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Chronic pancreatitis (CP) is a multifactorial fibroinflammatory syndrome. At present, there is no effective
way to treat it clinically. In this study, we proposed a new approach by application of a highly active
calcium silicate ion solution derived from calcium silicate (CS) bioceramics, which effectively inhibited
the development of CP. This bioceramic derived bioactive ionic solution mainly regulated pancreatic acinar
cells (PACs), macrophages and pancreatic stellate cells (PSCs) by SiOs?~ ions to inhibit inflammation and
fibrosis and promote acinar regeneration. The possible mechanism of the therapeutic effect of CS ion
solution mainly includes the inhibition of PAC apoptosis by down-regulating the c-caspase3 signal pathway
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and promotion of the regeneration of PACs by up-regulating the WNT/B-catenin signaling pathway. In
addition, the CS ion solution also effectively down-regulated the NF-kB signaling pathway to reduce
macrophage infiltration and PAC inflammatory factor secretion, thereby reducing PSC mediated pancreatic
fibrosis. This bioceramics-based ion solution provides a new idea for disease treatment using biomaterials,
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1. Introduction

Chronic pancreatitis (CP) is a kind of fibroinflammatory
syndrome caused by many factors. Its main pathological
features include atrophy, destruction of pancreatic acini and
interstitial fibrosis." The clinical manifestations include recur-
rent epigastric pain, internal and external pancreatic secretion
insufficiency and pancreatic duct stones, which ultimately lead
to lower quality of life and shorter life expectancy of patients.”
The prevalence of CP in many countries has increased signifi-
cantly in recent years.>® Furthermore, the risk of pancreatic
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which may have the potential for the development of new therapy for CP.

cancer in CP patients has also been significantly increased,
with the cumulative risk 10 and 20 years after CP of 1.8% and
4%, respectively.”® Unfortunately, there is no effective way to
treat CP, and patients can only try to regulate their daily life by
giving up drinking and smoking, thereby relieving their symp-
toms. In recent years, stem cell therapy and chemical small
molecule drugs have been investigated to treat CP.*” Although
some significant progress has been achieved, stem cell therapy
has not been applied to clinical practice because of the serious
risk of tumorigenicity after large-scale expansion in vitro,* and
small molecule drugs mainly improve the fibrosis of CP by
inhibiting macrophage polarization and activation of pancrea-
tic stellate cells (PSCs) through down-regulation of the MAPK
pathway, but their clinical application is limited due to the
toxicological factors.>” Therefore, it is necessary to develop a
new safe and effective method to treat CP.

The challenge for CP treatment is mainly due to the complex
pathogenesis. First, some harmful habits such as heavy drinking
and smoking can cause damage and necrosis of pancreatic acinar
cells (PACs).” Then, the NF-«B inflammatory signal in PACs will
be activated to induce an inflammatory cascade reaction and
produce a large number of inflammatory factors.'>'" Next, the
secreted inflammatory factors will cause continuous high expres-
sion of transforming growth factor-f (TGF-B),'* and activate the
PSCs." Finally, the activated PSCs can induce a large amount of
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extracellular matrix deposition, promote the formation of pan-
creatic fibrosis, and ultimately lead to interlobular and intralob-
ular fibrosis. In addition, the activated PSCs can also hinder the
growth of PACs, lead to apoptosis of PACs, and gradually result in
the atrophy of pancreas."® Therefore, CP is a multifactorial injury
disease, mainly involving harmful stimulus injury, persistent
inflammatory reactions and fibrosis. Considering the complex
pathogenesis, we speculate that a multi-functional agent may be
more effective in treating CP, if it can regulate the whole micro-
environment in the damaged part of the pancreas including
inhibiting inflammation, PAC apoptosis and fibrosis, and pro-
moting tissue regeneration simultaneously.

Silicate bioceramic is a special bioactive material and is
widely used in the repair of many different tissues.'*'*> Huang et al."®
found that the SiO,>~ released from nagelschmidtite can reduce the
inflammatory response of macrophages and promote bone regen-
eration by inhibiting the activation of the NF-«B signaling pathway.
Because the NF-«B signaling pathway is the core pathway in
regulating the inflammatory response of CP,”'>'" we hypothesize
that silicate bioceramics may also inhibit the inflammatory response
of CP by regulating this signaling pathway. In addition, many studies
showed that SiO;>~ can enhance the cell viability of umbsilical vein
endothelial cells, bone marrow mesenchymal stem cells, myocardial
cells, alveolar epithelial cells and other soft tissue related cells. Its
unique bioactivity not only effectively prevents cell apoptosis but also
promotes the repair and regeneration of various tissues."”*° Yi
et al*® developed SiO;>~ ion therapy to treat myocardial infarction,
which significantly reduced fibrosis and repaired myocardium at the
injured site. Considering that SiO;>~ has unique effects in

A. Preparation of Ion Solution
7
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enhancing regeneration of soft tissues such as myocardium
and skin, we also hypothesize that it may also promote pan-
creatic regeneration in the therapy of CP.

In order to verify this hypothesis, we use the most typical
silicate bioceramic, calcium silicate (CS), to prepare bioactive
CS ion solution and establish CP animal models in mice to
observe the therapeutic effects of CS ion solution. Furthermore,
the effects of CS ion solution on apoptosis and regeneration of
PACs, macrophage polarization and inflammatory reactions,
activation of PSCs and intercellular interactions were evaluated
to explore the possible mechanism in treating CP (Scheme 1).

2. Materials and methods

2.1. Preparation of calcium silicate bioceramics

Calcium silicate bioceramics were synthesized using a chemical
coprecipitation method. Calcium nitrate tetrahydrate (Ca(NO3),-
4H,0) and sodium metasilicate nonahydrate (Na,SiO;-9H,0)
were employed as raw materials and obtained from Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China. In brief, 59.04 g
of Ca(NO;),-4H,0 was dissolved in 500 mL of deionized water.
Simultaneously, 71.05 g of Na,SiO;-9H,0 was also added to
500 mL of deionized water. After vigorous stirring for 24 hours at
room temperature, the mixture was filtered to collect precipitates.
The precipitates were then washed three times with deionized water
and ethanol, followed by drying at 60 °C for 24 hours. Subsequently,
the dried material was calcined at 800 °C for 3 hours and finally
ground to obtain the calcium silicate bioceramics.
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(A) Preparation of ion solution. CS powders are soaked in PBS to prepare the CS ion solution. (B) Treatment of chronic pancreatitis. Chronic

pancreatitis in mice was treated by administering the CS ion solution via tail vein injection to inhibit inflammation, cell apoptosis, and fibrosis, while

promoting cell proliferation.
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2.2. Preparation of calcium silicate (CS) ion solution

The ion extracts of CS were prepared according to the previously
reported protocol, which was adapted from the standard proce-
dure in 1S010993-1.>'"> Briefly, CS powders were added into the
serum-free Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
or PBS (Gibco) at a solid/liquid ratio of 200 mg mL ™" at 37 °C for
24 hours. Then, the mixture was centrifuged at 4000 rpm for
5 min. The supernatant was collected and sterilized through a
filter membrane (Millipore; 0.22 um) to obtain CS ion solution.
ICP-AES was employed to determine the concentrations of Ca**
and SiO;>~ ions in the CS solution. Serial dilutions of CS ion
solution (1/2, 1/4, 1/8, 1/16,1/32, 1/64, 1/128, and 1/256) were
prepared by using the acinar DMEM medium (containing
2.5% FBS, 1% penicillin-streptomycin mixture (PS), and
0.25 mg mL ™" of trypsin inhibitor) or the DMEM supplemented
with 10% FBS and 1% PS for cell experiments.

2.3. Establishment, treatment and performance evaluation of
the animal model

LSL-K-Ras®"*® mice (LSL) and Ela-CreERT (Cre) mice were
obtained from the University of Texas MD Anderson Cancer
Centre. Cre mice express tamoxifen-regulated CreERT specifically
in pancreatic acinar cells (PACs) under the control of a full-length
elastase gene promoter. To specifically express K-Ras®**” in PACs,
LSL mice were bred with Cre mice to generate LSL-K-Ras/Ela-
CreERT double-transgenic mice (LSL/Cre). Cre and LSL/Cre mice
(23-29 g, 14-18 weeks old) randomly divided into the following
four groups after matching body weight: (1) Cre PBS group: Cae +
PBS, (2) Cre CS group: Cae + CS, (3) LSL/Cre PBS group: Cae + PBS,
and (4) LSL/Cre CS group: Cae + CS. Mice in each group were given
tamoxifen (3 mg/40 g body weight) for 5 days to induce CreERT
gene expression and injected caerulein into an abdominal cavity
(4 hourly of 50 ug kg™, every 2 d for 4 weeks, Cae) after 7 days of
rest. CS (8 pL of CS stock solution per unit mouse body weight,
every 2 d for 4 weeks) was given 1 hour after the last injection of
caerulein. The dosing regimen for the CS solution in this study
was determined based on our previous work.>® Mice were then
sacrificed and analyzed 2 days after the last caerulein injection.
Ethical approval for experimental procedures and the handling
of mice had been approved by the Animal Care Committee of
Changhai hospital.

2.4. Histology and immunohistochemistry staining

Tissues were immediately fixed in 4% paraformaldehyde (PFA)
and embedded in paraffin. The 5 pm sections were taken and
stained with haematoxylin and eosin(H&E) for histopathological
evaluation. For acinar atrophy and fibrosis of CP, a pathologist
unaware of the origin of the specimens scored the degree of
pancreatic injury by light microscopy based on a previously
published study.>* Immunohistochemical staining for Sirius Red
staining (ab150681, Abcam), Ki67(ab15580, Abcam) and B-catenin
(A19657, ABclonal) was performed in pancreatic paraffin sections.
IHC staining was performed for infiltrating macrophages by F4/80
antibodies. Quantification of the staining was performed using
the Image]J analysis software.

This journal is © The Royal Society of Chemistry 2023
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2.5. Analysis of TUNEL staining

The apoptosis of mouse pancreas acinar cells (PACs) was detected
by TUNEL staining. The pancreatic tissues were harvested after
surgery and fixed in 4% paraformaldehyde at room temperature
before embedding in paraffin. Pancreas samples were sectioned to
5 um and then stained using the TUNEL Apoptosis Assay Kit
(Novazan, Jiangsu, China) according to the manufacturer’s proto-
col. Cells were counterstained with DAPI (blue) and TUNEL
positive nuclei (green). A fluorescence microscope (Olympus,
Japan) was used to observe the apoptosis of PACs. Three fields
were randomly selected for the total nuclei and TUNEL+ nuclei
counts in each section, and the index of apoptosis (number of
TUNEL+ nuclei/total number of nuclei x 100%) was calculated.

2.6. Cell isolation and culture

PACs were freshly prepared from LSL/Cre mice using a collage-
nase digestion method as previously described.” In short, after
washing twice in Hank’s Balanced Salt Solution (HBSS), the
mouse pancreas was quickly dissected and cut into small pieces
of 1 to 3 mm?®. Then, 10 mL of collagenase IA solution (HBSS 1x
containing 10 mM HEPES, 200 U mL™" of collagenase IA, and
0.25 mg mL~" of trypsin inhibitor) was added to digest pan-
creas sections. When the pancreatic tissue was completely
separated, the enzymatic reaction was stopped with cold buffer
washing solution (HBSS 1x containing 5% fetal bovine serum
(FBS) and 10 mM HEPES). The cell mixture was filtrated using a
100 pm filter and seeded into 6-well plates with the DMEM
medium, containing 2.5% FBS, 1% penicillin-streptomycin
mixture (PS), and 0.25 mg mL ™" of a trypsin inhibitor. Primary
pancreatic acinar cells were used for the next experiment.
Primary mice pancreatic stellate cells (PSCs) were isolated from
mice pancreas obtained from iCell (MIC-iCELL-g003). In
short,”® the mouse pancreatic tissue was extracted using an
aseptic procedure; after cleaning with the fetal bovine serum
(Gibco), the pancreatic tissues were cut into 0.5-1 mm® tissue
blocks and cultured in 6-well plates. The culture medium was
changed on the second day. After the primary PSCs crawled out,
the tissue blocks were placed in a new 6-well plate for further
culture, and the primary PSCs were cultured and passed. PSCs
below passages 2-5 were used in this study. Raw 264.7 cells
were obtained from the American Type Culture Collection
(ATCC, VA, USA). PSCs and Raw 264.7 cells were cultured with
the DMEM supplemented with 10% FBS and 1% PS in a humid
atmosphere of 5% CO, at 37 °C. The culture medium was
changed every other day. Each generation of Raw 264.7 cells
could be used for further experiments.

2.7. Cell viability

PACs (3 x 10° per well), PSCs (1 x 10* per well), and Raw
264.7 cells (1 x 10* per well) were seeded into 96-well plates
with the prepared culture medium containing diluted CS ions
solution at different concentrations (1,1/2, 1/4, 1/8, 1/16,1/32,
1/64, 1/128, and 1/256). At the pre-set time point, the culture
medium was removed by the fresh culture medium containing
CCKS8 assay (Topscience, China) solution (10: 1) and cultured at
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37 °C for another 2 hours. The absorbance of the as-mentioned
medium was measured using a microplate reader (SpectraMax,
Molecular Devices) at a wavelength of 450 nm.

2.8. Quantitative real-time PCR

Total RNA was extracted from cells or mouse pancreas tissues
using the Trizol reagent (Novazan, China) and the concentration
was measured using a nanodrop 1000 reader (Thermo Scienti-
fic). Then, 1 pg of RNA was reverse transcribed into cDNA using
the reverse transcription kit (Novazan, China). Highly purified
primers were commercially synthesized (Shenggong, Shanghali,
China) and the qRT-PCR was performed in triplicate using a
Light Cycler™ 480 II System (Roche, Sandhofer, Germany). The
primer sequences are listed in Table S1 (ESIf).

2.9. Western blotting

Cells were rinsed with cold PBS and isolated using RIPA lysis
buffer (Beyotime Biotechnology, China) according to the standard
protocol.”” Protein contents were determined using the BCA kit
(Shanghai Epizyme Biomedical Technology, China). The total
proteins from 20 mg of samples were loaded onto 4-20% poly-
acrylamide gels and transferred to the PVDF membrane (Merck
Millipore, Darmstadt, Germany). After soaking in a closed buffer
at room temperature for 1 hour, the membrane was then incu-
bated with various primary antibodies overnight at 4 °C, and then
incubated with secondary antibodies for 1 hour. Anti-tubulin was
used as the loading control. The target proteins were then
visualized using the ECL system (Amersham Imager 600, GE).
Primary antibodies used in this study were described as follows:
NF-kB p65 (Cell Signaling Technology CST, #8242, 1:1000),
p-NF-kB p65 (CST, #3033, 1:1000), IL-1B (CST, #12242, 1:1000),
B-catenin (A19657, ABclonal, 1:1000), GSK3p (CST, #12456,
1:1000), p-GSK3p (ABclonal, AP1088, 1:1000), caspase-3 (ABclo-
nal, AP11040, 1:1000), cleaved caspase-3 (CST, #9664, 1:1000),
B-tubulin (GenScript, 2G7D4, 1:1000), o-SMA (CST, #19245,
1:1000), and Col1o1 (CST, #72026, 1:1000).

2.10. Immunofluorescence staining of a-SMA and Col1al

Cell slides were fixed in 4% paraformaldehyde for 30 min,
rinsed with PBS three times, permeabilized with 1% Triton
X-100 for 30 min, blocked with 5% BSA at 37 5% BSA at 37 three
times, pean antibody Col1a1 (CST, #72026, 1:100) and an anti-
a-smooth muscle actin antibody (CST, #19245, 1:100) over-
night at 4 °C in a dark humidity chamber. Next, the cell slides
were incubated with the secondary antibody (Alexa Fluor 488
goat anti-rabbit IgG or Cy3 goat anti-rabbit (Servicebio, China))
in the dark at room temperature for 2 hours, the nuclei were
stained with DAPI, and the cell slides were sealed with glycerol.
Finally, glycerol was used to seal the cell slides. Cells were
observed using a fluorescence microscope (Olympus, Japan).

2.11. Effects of CS ion solution on regeneration, apoptosis
and expression of inflammatory factors of pancreatic acinar
cells (PACs)

First, PACs (1.5 x 10° cell per well) were seeded into 6-well
plates, and stimulated with 10 nM mL~" cholecystokinin (CCK)

9166 | J Mater. Chem. B, 2023, 11, 9163-9178
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for 30 min to induce the injured model. The injured PACs were
cultured with the CS ion extract (1/16 CS and 1/64 CS) or the
control DMEM. The expressions of -catenin, GSK3f, p-GSK3p,
caspase3, c-caspase3, t-P65, p-P65 and IL-13 were evaluated by
western blot, and the expressions of IL-1B, IL-6, TNF-o. and
TGF-$ were evaluated by the qRT-PCR.

2.12. Effects of CS ion solution on inhibiting the NF-kB
signaling pathway in macrophages (Raw 264.7)

Raw 264.7 cells (1 x 10° cells per well) were seeded into 6-well
plates and 100 ng mL~" LPS (Sigma, USA) was used for 1 h to
induce M1 polarized macrophages. Then, the cell cultured
medium was changed as CS ion solution (1/8CS and 1/16CS)
or the control DMEM. After 24 h, the cells were harvested and
the expressions of t-P65, p-P65 and IL-1B were evaluated by
western blot and the expressions of IL-1p, IL-6, TNF-o. and iNOS
were evaluated by the qRT-PCR.

2.13. CD68 and CD206 expressions of Raw 264.7 cells
evaluated by flow cytometry

Raw 264.7 cells were stimulated with LPS (100 ng mL ") for 1 h
and incubated with the DMEM (Ctrl), DMEM + 1/8CS (CS), PSC
conditioned supernatant (PSC CM) and PSC conditioned super-
natant after 1/8CS treatment for 24 h (PSC CM + CS), respec-
tively. In particular, PSC CM and PSC CM + CS were extracted
from PSCs incubated with the DMEM and DMEM + 1/8CS for
24 hours, respectively. The collected Raw 264.7 cells were
washed and stained with surface markers APC anti-mouse
CD68 (BioLegend, USA) and PE anti-mouse CD206 (BioLegend,
USA) at 4 °C for 30 min. Data were obtained using a NovoCyte
flow cytometer (Agilent, China) and analysed using the NovoEx-
press Software (Agilent, China).

2.14. Expressions of a-SMA and Col1a1 in injured PACs and
the PSC co-cultured system

PSCs (4 x 10* cells per well) in the logarithmic growth phase
were seeded into 6-well plates or polylysine-treated cell slides.
After 12 hours, PSCs were divided into the following four
groups: (1) ctrl group, (2) CS group (1/64CS ion solution),
(3) PACs group (PSCs co-cultured with injured PACs), and
(4) PACs + CS group (PSCs co-cultured with injured PACs and
cultured with 1/64CS ion solution). PACs were stimulated with
10 nM mL™" cholecystokinin (CCK) for 30 min to induce the
injured model, and co-cultured with PSCs in a 1:1 ratio.
The cells in the 6-well plates were collected to evaluate the
expressions of a-SMA and collal by western blot. The cells in
polylysine-treated cell slides were collected for immunofluores-
cence staining (¢-SMA and Col1a1).

2.15. Expressions of a-SMA and Col1a1 in M1 conditioned
supernatant and the PSC co-cultured system

PSCs (4 x 10* cells per well) in the logarithmic growth phase
were seeded into 6-well plates or polylysine-treated cell slides.
After 12 hours, PSCs were divided into the following four groups:
(1) ctrl group, (2) CS group (PSCs cultured with 1/8CS ion
solution), (3) Raw group (PSCs cultured with the M1 conditioned

This journal is © The Royal Society of Chemistry 2023
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supernatant), and (4) Raw + CS group (PSCs cultured with the M1
conditioned supernatant after 1/8CS treatment for 24 h). The cells
in the 6-well plates were collected to evaluate the expressions of a-
SMA and colla1 by western blot. The cells in polylysine-treated
cell slides were collected for immunofluorescence staining (o-
SMA and collal).

2.16. Biosafety evaluation of CS ion solution

Organs such as heart, liver, spleen, lungs and kidneys were
collected after CS treatment for one month. The organs were
chemically digested in concentrated nitric acid (spectral purity)
and used inductively coupled plasma mass spectrometry (ICP-MS;
PerkinElmer NexION 350x, USA) to determine the accumulation
and distribution of SiO;>~ ions in these important organs.

2.17. Statistical analysis

The GraphPad Prism software 7.0 was used to analyze statistics.
Data were presented as mean + standard deviation. The Shapiro
Wilk normality test was used for the normality test. The statistical
significance between two groups was determined by Student’s ¢
test. One-way ANOVA was used for comparison between groups
that conform to the normal distribution, Tukey’s multiple com-
parisons test was used for comparison between groups, and the
Kruskal-Wallis test and Dunn’s multiple comparisons test were
used for comparison that do not conform to the normal distribu-
tion. P < 0.05 represents a statistical difference (** stands for
P < 0.01, * stands for P < 0.05, NS stands for P > 0.05).

3. Results

3.1. The ion concentration in the CS solution

The ion concentrations in the prepared CS solutions were
assessed using ICP-AES, and the results are presented in Table S2
(ESIY). The concentrations of SiO;>~ ions in the CS solution were
determined to be 119.2 4 0.74 pg mL ™" in PBS and 121.2 & 0.69 pg
mL ™! in the DMEM. Furthermore, the concentrations of Ca>" ions
in the CS solution were found to be 0.05 4 0.03 pg mL ™" in PBS and
5.2 & 0.05 ug mL ™" in the DMEM. These values align with the ion
concentrations reported in our previous study.”® Importantly,
our previous studies have demonstrated that the CS solution at
this concentration does not induce any toxic side effects in mice
and exhibits favorable biological activity. Based on these findings,
we employed this concentration of CS solution for our in vivo
animal experiments.

3.2. CS ion solution inhibited acinar atrophy and fibrosis in
mice with various degree chronic pancreatitis (CP)

To test our hypothesis, the CP model was constructed by injecting
caerulein (Cae) in elastase-CreERT transgenic tool mice (Cre) and
elastase-CreERT + KrasG12D dual transgenic mice (LSL/Cre). In
particular, the pancreatitis model constructed in LSL/Cre mice is
more severe and irreversible than that in the ordinary mice (Cre),
and its phenotype is more stable.”® Therefore, we used Cre and
LSL/Cre mice to construct mild and severe chronic pancreatitis
mouse models to verify the therapeutic effect of CS. The injection

This journal is © The Royal Society of Chemistry 2023
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protocol of caerulein (Cae) and calcium silicate ion solution (CS)
is shown in Scheme 1. It is clear to see that, with the development
of CP, the body weight of LSL/Cre mice decreased gradually in the
PBS group. In contrast, the weight of Cre mice did not change
significantly. This may be due to the fact that CP is more severe in
LSL/Cre mice than in Cre mice, which makes the weight loss
trend more obvious. Interestingly, we found that the treatment of
CS ion solution prevented the weight loss of the mice signifi-
cantly in LSL/Cre mice (Fig. S1, ESIt). In the optical photographs,
we clearly observed that CS ion solution effectively reduced the
atrophy of pancreas in both Cre and LSL/Cre mice (Fig. 1A).
Quantitative analysis also showed that, compared with the CS
group, the percentage of the pancreas weight/body weight in the
PBS group was significantly lower (0.37 & 0.03% in Cre mice and
0.51% =+ 0.03% in LSL/Cre mice). More importantly, the percen-
tage of pancreas weight/body weight in the CS group was close to
the normal value (1%),”” which indicated that CS ion solution
can alleviate pancreatic injury during CP (Fig. 1B). To further
verify the effect of CS ion solution on CP, the histopathological
changes of pancreas in each group of mice were examined by
H&E staining. The results showed that, compared with the CS
group, there were a large number of inflammatory cells infiltrat-
ing the pancreas in the PBS group, resulting in fibrotic lesions,
and acinar tissues began to atrophy (Fig. 1C). Furthermore, CS
ion solution significantly reduced Sirius red positive staining in
pancreatic tissues compared with the PBS group, indicating that
CS ion solution effectively inhibited the excessive deposition of
collagen to avoid pancreatic fibrosis (Fig. 1D). Besides, the
histological score in the CS group was more than two times
lower than that in the PBS group (Fig. 1E), and the percentage of
the collagen positive area in the CS group was also more than
three times lower than that in the PBS group (CS: 2.6 & 0.29% vs.
PBS: 19.17 + 1.14% in Cre mice, CS: 7.04 + 1.13% vs. PBS:
23.57 + 1.17% in Cre/LSL mice, Fig. 1F). Meanwhile, our data
showed that the mRNA levels of fibrosis related genes (fibro-
nectin, o-SMA, Col1la1 and TGF-f) were also significantly reduced
in the CS group in both Cre and LSL/Cre mice (Fig. S2, ESIt).

3.3. CS ion solution inhibited the apoptosis of pancreas
acinar cells (PACs) and promoted regeneration

Since CS ion solution significantly reduced acinar atrophy in
Cre and LSL/Cre mice, we further explored the effect of CS on
the apoptosis and regeneration of PACs. TUNEL staining was
used to identify apoptotic PACs and Ki67 staining was used to
label the regenerated PACs. Interestingly, we found that CS ion
solution significantly reduced TUNEL positive cells (Fig. 24A)
and increased Ki67 positive cells in both Cre and LSL/Cre mice
(Fig. 2B). Especially, in the LSL/Cre group, CS reduced the
percentage of TUNEL positive cells from 15.25% to 2.99%,
and increased the percentage of Ki67 positive cells from
6.00% to 31.86% (Fig. 2C and D). Since B-catenin in the typical
WNT signaling pathway is essential for the proliferation of
PACs after injury,”® the expression of B-catenin in Cre and
LSL/Cre CP mice was also examined in this study. In compar-
ison to the PBS group, CS ion solution significantly increased
B-catenin expression (Fig. 2E and F), which suggested that CS

J. Mater. Chem. B, 2023, 11, 9163-9178 | 9167


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb01287e

Open Access Article. Published on 16 August 2023. Downloaded on 2/20/2026 12:47:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry B
A Cre LSL/Cre B
PBS CS PBS CS
' ' 1.5, PBS
2 ; 9 Mcs == .
2 g ~1.0- o
S E = g 2
@ 7]
2 g 2 5 s 2
> & 2 E E 205
5 < [ £ A
= -
~
A~ 0.0-
v Cre LSL/Cre
C H&E Staining D Sirius Red Staining
PBS CS PBS CS
£l [t
Ols &)
200 m 200 um
el ¢
Q4 <
— o
z Z
200 pm 200 pm
E F
. OPBS WCs & @®rBs WCS
L ~ 301
-] <
o (%)
S = ®
5 6 ole 5 )
g4 o o g
= sk [ %k
£ B ? £ 10-
= 21 : 20 sk
= P =]
0 S| r

Cre LSL/Cre

Cre LSL/Cre

Fig. 1 Treatment of chronic pancreatitis (CP) in Cre and LSL/Cre mice using CS ion solution and its therapeutic effects. (A) Representative photographs
of the pancreas collected on the 30th day in CP mice with or without CS ion solution treatment (CS: CS ion solution treatment). (B) Percentage of
pancreas weight/body weight in Cre and LSL/Cre CP mice on the 30th day (day of sacrifice). (C) Representative images of H&E staining of pancreas.
(D) Representative images of Sirius red staining of pancreatic tissues. (E) Pathological score of H&E staining. (F) Quantitative analysis of Sirius red positive
staining to assess the degree of pancreatic fibrosis (** p < 0.01 compared with the PBS group; n = 5).

ion solution may regulate PAC regeneration through the reg-
ulating Wnt/B-catenin pathway.

3.4. CSion solution inhibited infiltration and M1 polarization
of macrophages

Macrophages are closely related to the progression of pancreatic
fibrosis.>*** Therefore, F4/80 staining was used to evaluate the
effect of CS ion solution on inhibiting macrophage infiltration.
Interestingly, it is clear to see that CS ion solution significantly
decreased F4/80 positive cells in both Cre and LSL/Cre mice
(Fig. 3A). Quantitative analysis showed that, CS reduced the
F4/80 positive staining area of Cre mice by more than 9.8 times

9168 | J Mater. Chem. B, 2023, 11, 9163-9178

and Cre/LSL mice by more than 7.3 times compared with the PBS
group (Fig. 3B). In addition to macrophage infiltration, the effect of
CS ion solution on macrophage polarization was determined by
the qRT-PCR. 1t is clearly observed that, compared with the PBS
group, the mRNA levels of M1 macrophage-associated genes
including interleukin-1f (IL-1p), interleukin-6 (IL-6), tumor
necrosis factor-o. (TNF-o), and inducible nitric oxide synthase
(INOS) were significantly decreased (Fig. 3C-F), while M2
macrophage-associated genes including arginase 1 (Argl),
macrophage mannose receptor 1 (CD206), and C-type lectin
domain family 10 member (CD301) did not change after treat-
ment with CS ion solution (Fig. 3G-I). These results indicate

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 CS ion solution reduces macrophage infiltration and inhibits the polarization of macrophages into M1 phenotype. (A) Representative images of
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expression of M2 phenotypic related genes (Argl, CD206 and CD301) in pancreatic tissues (* p < 0.05 compared with the PBS group; ** p < 0.01

compared with the PBS group; n = 5).

that CS ion solution effectively inhibited infiltration and M1
polarization of macrophages.

3.5. The regulatory effect of CS on CP-related cell viability

To further explore the biological mechanism of CS in treating
CP, the cell viability of CP’s pathogenesis related cells, includ-
ing pancreatic acinar cells (PACs), macrophages (Raw264.7) and
pancreatic stellate cells (PSCs), was detected in the CS ion
solution with different concentrations. The results revealed
that the cell viability of PACs was increased after being treated
for 24 h in media containing CS ion solution with 1/8, 1/16, 1/32,
and 1/64 dilutions. Similarly, 1/4, 1/8, 1/16, 1/32 and 1/64 CS
dilutions of the CS ion solution significantly stimulated the cell
viability of Raw 264.7 after 24 h and 48 h. This result suggests
that CS ion solution can promote the viability of PACs and RAW
264.7 in a wide concentration range. In addition, CS ion solution
did not promote the cell viability of PSCs compared to the control
group (Fig. S3, ESIt). Furthermore, the cell viability of all three

9170 | J Mater. Chem. B, 2023, 11, 9163-9178

types cells was inhibited under the original concentration of CS
ion solution, which was possibly due to its high pH value.**?*

3.6. CS ion solution affected the regeneration and apoptosis
of PACs by regulating the Wnt/p-catenin signaling pathway and
apoptosis-related proteins

In order to further explore the mechanism of CS ion solution in
promoting the regeneration of PACs, we investigated the effect of
CS ion solution on Wnt/B-catenin, a signaling pathway related to
pancreatic acinar regeneration,”® by western blot in vitro. Since 1/
16CS and 1/64CS have the highest cell viability, these two concen-
trations were used to intervene PACs under cholecystokinin
damage conditions. Interestingly, we found that 1/16 and 1/64
dilutions of CS ion solutions significantly inhibited the phosphor-
ylation of GSK3B in PACs, but stimulated the expression of
nonphosphorylated GSK3p and B-catenin (Fig. 4A and B). This
result suggests that CS ion solution could inhibit the hydrolysis of
B-catenin by phosphorylated GSK3, leading to the accumulation

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Effects of CS ion solution on proliferation, apoptosis and expression of inflammatory factors of pancreatic acinar cells (PACs). (A) and (B) The
western blot expression and quantitative analysis of B-catenin, GSK3B and p-GSK3p proteins in PACs cultured with different concentrations of CS ion
solution under the condition of CCK stimulation. (C) and (D) The western blot expression and quantitative analysis of caspase3 and c-caspase3 proteins in
PACs cultured with different concentrations of CS ion solution under the condition of CCK stimulation. (E) and (F) The western blot expression and
quantitative analysis of t-P65, p-P65 and IL-1B proteins in PACs cultured with different concentrations of CS ion solution under the condition of CCK
stimulation. (G) qPCR detection of the expression of inflammatory cytokines IL-1B, IL-6, TNF-a and TGF-B in PACs intervened with different
concentrations of CS ion solution (* p < 0.05 compared with the none group; ** p < 0.01 compared with the none group; n = 3).

of B-catenin, thereby promoting acinar regeneration. In addition,
we found that the cleaved caspase-3 (c-caspase-3) protein in PACs
was decreased by 1/16 and 1/64 dilutions of CS ion solution
(Fig. 4C and D), indicating that CS ion solution reduces the
apoptosis of PACs possibly by down-regulating the c-caspase-3
protein. Since a nuclear factor kappa B (NF-kB) is a transcription
factor involved in cell apoptosis,** we believed that CS ion solution
may mediate the apoptosis of PACs through this signaling path-
way. We found that 1/16 and 1/64 dilutions of CS ion solution

This journal is © The Royal Society of Chemistry 2023

indeed reduced the expression of phosphorylated NF-kB-P65 and
IL-1B in PACs after cholecystokinin stimulation (Fig. 4E and F).
Considering that the 1/64 dilution of CS ion solution had the
strongest inhibitory effect on NF-xB protein expression in PACs, we
chose this concentration to further evaluate the regulatory effect of
CS ion solution on inflammatory cytokines. It was found that CS
ion solution reduced the mRNA levels of inflammatory cytokines
(IL-1B, IL-6, TNF-o. and TGF-B) in PACs (Fig. 4G). Studies have
shown that the activation of the NF-xB signaling pathway is the key
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cause of PAC injury, and after injury PACs will secrete monocyte
chemoattractant protein-1 (MCP1) to recruit macrophages.** How-
ever, CS ion solution effectively inhibited the NF-xB signaling
pathway and reduced the secretion of inflammatory factors in
PACs, which might be another reason why macrophage infiltration
in pancreatic tissues was reduced after the treatment of CS ion
solution.

3.7. CSion solution directly or indirectly affected macrophage
polarization through the NF-kB signaling pathway and
intercellular communication

It is well-known that NF-kB signaling plays an essential role in
immune regulation and macrophage polarization.>>*® Here, we
used 1/8 and 1/16 dilutions of CS ion solution (both concentrations
were the most effective concentration for promoting Raw 264.7 cell
viability) to treat Raw 264.7 cells induced by lipopolysaccharide
(LPS). The results revealed that the IL-1f and phosphorylation of
NF-kB-P65 (p-P65) were significantly inhibited by 1/8 and 1/16
dilutions of CS ion solution, while the nonphosphorylated NF-xB-
P65 (t-P65) was not affected (Fig. 5A-D). In particular, the 1/8
dilution of CS ion solution had the strongest inhibitory effect on
the NF-xB signaling pathway, so that this concentration was used
in subsequent experiments. Interestingly, we found that the 1/8
dilution of CS ion solution significantly decreased the mRNA levels
of IL-1PB, TNF-o and iNOS in Raw 264.7 cells (Fig. 5E). Above results
suggest that CS ion solution may regulate M1 polarization of
macrophages by inhibiting the NF-«B signaling pathway. To
further clarify the direct and indirect effects of CS ion solution
on macrophage polarization, M1-type macrophages induced by
LPS were treated with the DMEM, 1/8CS, PSC conditioned medium
(PSC CM) and PSC CM after 1/8CS treatment for 24 h (PSC CM +
CS). Then, flow cytometry was performed to detect the expression
of macrophage surface markers (CD68 and CD206). As shown in
Fig. 5F-I and Fig. S4 (ESIt), 1/8CS decreased the expression of
the M1 marker (CD68: from 90.44 + 1.39% to 59.1 & 2.63%) and
increased the expression of the M2 marker (CD206: from
23.91 £+ 1.0% to 53.89 + 3.53%), which was consistent with
our previous findings in bone regeneration related studies.’”
Similarly, PSC CM also decreased the expression of the M1
marker (CD68: from 90.40% to 71.04 + 3.64%) but not changed
the expression of the M2 marker. Interestingly, PSC CM + CS
decreased both the M1 marker and the M2 marker (CD68:
from 90.40% to 65.98 £+ 4.29%; CD206: from 28.37 + 1.86%
to 13.61 + 1.68%). These results showed that CS ion solution
could directly reduce the polarization of M1 macrophages by
inhibiting the NF-xB signal pathway, and indirectly reduce the
polarization of M2 macrophages through regulating intercellular
communication between PSCs and macrophages.

3.8. CS ion solution down-regulated the activation of PSCs to
reduce the ECM production by modulating intercellular
communication

Injured PACs and M1 macrophages could activate PSCs through
paracrine secretion, leading to pancreatic fibrosis.*®**° However,
since CS ion solution have positive effects on PACs and macro-
phages, we speculated that CS ion solution may be able to
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Fig. 5 Inhibition of the NF-kB signaling pathway using CS ion solution

reduced the secretion of M1-type macrophage inflammatory cytokines. (A)
The western blot analysis of t-P65, p-P65 and IL-1p proteins in M1-type
macrophages after cultured with the CS ion solution for 24 hours. (B)-(D)
Quantitative analysis of expression levels of t-P65, p-P65 and IL-1B
according to the western blot analysis. (E) The qRT-PCR analysis of the
expression of phenotypic M1-related cytokines (IL-1p, IL-6, TNF-o and
iNOS) in macrophages treated with different concentrations of CS ion
solution after induction with M1 macrophages by LPS. (F) and (G) Flow
cytometry analysis of the expressions of macrophage surface markers
CD68 and CD206 in macrophages treated with CS ion solution, the
pancreatic stellate cell supernatant (PSC CM), and the PSC conditioned
supernatant after 1/8CS treatment (PSC CM + CS) for 24 h. (H and 1)
Quantitative analysis of the expression levels of macrophage surface
markers CD68 and CD206 (* p < 0.05 compared with the none group
and the ctrl group; ** p < 0.01 compared with the none group and the ctrl
group; ## p < 0.01 compared with the PCS CM group; n = 4).
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inhibit pancreatic fibrosis by regulating the interaction between
PACs/PSCs or M1 macrophages/PSCs. To test this hypothesis, we
first used CS ion solution to treat injured PACs and co-cultured
with PSCs. The results showed that when PSCs were co-cultured
with injured PACs, the expression of o-SMA and Collal was
increased compared with the ctrl group, indicating that injured
PACs could activate PSCs and promote collagen deposition.
However, the 1/64 dilution of CS ion solution significantly
reduced the secretion of a-SMA and Collal in PSCs with or
without co-culture with injured PACs (Fig. 6A). Similar results
were further confirmed by western blot and quantitative analy-
sis in the protein level (Fig. 6B-D). Furthermore, the M1
macrophage conditioned medium (Raw), 1/8 CS ion solution
(CS) and conditioned medium of M1 macrophage cultured with
1/8 CS ion solution (Raw + CS) were used to culture PSCs for the
evaluation of the effect of CS ion solution on cell interactions
between M1 macrophages and PSCs. The results showed that,
compared with PSCs without any treatment, after 1/8 CS ion
solution intervention, the expressions of a-SMA and Collal
in PSCs were clearly decreased, while the M1 macrophage
conditioned medium enhanced these expressions. However,
the expressions of a-SMA and Collol decreased significantly
after PSCs were cultured with raw + CS (Fig. 6E). Western blot
and quantitative analysis further confirmed that the M1 macro-
phage conditioned medium significantly increased the protein
expression levels of o-SMA and Collal compared with PSCs
without any treatment, while the conditioned medium of M1
macrophage cultured in 1/8 CS ion solution reduced the expres-
sions of o-SMA and Collal in PSCs (Fig. 6F-H). The above
results indicated that CS ion solution could directly inhibit the
activation of PSCs to inhibit pancreatic fibrosis. More impor-
tantly, CS ion solution could also reduce the activation of PSCs
through regulating the intercellular communication between
injured PACs/PSCs and M1 macrophages/PSCs, thereby indir-
ectly inhibiting pancreatic fibrosis.

3.9. Biosafety evaluation of CS ion solution

To evaluate the biosafety of CS ion solution, we collected impor-
tant organs of mice such as heart, liver, spleen, lungs and kidneys
for H&E staining and found that there were no histological
differences in all organs after the treatment of CS ion solution
through intraperitoneal injection compared with PBS (Fig. S5,
ESI{). Furthermore, after treatment with CS ion solution for
1 month, there was no residual silicon found in the heart, liver,
spleen, lungs and kidneys of mice (Fig. S6, ESIt). This result
indicates that the CS ion solution has no acute toxicity and might
be safe for treating CP.

4. Discussion

Chronic pancreatitis (CP) is a multifactorial fibroinflammatory
syndrome. The repeated inflammatory reaction leads to pancrea-
tic acinar atrophy and fibrosis, which seriously affects the quality
of life of patients with a reduced life span.*® However, the current
clinical treatment of CP is mainly to alleviate symptoms, which

This journal is © The Royal Society of Chemistry 2023
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cannot fundamentally inhibit the progress of the disease.’® In
this study, we applied a biomaterial-based approach by prepara-
tion of bioactive SiO,*~ ion solution from calcium silicate (CS)
bioceramics for the treatment of CP, and for the first time
demonstrated that CS ion solution has a unique therapeutic
effect on CP in mice. It can reduce pancreatic acinar atrophy,
regulate immune response, and inhibit inflammation and pan-
creatic fibrosis (Fig. 7). In this study, we specially selected Cre
mice and LSL/Cre transgenic mice to construct two different
animal models of CP. In particular, LSL/Cre transgenic mice were
hybridized between Cre mice and Loxp-STOP-Loxp (LSL) mice
with endogenous KrasG12D mutations. Since the specific K-ras
point of PACs mutates in this kind of mouse, pancreas will start
to suffer from persistent inflammation and gradually become
severe pancreatitis after being injected with caerulein for a short
time.?®*! In contrast, Cre mice need to be treated with caerulein
repeatedly to induce acute inflammation of the pancreas to cause
persistent acinar injury, and finally develop into CP.**> However,
the degree of inflammatory reaction in the model of CP con-
structed in this way is relatively low. Interestingly, we found that
CS ion solution has a unique therapeutic effect on both mild and
severe CP, which indicates a stable and efficient therapeutic
effect.

Pancreatic acinar cells (PACs) will gradually develop apop-
tosis and necrosis in CP patients, leading to pancreatic
atrophy.**™** Therefore, how to protect PACs effectively may be
one of the key points for treating CP. Interestingly, in our study,
we found that CS ion solution significantly reduced the number
of TUNEL positive PACs, and decreased the expression of the
apoptosis-related protein c-caspase3 in PACs. This result shows
that CS ion solution can effectively inhibit the apoptosis of PACs
in the progress of CP. Previous studies have shown that NF-kB is
one of the main signaling pathways involved in apoptosis.>* The
activated NF-«B signaling pathway can promote the production of
TNF-o, thereby mediating cell apoptosis.*® Interestingly, in our
study, we found that CS ion solution effectively inhibited the
expression of phosphorylated NF-kB-P65. This result suggests
that the inhibition of PACs apoptosis by CS ion solution may be
associated with the inhibition of the NF-kB signaling pathway,
thus avoiding the atrophy of pancreas. In addition to inhibiting
apoptosis of PACs, promoting PAC proliferation may also be an
important way to protect the pancreas from atrophy for CP.*”
Although the regeneration promoting activity of CS bioceramics
has been found in bone, skin, myocardium, lungs and other
tissues,*®™* it is unclear whether CS bioceramics derived ionic
solution has the proliferation activity on pancreas. Interestingly,
we observed that CS ion solution indeed significantly increased
the number of Ki67 positive acinar cells, indicating that it has
activity to stimulate PAC proliferation. Since Wnt/B-catenin is one
of the most critical signaling pathways in tissue regeneration,**"*>
we speculated that CS ion solution may promote the proliferation
of PACs mainly through this pathway. Interestingly, the results
showed that CS ion solution could indeed inhibit the expression
of phosphorylated GSK3 in PACs to increase the accumulation of
B-catenin, thus upregulating the Wnt/B-catenin signaling path-
way. Many studies have shown that most drugs only inhibit the
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Fig. 6 CS ion solution regulates intercellular communication and reduces pancreatic stellate cell (PSC) activation and extracellular matrix deposition.
(A) The effect of 1/64CS ion solution on the expression of Collal and a-SMA immunofluorescence staining after injured pancreatic acinar cells (PACs)
co-cultured with PSCs: DAPI (blue), Collal (green), and a-SMA (red). (B) Representative western blot bands of Collal and a-SMA in PSCs co-cultured
with injured PACs for 24 hours. (C) and (D) Quantitative analysis of protein levels quantified from protein bands of Collal and a-SMA versus tublin in PSCs
co-cultured with injured PACs for 24 hours. (ctrl group: PSCs cultured with the normal culture medium; CS group: PSCs cultured with 1/64CS ion
solution; PAC group: PSCs co-cultured with injured PACs; PACs + CS group: PSCs co-cultured with injured PACs and cultured with 1/64CS ion solution).
(E) The effect of 1/8CS ion solution on the expression of Collal and a-SMA immunofluorescence staining after PSCs cultured with the macrophage
conditioned medium: DAPI (blue), Collal (green), and a-SMA (red). (F) Representative western blot bands of Collal and a-SMA in PSCs co-cultured with
the M1 macrophage conditioned medium for 24 hours. (G) and (H) Quantitative analysis of protein levels quantified from protein bands of Collal and a-
SMA versus tublin in PSCs co-cultured with the M1 macrophage conditioned medium for 24 hours. (ctrl group: PSCs cultured with the normal culture
medium; CS group: PSCs cultured with 1/8CS ion solution; raw group: PSCs cultured with the M1 macrophage conditioned medium; raw + CS group:
PSCs cultured with the M1 macrophage conditioned medium after 1/8CS treatment for 24 h) (* p < 0.05 compared with the ctrl group; ** p < 0.01
compared with the ctrl group; # p < 0.05 compared with the PAC group or raw group; ## p < 0.01 compared with the PAC group or raw group; n = 3).

53,54 55,56

apoptosis of PACs, but cannot promote cell proliferation. only regulated a single cell pathway, CS ion solution system-
This might be the main reason why these drugs could only be atically regulated the whole microenvironment of cells.”” Our
used to relieve CP symptoms. Unlike most organic drugs, which results in this study demonstrated that CS ion solution
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reduces the activation and ECM production of pancreatic stellate cells (PSCs) directly or by mediating the cell-cell crosstalk.

significantly regulated both NF-xB and Wnt/B-catenin signaling
pathways in PACs simultaneously, which not only inhibited apop-
tosis of PACs but also promoted cell proliferation, which may
contribute to its therapeutic effects on CP.

The infiltration of macrophages determines the degree of
inflammation in CP.>®**° It is known that more M1 macro-
phages infiltration will lead to more serious inflammatory

This journal is © The Royal Society of Chemistry 2023

reactions in the tissues, which will further aggravate the pro-
gress of CP.°" Therefore, reducing M1 macrophage infiltration is
also one of the effective ways to improve the inflammatory response
of CP.”®? Since the NF-kB signaling pathway plays an important role
in immune regulation and macrophage polarization®>® and pre-
vious studies have shown that CS reduces the inflammatory
response of macrophages and the immune response between bone
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tissue implants and hosts by inhibiting the NF-«B signaling
pathway,'® we speculated that CS ion solution may also regulate
the NF-kB signaling pathway to reduce M1 macrophages infiltration
in CP. Interestingly, we found that CS ion solution indeed inhibited
the activation of the NF-«B signaling pathway to down-regulate
the expression of phenotype related cytokines of M1 macro-
phages, such as IL-18, TNF-o, TGF-B and iNOS, which may be
one of the most important reasons for CS ion solution to reduce
the persistent damage of the inflammatory reaction to the
pancreas. In addition, studies have shown that M1 and M2
macrophages can also promote PSCs to produce collagen,
leading to pancreatic fibrosis.*"*> Michalski et al*® induced
M1 polarization of macrophages with LPS and found that the
amount of collagen expressed was significantly increased after
co-cultured with PSCs. Hou et al.®* found that M2 polarized
macrophages can activate myofibroblast viability and accelerate
the progress of tissue fibrosis. Although CS ion solution signifi-
cantly inhibited M1 polarization of macrophages, our previous
study found that the ions released by the CS bioceramic
scaffold also significantly promoted the M2 polarization of
macrophages during bone regeneration and repair.®® There-
fore, whether CS ion solution can accelerate pancreatic fibrosis
by inducing M2 polarization of macrophages is a matter of
concern. However, interestingly, in this study, we found that CS
ion solution did not increase the number of M2 macrophages
in pancreatic tissues. Therefore, we used flow cytometry to
analyze the expression of surface markers CD68 and CD206
of macrophages, which were treated with CS ion solution, the
supernatant of PSCs cultured in the medium or the supernatant
of PSCs cultured in CS ion solution. The results showed that CS
ion solution alone could indeed inhibit M1 polarization and
promote M2 polarization of macrophages. However, the super-
natant of PSCs cultured in CS ion solution not only reduced M1
polarized, but also decreased M2 polarized macrophages. This
indicates that CS ion solution may produce the paracrine effect
through PSCs to make macrophages enter the undifferentiated
state of M0 again. Since M0 macrophages do not participate in
the process of pancreatic fibrosis,>""®* this may also be one of
the reasons why CS ion solution has excellent anti-fibrosis
effect in the treatment of CP.

Excessive fibrosis is the important problem of chronic
pancreatitis. When a large number of pancreatic stellate cells
(PACs) were activated, the secretion of an extracellular matrix
could increase quickly, and the original function of the pancreas
would be damaged.®® Therefore, inhibiting pancreatic fibrosis is
also a key issue in the treatment of CP. Since the activation of
pancreatic stellate cells (PSCs) plays a central role in the fibrosis
of chronic pancreatitis,®” some small molecule drugs have been
designed to reduce the viability of PSCs, thereby inhibiting the
fibrosis of CP,°®*° which inevitably causes damage to other cells.
In contrast, CS ion solution did not inhibit the cell viability of
PSCs, but significantly inhibited CP fibrosis. Studies have shown
that the o-SMA expression in activated PSCs is significantly
increased, leading to a large number of ECM secretion and
deposition, and ultimately leading to the formation of pancreatic
fibrosis.”® Therefore, we speculated that CS ion solution may
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inhibit CP fibrosis by inhibiting the expression of fibrosis factors
in PSCs. Interestingly, we did find that CS ion solution inhibited
the expressions of a-SMA and colla1 in PSCs, indicating that CS
ion solution had a direct inhibitory effect on pancreatic fibrosis
mediated by PSCs. Furthermore, some studies have shown that
the activation of PSCs was also affected by the pancreatic
microenvironment”" and was mainly regulated by injured PACs
and M1 macrophages.”””® Therefore, the interaction between
PSCs and injured PACs or M1 macrophages is critical for CP
treatment, and we indeed found that CS ion solution significantly
inhibited the progress of fibrosis by regulating the interaction
between PACs, macrophages and PSCs, so the CS ion solution not
only has a certain directly anti-fibrosis effect, but also indirectly
inhibit the fibrosis process mediated by injured PACs and M1
macrophages.

5. Conclusions

In this study, a biomaterial-based treatment scheme for chronic
pancreatitis (CP) was proposed for the first time. CS biocera-
mics with unique biological activity were used to prepare a
highly bioactive CS ion solution. This “ion therapy” effectively
inhibited the inflammatory reaction in CP and protected the
pancreas from atrophy. The unique therapeutic effect of the CS
ion solution is attributed to the biological activity of SiO;>~ ions,
which were effective at a concentration of 121.2 4 0.69 pg mL ™",
and systematically modulated the cell-cell interactions of dif-
ferent cell types in pancreatic tissues, including pancreatic
acinar cells (PACs), macrophages, and pancreatic stellate cells
(PSCs). Our research has proved that this new CP treatment
method based on CS bioceramic biomaterials is effective and
provides a theoretical basis and guiding significance for the
development of new CP therapies.
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