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Abstract. Calcium overload, a notable instigator of acute 
pancreatitis (AP), induces oxidative stress and an inflamma‑
tory cascade, subsequently activating both endogenous and 
exogenous apoptotic pathways. However, there is currently lack 
of available pharmaceutical interventions to alleviate AP by 
addressing calcium overload. In the present study, the potential 
clinical application of liposome nanoparticles (LNs) loaded 
with 1,2‑bis(2‑aminophenoxy)ethane‑N,N,N',N'‑tetraacetic 
acid tetrakis (acetoxymethyl ester) (BAPTA‑AM), 
a cell‑permeant calcium chelator, was investigated as a thera‑
peutic approach for the management of AP. To establish the 
experimental models in vitro, AR42J cells were exposed to 
high glucose/sodium oleate (HGO) to induce necrosis, and 
in vivo, intra‑ductal taurocholate (TC) infusion was used to 
induce AP. The findings of the present study indicated that 
the use of BAPTA‑AM‑loaded LN (BLN) effectively and 
rapidly eliminated excessive Ca2+ and reactive oxygen species, 
suppressed mononuclear macrophage activation and the release 
of inflammatory cytokines, and mitigated pancreatic acinar 
cell apoptosis and necrosis induced by HGO. Furthermore, 
the systemic administration of BLN demonstrated promising 
therapeutic potential in the rat model of AP. Notably, BLN 

significantly enhanced the survival rates of rats subjected to 
the TC challenge, increasing from 37.5 to 75%. This improve‑
ment was attributed to the restoration of pancreatic function, 
as indicated by improved blood biochemistry indices and alle‑
viation of pancreatic lesions. The potential therapeutic efficacy 
of BLN in rescuing patients with AP is likely attributed to its 
capacity to inhibit oxidative stress, prevent premature activa‑
tion of zymogens and downregulate the expression of TNF‑α, 
IL‑6 and cathepsin B. Thus, BLN demonstrated promising 
value as a novel therapeutic approach for promptly alleviating 
the burden of intracellular Ca2+ overload in patients with AP.

Introduction

Acute pancreatitis (AP) is a widely observed and severe 
clinical condition characterised by the abnormal activation of 
enzymes within the pancreas, leading to a series of inflam‑
matory responses including autodigestion, edema, hemorrhage 
and potentially necrosis (1‑3). Despite advancements in our 
understanding of the pathogenesis of AP pathogenesis, the 
prevalence of the disease continues to increase each year, with 
~20% of patients progressing to severe AP (SAP). SAP can 
subsequently evolve into a systemic inflammatory response 
and a multiple organ dysfunction syndrome, ultimately 
resulting in considerably high mortality rates with a range 
of 20‑40% (4‑7). At present, the primary emphasis in the 
management of AP is on providing supportive care, including 
fluid resuscitation, pain management and parenteral nutrition 
support (4,8,9). The etiologies underlying the development 
and progression of AP are complex, encompassing various 
apoptotic and necrotic signaling pathways. Nevertheless, 
the therapeutic options for targeting the underlying causes 
are severely limited. The currently available medications, 
such as somatostatin and gabexate, solely serve to inhibit 
excessive pancreatic enzyme activity, without effectively 
intercepting the premature activation of zymogens, oxidative 
stress‑induced injuries and inflammatory responses during the 
course of AP (10,11). AP is characterised by the abrupt and 
extensive destruction of pancreatic acinar cells, encompassing 
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various apoptotic signaling pathways. Merely targeting a 
single pathway is insufficient for effectively treating patients 
with AP, particularly those with SAP.

The accumulation of Ca2+ within pancreatic acinar cells 
plays a pivotal role in the pathological progression of AP (12). 
Various conditions, including biliary tract obstruction, hyper‑
lipidemia, hyperparathyroidism, alcoholism and abdominal 
infection among others, can facilitate the influx and release of 
Ca2+ from the endoplasmic reticulum, leading to subsequent 
Ca2+‑related consequences (13‑15). The shared mechanism 
among the aforementioned diseases involves excessive accu‑
mulation of cytoplasmic Ca2+, which subsequently triggers 
the activation of Ca2+‑dependent proteases and lipases. These 
enzymes then proceed to hydrolyze the cytoskeleton, 
leading to cellular collapse and compromised membrane 
integrity (16). Consequently, this exacerbates Ca2+ overload, 
ultimately amplifying cell death  (17,18). Additionally, the 
sustained Ca2+ overload in the mitochondria can induce exces‑
sive production of reactive oxygen species (ROS), resulting in 
lipid peroxidation of cell membranes which further enhances 
the permeability of the cell membranes and exacerbates the 
Ca2+ overload. The interplay between Ca2+ overload and ROS 
results in a reciprocal reinforcement, leading to a cascading 
feedback loop that ultimately culminates in cellular collapse. 
Additionally, the occurrence of Ca2+ overload at an early 
stage in the process of apoptosis and necrosis stimulates the 
expression and release of proinflammatory cytokines, such as 
TNF‑α and IL‑6, by inflammatory cells. It is worth noting that 
TNF‑α not only initiates inflammatory signaling pathways but 
also facilitates exogenous cell apoptosis through its binding 
to TNF‑receptor 1 (TNF‑R1). The activation of TNF‑R1 trig‑
gers premature zymogen activation and excessive secretion of 
cathepsin B, further exacerbating the cellular response (19,20). 
The excessive production and activation of zymogens exacer‑
bate the autodigestion of pancreatic acinar cells. The increased 
levels of cathepsin B also contribute to apoptosis, pyroptosis, 
ferroptosis, necroptosis and autophagic cell death  (21). 
Specifically, an overload of cytoplasmic Ca2+ prompts the 
fusion of lysosomes and zymogen granules, which is essential 
for the aforementioned pathological processes  (20,22,23). 
Therefore, the fluctuation of intracellular Ca2+ [Ca2+]i plays a 
crucial role in the regulation of TNF‑α/cathepsin B‑mediated 
necroptotic and apoptotic signaling pathways, as well as the 
modulation of inflammatory responses (23‑26). Moreover, an 
excessive increase in [Ca2+]i leads to the proliferation of ROS, 
which disrupts the functioning of both the cytoplasmic and 
mitochondrial membranes, ultimately resulting in cell apop‑
tosis or necrosis (27,28). Therefore, promptly restoring [Ca2+]i 
levels from an overloaded state (10‑5‑10‑4 mol/l) to a resting 
state (~10‑7  mol/l) presents a viable approach to mitigate 
cellular damage and rescue endangered cells.

In order to achieve this goal, 1,2‑bis(2‑aminophenoxy)
ethane‑N,N,N',N'‑tetraacetic acid tetrakis (acetoxymethyl 
ester) (BAPTA‑AM), a cell‑permeant Ca2+ chelator, has 
emerged as a suitable candidate for the management of AP, 
as opposed to Ca2+ channel blockers (CCBs) (16). CCBs have 
limited efficacy in mitigating Ca2+ overload and do not impact 
Ca2+ release from intracellular stores (29). The pathogenesis 
of acinar cell death in AP is intricate and interconnected. 
Targeting a single aspect of the pathogenesis of AP is 

insufficient to effectively halt its progression. Calcium overload 
serves as a pivotal factor in this intricate pathogenic process 
(Fig. S1). BAPTA‑AM, a compound capable of penetrating 
acinar cells, undergoes hydrolysis by esterase enzymes upon 
cellular entry, transforming into the active chelator BAPTA, 
which can then selectively and rapidly pair with Ca2+, thus 
diminishing the intracellular Ca2+ overload (Fig. S2)  (30). 
Nevertheless, the hydrophobic nature of BAPTA‑AM poses 
a notable obstacle to its direct use for the preservation of 
endangered cells. To address this issue, liposomes, particu‑
larly nanoscale liposomes, have been employed to enhance 
the solubility of hydrophobic drugs, modify drug absorption, 
prolong biological half‑life and imbue more specific targeting 
and biocompatible characteristics. Additionally, the lipid 
bilayer of liposomes serves as a protective barrier, preventing 
extracellular nonspecific hydrolysis of ester compounds such 
as BAPTA‑AM. Consequently, the ability of BAPTA to 
chelate Ca2+ in the extracellular fluid is rendered ineffective. 
Given the advantages of liposomes and the good solubility of 
BAPTA‑AM in lipids, BAPTA‑AM liposome nanoparticles 
(BLNs) were prepared in the present study.

Our previous studies demonstrated the promising 
therapeutic potential of BAPTA‑AM in mitigating ischemia 
reperfusion‑induced acute kidney injury and D‑GalN/
lipopolysaccharide (LPS) induced fulminant hepatic failure 
through the reduction of overloaded [Ca2+]i  (31,32). In the 
present study, the rescuing effects of BLN both in vitro and 
in vivo were assessed. The evaluation of survival rates, pancre‑
atic function indicators and pancreas microcirculation were 
examined. Additionally, the impact of BLN on the pathways of 
pancreatic necrosis and apoptosis was performed to elucidate 
the underlying protective mechanism.

Materials and methods

Materials. BAPTA‑AM (>95% pure), L‑α‑phosphatidylcholine, 
cholesterol, sodium oleate, sodium cholate, glucose and ulina‑
statin were purchased from Shanghai Aladdin Biochemical 
Technology Co., Ltd. Thiazolyl blue and lipopolysaccharide 
(LPS) were obtained from Sigma‑Aldrich; Merck KGaA. 
Biochemical test kits used for α‑amylase (AMS), triglycerides 
(TGs), lactate dehydrogenase (LDH), malondialdehyde (MDA) 
and superoxide dismutase (SOD) were obtained from the 
Nanjing Jiancheng Bioengineering Institute. ELISA quantifica‑
tion kits for TNF‑α (cat. no. ek0526) and IL‑6 (cat. no. ek0412) 
were obtained from Wuhan Boster Biological Technology, 
Ltd. Annexin V‑FITC/PI kits, Kaighn's modified Ham's F‑12 
Medium (F12K), Dulbecco's modification of Eagle's medium 
(DMEM) and D‑Hanks buffer were obtained from Procell Life 
Science & Technology Co., Ltd. Fetal bovine serum (FBS) was 
purchased from Thermo Fisher Scientific, Inc. Fura‑3/AM was 
purchased from Shanghai Beyotime Biotech Co., Ltd. Primary 
antibodies against TNF‑α (cat.  no.  ab6671), cathepsin  B 
(cat.  no.  ab214428) and goat anti‑rabbit IgG H&L (HRP; 
cat. no. ab6721) were purchased from Abcam; TRIzol® reagent 
was purchased from Thermo Fisher Scientific; BioRT cDNA 
First Strand Synthesis kit was purchased from Hangzhou 
Bioer Co., Ltd. and primers targeting cathepsin B, TNF‑α and 
β‑actin mRNA were synthesized by Shanghai Sangon Biotech 
Co., Ltd.
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Preparation and characterization of BLN. BLN was 
prepared using a thin‑film hydration method followed by 
an extrusion technique  (31). Briefly, a mixture of 100 mg 
L‑α‑phosphatidylcholine, 5 mg BAPTA‑AM, 10 mg choles‑
terol and 15 mg Tween 80 was dissolved in 10 ml chloroform 
in an eggplant flask. The chloroform was then evaporated 
slowly under reduced pressure at 50˚C using rotary evapora‑
tion, resulting in a uniform lipid film. Subsequently, the lipid 
film was hydrated by adding 10 ml PBS and agitating at 40˚C 
for 1 h, leading to the formation of a primary suspension. 
The primary suspension was further processed by extruding 
it through a 200‑nm polycarbonate membrane for three 
cycles to obtain nanoscale liposomes. The mean particle size, 
polydispersity index (PDI) and ζ potential of BLN in a 5% 
glucose injection were measured using a Malvern Zetasizer 
NanoZS90 (Malvern Instruments Ltd.). The morphology of 
BLN was analyzed using scanning electron microscopy (SEM; 
JSM‑6510LV, JEOL, Ltd.). BLN was diluted to a concentration 
of 0.01 mg/ml, and ~10 µl of the dilution (equivalent to ~one 
drop) was carefully dripped onto the substrate. Subsequently, 
the solution was allowed to slowly disperse and dry at room 
temperature under a nitrogen atmosphere in order to facilitate 
uniform spreading. Finally, gold coating was applied on BLN 
using vacuum‑assisted spraying technique. SEM detection 
parameters included: Voltage set at 5 kV, horizontal field width 
of 25.4 µm, working distance maintained at 9.4 mm, SEM 
mode used for imaging and pressure maintained at 3.00e‑6 
Torr. The encapsulation efficiency of BAPTA‑AM in liposome 
nanoparticles (LNs) was assessed using microcolumn centrifu‑
gation. Specifically, BLN was added and allowed to seep into a 
microcolumn containing Sephadex G‑50. The entire assembly 
was then centrifuged at room temperature (600 x g for 3 min), 
with distilled water serving as the eluent. These procedures 
were conducted in triplicate. The unencapsulated free 
BAPTA‑AM was separated from BLN by passing it through 
a microcolumn and determined with high‑performance liquid 
chromatography (HPLC; 1260, Agilent Technologies, Inc.). The 
HPLC analysis was performed on a C18 Column (150x4.6 mm 
i.d., 3.5 µm) with a detection wavelength of 250 nm. Elution 
consisted of 65:35 (v/v) methanol/water with ammonium 
acetate (50 mmol/l) as the mobile phase initiated at a flow 
rate of 1 ml/min at 30˚C. The volume of each injection was 
20 µl. Encapsulation efficiency (EE) was calculated using the 
equation: EE (%)=(BAPTA‑AMtotal‑BAPTA‑AMunencapsulated)/
(BAPTA‑AMtotal) x100.

Liposomes with 7.5% (w/v) trehalose as a lyoprotectant 
were freeze‑dried on a scheduled procedure using an Alpha 
1‑2 LD Plus lyophilizer (Martin Christ Inc.). Size distribution 
and drug leakage were analyzed after reconstitution of the 
lyophilized BLN in PBS (pH 7.4) solution.

Cell culture. The rat pancreatic exocrine cell line AR42J and 
the murine macrophage cell line RAW264.7 were obtained 
from Shanghai Institutes for Biological Sciences, The Cell 
Bank of Type Culture Collection (The Chinese Academy of 
Sciences), and were used in the experiments to evaluate the 
protective effects of BLN in the AP cell model. AR42J and 
RAW264.7 cells were plated in 25 cm2 culture flasks at 37˚C 
in a humidified incubator supplied with 5% CO2. AR42J cells 
were cultured in F12K supplemented with 20% FBS, while 

RAW264.7 cells were cultured in DMEM supplemented with 
10% FBS. AR42J cells were passaged every 5‑7 days, and 
RAW264.7 cells were passaged every 3‑4 days. AR42J and 
RAW264.7 cells were subcultured at a ratio of 1:3 and 1:6, 
respectively, when they reached 80% confluency.

Establishment of the pancreatitis cell model. An AP cell 
model based on a patent (CN114250194A; http://epub.cnipa.
gov.cn) was constructed. AR42J cells were exposed to F12K 
containing the toxins of HGO (25‑50 mmol/l high glucose plus 
100‑400 µmol/l sodium oleate) at 37˚C for a duration of 24 h. 
MTT assays were used to evaluate the extent of cell damage. 
MTT solution (20  µl; 5  mg/ml) was added to each well. 
Following a 4‑h incubation at 37˚C, the medium was replaced 
with 150 µl dimethyl sulfoxide to dissolve formazan crystals. 
Optical densities were measured at 490 nm with microplate 
reader (SpectraMax M2e; Molecular Devices).

Protective effect of BLN against HGO‑induced cell damage. 
AR42J cells in the logarithmic phase were seeded in a 96‑well 
plate (5x104 cells/well) and divided into seven groups after 
24 h incubation at 37˚C. In the present study, five treatment 
groups were respectively pretreated with 1,000 U/ml ulina‑
statin (UTI), blank NPs (nanoparticles without BAPTA‑AM), 
or 10, 50 or 250 nmol/l BLN for 0.5 h before HGO treatment. 
AR42J cells without any drug or HGO treatment were used 
as the normal control group, while cells exposed to HGO but 
not to BLN were considered the model group. A total of 24 h 
after HGO treatment, the protective effects of BLN against 
HGO‑induced cell damage were evaluated using an MTT 
assay.

Inhibitory effect of BLN on HGO‑induced cell apoptosis 
and necrosis. For collecting a sufficient quantity of cells, the 
AR42J cells were incubated in 6‑well plates (1x106 cells/well) 
and divided into seven groups as aforementioned. After 24 h 
of exposure to HGO, the cells underwent gentle digestion 
(at 37˚C for 5 min) and centrifugation (300 x g for 4 min) at 
room temperature. Subsequently, the cells were rinsed twice 
with cold PBS before being resuspended in 500 µl binding 
buffer (2x105 cells). Following this, the cells were stained with 
5 µl of Annexin V and 5 µl of PI from the kit at a temperature 
of 4˚C for 15 min in the dark. The Flow cytometer (FCM; 
FACSCanto II; BD Biosciences) and Flowjo V10 software 
(FlowJo LLC) were then used to determine the percentage of 
cells in the apoptotic stage.

Effect of BLN on intracellular Ca2+ overload. To investigate 
the Ca2+ scavenging effect of BLN on intracellular Ca2+ over‑
load, intracellular Ca2+ levels were detected in AR42J cells 
following HGO‑induced damage. Briefly, AR42J cells were 
seeded in 24‑well plates (1x105 cells/well) and grouped as afore‑
mentioned. After 4 h HGO exposure, the culture medium was 
removed, cells were gently washed with D‑Hanks buffer once 
and Fura‑3/AM was added to a final concentration of 5 µmol/l. 
After incubated with Fura‑3/AM for 2, 5, 10, 15 or 20 min, 
the cell images were respectively captured using an inverted 
fluorescence microscope (TE2000‑U; Nikon Corporation). 
Image J (version 1.48; National Institutes of Health) was used 
to analyze the relative fluorescent intensity (RFI). The changes 
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in RFI in the cells represented the fluctuation of intracellular 
Ca2+ concentration.

Inhibitory effect of BLN on HGO‑induced secretion of AMS 
from AR42J cells. AMS is primarily derived from pancreatic 
acinar cells and its excessive release is one of the character‑
istic indicators in the diagnosis of AP. The cells were divided 
and treated as described earlier, and the culture media was 
collected at 9 h after the HGO exposure. The detection of 
AMS in the culture media was performed in accordance with 
the protocol provided by the manufacturer.

Effect of BLN on HGO‑induced ROS overproduction in 
AR42J cells. ROS are involved in numerous physiological 
processes. However, the overproduction of ROS also activates 
apoptotic pathways. After 9 h of HGO exposure, the ROS indi‑
cator 2',7'‑Dichlorodihydrofluorescein diacetate (DCFH‑DA) 
(1:1,000) was introduced to the AR42J cells following the 
guidelines provided by the manufacturer. When the cells were 
incubated with the fluorescent probe for another 30 min, the 
images of dichlorodihydrofluorescein (DCF) labeled cells 
were captured. Image J was used for quantitative analysis of 
the DCF fluorescence intensity. The areas with RFI values >15 
and >35 were respectively regarded as the cell total and the 
region of ROS strongly positive cells.

Effect of BLN on the activation of inflammatory cells and 
overexpression of inflammatory cytokines. The RAW264.7 
macrophage cell line is frequently used to explore inflammation. 
Upon being stimulated with LPS or cell debris, the macrophage 
cells were rapidly activated, and the release of various inflam‑
matory cytokines, including IL‑6 and TNF‑α, amplifies the 
inflammatory response and further exacerbates existing cell 
damage. In the present study, the inhibitory effect of BLN on 
inflammatory responses was explored. The RAW264.7 cells 
were seeded in a 24‑well plate and divided into seven groups. 
In addition to the normal group, the model, UTI, blank NP 
and BLN treatment groups were exposed to 100 ng/ml LPS 
or AR42J cell debris (~5,000 apoptotic or necrotic cells/ml) to 
induce inflammatory responses. The model group was exposed 
to the stimuli but without any pretreatment, while the normal 
group consisted of cells without the stimuli and BLN interven‑
tion. After a further 9 h of incubation, the culture media was 
collected. ELISA was performed to detect the expression of 
IL‑6 and TNF‑α according to the manufacturer's protocol. 
The remaining RAW264.7 cells were fixed with 4% parafor‑
maldehyde at 4˚C for 15 min. After removing the fixative, a 
solution of Wright‑Giemsa stain (0.5 ml) was added at room 
temperature incubated for 5 min. Subsequently, the staining 
solution was discarded, and the cells were washed three times 
with cold PBS before being observed under a light microscope 
(Nikon Eclipse Ti‑S; Nikon Corporation) at a magnification of 
x200 to assess morphological changes.

Effect of BLN on inflammatory microenvironment induced 
AR42J cell apoptosis. The RAW264.7 cells were seeded in a 
6‑well plate at a density of 1x106 cells/well. After incubating 
for 24 h, the cells were exposed to either LPS or AR42J cell 
debris. Then, the culture media were collected and centrifuged 
at room temperature (900 x g for 5 min). The supernatant, 

which was used to mimic an inflammatory microenvironment, 
was used for culturing the AR42J cells for a further 24 h. The 
AR42J cells cultured in supplemented DMEM were used as 
the normal control group, while the cells exposed to the afore‑
mentioned supernatant with or without BLN (250 nmol/l) were 
respectively defined as the model and BLN groups. FCM was 
used to determine the proportion of apoptotic cells.

Animal studies. Healthy Sprague‑Dawley (SD) rats weighing 
250±20 g and aged 8‑10 weeks, with an equal distribution of 
males and females were purchased from the Zhejiang Center of 
Laboratory Animals (Hangzhou, China), and the experiments 
reported in the present study were performed in accordance 
with The Health Guide for Care and Use of Laboratory 
Animals, Zhejiang Center of Laboratory Animals. All animals 
were acclimated to the laboratory for ≥1 week before the 
experiments were performed and housed in a light‑controlled 
room (12 h light/dark cycle) at an ambient temperature of 25˚C 
with ad libitum access to water and standard food.

Establishment of the sodium taurocholate (TC)‑induced AP 
rat model. The in vivo retrograde injection of TC into the 
common biliopancreatic duct is a widely accepted experi‑
mental model for mimicking AP (33,34). This model involves 
a sequential process characterized by excessive activation and 
release of pancreatic enzymes, inflammatory cascades and 
eventually, pancreatic necrosis. The AP model in the present 
study was established as described by Aho et al  (35) and 
Lange et al (36). A laparotomy in the midline was performed, 
using intraperitoneal injection of 2% sodium pentobarbital 
anesthesia at a dosage of 40 mg/kg (the anesthetic took effect 
within 15 min), and an injection needle was then inserted into 
the common biliopancreatic duct. The hepatic duct was closed 
using small hemostatic forceps and tightened with sutures 
around the needle and the wall of the duct. Steady manual 
pressure was applied to inject 0.2 ml saline or TC diluted in 
saline at a concentration of 4% into the pancreatic duct system 
for a period of >60 sec. Following a 5‑min dwell time, the 
needle was removed after which the abdomen was sutured 
layer by layer.

Effect of BLN on the survival rate of the rats in the animal 
model of AP. A total of 64 rats were randomly allocated into 
the following eight groups, each consisting of eight animals: 
Normal, sham, model, UTI (20,000 U/kg), blank NP (NPs 
without BAPTA‑AM) and three BLN treatment groups (75, 
150 and 300 µg/kg). UTI is a trypsin inhibitor for treating 
AP and is included in the present study for comparison with 
BLN (37,38). All animals, except those in the normal group, 
underwent laparotomy and received either saline or TC solu‑
tion injected into the common biliopancreatic duct, which 
connects the liver and pancreas. Mortality rates for each group 
were monitored at 0, 6, 12, 18, 24, 30, 36, 42 and 48 h after TC 
administration.

Effect of BLN on the biochemical indices. After being exposed 
to TC for 12 h or before sacrificing, 1.2‑1.4 ml blood samples 
were collected and placed in an EP tube containing sodium 
citrate anticoagulant via tail‑tip amputation. The expression 
levels of several indicators of pancreatic function, including 
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AMS, LDH, TGs, TNF‑α and IL‑6 in the serum were 
measured according to the manufacturer's protocol. At the 
experimental endpoint or prior to sacrifice, the rats were trans‑
ferred to a CO2 euthanasia chamber within their respective 
home cages and were euthanized using a CO2 flow displace‑
ment rate of 30% per min. This process was continued until 
every rodent exhibited lack of respiration and faded eye color. 
Subsequently, the pancreas tissues were isolated and weighed. 
A portion of the tissues was used to prepare tissue homogenate 
to measure oxidative and anti‑oxidative indicators, such as 
MDA, glutathione (GSH) and SOD.

Histopathological evaluation of the rescuing effect of BLN 
on AP. Histopathological changes in the pancreatic tissue can 
indicate the extent of necrosis. The pancreatic tissues were 
fixed in 10% buffering formalin at 4˚C for 24 h, embedded 
in paraffin, sliced into 5‑µm‑thick sections. The slices were 
subjected to a sequential washing procedure, commencing 
with xylene, followed by a series of ethanol solutions and 
distilled water. Subsequently, the sections were subjected to 
hematoxylin staining for a duration of 5 min at room tempera‑
ture, followed by rinsing with tap water, and then stained 
with eosin staining solution for another 2 min. The slices 
were subsequently dehydrated and rendered transparent by 
sequential immersion in alcohol and xylene, and finally sealed 
with neutral gum. All pancreatic sections were observed using 
light microscopy (Nikon Eclipse Ti‑S; Nikon Corporation), 
and images were captured in a blinded manner. Edema, 
inflammatory cell infiltration, hemorrhage, necrosis and other 
degenerative changes were used to assess pancreatic histology. 
The extent of pancreatic damage was graded on a scale from 
0‑III: 0, normal tissue; I, swelling can be observed in part of 
the pancreatic tissue but without obvious necrosis in the visual 
field; II, more swelling can be observed in the pancreatic tissue 
with visible spotty necrosis and inflammatory cell infiltration 
in the portal area, and necrosis in <1/2 of the area; and III, 
massive necrosis and swelling of the pancreatic tissue, and 
necrosis in >1/2 of the area (31,39,40).

Immunohistochemical analysis for TNF‑α and cathepsin B 
protein expression. The premature activation of trypsinogen 
in pancreatic acinar cells, followed by the activation of other 
pancreatic zymogens, such as chymosinogen and prophospho‑
lipase, is considered to cause autodigestion of the gland, which 
is a crucial pathological change in AP (41,42). The mechanisms 
underlying trypsinogen activation in AP are not entirely clear. 
However, hypercalcemia, TNF‑α and cathepsin B are hypoth‑
esized to play notable roles  (43). TNF‑α and cathepsin B 
can trigger both necrotic and apoptotic processes, which are 
mediated by receptor‑interacting protein kinases. Meanwhile, 
TNF‑α and cathepsin B are closely involved in inflamma‑
tory responses, which consist another type of pathological 
processes in AP. The pancreatic tissues were fixed with 10% 
buffered formalin, embedded in paraffin, and then sliced 
into 5  µm‑thick sections. Immunohistochemical staining 
was performed using a standard peroxidase anti‑peroxidase 
method, with diaminobenzidine (DAB) as the chromogen. 
After dewaxing and rehydration, sections were subjected to 
a citrate water bath at a temperature range of 96‑98˚C for a 
duration of 15 min to recover antigens. To inhibit endogenous 

peroxidase activity, the sections were exposed to a 3% H2O2 
solution at room temperature for 10 min. Additionally, nonspe‑
cific binding was prevented by treating the sections with 2% 
bovine serum albumin (BSA) at room temperature for 30 min. 
Subsequently, the sections were incubated with the primary 
antibody (dilution, 1:500) overnight at 4˚C, followed by incu‑
bation with the secondary antibody (dilution, 1:2,000) at room 
temperature for 10 min. Finally, the sections were stained 
with DAB. All slides were observed under a light microscope 
(Nikon Eclipse Ti‑S; Nikon Corporation) and images were 
obtained for further analysis. The percentage of TNF‑α and 
cathepsin B‑stained areas (brown colored) was calculated 
using Image J. The proportion of positive area to total area 
was calculated and used as the relative expression level. The 
mean values from 10 fields of each section were taken as the 
individual rat score (31).

RNA isolation, cDNA synthesis and reverse transcription-
quantitative (RT‑q)PCR. The total RNA was extracted from 
pancreatic tissues using TRIzol® reagent (Thermo Fisher 
Scientific, Inc.), following the manufacturer's protocol. 
High‑purity RNAs (2.0≥ A260/280 ≥1.8) were used for cDNA 
synthesis, with ≤0.8  µg RNA converted to cDNA based 
on the BioRT cDNA First Strand Synthesis kit (Hangzhou 
Bioer Technology Co., Ltd.) protocol, using RT tempera‑
ture of 42˚C for 60 min. Gene transcription was quantified 
through qPCR using a Step One™ Real‑Time PCR System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.), along 
with template cDNA, forward/reverse primers and Maxima 
SYBR Green qPCR MasterMix reagent. The sequences of 
the primer are listed in Table SI. Thermocycling was carried 
out following the programmed procedure: Uracil DNA 
glycosylase pretreatment for 2 min at 50˚C, 5 min at 95˚C, 
followed by 40 cycles of 95˚C for 15 sec, 60˚C for 30 sec 
and 72˚C for 30 sec, with a final dissociation stage at 95˚C. 
After running SYBR Green PCR, data collection and analysis 
were performed with the fluorescence intensity (Rn) detected 
at the end of every cycle. The threshold cycle (Cq) values are 
inversely associated with the number of target cDNA copies. 
Quantification was calculated using the 2‑ΔΔCq value (44). Cq 
values of the target genes were compared with the Cq value of 
the endogenetic gene (EG) as follows: ∆Cq=Cq(TG)‑Cq(EG) 
and ∆∆Cq=∆Cq(BLN)‑Cq(Normal).

Statistical analysis. All data are presented as mean ± SD. 
One‑way ANOVA followed by Dunnett's post hoc multiple 
comparison tests, two‑way ANOVA followed by Tukey's post 
hoc multiple comparison tests and log‑rank test were used 
to determine the significance of differences between experi‑
mental groups in GraphPad Prism (version 5.0; Dotmatics). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Characterization of BLN. The morphology of BLN was 
visualized using SEM, as shown in Fig. 1A, revealing BLN 
to be spherical vesicles with a mean size of 113 nm. The 
size distribution was narrow, as confirmed by dynamic light 
scattering (Fig. 1B), with a mean diameter of 121.0±7.9 nm 
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and a PDI of 0.17±0.01, consistent with SEM measurements. 
The ζ potential of the BLN utilized in this experiment was 
‑26.61±0.52 mV (Fig. 1C), a moderate potential for lipo‑
some stabilization. The encapsulation efficiency (EE) of 
BAPTA‑AM was 95.3±2.1%. It was found that 7.5% trehalose 
(w/v) was an effective cryoprotectant for BLN. Notably, the 
lyophilization process did not significantly affect the size or 
the surface charge of BLN, and drug leakage was negligible 
upon reconstitution, facilitating long‑term storage of this 
formulation (Table SII).

BLN prevents HGO‑induced pancreatic acinar cell damage. 
As shown in Fig.  1D, HGO (25  mmol/l high glucose + 
200 µmol/l sodium oleate) exposure resulted in a modest 
amount of cell damage, which was used to establish the AP 
cell model. Compared with the model group, the cell viability 
was significantly increased in the groups pretreated with BLN 
at a dose range of 10‑250 nmol/l, particularly at a dose range 
of 50‑250 nmol/l (Fig. 1E). FCM was also used to assess the 
viability of cells following BLN pretreatment. As shown in 
Fig. 1F and G, BLN pretreatment resulted in a significant 

Figure 1. Characterization of BLN and its protective effect on HGO‑induced AR42J cell damage. (A) Morphology of BLN using scanning electron microscopy. 
Scale bar, 200 nm. (B) Size distribution of BLN measured by DLS. (C) Surface charge of BLN. (D) Cytotoxicity screening of HGO in AR42J cells. (E) Cell 
viability of HGO‑treated AR42J cells following BLN treatment measured using an MTT assay. (F) Cell apoptotic stages classified by flow cytometry. Early 
and late apoptotic cells are respectively presented in Q3 and Q2, necrotic cells in Q1 and normal cells in Q4. (G) Quantitative analysis for necrosis or apoptosis 
based on flow cytometry. *P<0.05, ***P<0.001 vs. normal group; ###P<0.001 vs. model group, ∆P<0.05 vs. UTI group. Data are presented as the mean ± SEM 
of four repeats. BLN, BAPTA‑AM loaded liposome nanoparticles; HGO, high glucose 25‑50 mmol/l plus sodium oleate 100‑400 µmol/l; DLS, dynamic light 
scattering; UTI, ulinastatin; NP, nanoparticle; BAPTA‑AM, 1,2‑bis(2‑aminophenoxy)ethane‑N,N,N',N'‑tetraacetic acid tetrakis (acetoxymethyl ester).
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reduction in the proportion of apoptotic or necrotic cells in a 
dose‑dependent manner, which was consistent with the trend 
observed in the MTT assay.

BLN reduces Ca2+ overload in HGO‑induced pancreatic acinar 
cell damage. The increase in Ca2+ levels in acinar cells is one of 
the initiating factors in the premature activation of zymogens 

and overproduction of ROS following HGO exposure (45,46). 
RFI was used to indicate the intracellular Ca2+ concentration. 
In the model group, a sudden increase in RFI was observed 
compared with the normal group, which suggested that the cells 
had become overloaded with Ca2+ in the model cells. Following 
BLN treatment, the RFI showed a dose‑dependent decrease 
(Fig. 2A). Treatment with 50‑100 nmol/l BLN reversed this 

Figure 2. Inhibition of HGO‑induced calcium overload, amylase over secretion, and ROS overproduction in AR42J cells. (A) Changes in intracellular [Ca2+] 
in HGO‑treated AR42J cells following BLN treatment. Scale bar, 5 µm. (B) BLN exhibited an inhibitory effect on HGO‑induced amylase over secretion. 
(C) Representative images of ROS‑induced fluorescence response; RFI values >15 and >35 were respectively regarded as the cell total and the region of ROS 
strongly positive cells. Scale bar, 100 µm. (D) Quantitative analysis of DCF relative fluorescence intensity. ***P<0.001 vs. normal group; ##P<0.01, ###P<0.001 vs. 
model group; ∆P<0.05, ∆∆∆P<0.001 vs. UTI group. Data are presented as the mean ± SEM of four repeats. BLN, BAPTA‑AM loaded liposome nanoparticles; HGO, 
high glucose 25‑50 mmol/l plus sodium oleate 100‑400 µmol/l; UTI, ulinastatin; RFI, relative fluorescence intensity; ROS, reactive oxygen species; BAPTA‑AM, 
1,2‑bis(2‑aminophenoxy)ethane‑N,N,N',N'‑tetraacetic acid tetrakis (acetoxymethyl ester); NP nanoparticle; DCF, dichlorofluorescein; AMS, amylase.
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Ca2+ overload back to Ca2+ levels observed in the resting state. 
However, UTI did not result in the inhibition of Ca2+ influx. 
This result shows the potent Ca2+ scavenging ability of BLN, 
which is a prerequisite for the treatment of damaged cells.

BLN inhibits HGO‑induced AMS oversecretion from AR42J 
cells. The abnormal elevation of plasma pancreatic AMS is an 
important indicator of pancreatitis (47,48). Excessive secretion 
and premature activation of pancreatin can lead to the autodi‑
gestion of pancreatic tissue, resulting in tissue bleeding and 
necrosis. The effects of BLN on AMS expression and release 
are shown in Fig. 2B. Compared with the normal group, AMS 
secretion in the culture media of the model group increased 
nearly 6‑fold after 9  h of HGO co‑incubation. However, 
pretreatment with BLN at dose range of 50‑250 nmol/l signifi‑
cantly inhibited AMS expression by 57‑70%.

BLN alleviates oxidative stress. Oxidative stress is regarded as 
a major causative factor in AP. To determine the effect of BLN 
on ROS production, intracellular ROS levels were assessed 
using DCF as a fluorescent indicator. Intracellular ROS levels 
were increased after 9 h of HGO exposure (Fig. 2C), with the 
majority of cells presenting strong yellow‑green fluorescence. 
The proportion of area with RFI values ≥35 in the model 
group was 48‑71%. BLN significantly suppressed ROS over‑
production in a dose‑dependent manner by 46‑80% (Fig. 2D). 
These results indicated that BLN could reduce the cytotoxicity 
caused by ROS.

BLN inhibits LPS‑induced inflammatory responses in RAW 
264.7 macrophages. As shown in Fig. 3A and B, RAW264.7 
cells exposed to LPS or AR42J cell debris for 9 h, exhibit 
a notable morphological change, characterized by mass 

Figure 3. Inhibition of LPS and AR42J cell debris‑stimulated inflammatory responses in RAW264.7 macrophages following BLN treatment. (A) Schematic 
diagram of the massive calcium influx promoting inflammatory cytokine release from activated monocytes. (B) LPS and cell debris‑induced RAW264.7 cells 
morphological changes. Scale bar, 10 µm. (C) LPS and (D) cell debris exposure induced TNF‑α and IL‑6 expression in RAW264.7 cells. (E) Cell apoptotic stages 
classified by flow cytometry. (F) Quantitative analyses of necrosis or apoptosis based on flow cytometry. Data are presented as the mean ± SEM of four repeats. 
**P<0.01, ***P<0.001 vs. normal group, #P<0.05, ##P<0.01, ###P<0.001 vs. model group, ∆P<0.05, ∆∆P<0.01, ∆∆∆P<0.001 vs. UTI group. BLN, BAPTA‑AM loaded 
liposome nanoparticles; UTI, ulinastatin; LPS, lipopolysaccharide; NP, nanoparticle; BAPTA‑AM, 1,2‑bis(2‑aminophenoxy)ethane‑N,N,N',N'‑tetraacetic acid 
tetrakis (acetoxymethyl ester).
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pseudopodia protrusions, indicating activation of the macro‑
phages compared with the resting state observed in the cells 
in the normal group. This activation of inflammatory cells 
is a prerequisite for the release of inflammatory factors. 
Intervention with BLN (10‑250 nmol/l) was found to have a 
notable anti‑inflammatory effect and maintained the cells at rest 
in a dose‑dependent manner. Inflammatory cytokines, such as 
TNF‑α and IL‑6, play a crucial role in AP initiation. As shown 
in Fig. 3C and D, TNF‑α and IL‑6 levels in RAW264.7 cells 
exposed to 100 ng/ml LPS or AR42J cell debris were signifi‑
cantly increased up to 3‑8‑fold the normal level. However, BLN 
treatment significantly inhibited the inflammatory responses, 
especially when the cells were treated with BLN at concen‑
trations ≥50 nmol/l. UTI did not alleviate the inflammatory 
responses. Furthermore, the inflammatory microenvironment 
aggravated apoptosis. The supernatant rich in TNF‑α and IL‑6 
from activated RAW264.7 cell culture medium significantly 
promoted the occurrence of apoptosis. BLN (250  nmol/l) 
blocked this apoptotic process (Fig. 3E and F). These results 
suggest that BLN treatment can effectively prevent macrophage 
activation and block LPS or cell debris‑stimulated inflamma‑
tory responses. These findings highlight the protective effect of 
BLN against cell apoptosis or necrosis.

Effect of BLN on the survival rate in the animal model of AP. 
AP is characterized by a rapid deterioration in health and a 
high mortality rate. As shown in Fig. 4A, the survival rate of the 
model group decreased sharply after the first death occurred 
12 h post‑TC assault via retrograde injection of TC into the 
pancreatic duct. The survival rate plummeted to 50% after 
24 h and to 37.5% after 48 h. However, BLN (75‑300 µg/kg) 
treatment significantly extended the survival time, and no 
TC‑treated rats died in the first 24 h, which is a critical period 
for rescuing patients with AP. Treatment with BLN at a dose 
of 150 µg/kg resulted in a terminal survival rate of 75% at the 
experimental endpoint, a significant improvement compared 
with the model group's rate of only 37.5%. Furthermore, BLN 
(150 µg/kg) had a superior rescuing effect compared with 
that of UTI, a commonly used pancreatic protective agent in 
clinical settings.

Measurement of serum and homogenate biochemical indices. 
Increases in serum AMS, LDH, and TG serve as important 
diagnostic indicators of AP, while MDA, GSH and SOD in 
homogenates are the most commonly used indices to inspect 
oxidative injury  (48,49). All biomarker levels in the sham 
and normal groups did not differ notably, indicating normal 
pancreatic function in these groups. By contrast, the AP model 
group showed notably increased levels of serum AMS, LDH, 
TG and homogenate MDA by 3‑6‑fold after 24 h, displaying a 
significant reduction in antioxidant levels of homogenate GSH 
and SOD, when compared with the normal group, suggesting a 
notable decrease in pancreatic function. Treatment with BLN 
resulted in a dose‑dependent recovery in pancreatic function 
compared with the model group (Fig. 4B‑G). Taken together, 
these results suggest that BLN exhibits excellent therapeutic 
effects in the rat model of AP.

Improvement of serum inflammatory cytokines. ELISA was 
used to quantitatively analyze the levels of TNF‑α and IL‑6 

in serum (Fig. 4H and I). As early contributors to AP events, 
TNF‑α and IL‑6 play a crucial role in the process of the 
inflammatory cascade, apoptosis and necrosis. After 12 h of 
modeling, a significant increase in TNF‑α and IL‑6 expres‑
sion was observed, which was 4‑6‑fold higher than that in 
the normal group. By contrast, the TNF‑α and IL‑6 levels in 
the BLN treatment groups were significantly lower; <30% of 
those in the model group. These findings suggest that BLN 
has the potential to protect the pancreas by exhibiting anti-
inflammatory and anti‑apoptotic properties.

Alleviation of the pancreatic destruction. Based on the 
aforementioned experimental results, pancreatic tissues 
were chosen for H&E staining to explore the pathological 
changes (Fig. 4J and Table  I). Both the normal group and 
the sham group exhibited no histological abnormalities, as 
evidenced by the presence of an intact pancreatic structure 
and well‑preserved cytoplasm (grade 0). However, the histo‑
pathological results for the AP model group revealed a notable 
amount of destruction, including a considerable amount of 
necrosis, inflammatory infiltrates, cellular swelling and vacu‑
olization (grade II and III). Despite exhibiting mild swelling, 
the histological structure of the pancreatic tissue in the BLN 
treatment group did not show visibly abnormal regions. After 
BLN treatment, the injury degree was significantly decreased 
in a dose‑dependent manner to mainly grade 0 and I.

Modulation of the expression of pro‑apoptotic and 
pro‑necrotic cytokines. The inflammatory response associ‑
ated with AP promotes an increase in the expression of 
two important cytokines, namely TNF‑α and cathepsin B, 
leading to the initiation of apoptotic or necrotic signaling 
pathways  (50‑53). The binding of TNF‑α to its receptor 
TNFR‑1 stimulates the release of cathepsin B from lyso‑
somes, which then promotes the activation of the apoptotic 
or necrotic pathways. Thus, lower levels of these cytokines 

Table I. Effects of BLN on the pathological grade of 
TC‑assaulted rats (n=8).

	 Grade
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	 0	 I	 II	 III	 P‑value

Normal	 8	 0	 0	 0	
Sham	 8	 0	 0	 0	 NS
Model	 0	 0	 2	 6	 a

UTI	 2	 5	 1	 0	 b

Blank NP	 0	 1	 3	 4	 NSa

BLN (75 µg/kg)	 1	 5	 2	 0	 b

BLN (150 µg/kg)	 3	 5	 0	 0	 b

BLN (300 µg/kg)	 5	 3	 0	 0	 b

aP<0.001 vs. normal group; bP<0.001 vs. model group; NS, not 
significant vs. normal group; NSa, not significant vs. model group. 
BLN, BAPTA‑AM loaded liposome nanoparticles; UTI, ulina‑
statin; NP, nanoparticles; BAPTA‑AM, 1,2‑bis(2‑aminophenoxy)
ethane‑N,N,N',N'‑tetraacetic acid tetrakis (acetoxymethyl ester).
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indicate a reduction in pancreatic acinar cell damage by 
inhibiting these signaling pathways. The levels of TNF‑α 
and cathepsin B were assessed using immunohistochem‑
istry and western blotting. As shown in Fig. 5A, there was a 
sharp increase in TNF‑α and cathepsin B expression in the 
pancreatic tissues of the model group, suggesting the onset of 

apoptosis or necrosis. However, treatment with BLN effec‑
tively and rapidly reduced the expression of these cytokines, 
leading to a 50‑70% decrease in TNF‑α and cathepsin B 
levels (Fig. 5B and C). Western blotting was also used to 
verify the anti‑apoptotic or anti‑necrotic effects of BLN, and 
the results of western blotting were consistent with those of 

Figure 4. Effects of BLN on the survival rate, biomarker levels, and inflammatory cytokine levels. (A) The change in survival rates in different groups was 
monitored for 48 h following BLN treatment. Levels of (B) AMS, (C) LDH, and (D) TG in serum and (E) MDA, (F) SOD and (G) GSH levels in the pancreas 
homogenates from different groups after 12 h of BLN treatment. Levels of (H) TNF‑α and (I) IL‑6 levels in serum. (J) Pancreatic histological observation of 
the different experimental groups. Original magnification, x100. Data are presented as the mean ± SEM of eight repeats. **P<0.01, ***P<0.001 vs. normal group, 
#P<0.05, ##P<0.01, ###P 0.001 vs. model group, ∆P<0.05 vs. UTI group. BLN, BAPTA‑AM loaded liposome nanoparticles; UTI, ulinastatin; LPS, lipopolysac‑
charide; NP, nanoparticle; BAPTA‑AM, 1,2‑bis(2‑aminophenoxy)ethane‑N,N,N',N'‑tetraacetic acid tetrakis (acetoxymethyl ester); AMS, amylase; LDH, 
lactate dehydrogenase; TG, triglyceride; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione.
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immunohistochemistry (Fig. 5D‑F). Therefore, BLN may 
exert its therapeutic effect by inhibiting a TNF‑α/cathepsin B 
signaling pathway to reduce pancreatic acinar cell damage 
in AP.

Inhibition of pro‑apoptotic and pro‑necrotic gene transcription. 
As shown in Fig. 5G, the association between the cycles of 
PCR and fluorescence intensity followed an ideal amplification 

curve, with an S‑shaped pattern. The genes of TNF‑α, 
cathepsin B and β‑actin, displayed clear phases of exponential 
amplification and plateauing. The qPCR data of this experi‑
ment were sufficient for the quantitative analysis of TNF‑α, 
cathepsin B and β‑actin genes, and a wide linear range of asso‑
ciation was detectable in the 14th‑32nd cycles. Amplification 
of a specific vs. non‑specific product could be differentiated 
through dissociation curve analysis. The dissociation curves 

Figure 5. Effects of BLN on TNF‑α and cathepsin B expression. (A) Immunohistochemical staining for TNF‑α and cathepsin B protein. Original magnification, 
x200. TNF‑α or cathepsin B positive areas are colored brown. Expression levels of (B) TNF‑α and (C) cathepsin B calculated based on immunohistochemical 
staining. (D) TNF‑α and cathepsin B levels in pancreas homogenate determined by western blotting. (E and F) Quantitative analysis of TNF‑α and cathepsin B 
expression based on western blotting. (G) mRNA transcription levels of TNF‑α and cathepsin B. (H and I) Quantitative analysis of TNF‑α and cathepsin B 
mRNA expression levels. Data are presented as the mean ± SEM of three repeats. ***P<0.001 vs. normal group; ###P<0.001 vs. model group. BLN, BAPTA‑AM 
loaded liposome nanoparticles; BAPTA‑AM, 1,2‑bis(2‑aminophenoxy)ethane‑N,N,N',N'‑tetraacetic acid tetrakis (acetoxymethyl ester).
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of TNF‑α and cathepsin B gene amplification products with 
a single peak indicated specific amplification for TNF‑α and 
cathepsin B genes, free from primer‑dimers or other impuri‑
ties. TNF‑α and cathepsin B gene melting temperatures were 
81.86˚C and 80.21˚C, respectively (Fig. S3). Compared with 
the normal group, the transcription of TNF‑α and cathepsin 
B mRNA in the pancreas tissue of the model group increased 
by a factor of 5‑10. However, TNF‑α and cathepsin B mRNA 
were significantly reduced by 57‑73% in the BLN treatment 
group (150 µg/kg; Fig. 5H and I). In conjunction with the 
aforementioned data, it was postulated that the rapid suppres‑
sion of the TNF‑α/cathepsin B signaling pathway subsequent 
to BLN treatment significantly contributed to the therapeutic 
efficacy for AP.

Discussion

AP is an acute inflammatory process localized to the pancreas 
in clinical practice with a high mortality rate characterized 
by the premature activation of zymogens, causing pancreatic 
tissue edema, hemorrhage and necrosis (54,55). Intracellular 
Ca2+ overload is generally accepted as a key trigger initiating 
pancreatic acinar cell damage (27,56,57). The aberrant Ca2+ 
elevation in acinar cells can not only provoke the fusion of 
zymogen granules with lysosomes to activate the cleavage of 
trypsinogen to trypsin causing pancreatic autodigestion (58), 
but also induces the overproduction of oxygen radicals that 
further target and damage the cytoplasmic and mitochon‑
drial membrane  (27,59). The results of the present study 
also showed that inhibiting intracellular Ca2+ overload could 
simultaneously reduce pancreatic enzyme premature activa‑
tion and mitigate oxidative stress injury. However, it is not 
clear whether Ca2+ overload directly promotes the activation 
and release of pancreatic enzymes, the exact mode of the 
BAPTA action must be interpreted with caution. The conclu‑
sions of Wang et al (60) and those of the current study suggest 
that Ca2+ chelators can reduce acute pancreatic cell injury 
by inhibiting the expression of inflammatory factors which 
could induce the activation of protrypsin. In addition, the 
activation of Ca2+‑dependent proteases, such as calpain, due 
to the Ca2+ elevation, is known to have a substantial impact on 
the development of cell damage induced by oxidative stress. 
Chelation of intracellular Ca2+ leads to complete inhibition of 
H2O2‑induced proteolytic activity (16). ROS and Ca2+ overload 
mutually reinforce each other, forming a feedback loop (61). 
The pair can further activate macrophages to release inflam‑
matory cytokines, such as TNF‑α and IL‑6, which amplifies 
the inflammatory cascade, and eventually leads to further 
deterioration of the local tissue and aggravate AP (62,63). 
These cytokines increase the capillary permeability and 
promote inflammatory infiltration. The binding of TNF‑α 
to its receptor TNF‑R1 contributes to the maturation and 
release of cathepsin B from lysosomes, which subsequently 
triggers the cathepsin B‑mediated apoptotic or necroptotic 
pathway (50,64). Thus, intracellular Ca2+ overload plays a 
pivotal role in the occurrence and development of AP. Rapidly 
restoring Ca2+ to the resting state is useful for lessening the 
excessive activation of zymogens, halting the inflammatory 
progression and ameliorating pathological acinar cell apop‑
tosis and necrosis (65).

To mimic hyperlipidemia or gallstone‑related pancreatitis, 
two well‑characterized models were used in the present study: 
An in vitro model of HGO‑induced AR42J cell damage and 
an in vivo model of intra‑ductal taurocholate infusion‑induced 
AP (66). These models involve stepwise processes character‑
ized by an excessive release of pancreatic enzymes, severe 
inflammatory responses and fulminant pancreatic necrosis, 
which are consistent with the clinical manifestations of severe 
pancreatitis. Of note, inflammatory cells, such as macrophages 
and neutrophils, are intricately involved in the process of AP 
development. The simple restriction of zymogen activation is 
insufficient to rescue the endangered acinar cells due to the 
release/induction of pancreatic toxins (ROS, LPS and Ca2+ 
overload) provoking inflammatory cytokine overproduction, 
which thus exacerbates cell damage. Since the absence of 
anti‑inflammatory and anti‑apoptotic functions, the rescuing 
functions for severe AP of the available anti‑pancreatitis drugs 
(such as somatostatin and gabexate) are less than satisfactory. 
Following intervention with somatostatin or gabexate, ~20% 
of patients with AP still progress to SAP, which is character‑
ized by a systemic inflammatory response. In clinical practice, 
there is a high mortality of 20‑40% for patients with SAP with 
currently available anti‑pancreatitis regimens.

Clinically, the therapeutic regimen for AP typically 
involves symptomatic therapy, such as fluid resuscitation, 
low‑fat diet, antibiotic therapy and biliary drainage, rather 
than etiological treatment (67,68). Reversing the Ca2+ over‑
load in the endangered acinar cells while simultaneously 
inhibiting monocyte activation may be a more feasible 
scheme for curing AP. Compared to the Ca2+ channel 
blockers, BAPTA‑AM can more effectively and rapidly 
reverse the overload in intracellular Ca2+ concentration to 
a resting state (69,70). BAPTA‑AM is hydrolyzed by lipases 
into BAPTA within acinar cells, and in this hydrolyzed form, 
it decreases the degree of Ca2+ overload. In an ischemia/
reperfusion‑induced acute kidney injury model, the use of 
BAPTA‑AM loaded NPs effectively impedes Ca2+ overload 
and hinders the activation of the endoplasmic reticulum 
stress cascade response while interrupting the feedback 
loop between Ca2+ overload and ROS, thereby mitigating 
oxidative stress‑induced damage (32,28,61). In our previous 
study, it was also validated that BLN exhibited a beneficial 
protective impact on fulminant hepatic failure induced by 
D‑GalN/LPS via a comparable mechanism of action (31). 
BAPTA‑AM prevented various types of fulminant necrosis 
by protecting against oxidative damage, maintaining the 
mitochondrial membrane potential and suppressing both 
endogenous and exogenous apoptotic pathways (71‑74). AP is 
also considered a fulminant and necrotizing disease (75,76). 
The results of the current study suggest that BLN could 
not only disrupt the reciprocal relationship between Ca2+ 
overload and ROS, but also delay the macrophage activation 
to block the inflammatory cascades. These potential mecha‑
nisms can correspondingly fight against the pathological 
process of AP.

In the present study, the rescuing functions of BLN were 
further demonstrated in vitro and in vivo AP models. HGO 
exposure results in a pathological rise in cytosolic Ca2+ in 
AR42J cells, which triggers the excessive release of AMS, 
which is a specific indicator for the diagnosis of AP (77,78). 
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Furthermore, intracellular Ca2+ overload can promote exces‑
sive ROS production in pancreatic acinar cells, leading to 
oxidative stress. Ca2+ influx and oxidative stress self‑amplify 
and potentiate each other until mass cell death is observed (31). 
In addition to the aforementioned pathological changes, the 
inflammatory cascade is another characteristic of SAP. There 
is sufficient evidence that inflammatory mediators, such 
as IL‑6 and TNF‑α, are closely involved in the progression 
of AP (79,80). The endotoxin and acinar cellular contents 
from collapsed cells recruit inflammatory cells to infiltrate 
the pancreas and augment the inflammatory responses. 
The RAW264.7 macrophage cell line, which is frequently 
employed to explore inflammation, releases mass quantities of 
inflammatory cytokines following endotoxin stimulation. In 
the present study, it was found that BLN not only inhibited 
the premature activation of zymogens and oxidative stress 
caused by Ca2+ overload, but also relieved inflammatory 
damage. These results illustrated that Ca2+ overload was a 
key trigger in the progression of AP. Rapid elimination of 
Ca2+ overload is beneficial to the rescue of the pancreas. The 
results of the present study suggested that BLN exerted a 
promising protective effect on a rat model of AP, increasing 
the survival rate from 37.5 to 75%. BLN exhibited consider‑
ably better therapeutic outcomes compared with those of UTI, 
a currently available pancreatic protective agent (81). BLN 

recovered pancreatic microcirculation and the function of the 
pancreas by improving blood biochemistry indices, alleviating 
oxidative damage, restricting the activation of trypsinogen and 
downregulating the expression of TNF‑α and IL‑6. Pancreatic 
histopathology scores showed that BLN significantly relieved 
pancreatic damage. According to the immunohistochemistry 
and RT‑qPCR results, it was found that the substantial increase 
in the levels of cathepsin B was also involved in the rapid 
development of AP, boosting the progression of pancreatic 
acinar cell necroptosis. In addition to the ability of BLN to 
block TNF‑α‑mediated endogenous apoptotic pathways, BLN 
also notably reduced the cathepsin B burden. The multifac‑
eted interventional mechanisms of BLN for the prevention of 
cellular death may underlie its rescuing effects.

In conclusion, BLN exhibits significant promise as an 
innovative therapeutic approach for managing AP. Its ability 
to promptly mitigate intracellular Ca2+ overload can greatly 
enhance survival rates and restore pancreatic function. The 
underlying pancreas protective mechanism of BLN is primarily 
attributed to its potent anti‑necrotic and anti‑apoptotic proper‑
ties for pancreatic acinar cells, which are achieved through 
the prevention of premature trypsinogen activation, mitigation 
of oxidative damage and inhibition of apoptotic or necrotic 
pathways mediated by TNF‑α and cathepsin B (Fig. 6). It was 
hypothesized that regulating intracellular Ca2+ concentration 

Figure 6. Schematic illustration of proposed mechanism by which BLN protects pancreatic cells in the rat model of AP through preventing the intracellular calcium 
overload. AP, acute pancreatitis; BLN, BAPTA‑AM loaded liposome nanoparticles; BAPTA‑AM, 1,2‑bis(2‑aminophenoxy)ethane‑N,N,N',N'‑tetraacetic acid 
tetrakis (acetoxymethyl ester); p, phosphorylated; TC, sodium taurocholate; ROS, reactive oxygen species; MLKL, mixed lineage kinase domain like protein; 
RIP, receptor interaction protein; FADD, fas‑associating protein with death domain. 
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and preventing Ca2+ overload would be a promising strategy 
for alleviating acute pancreatic damage. Furthermore, the cell 
rescue capability of BLN suggests its potential application 
in treating other severe diseases characterized by extensive 
cellular damage such as stroke and hepatic encephalopathy. 
Notably, compared with UTI, a marketed trypsin and serine 
protease inhibitor, BLN exhibited superior therapeutic 
outcomes that strongly support its future clinical translational 
potential. In theory, the synergistic effects of BLN with 
protease inhibitors and antioxidants can cute AP. To further 
enhance the potential efficacy of this drug, future research 
will focus on optimizing carrier design to achieve optimal 
therapeutic effects.
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