of an effective and safe strategy for protecting the
gastric mucosa through anti-inflammatory and antioxidant
actions is clinically important and urgent.

Bilirubin (BR) is a metabolite of hemoglobin decom-
position in the body. BR is produced in vivo by the
degradation of heme, of which 80% to 90% is derived
from hemoglobin; the rest is derived from heme-
containing proteins, such as myoglobin and cyclooxygen-
ase. Heme in the cytoplasm is degraded by heme oxyge-
nase to biliverdin, which is quickly converted to BR by
biliverdin reductase.®” BR levels in patients with various
diseases have generally been high, so BR is considered
a toxic substance in the body; high concentrations thus
have represented an important clinical indicator of certain
conditions, such as hepatic dysfunction.® It was not until
the 1980s that Stoker et al’ first reported the protective
effect of BR against oxidative damage. BR contains an
extended system of conjugated double bonds and a pair of
reactive hydrogen atoms that is involved in antioxidant
activity via hydrogen donation to an incipient radical.'
Recent studies have shown that BR exert powerful anti-
inflammatory actions against various oxidative stress-
associated diseases, including experimental autoimmune
encephalomyelitis, inflammatory bowel disease, hepatic
ischemia-reperfusion injury, pulmonary fibrosis, and alum-
induced peritonitis."' "> Other reports have confirmed that
physiological concentrations of BR regulate inflammation
by inhibiting nuclear factor kappa-B (NF-«kB) and inflam-
masome activation.'® In addition, previous studies in our
laboratory showed that BR could modulate macrophages
toward the M2-type and enhance the therapeutic effect of
islet transplantation in diabetes mellitus.'” However, BR is
physiologically insoluble in water, which greatly limits its
application in research. Thus, researchers have developed
various pharmaceutical preparations for BR that have
enhanced water solubility and optimized pharmacoki-
netics. For example, Lee et al'® used polyethylene glycol
(PEG) covalently attached to BR to yield PEGylated BR

that self-assembled into nanoscale particles to treat various

inflammatory  diseases.'® We  recently  prepared
a hyaluronic acid-coated polylysine-BR nanoparticle for
acute kidney injury therapy. Reflecting the characteristics
of different diseases, many delivery strategies have been
designed to exploit the therapeutic potential of BR."”
Chitosan (CS) has been widely used in the field of
medical materials and developing drug delivery system
for treatment of GU because of its good mucoadhesive
properties, biocompatibility, non-antigenicity, biodegrad-
ability, and broad-spectrum antimicrobial properties.**'
When used as a bioadhesive material or drug carrier, CS
can adhere to the mucosal lesion and prolong the retention
time of the drug at the lesion site.*** Combining the
natural advantages of CS to construct a drug carrier may
be an effective strategy for treating GU.>* In this study, we
synthesized a conjugate, CS-BR, and self-assembled CS-
BR in solution to form nanoparticles. BR has beneficial
effects

inflammatory and antioxidant capacities. To enhance the

for treatment of GU via its strong anti-
therapeutic potential of BR, we developed CS-BR nano-
particles that could scavenge ROS and inhibit the secretion
of inflammatory factors in cells and in the body to alleviate
GU. We hypothesized that CS-BR ameliorated the cellular
uptake and gastric retention of BR then exerted anti-ulcer
effects by reducing inflammatory responses and oxidative
stress in the region of the GU, thus protecting gastric cells
and tissue from additional damage. We detected the rele-
vant indicators and confirmed that CS-BR could reduce the
cellular damage caused by the oxidative stress and inflam-
matory responses. Subsequently, the ethanol-induced GU
model was treated with CS-BR, we also found that CS-BR
could reduce the damage of GU by exerting good antiox-
idant and anti-inflammatory effects in gastric tissue. These
data demonstrated the excellent cytoprotective and anti-
ulcer ability of CS-BR nanoparticles.

Materials and Methods

Materials, Cells, and Animals

BR, CS, N-hydroxysuccinimide (NHS), and I-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) were pro-
vided by Macklin Biochemical Co., Ltd. (Shanghai,
China). Cell Counting Kit 8 (CCK-8) was obtained from
Yeasen Biotechnology Co., Ltd. (Shanghai, China). The
superoxide dismutase (SOD) activity kit, the catalase
(CAT) assay kit, the malondialdehyde (MDA) assay kit,
the glutathione (GSH) assay kit, the hematoxylin and eosin
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(H&E) staining kit, the glycogen periodic acid—Schiff
(PAS) stain kit, fluorescein isothiocyanate (FITC), and
lipopolysaccharides (LPS) were purchased from Solarbio
Science & Technology Co., Ltd (Beijing, China). Medium
199 (M199), fetal bovine serum (FBS), bovine serum
albumin (BSA), and trypsin were purchased from Gibco
(Gibco-BRL, Carlsbad, CA, USA). The bicinchoninic acid
(BCA) protein assay kit and ROS assay kit were obtained
from Beyotime Biotechnology (Shanghai, China).
Interleukin-6 (IL-6, 70-EK206/3-96), tumor necrosis fac-
tor-a (TNF-a, 70-EK282/4-96), and prostaglandin E2
(PGE2, 70-EK8103/2-48) enzyme-linked immunosorbent
assay (ELISA) kits were obtained from Multisciences
Biotech Co., Ltd. (Hangzhou, China). The anti-
myeloperoxidase (MPO) antibody (ab208670) and the
anti-CD68 antibody (ab125212) were obtained from
Abcam (Waltham, MA, USA). All other chemicals and
buffer solutions were of analytical grade.

The mouse gastric epithelial cells (primary cells were
isolated from gastric mucosal tissue of mice) were com-
mercially purchased from Procell Life Science &
Technology Co., Ltd (Wuhan, China). The cells were
cultured in M199 supplemented with 10% (v/v) FBS and
1% (v/v) penicillin/streptomycin and then incubated in
a humidified 5% CO, incubator at 37 °C.

Male BALB/c mice (6-8 weeks old, 22-26 g) were
purchased from Shanghai Laboratory Animal Center
(Shanghai, China). Mice were acclimated in a pathogen-
free animal facility for 7 days and then randomly grouped
for experiments. All animal experiments and study proto-
cols were approved by the Animal Care and Use
Committee of Wenzhou Medical University. All proce-
dures involving animals were carried out in accordance
with the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals.

Synthesis and Characterization of CS-BR
To synthesize CS-BR, 50 pmol of BR, 20 umol of NHS,
and 70 umol of EDC were dissolved in 3 mL of dimethyl
sulfoxide (DMSO), and the mixture was stirred for 30 min
at room temperature. Subsequently, CS (0.8% w/v) was
dissolved in 1 mL (1% v/v) of aqueous acetic acid solution
and magnetically stirred until complete dissolution
occurred. The CS solution was elevated to a pH of 6
using 0.01 mol/L of NaOH; CS was maintained in
a fully dissolved state. Then, the CS solution was added
to the BR solution, and this mixture was stirred under
nitrogen gas for 12 h in a dark room. After the reaction,

the mixture solution was dialyzed using a 7-kDa dialysis
membrane for 6 h against distilled water containing 0.01
mol/L of NaOH. After 6 h, dialysis was again performed
against distilled water for another 12 h. The obtained
solution was lyophilized to obtain the final conjugated
product, CS-BR. The CS-BR nanoparticles were obtained
by adding 0.25 mg CS-BR freeze-dried powder into 1 mL
distilled water under stirring at 200 rpm for 10 min, then
placed it in ultrasonic bath (ultrasonic power = 300 W) for
5 min.

FITC-labeled CS-BR was prepared as previously
reported.”>® In brief, a CS-BR solution was added to an
ethanol solution of FITC, and the mixture was stirred at
room temperature for 12 h in a dark room. The mixture
solution was then dialyzed using a 7-kDa dialysis mem-
brane for 8 h against distilled water under light-proof
conditions and was lyophilized to obtain FITC-labeled CS-
BR.

CS-BR was characterized by Fourier transform infrared
(FTIR, Bruker Ltd. Germany) spectroscopy, X-ray diffrac-
tion (XRD, Bruker Ltd. Germany) analysis, proton nuclear
magnetic resonance (IH—NMR, 600 Hz, Bruker Ltd.,
Germany). For '"H-NMR analysis, CS and CS-BR were
dissolved in deuterium oxide (D,0) containing 2% (v/v)
deuterium chloride (DCI), BR was dissolved in deuterated
DMSO (DMSO-d6).

To compare the appearance and ultraviolet-visible
(UV/Vis) spectra of BR after complete dissolution, BR
was firstly dissolved in DMSO (5 mg/mL) and then diluted
with deionized water to 1 mg/mL. The morphology of CS-
BR freeze-dried powder and free bilirubin were also visua-
lized with scanning electron microscopy (SEM, Hitachi
Ltd., Japan). The particle size, polydispersity index
(PDI), and zeta potentials of CS-BR nanoparticles were
measured by Particle Size Analyzers (Anton-Paar, Ltd.,
Austria). The morphology of CS-BR nanoparticles was
also observed using a transmission electron microscope
(TEM, JEOL Ltd., Japan).

In Vitro Toxicity Study of CS-BR

Cell viability was examined using a CCK-8 assay. In brief,
murine gastric epithelial cells were seeded into 96-well
plates (3000 cells/well) and incubated in a humidified 5%
CO, incubator at 37 °C for 24 h. Then, the cells were
treated with different concentrations of CS (2.5-100 ng),
BR (2.5-100 puM) and CS-BR (2.5-100 uM) for another
24 h. Next, 10 pL of 2-[2-methoxy-4-nitrophenyl]-
3-[4-nitrophenyl]-5-[2,4-disulfophenyl]-2H-tetrazolium
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(WST-8) reagent was added to each well and co-cultured
for 2 h. Last, the absorbance of the 96-well plates were
read at 450 nm using a microplate reader (Tecan Safire,
Germany).

In Vitro Assessment of Antioxidant and

Anti-Inflammatory Capacities of CS-BR

To evaluate the antioxidant property of CS-BR, gastric
epithelial cells were exposed to oxidative stress by incuba-
tion with 300 uM of H,O, for 3 h and then were incubated
with BR or CS-BR for 24 h. After incubation, the viability
of the cells was determined by CCK-8 assay. In addition,
CAT and SOD activities as well as the GSH and MDA
content in each group of cells were measured by the
reagent kits according to the manufacturers’ instructions.
Intracellular ROS production in each group was detected
by an ROS fluorescent probe (2,7-dichlorodihydrofluores-
[DCFH-DA]) and observed with the
inverted fluorescence

cein diacetate

microscope (Olympus Corp.,
Tokyo, Japan).

To assess the anti-inflammatory effect of CS-BR, gas-
tric epithelial cells were pre-treated with LPS (5 pg/mL)
for 6 h and incubated with BR or CS-BR for 24 h. Cell
supernatants were then collected to measure the content of
pro-inflammatory cytokines (TNF-a and IL-6) using

ELISA Kkits.

In Vitro Cellular Uptake of CS-BR

The gastric epithelial cells were seeded in 12-well plates
and then treated with FITC labeled CS-BR for 1 h or 2 h,
and cells treated with free FITC as control. Then cells
were washed with PBS solution three times. The DAPI
solution (10 ug/mL) was added and incubated with cells at
room temperature for 10 min, the intracellular fluorescent
intensities were visualized by fluorescent microscope
(Olympus Corp., Tokyo, Japan).

Ethanol-Induced GU Model and In Vivo

Treatment

The ethanol-induced acute GU model was established by
oral administration of ethanol, as in previous reports.?’
The mice were randomly assigned to the following groups
(three rats in each group): GU + saline; GU + BR (10 mg/
kg given orally); and GU + CS-BR (10 mg/kg given
orally). A group of mice that received only saline was
used as the control.

In brief, each group of mice was treated with different
orally administered interventions, as noted in the group
descriptions, once daily for 7 consecutive days. After 7
days, all mice were strictly prohibited from food intake for
24 h but had free access to water. On day 8, all mice
underwent intragastric administration of saline, BR, or CS-
BR. After 30 min, the mice in the treatment groups were
orally administered anhydrous ethanol (2 mL/kg, 50% v/
v), and the mice in the control group were given saline.
One hour after intragastric administration of ethanol/sal-
ine, all mice were sacrificed. The gastric tissues of mice
were rapidly removed and cut along the greater gastric
curvature from the cardia to the pylorus. Subsequently,
the gastric tissues were rinsed with saline, and the severity
of gastric mucosal damage was observed macroscopically.

The GU index (UI) was calculated by ImagelJ software,
as described in a previous report;*® the formula for UI is as
follows: UI = (ulcer partial pixel area) + (total gastric pixel
area) X 100%. The CAT and SOD activities as well as the
GSH and MDA contents in each group of gastric tissues
were detected using the corresponding kits. In addition, the
levels of PGE2, IL-6, and TNF-0 were measured using
ELISA Kits.

The established model was also used to assess the
biosafety of CS-BR after 30 days of treatment. After the
mice were sacrificed and the gastric tissues were observed
for damage, the major organs (heart, liver, spleen, lung,
kidney) were embedded in paraffin and sectioned for sub-
sequent histological analysis experiments. Serum samples
were obtained to determine the levels of aspartate amino-
transferase (AST), alanine aminotransferase (ALT), serum
creatinine (SCr), and blood urea nitrogen (BUN) for
assessments of renal and liver function at Department of
Laboratory Medicine, The First Affiliated Hospital of
Wenzhou Medical University.

In Vivo Distribution of CS-BR

The murine models of GU were also used to evaluate
tissue distribution and gastric retention of CS-BR after
intragastric administration. FITC-labeled CS-BR nanopar-
ticles were prepared to visualize CS-BR distribution
in vivo. After the GU models were established, the mice
were orally administered FITC-labeled CS-BR (10 pg/kg
of FITC), and free FITC solution was used as a control.
The mice were sacrificed at predetermined times (30
min, 60 min, 90 min, and 120 min) after treatments, and
the major organs of mice were removed. The fluorescent
intensity of collected organs was observed with an
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imaging system (PerkinElmer, MA, USA). The mean
fluorescent intensity in gastric tissue (fundus, corpus,
antrum) were quantified with Bruker molecular imaging
software.

In an independent study, murine models of GU admi-
nistered BR or CS-BR orally to mice; the mice were then
sacrificed at predetermined times (30 min, 60 min, 90 min,
and 120 min), and the gastric tissues were collected. The
concentrations of BR in gastric tissues (fundus, corpus,
antrum) at different points in time were determined, as
previously reported.?’

Histological Analysis

The gastric tissues and other organs were cut into appro-
priate tissue blocks and fixed in a 4% paraformaldehyde
solution for 24 h. These samples were removed and rinsed
with saline for 2 h and then dehydrated, embedded, and
sectioned according to the established procedure, as
described in our previous report.>® The sliced samples (5
um) were deparaffinized and stained with H&E and PAS
to detect microscopic gastric injury and the production of
mucopolysaccharide in the stomach. The histopathologic
scoring criteria were determined to evaluate the severity of
the gastric mucosal damage. A previously described scor-
ing method,’'*? with slight modifications, was used:
A score of 0 represented no significant inflammatory
changes in gastric mucosa; a score of 2 represented
a small number of inflammatory cells in the gastric
mucosa with local mucosal thickening. A score of 4 repre-
sented mucosal edema and thickening with focal hemor-
rhage; a score of 6 represented mucosal focal necrosis,
shedding, or obvious thickening; and a score of 8 repre-
sented massive inflammatory cell infiltration with severe
mucosal necrosis.

For immunohistochemistry (IHC) analysis, the tissue
sections were stained with rabbit polyclonal antibody
MPO (ab208670,1:1000, Abcam) and rabbit polyclonal
antibody CD68 (ab125212,1:100, Abcam). After over-
night exposure to the primary antibodies at 4 °C, the
sections were washed with phosphate-buffered saline
three times and incubated with horseradish peroxidase
polymer secondary antibody for 1 h at 37 °C. Then,
dimethylaminoazobenzene was added to manifest posi-
tive areas and the nucleus was stained with hematoxylin
for 3 min. All stained tissue sections were observed
using an optical microscope (Olympus Corp., Tokyo,
Japan).

Statistical Analysis
Student’s ¢-test and the one-way analysis of variance assay
were performed for statistical analysis. P values < 0.05 and
< 0.01 were considered statistically significant. All data
were presented as mean values + standard deviations in
independent experiments.

Results and Discussion

Characterization and Cytotoxicity of

CS-BR

CS-BR was synthesized via the EDC/NHS-based car-
boxyl-ammonia condensation reaction (Figure 1A), as pre-
viously reported.!” The obtained CS-BR was confirmed by
"H-NMR analysis. The 'H-NMR spectra of CS exhibited
a peak at 5.1 ppm due to anomeric proton (H1), the signals
between 3.2 ppm and 3.7 ppm corresponding to protons
H3-H6 of the polysaccharide ring, and the signal at 2.9
ppm is due to the H2 proton of the amine group
(H-amine). The characteristic peaks of BR were found in
the range of 5.1 to 6.9 ppm represented the protons from
the C=C bond of BR, and the signals at 1.9 ppm and 4.0
ppm corresponding to protons on methyl and methylene in
BR respectively. These characteristic peaks were also
observed in the "H-NMR spectra of CS-BR, which indi-
cated the successful conjugation of CS and BR
(Figure 1B). In the FTIR spectrum of CS-BR, the absorp-
tion peaks at 1647 cm ' and 1574 cm ' represented
stretching vibrations of the newly generated amide bond
that was derived from the linkage of the amino group in
CS and carboxylic acid in BR (Figure 1C). The XRD
spectrum of CS and CS-BR showed the distinct diffraction
peak at around 20.2°, whereas multiple peaks in the spec-
trum of BR were observed in the range of 10° to 30°,
which demonstrated the unique crystal structure of BR
(Figure 1D). When the amino group in CS was attached
to BR to form CS-BR, the multiple characteristic peaks of
BR were nonexistent, indicating that the conjugation pro-
cess destroyed the crystal structure of BR. This finding
was corroborated by the SEM results. The SEM images
confirmed that BR lost its crystalline form after bonding
with CS and that CS-BR exhibited an irregular, blocky
structure (Figure 1F). The BR solution appeared bright
CS-BR
a brownish yellow color; this change might be due to the
reaction of CS and BR (Figure 1E). The UV/Vis spectra of
BR and CS-BR exhibited distinctive absorption peaks at
452 nm as a result of the characteristic absorption peak for

yellow, whereas the solution presented as
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BR (Figure 11). The grafting ratio of CS-BR was 33.23% =+
2.79% using the measurement of BR.

We next evaluated the particle size distribution, poly-
dispersity index (PDI), and zeta potential of CS-BR. As
shown in Figure 1G and H, the hydrodynamic diameter of
CS-BR was 233.9 + 6.6 nm, and its PDI value was 0.188 +
0.023. In addition, the TEM image of CS-BR showed that
the nanoparticles exhibited spherical shapes, had smooth
surfaces, and had good dispersibility. These results showed
that we had succeeded in preparing CS-BR nanoparticles
with suitable particle sizes and homogeneous dispersibil-
ity. The zeta potential of CS is positive at 22.8 + 1.3 mV,
whereas BR has a negative charge at —17.1 £ 0.7 mV;
therefore, CS-BR exhibited a positive zeta potential at 6.2
+ 0.8 mV, which meant that positively charged CS-BR
could bind to a negatively charged membrane via electro-
static interaction.

To assess the cytotoxicity of CS-BR on gastric epithe-
lial cells, the cells were treated with BR or CS-BR (2.5—
100 uM) for 24 h, and the cell viability was then deter-
mined under different concentrations of CS-BR treatment
(Figure 1J and K). The viability of cells was maintained at
more than 90% after treatment with CS-BR (2.5-20 uM,
BR equivalent). Unexpectedly, the cell viability still
exceeded 80% when exposed to high levels of CS-BR
(20-100 pM). In addition, chitosan (2.5 pg—100 pg) also
exhibited good cytocompatibility (Figure S2). These evi-
dences suggests that CS-BR has low toxicity to gastric
epithelial cells; therefore, we selected a slightly higher
physiological concentration of CS-BR (20 uM) for subse-
quent experiments.

Assessment of the Antioxidant Effect of
CS-BR

In general, the mucus secreted by gastric epithelial cells
prevented damage to the gastric mucosa by gastric acid
and pepsin.>® However, ethanol stimulation and subse-
quent oxidative stress caused massive apoptosis in the
gastric mucosa, which was an important mechanism for
gastric mucosal damage and the process of GU formation.
Oxidative stress was also a major detrimental factor in the
pathogenesis and progression of acute GU.** Epithelial
cells in the gastric mucosa produced extensive ROS after
stimulation with ethanol. These ROS molecules not only
were detrimental to the healing of gastric mucosal wounds
but could also exacerbate the enlargement of ulcer
wounds.* Therefore, our therapeutic goal for GU was

a decrease in the cellular damage from oxidative stress
and inflammatory responses in the gastric mucosa. As
a potent endogenous antioxidant, BR could scavenge
excessive ROS and exert a strong anti-inflammatory effect.
BR upregulates the expression levels of antioxidant
enzymes, including heme oxygenase-1 and SOD-1, via
activation of the nuclear factor E2-related factor 2 pathway
and suppresses the inflammatory response by inhibiting
activation of the NF-kB signaling pathway.*>*¢

Therefore, we evaluated the antioxidative capacity of
CS-BR on clevated oxidative stress in H,O,-stimulated
gastric epithelial cells. The production of ROS in cells
was detected by a fluorescent probe, DCFH-DA. As
shown in Figure 2A, the H,O, group exhibited signifi-
cantly higher fluorescent intensity than the control group
did. The intervention of BR or CS-BR decreased ROS
generation after H,O, injury. Semi-quantitative analysis
of fluorescent intensity was also performed to visually
compare the amount of ROS generated in each group;
compared with BR, CS-BR showed greater resistance to
ROS production and better protected cells from oxidative
stress—related damage (Figure 2B). Similarly, the cell via-
bility declined when exposed to H,O,, but CS-BR effec-
tively enhanced cell viability (Figure 2C). The intracellular
antioxidant defense system was severely damaged after
oxidative stress injury, and levels of SOD and CAT were
detected. After H,O, treatment, the activities of SOD and
CAT decreased sharply compared with control group
activities, which indicated that the antioxidant capacity of
cells was severely impaired in the presence of H,O,.
However, BR and CS-BR significantly improved intracel-
lular antioxidant enzyme activities to counteract oxidative
stress injury (Figure 2D and E). In addition, after H,O,
administration, cells accumulated the lipid peroxide MDA
and exhibited reduced levels of the antioxidant GSH. The
CS-BR group showed reduced MDA production and ele-
vated GSH levels in cells (Figure 2F and G). These results
demonstrated that CS-BR reduced the production of toxic
substances associated with oxidative stress and increased
the antioxidant capacity of cells to resist the damage
caused by oxygen free radicals.

The inflammatory response that is concomitant with
oxidative stress could be equally devastating to cells. To
evaluate the anti-inflammatory action of CS-BR, the cells
were stimulated with LPS for 6 h and incubated with BR
or CS-BR for 24 h. Then, the culture supernatant was
collected to measure the levels of inflammatory cytokines
(IL-6 and TNF-a). As illustrated in Figure 2H and I, the
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Figure 2 The antioxidant and anti-inflammatory effects of the chitosan-bilirubin conjugate (CS-BR). (A) The intracellular reactive oxygen species (ROS) of H,O,-stimulated
gastric epithelial cells treated with bilirubin (BR) or CS-BR for 24 h were observed by fluorescent microscopy. Scale bar = 100 um. (B) The semi-quantitative analysis of
fluorescence intensity of ROS. (C) The cell viability of H,O,-stimulated gastric epithelial cells treated with BR or CS-BR for 24 h. The levels of (D) superoxide dismutase
(SOD), (E) catalase (CAT), (F) glutathione (GSH), (G) malondialdehyde (MDA), (H) interleukin 6 (IL-6), and () tumor necrosis factor a (TNF-0) in each group. Data are

expressed as the mean * standard deviation (SD) (n = 3). *P < 0.05, **P < 0.01.

LPS group showed high levels of inflammatory factors,
whereas CS-BR effectively inhibited the secretion of IL-6
and TNF-a. The results of these experiments show that
CS-BR is a cytoprotective agent that could substantially
reduce the cellular damage caused by the oxidative stress
and the inflammatory response.

As shown in Figure S1, CS-BR internalized into gastric
epithelial cells after 1 h and 2 h. Compared with the
control group, the CS-BR group exhibited much stronger
fluorescent intensities, which indicated that CS-BR was
faster internalized into cells due to the interaction between
positive-charged CS-BR and negative-charged membrane.

Drug transport to cells is a key step in drug efficacy.
CS-BR nanoparticles bind to proteoglycans on the cell
surface via a nonspecific electrostatic interaction, and an
interaction occurs between CS ligands and receptors on the
surface of cell membranes, including massive amino
groups in CS as the active sites that enhance the adhesion
of cells and nanoparticles.>’* All of these binding advan-

tages significantly enhance the cellular uptake and

transmembrane transport of CS-BR. Therefore, CS-BR
exerts better anti-inflammatory and antioxidant activities
than free BR does.

Intragastric Retention of CS-BR in the
GU Model

Oral administration is one of the most convenient and
compliant methods of administering medication for
patients with GU. Nanotechnology-based drug delivery
systems have been widely available for oral
medicine.*** However, when administered orally, these
drugs had a short residence time in the stomach because of
fast gastric emptying. Thus, we urgently need strategies to
prolong the retention time of drugs in the stomach to
maximize the anti-ulcer effect of the drug.

FITC-labeled CS-BR was used to observed the intra-
gastric retention of BR in the stomach, and free FITC was
used as a control. After intragastric administration of
FITC-labeled CS-BR or free FITC, the mice with GU

were sacrificed at various predetermined time points, and
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the main organs, including the stomach, were collected. As
shown in Figure 3A, most of the CS-BR accumulated in
the stomach after oral administration and rarely distributed
into other organs during the observation period. The fluor-
escent intensities in the stomach of the control group and
the CS-BR group were similar 30 min after administration.
The fluorescent intensity in the control group decreased
rapidly over time, and fluorescent distribution in the sto-
mach was hardly observed at 120 min. Importantly, the
apparent fluorescent distribution in the CS-BR group sug-
gested that a significant portion of CS-BR still remained in
the stomach at 60 min. Additional quantification of the
fluorescent intensity showed that fluorescent signals in the
CS-BR group were obviously stronger than those in the
control group at 60, 90, and 120 min; this finding demon-
strated that CS-BR extended the retention time of BR in
the stomach (Figure 3B). Significantly, the fluorescent
intensities of the control group were quite weak in corpus
and antrum at 90 min and 120 min, whereas the fluores-
cent signal of the CS-BR group was relatively strong in

ulcer-prone areas (corpus and antrum) that meant
A Control CS-BR
Heart Lung Heart Lung
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a considerable amount of CS-BR was still accumulated
in these sites after 90 minutes (Figure S3). These results
showed that CS-BR could longer accumulate in gastric
tissue, especially in ulcer-prone areas such as the corpus
and antrum after 90 minutes of administration, the CS-BR
significantly prolonged the retention time in the gastric
tissue when compared to the control group.

We also measured the content of BR in the gastric
tissue after the mice with GU were gavaged with BR or
CS-BR (Figure 3C). The concentration of BR in the CS-
BR group was higher than that in the free BR group at
different time points. These results all showed that CS-BR
effectively retained the BR in the stomach and exerted
sustained anti-ulcer activity.

In addition, the BR concentrations in the CS-BR group
were higher than that in the BR group in different areas of
the stomach. Compared with the rapid decrease of BR
concentration of the BR group in the stomach within 120
CS-BR
improved the accumulation of BR in gastric tissues. In

minutes of administration, the effectively

the inflamed area (corpus and antrum), the concentration
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Figure 3 The retention time of the chitosan-bilirubin conjugate (CS-BR) in gastric tissue after oral delivery. (A) The fluorescent distribution to gastric tissue and other
organs in mice with gastric ulcers after oral administration with fluorescein isothiocyanate (FITC)—labeled CS-BR or free FITC (as the control) at predetermined times. (B)
The semi-quantitation of fluorescent intensity in the stomach of each group. (C) The concentration of bilirubin (BR) in the stomach after oral administration with BR or CS-
BR at different time points. Data are expressed as the mean * standard deviation (SD) (n = 3).
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of BR was quite low after 90 minutes of free BR admin-
istration whereas CS-BR group exhibited relatively high
BR concentration ((Figure S4). These data indicated that
CS-BR could enhance the accumulation of BR and pro-
long the retention time of BR in gastric tissue (especially
in an inflamed area) that was beneficial for BR to exert the
anti-ulcer effects.

As a natural cationic polysaccharide and linear long-
chain polymeric molecule, CS shows good bioadhesive
properties. CS is exposed to the mucin in the mucus
layer, which results in mutual adsorption—an important
condition for strong and lasting adhesion. In an acidic
environment, the amino group on the CS molecule is
protonated to form the positively charged —-NH3+, and
then the protonated amino group adheres to the negatively
charged mucin by electrostatic interaction.*! Bioadhesive
CS offers a tight contact with the mucosal layer at the
target site, prolongs the retention time of the drug at the
lesion site, and improves the local efficacy of the drug.*?
Therefore, compared with free BR, CS-BR nanoparticles
exhibited a more powerful retention capacity in gastric
tissue.

In Vivo Therapeutic Efficacy of CS-BR in
Mice with GU

The pathogenesis of GU is related to oxygen free radi-
cals; ethanol severely affects the expression of several
oxidoreductases, such as ethanol dehydrogenase, which
accelerates the production of acetaldehyde. Under the
action of xanthine oxidase, acetaldehyde converts into
ROS, such as the hydroxyl radical and the superoxide
anion, causing gastric mucosal injury.*> Ethanol-induced
GU triggers oxidative stress that damages the gastric
mucus layer and gastric defense system and activates
related redox-sensitive transcription factors, thereby
increasing the degree of inflammatory response in gastric
tissue. In addition, the ethanol could directly damage
gastric mucosa through destruction, dehydration, and
mucosal cytotoxicity, then ethanol-induced inflammation,
oxidative stress, and apoptosis through leukocyte recruit-
ment, which further indirectly damaged gastric mucosa.
Consequently, attenuating oxidative damage and inflam-
matory injury in lesion sites is critical to the treatment
and prevention of GU.

We evaluated the anti-ulcer capacity of CS-BR in vivo.
As reported in many studies on GU, the mice were pre-
treated with a therapeutic substance for several days before

the ethanol-induced GU model established.
Considering the clearance result of CS-BR in vivo, the

was

mice were orally administered daily for 7 days to progres-
sively increase the anti-ulcer capacity in the body by CS-
BR, thereby reduced the damage of oxidative stress and
inflammatory response caused by GU when ethanol was
suddenly poured into the stomach to cause damage. The
last administration was 30 min before treatment with etha-
nol (Figure 4A). We evaluated the severity of GU in these
groups. The gastric tissues were removed from the mice,
and the entire interior of the stomach was exposed to
observe the pathological changes in gastric tissue. As
illustrated in Figure 4B, the gastric mucosa of mice in
the control group was intact and smooth, without ulcer or
hemorrhagic spots. In contrast, the mice in the GU group
had extensive ulceration and multiple bleeding spots con-
centrated in the glandular stomach (white arrows), and the
medial gastric mucosa of these mice showed obvious sub-
mucosal edema, mucosal erosion, ulceration, necrosis, and
linear and striated hemorrhagic ulceration with large
bleeding areas. Hemorrhage and ulceration were obvious
in the gastric tissue of the BR group, with slight improve-
ments in ulceration compared with the GU group, but
gastric mucosal damage and edema were still evident. In
contrast, the degree of mucosal edema and congestion in
gastric tissues of mice were significantly reduced with the
intervention of CS-BR. In addition, the ulcer area was
decreased and showed sporadic, punctate shapes in the
stomachs of mice in the CS-BR group. These results
demonstrated that CS-BR could effectively alleviate the
symptoms associated with GU. Additionally, the Ul was
calculated, and the CS-BR group exhibited a lower ulcer
index than the BR group did (Figure 4C).

content of PGE2 in the gastric tissue of each group were
determined by ELISA. PEG2, synthesized from arachidonic
acid or linoleic acid in the stomach, as catalyzed by cycloox-
ygenase, is a recognized protective factor in the gastric
mucosa. The protective mechanism of PGE2 involves pro-
motion of mucus secretion, inhibition of gastric acid secre-
tion, and increases to the blood flow in the local gastric
mucosa.** In normal physiological conditions, adequate
PGE2 facilitates the secretion of mucus and bicarbonate
from gastric mucosal epithelial cells to maintain mucosal
integrity. In the GU group, the level of PGE2 in gastric tissue
decreased sharply, whereas PGE2 content increased greatly
in the CS-BR treatment group (Figure 4D). This finding
showed that CS-BR could accelerate the synthesis and secre-
tion of PGE2 by epithelial cells, enhance the defense function
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Figure 4 The anti-ulcer effect of the chitosan-bilirubin conjugate (CS-BR) via inhibition of oxidative stress and the inflammatory response. (A) The timeline of the
experimental design. (B) Photograph of gastric tissue in each group. (C) The gastric ulcer (GU) index in each group. The levels of (D) prostaglandin E2 (PGE2), (E)
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gastric tissue of mice. Data are expressed as the mean * standard deviation (SD) (n = 3). *P < 0.05, **P < 0.01.

of the gastric mucosa, and improve the function of the
regenerated mucosa—changes that together might be
a mechanism that promotes GU healing.

Massive ROS production occurs in GU, and these ROS
cause lipid peroxidation in the gastric mucosa that leads to
gastric mucosal blood flow disorder and injury. MDA is a lipid
peroxide formed by polyunsaturated fatty acids in cells or
tissues after oxidative stress; its formation causes protein
denaturation, DNA damage, and enzyme inactivation.* The
level of MDA indirectly reflects the severity of oxygen free
radical attacks on organisms and cells. Antioxidant enzymes,

such as SOD and CAT, are an important line of defense for
oxygen radical scavenging systems in the body. SOD is an
antioxidant enzyme that exists in organisms to specifically
remove the superoxide anion and catalyze the decomposition
of superoxide radicals into H,O,, which then decompose into
H,O and oxygen molecules under the action of CAT.*® The
ethanol could directly damage gastric mucosa through destruc-
tion, dehydration, and mucosal cytotoxicity, then ethanol-
induced inflammation, oxidative stress, and apoptosis through
leukocyte recruitment, which further indirectly damaged gas-
tric mucosa. Thus, we believed that CS-BR exerted anti-ulcer
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effects via reducing inflammatory responses and oxidative
stress in the region of the GU, then protected gastric cells
and tissue from further damage.

We assessed oxidative stress-related indicators (MDA,
SOD, CAT) in gastric tissue of each group. In the CS-BR
group, the amount of MDA in the gastric mucosa signifi-
cantly increased, whereas the activity of SOD and CAT as
well as the level of GSH decreased, indicating that lipid
peroxidation was involved in the pathophysiological process
of ethanol-induced GU in mice. CS-BR exhibited gastropro-
tective effects against oxidative stress by increasing GSH
production, increasing SOD and CAT activities, and reducing
MDA content (Figure 4E-H). Excessive ROS induced severe
inflammation, causing more damage to the gastric mucosa.
CS-BR effectively inhibited the secretion of inflammatory
cytokines (IL-6 and TNF-a)) and then reduced the degree of
the inflammatory response in GU tissue (Figure 41 and J).
These results show that CS-BR exerted a good curative effect
for GU via enhancement of antioxidant capacity and suppres-
sion of the inflammatory reaction in the lesion. Crucially, CS-
BR showed better therapeutic effectiveness than free BR did,
and this improvement might be attributed to the longer reten-
tion time of CS-BR in the stomach.

Histological Analysis

We used H&E staining to observe the pathological
changes in the gastric tissue and then calculated the patho-
logical score in each group (Figure 5B). As shown in
Figure 5A, the control group showed dense and intact
gastric mucosa as well as regular rows of epithelial cells
without mucosal defects or inflammatory cell infiltration.
In contrast, the gastric mucosa of mice in the GU group
showed severe disruption and histological incompleteness,
with visible inflammatory cell infiltration, disorganized
glandular structure, and obvious epithelial cell detachment.
Free BR alleviated the pathological changes of GU to
some extent, but some tissue structure destruction and
gland loss were still observed. Compared with BR, CS-
BR was associated with a gastric mucosa that was only
slightly damaged and destroyed, which indicated that CS-
BR exhibited a better protective effect than BR did on the
gastric mucosa. In addition, PAS staining was performed
to assess the level of gastric mucus secretion; purple por-
tions represented PAS-positive areas. Quantitative analysis
of PAS staining showed that mice in the control group
secreted sufficient mucus to protect the gastric mucosa,
whereas gastric mucus production was greatly reduced

after GU. CS-BR vastly increased the secretion of mucus
to alleviate damage to the stomach (Figure 5C).

MPO, a heme protein contained in neutrophils, is
synthesized in bone marrow and stored in cyanophage
granules before the granulocyte enters circulation.
External stimulation causes neutrophil aggregation and
release of MPO; its level is often used to assess the extent
of neutrophil infiltration and inflammatory damage in tis-
sues. MPO has potent pro-inflammatory effects and might
be directly involved in tissue damage.*’**® Macrophages
are involved in a variety of inflammatory reactions and the
occurrence of ulcers;* we used CD68 antibody to
observe macrophage aggregation in gastric tissue. All tis-
sue sections were stained by IHC, and quantitative analy-
sis of the positive expression was conducted in each group.
The substantial expression of MPO and CD68 in the
gastric tissue of the GU group illustrated that severe
inflammation occurred in the process of ulceration. BR
and CS-BR both effectively reduced the inflammatory
CS-BR  exhibited
a superior anti-inflammatory ability (Figure 5D and E).
These data all show that CS-BR exerted an excellent anti-

ulcer effect via attenuation of inflammation in the ulcer

response in gastric tissue, but

lesion site.

CS as oral drug delivery carriers have good biocompat-
ibility and bioadhesiveness, and they improve drug stability
and controlled release. BR, as an endogenous antioxidant,
may exert unexpected curative effects for GU. Leveraging
these advantages, BR was conjugated to CS to form CS-BR
nanoparticles that could enhance the potential therapeutic
effect of BR on GU. The application of nanotechnology
increased the efficacy of CS-BR. GU with severe inflamma-
tion increased tissue permeability that contributed to
enhanced accumulation and cellular uptake of nanoparticles
in inflamed areas. Given the experimental results of this
study, we believed that drug carriers matched with BR as
a therapeutic substance have promising applications in
mucosal ulcerative diseases.

In Vivo Safety Evaluation of CS-BR

During the past decades, studies on the biological effects of
BR have mainly focused on neurotoxicity, especially neo-
natal jaundice. These studies also reported high levels of
BR in other diseases, such as hepatitis and brain damage,
especially in newborns.”® Our previous studies also con-
firmed that excessively high concentrations of BR have
caused serious damage to islet cells. Thus, the therapeutic
concentration of BR is relatively narrow, and researchers
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Figure 5 The histological analysis of gastric tissue. (A) The images of hematoxylin and eosin (H&E) staining and periodic acid-Schiff (PAS) staining as well as the
representative immunohistochemical images of myeloperoxidase (MPO) and CDé68 in the gastric tissue of each group. Scale bar = 100 um. (B) The pathological score in each
group. (C) Quantitative analysis of the PAS-positive area. The quantitation of positive cells of (D) MPO and (E) CD68 in each group. Data are expressed as the mean *

standard deviation (SD) (n = 3). *P < 0.05, **P < 0.01.

must pay attention to the adverse effects of BR during
disease treatments. We have screened for the optimal BR
concentration (20 pM) in islet cells'” and then used
a relatively conservative dose (5 mg/kg) to treat acute
kidney injury.'® In this study, we also selected a low con-
centration of bilirubin for GU to allow BR to exert curative
effects without causing significant toxic effects to the body.

To investigate the biological toxicity of BR and CS-BR
nanoparticles in a GU model, mice in this study were treated
with BR or CS-BR for 30 days; then, major organs and serum
samples were collected. The results of H&E staining showed
that BR and CS-BR did not cause pathological damage to
these organs (Figure 6A). Ethanol-treated mice developed

abnormal liver function, with elevated ASL and ALT levels
caused by damage to liver cells from ethanol (Figure 6B and
C). The SCr and BUN levels were not significantly different in
these groups, which indicated that renal function was normal
in all mice (Figure 6D and E). These results showed that BR
and CS-BR had negligible adverse effects on the mice in our
GU model. As a promising therapeutic agent for GU, CS-BR
nanoparticles not only effectively ameliorated GU in mice but
also demonstrated high biosafety during in vivo applications.

Conclusion
BR is widely applied in the treatment of various diseases,
such as cardiovascular diseases, Crohn’s disease, and
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diabetes mellitus, because of its strong capacity to scavenge
free radicals. In this study, we synthesized a conjugate, CS-
BR, and applied it in the form of nanoparticles to the
treatment of GU. The positively charged CS is instrumental
in improving cellular uptake of BR via electrostatic inter-
action between CS and the cell membrane. Additionally, the
bioadhesive properties of CS can achieve a long duration of
gastric retention and promote the long-lasting therapeutic
effects of BR against GU, thus alleviating the damage from
oxidative stress and inflammation. Together, the data from
this study show that CS-BR nanoparticles effectively
improve the antioxidant capacity of BR and inhibit the
secretion of inflammatory cytokines in the cells and tissues.
Compared with free BR, CS-BR exhibited better anti-ulcer
effects, which indicated that our strategy for BR delivery
amplified the curative effects of BR. We believe that BR has
good therapeutic potential and that development of drug
carriers for BR against gastrointestinal diseases is
worthwhile.
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