Journal of Advanced Research 79 (2026) 783-799

journal homepage: www.elsevier.com/locate/jare

Contents lists available at ScienceDirect

Journal of Advanced Research

Inflammation-driven biomimetic nano-polyphenol drug delivery system )
alleviates severe acute pancreatitis by inhibiting macrophage

Check for
updates

PANoptosis and pancreatic enzymes oversecretion

Junyong Wu *°, Hai Huang *°, Wenjie Xu *®, Beibei Cui ¢, Pengcheng Sun*®, XinYan Hao *", Shihe Jiang ¢,
Xuyang Hou ¢, Xiaoyan Qi ‘, Zuxing Wei ‘, Yimiao Cheng‘, Yanwen Zheng ¢, Kuijie Liu “*, Jun He ©*

2 Department of Pharmacy, The Second Xiangya Hospital Central South University Changsha 410011, China
b Institute of Clinical Pharmacy Central South University Changsha 410011, China
¢ Department of General Surgery, The Second Xiangya Hospital, Central South University, Changsha, Hunan 410011, China

HIGHLIGHTS

« We developed a biomimetic self-
assembly nanoparticle (FePTX@CM
NPs) alleviate macrophage
PANoptosis and enzyme
oversecretion in SAP.

« PYD in the NPs inhibited pancreatic
enzyme release by mitochondrial
ROS/Golgi stress, while PTX
prevented macrophage PANoptosis
by Zbp1 inhibition.

« FePTX@CM NPs exhibited pancreas
targeting ability due to the
inflammation-driven macrophage
membrane on its surface.
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ABSTRACT

Introduction: Severe acute pancreatitis (SAP) is a critical inflammatory disease with high morbidity and
mortality. Current treatments focused on symptomatic relief but failed to prevent inflammation progres-
sion in cellular level.

Objectives: In order to develop an SAP-targeting drug delivery system to alleviate SAP in cellular level and
illustrate its mechanism, we explored the use of proanthocyanidin (PYD) and pentoxifylline (PTX) loaded
into macrophage membrane-coated self-assembly nanoparticles (FePTX@CM NPs) for targeted SAP treat-
ment. The combination application of these two drugs was innovative in SAP aid.

Methods: We developed the NPs by self-assembly strategy and cell membrane coating. Its particle size
and zeta potential were measured by dynamic light scatter (DLS). The morphology of the NPs was
observed by transmission electron microscopy (TEM). And the encapsulation efficiency was evaluated
by nano-flow cytometry. The total protein profile was determined via Coomassie brilliant blue. We
explore the mechanism of our NPs against SAP in cellular and animal levels. Bioinformatics approaches,
TEM, immunofluorescent assay and co-immunoprecipitation were performed to comprehensively
explain the specific anti-SAP mechanism of FePTX@CM NPs.

Abbreviations: AP, acute pancreatitis; BSA, biomacromolecules; BFA, Brefeldin A; BMDM, bone marrow-derived macrophage; CM, cell membrane; DLS, dynamic light
scatter; Dex, dexamethasone; mtROS, mitochondrial reactive oxygen species; MPS, mononuclear phagocyte system; MODS, multiple organ dysfunction syndrome; NPs,
nanoparticles; PYD, proanthocyanidin; PTX, pentoxifylline; SAP, severe acute pancreatitis; SIRS, systemic inflammatory response syndrome; TEM, transmission electron

microscopy; TAC, taurocholic acid sodium.
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Results: After inflammation-driven targeting, PYD in the NPs inhibited pancreatic amylase and lipase
release by suppressing mitochondrial reactive oxygen species (mtROS)/Golgi stress, while PTX prevented
SAP-associated macrophage PANoptosis by inhibiting Zbp1 signal pathway. The protection effect of these
biomimetic NPs worked from different aspects to alleviate SAP symptoms and inflammation progression

in relative cells.

Conclusion: The FePTX@CM NPs demonstrated effective pancreas targeting, reduced systemic inflamma-

tion especially pro-inflammatory cell recruitment and activation, and minimized tissue damage in SAP

mouse models, offering a promising therapeutic strategy for clinical SAP management.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Acute pancreatitis (AP) is an acute inflammatory disease caused
by abnormal activation of digestive enzymes within the pancreas.
Its characteristics include self-digestion, inflammation, bleeding,
and necrosis of pancreatic tissue [1]. Severe acute pancreatitis
(SAP) is a severe manifestation of AP and is characterized by high
morbidity and mortality [2-4]. Despite an overall decrease in mor-
tality in the last decade, SAP remains a devastating disease with
mortality rates ranging from less than 10 % to as high as 30 %. Com-
mon triggers include cholelithiasis, alcohol abuse, overeating, drug
reactions, and hyperlipidemia [5] Fig. 1.

In the pathological mechanism of acute pancreatitis, inflamma-
tory cells such as macrophages and neutrophils migrated to the
damaged site and activated, releasing various pro-inflammatory
mediators like IL-6, IL-1B, reactive oxygen species (ROS) leading
to a cascade inflammatory response, pancreatic tissue damage
and even systemic inflammatory response syndrome (SIRS) and
multiple organ dysfunction syndrome (MODS) [6,7]. Therefore, in
response to the current symptoms of SAP, clinical treatment
mainly focuses on symptomatic therapy including fasting, intra-
venous fluid therapy, anti-microbial therapy, anti-inflammation
therapy and usage of painkillers, etc. [8-10]. However, though sup-
portive therapy can alleviate symptoms to a certain extent, it can-
not fundamentally prevent the progression of inflammation or
mitigate damaged tissues. Also, the side effects of antibiotics, per-
sistent intravenous transfusion and invasiveness of surgical treat-
ment remain challenges. Therefore, there is an urgent need to
develop novel drug formulations aiming at alleviating tissue dam-
age and systemic inflammation at the cellular level.

In recent decades, reports have discovered that polyphenols
exhibited multiple anti-inflammatory, antioxidant and antibacte-
rial capabilities in various diseases [11,12]. Polyphenols have been
applied in pancreatitis and its complications to alleviate the over-
activated inflammation response [13,14]. Proanthocyanidin (PYD)
is natural polyphenolic compounds widely found in plants and is
now internationally recognized as effective natural antioxidants
for scavenging free radicals in many biomedical applications such
as cardiovascular health protection, anti-hypertension, anti-
tumor and skin cosmetology [15]. In our preliminary research,
PYD was confirmed to inhibit amylase and lipase release in pancre-
atic acinar cells which was of great significance in pancreas protec-
tion. This interesting discovery encourages us to further develop
PYD for clinic translation. Nevertheless, PYD lacks the ability to
positively target pancreas and is often eliminated by mononuclear
phagocyte system (MPS) engulfment. Accordingly, developing a
proper nano-system to deliver PYD into pancreas is a promising
strategy to enhance its clinical values. Considering its chemical
structure of polyphenol, PYD was able to coordinate with metal
ions such as iron ion (IIT) to form nanoparticles (NPs) as reported
previously [16-18]. Though polyphenols were proven to have high
affinity with mitochondrial outer membrane proteins [19], it still
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needed a better targeting strategy to further enhance the accumu-
lation of NPs in pancreas. Biomimetic modification of NPs has
emerged as a novel promising strategy to improve targeting ability
in drug delivery [20]. Nowadays, various biomimetic approaches
have been developed, including peptide insertion [21], membrane
fusion [22] and cell membrane coating [23,24], etc. To avoid MPS
engulfment, using homologous cell membrane coating may be a
better pathway to enable NPs to achieve pancreatic tissues. Mean-
while, macrophages that are recruited to pancreas also influence
the whole inflammation progression. Thus, coating macrophage
membranes onto the surface of NPs may bring exciting pancreas-
targeting effects and surprising efficacy associated with macro-
phages in SAP microenvironment.

Given the circumstances that the single therapeutic effect
induced by PYD may not be sufficient to relieve excessive stress
in SAP, we found another classic drug to further function synergis-
tically. Pentoxifylline (PTX) is a xanthine derivative and conven-
tionally used to treat muscle pain in patients with peripheral
artery disease [25]. However, it has been reported to regulate
immune response and attenuate pulmonary inflammation by
inhibiting neutrophils activation [26]. Thus, PTX provided a protec-
tive option for SAP treatment. We then discovered the
macrophage-protective effect of PTX in SAP progression in a previ-
ous study. During SAP, macrophages were recruited into inflamma-
tory pancreas by various mediators, and overactivated macrophage
may lyse and release many more factors and toxic substances to
enhance excessive inflammation [27]. Importantly, we confirmed
that PTX could help macrophages escape from pyroptosis, apopto-
sis and necrosis (known as PANoptosis), a newly established pro-
cess essential for stimulating the pro-inflammatory response
induced by damage-associated molecular patterns (DAMPs) [28].
This discovery holds significant value in alleviating the overacti-
vated immunity during SAP.

Here, we used nanotechnology to prepare a biomimetic
nanoparticle loaded with these two drugs. Fe*" coordinated with
polyphenol PYD to form the FePYD NPs, and PTX was added into
the NPs for drug loading (FePTX NPs). Then the surface of FePTX
NPs was coated with macrophage cell membrane to prepare
FePTX@CM NPs. The NPs exhibited good pancreas targeting and
biocompatibility in SAP. We verified the efficacy of FePTX@CM
NPs in two SAP mice models. We discovered that PYD inside
the NPs exhibited an enzyme release suppression effect and aci-
nar cell protection property by alleviating the mitochondrial
ROS (mtROS) mediated Golgi stress. Meanwhile, PTX inhibited
macrophage PANoptosis, remarkably alleviated the excessive
immune stress in pancreatic tissues through the Zbp1 signaling
pathway. The synergistic effect presented as reduced systemic
inflammation and pancreas with less damage. Therefore, the
FePTX@CM NPs bring an exciting insight to reduce tissue damage
and develop novel biomimetic drug delivery systems for SAP
treatment at the cellular level, offering a valuable reference to
clinical practice.
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Fig. 1. Schematic illustration of FePTX@CM NPs against SAP. (A) The preparation of FePTX@CM NPs. (B) Mechanisms of FePTX@CM NPs in SAP treatment. After intravenous
injection, FePTX@CM NPs targeted the damaged pancreas. On the one hand, drugs released from NPs could suppress the pro-inflammatory mediators release and the
recruitment of macrophages and neutrophils to limit systemic inflammation. On the other hand, SAP-associated macrophages and acinar cells internalized NPs and then
drugs were released in the cytoplasm. PTX prevented macrophage PANoptosis by inhibiting the Zbp1 signal pathway. And PYD inhibited mtROS/Golgi stress to limit amylase

and lipase release.

Materials and methods
Materials

PEG10000 (cat. A601789), FeCl3-6H,0 (cat. A600454) and
bovine serum albumin (BSA, cat. A602440) were obtained from
Sangon Biotech (Shanghai, China). Proanthocyanidin (PYD, cat.
R097064) was obtained from Rhawn Chemistry (Shanghai, China).
Pentoxifylline (PTX, cat. HY-B0715) was purchased from Med-
ChemExpress LLC (USA). Dulbecco’s modified Eagle’s minimum
essential medium (DMEM) and fetal bovine serum (FBS) were pur-
chased from Biological Industries (Israel). Cell Counting Kit-8
(CCK8) was purchased from NCM Biotech (Suzhou, China). DiR
and DiL dye were purchased from Yeasen Biotechnology (Shanghai,
China). All cell culture plates, dishes, transwell plates, ultrafiltra-
tion tubes and centrifuge tubes were purchased from NEST
Biotechnology (Wuxi, China). MitoSOX red and MitoSOX green
were acquired from Sigma-Aldrich (cat. M36008, cat. M36006, Ger-
many). Taurocholic acid (TAC, cat. 86339) was purchased from
Sigma-Aldrich (Germany). Caerulein (cat. S9690), Rotenone (cat.
S$2348) and Brefeldin A (BFA, cat. S7046) were purchased from Sel-
leck Chemicals LLC (Japan).

Cell culture and Animals
AR42] cell line, 266-6 cell line and RAW264.7 cell lines were

obtained from National Collection of Authenticated Cell Cultures
and maintained in DMEM medium containing NaHCOs; 1.5 g/L,
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glucose 2.5 g/L and Sodium Pyruvate 0.11 g/L and supplemented
with 10 % FBS and 1 % antibiotics (penicillin and streptomycin).
Cells were incubated at 37 °C in humidified air with 5 % CO,. Male
C57BL/6] (6-8 weeks old) were obtained from SJA Laboratory Ani-
mal Co, LTD (Changsha, China) and housed following the guidelines
of the Institutional Animal Care and Use Committee (IACUC).

The preparation and characterization of FePYD@CM NPs and
FePTX@CM NPs

Preparation of both NPs

The solution of PEG10000 (20 mg/ml), PYD (5 mg/ml), FeCls-
-6H,0 (5 mg/ml) and BSA (10 mg/ml) were dissolved by distilled
water. 2 ml of water was added into a glass bottle, then 200 pl
PEG10000, 100 pl BSA, 200 pl PYD, 200 pl FeCl;-6H,0 were also
added into the system in turn. The whole mixture was stirred
under room temperature with 1000 rpm for 20 min to prepare
FePYD NPs. Then the cell membrane from macrophage (2 mg/ml)
was added into the FePYD NPs solution (the volume ratio of FePYD
and CM was 1:1) under ultrasonication for 2 min. Then the
FePYD@CM NPs were prepared. Then the NPs solution was cen-
trifuged under 13,000 rpm for 10 min and collected pellet for later
use. For the preparation of FePTX@CM, 200 pl Pentoxifylline (PTX,
5 mg/ml) was added in the primary solution for drug loading.

Characterization of both NPs
The size and zeta potential of nanoparticles were analyzed by
dynamic light scatter (DLS). Transmission electron microscope
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(TEM) was used to observe the morphology. Coomassie blue stain-
ing was performed to further investigate whether CM was coated
onto the NP surface. The drug release profile was measured by
the ultrafiltration method. Elemental mapping analysis was used
to observe the elemental composition and distribution of the
NPs. To investigate the encapsulation efficiency of CM on NPs,
DiL was used to label CM. After centrifugation, free DiL was
removed. Then Dil-FePYD@CM NPs were prepared. Nano-flow
cytometry was performed to detect the fluorescence on NPs. To
investigate the main interaction forces of assembly NPs, we added
NacCl, Urea, SDS to the NPs solution and determined particle size to
observe changes.

Cellular uptake assessment of FePYD@CM

RAW264.7 and 266-6 cells were seeded in a 24-well plate at a
density of 1 x 10° cells per well and incubated overnight to facili-
tate cell attachment. Subsequently, the culture medium was
removed and replaced with a fresh medium containing free DiL,
DiL-FePYD, DiL-FePYD@CM (the concentration of DiL was 10 pg/
mL) for 4 h at 37 °C in an incubator. Post-incubation, the cells were
washed three times with phosphate-buffered saline (PBS) to
remove any non-internalized particles. The cells were subse-
quently fixed with 4 % paraformaldehyde for 15 min at room tem-
perature in a dark environment to preserve cellular structures.
After fixation, the cells were washed three times with PBS under
gentle shaking conditions. To stain the cell nuclei, DAPI was
applied for 15 min in a dark environment, followed by three addi-
tional PBS washes. Finally, the stained cells were observed by con-
focal laser scanning microscope (ECHO Revolve Microscope, USA).
The cellular uptake of FePYD@CM was also quantified by flow
cytometry.

Evaluation of pancreas targeting ability of FePTX@CM NPs

C57BL/6] mice were purchased from SJA Laboratory Animal Co,
LTD (Changsha, China). Mice were maintained under pathogen-free
conditions. The project was approved by the Second Xiangya
Hospital of Central South University Ethics Committee and abide
by the animal care and use guidelines. Six to eight weeks old
C57BL/6] male mice were fasted for 12 h and randomly divided
into 3 groups: free DiR, DiR-labeled FePYD and DiR-labeled
FePYD@CM. Then mice were intraperitoneally injected with caeru-
lein (cat. S9690, Selleck, Japan) (50 pg/kg) every 1 h (12 times).
After the 6th injection, mice were injected intravenously in three
different formulations. When completing all administration (8 h
after drug injection), mice were monitored under the In Vivo Imag-
ing System (IVIS) to observe fluorescent intensity. Excised pancreas
and other organs (including heart, liver, spleen, lung, kidney, gut)
were also imaged via IVIS to determine the biodistribution of
FePYD@CM NPs throughout the body.

Biosafety investigation of FePTX@CM NPs

The biosafety assessment assay of FePTX@CM NPs was con-
ducted in healthy mice. The mice were randomly divided into six
groups: PBS, PYD, PTX, PYD + PTX, FePTX, FePTX@CM NPs (n = 3).
The dosage of PYD was 5 mg/kg and PTX was 1 mg/kg. All formu-
lations were administered intravenously for five times with an
interval of two days. After the end of administration, mice were
executed, and blood samples were obtained to measure the serum
level of ALT, AST, BUN and Cr for the evaluation of function of liver
and kidney. All major organs including heart, liver, spleen, lung and
kidney were collected for later H&E staining to observe organic
damage.
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Isolation of bone marrow-derived macrophages and pancreatic acinar
cells

C57BL/6] mice were euthanized via CO, asphyxiation. The
femur and tibia were isolated and extracted under aseptic condi-
tions and then immersed in sterile PBS. The knee joints were
removed, exposing the bone marrow cavities at both ends, which
were flushed out using a sterile syringe. The cells were expelled
and passed through a 40 pm cell filter. The solution was cen-
trifuged at 800 rpm for 5 min to discard the supernatant. The cel-
lular pellet was resuspended in sterile PBS, centrifuged again, and
this process was repeated twice. Finally, the cells were resus-
pended in complete DMEM containing 10 % FBS, 1 % penicillin/
streptomycin, and 20 ng/ml M-CSF (cat. 315-02, Proteintech,
USA). The cells were counted and inoculated onto cell culture
plates, then placed in an incubator with 5 % CO2 at 37 °C. After
24 h, the medium was changed to remove unattached cells. The
cells typically differentiate into mature macrophages within
approximately 7 days of culture.

RNA-sequencing

RNA sequencing (RNA-seq) was conducted by Novogene in
China, following these general steps: First, total RNA was extracted
from BMDM cells after the specified treatments, which included
5 pg/ml PTX + 100 ng/ml LPS, FePTX (equivalent concentration of
5 pg/ml PTX) + 100 ng/ml LPS, FePTX@CM (equivalent concentra-
tion of 5 pg/ml PTX) + 100 ng/ml LPS, and 100 ng/ml LPS as well
as a negative control. The concentration and purity of each RNA
sample were assessed using an Agilent 2100 Bioanalyzer. Approx-
imately 1 pg of total RNA from each sample was then used to gen-
erate cDNA fragments preferentially sized between 370-420 bp.
The library fragments were purified with the AMPure XP system
(Beckman Coulter, Beverly, USA). Library construction was com-
pleted via PCR using Phusion High-Fidelity DNA Polymerase, uni-
versal PCR primers, and Index (X) Primer. Clustering was
performed on the Illumina NovaSeq platform to sequence the
library and obtain 150 bp paired-end reads. Finally, data analysis
was carried out, encompassing quality control, read mapping to
the reference genome, quantification of gene expression levels, dif-
ferential expression analysis, differential expression gene enrich-
ment analysis, and gene set enrichment analysis.

RNA extraction and qRT-PCR

The target tissues or cells were collected and washed with cold
PBS. Trizol reagent (cat. 9109, Takara, Japan) and trichloromethane
(cat. 10006862, GuoYao Corp, China) were then added in a 5:1
ratio, vortexed, and mixed thoroughly. The mixture was allowed
to stand at room temperature for 5 min, followed by centrifugation
at 4 °C for 15 min at 12,000 g. The supernatant was collected, and
an equal volume of isopropanol (cat. 40064360, GuoYao Corp,
China) was added. This solution was mixed by inversion several
times and subsequently centrifuged at 4 °C for 10 min at 12,000 g.
The supernatant was discarded to yield a white precipitate.

Next, an appropriate volume of 75 % ethanol (cat. 801769610,
GuoYao Corp, China) was added, and the mixture was centrifuged
at 4 °C for 5 min at 8,000 g. The supernatant was discarded, and
Diethylpyrocarbonate (DEPC) water (cat. R0021, Beyotime, China)
was added to dissolve the precipitate, resulting in RNA. The purity
and concentration of the RNA samples were measured using a Nan-
odrop 2000 spectrophotometer (Thermo Fisher, USA).

Subsequently, the RNA was reverse transcribed into cDNA using
a high-capacity cDNA reverse transcription kit (K1622, Thermo
Fisher, USA). The required primers were designed with the follow-
ing sequences:



J. Wu, H. Huang, W. Xu et al.

IL-1B: TGGACCTTCCAGGATGAGGACA (Forward), GTTCATCTCG-
GAGCCTGTAGTG (Reverse).

IL-6: TACCACTTCACAAGTCGGAGGC (Forward), CTGCAAGTG-
CATCATCGTTGTTC (Reverse).

Amylase: CAGCACTTGTGGCAATGACTGG (Forward), GCAAAA-
GGCTGACCATTGACGAC (Reverse).

Lipase: CCCCCAGATGGGTCATTACG
GAAGTTGCTCTT (Reverse).

Zbp1: GATCTACCACTCACGTCAGGAAG (Forward), GGCAATGGA-
GATGTGGCTGTTG (Reverse).

Actb: CATTGCTGACAGGATGCAGAAGG (Forward), TGCTGGAA-
GGTGGACAGTGAGG (Reverse).

16srRNA:  TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCT-
ACGGGNGGCWGCAG (Forward), GTCTCGTGGGCTCGGAGATGT-
GTATAAGAGACAGGACTACHVGGGTATCTAATCC (Reverse).

The reaction system was prepared using 2X Universal SYBR
Green Fast qPCR mix (RK21203, Abclonal, China) kit, and the reac-
tion was carried out on a PCR instrument Light Cycler 96 system
(Roche, USA), and the data were finally analyzed.

(Forward), CAACGTGC-

Protein isolation and western blot assay

Protein isolation

Target tissues or cells were collected and washed with cold PBS.
Appropriate amounts of protein lysate containing protease inhibi-
tors (cat. 04693159001, Roche, USA), phosphatase inhibitors (cat.
04906837001, Roche, USA), and RIPA buffer (cat. 89901, Thermo
Fisher, USA) were added, and the mixture was sonicated using an
ultrasonic splicer for several seconds. The samples were then incu-
bated on ice for 30 min and centrifuged at 12,000 g for 15 min at
4 °C to collect the supernatant containing the proteins.

Western blot assay

The protein concentration was determined using a BCA protein
quantification kit (cat. 23225, Thermo Fisher, USA) by measuring
the absorbance value at 562 nm with a microplate reader. Based
on the protein concentration, the appropriate volume of loading
buffer (cat. R095296, RHAWN, China) was added to prepare the
protein samples. The samples were denatured by incubating in a
metal bath at 100 °C for 10 min.

Modified protein samples were then loaded into the lanes of an
electrophoresis tank, where they were subjected to constant volt-
age electrophoresis at 60 V for 35 min, followed by 120 V for
60 min. Subsequently, the proteins were transferred to a
methanol-activated PVDF membrane at a constant voltage of
66 V for 3 h. The samples were then incubated in 5 % milk for
1.5 h at room temperature. Antibodies included anti-cleaved casp1
(cat. 89332S, CST, USA), cleaved-caspase 3 (cat. 9661, CST, USA),
caspase 9 (cat. A0281, Abclonal, China), cleaved caspase 9
(95058, CST, China), B-actin (cat. AC038, Abclonal, China), p-MLKL
(cat. AF7420, Affinity, China, China), MLKL (cat. A17312, Abclonal,
China), p-RIPK3 (cat. 91702S, CST, USA), RIPK3 (10188S, CST),
cleaved casp9 (cat. 9509, CST, USA), ZBP1 (sc-271483, Santa,
USA), Amylase (sc-46657, Santa, USA), Lipase (cat. 11209-1-AP,
Proteintech, USA) and casp6 (cat. ab185645, Abcam, USA) were
incubated overnight on a shaker at 4 °C. The following day, the pri-
mary antibody was removed by washing with TBST solution, and
the secondary antibody was incubated for 1 h at room tempera-
ture. Finally, immune complexes were detected using enhanced
chemiluminescence (Life Tec, USA). The bands were quantified
with Image] software.

PI staining

The BMDM cells were cultured, seeded, and treated according to
the specified conditions (see experimental results for details). The
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medium was discarded, and the cells were washed twice with PBS.
Next, 500 pL of 1x PI dye (cat. ST512, Beyotime, China) was added
to each group of cells, which were then incubated at 37 °C in the
dark for 20 min before being washed twice with PBS. The cells
were subsequently mounted on slides and observed under a micro-
scope (ZEN, Germany) for imaging and analysis.

Electron microscope

The BMDM cells were washed three times with PBS. An appro-
priate volume of trypsin (cat. C3530-0500, VivaCell, USA) was
added. The cells were then placed in a cell incubator at 37 °C for
5 min. When most of the cells exhibited a rounded shape, indicat-
ing sufficient digestion, the process was halted by adding complete
medium. The cells were gently resuspended to detach them from
the culture dish, resulting in a single-cell suspension.

This single-cell suspension was transferred to a 1.5 mL Eppen-
dorf tube and centrifuged at 1000 rpm/min for 5 min at room tem-
perature. The supernatant was discarded to obtain the cell pellet.
Next, 1 mL of electron microscope fixative (cat. G1102, Serbicebio,
China) was slowly added along the wall of the tube without dis-
turbing the pellet, and the sample was stored at 4 °C until it was
sent to the laboratory for analysis. Imaging was performed using
an electron microscope (HT7700, HITACHI, Japan), and the data
were saved for further evaluation.

Culture of primary acinar cells

C57BL/6] mice were sacrificed using CO, asphyxiation. Under
aseptic conditions, the pancreas was extracted and immersed in
sterile PBS. The pancreas was minced to the size of a grain of rice
and placed in PBS buffer containing 200 U/mL collagenase IA solu-
tion (cat. 11213857001, Roche, USA) and 0.25 mg/mL trypsin inhi-
bitor (cat. T8031, Solarbio, China). It was then digested in an
incubator at 37 °C for 18 min.

Afterward, complete medium (Waymouth’s medium containing
2.5 % FBS, 1 % Penicillin-Streptomycin mixture (PS), 0.25 mg/mL
trypsin inhibitor, and 25 ng/mL recombinant human Epidermal
Growth Factor (EGF)) was added to terminate the enzymatic reac-
tion. The digested pancreas was gently agitated, passed through a
100 pm cell filter, and centrifuged at 300 rpm/min for 2 min. The
supernatant was discarded, and the pellet was washed three times
by adding an appropriate volume of sterile PBS. Isolated acinar
cells were then collected, resuspended in complete medium,
seeded onto culture plates, and placed in an incubator at 37 °C with
5 % CO2 for culture and further assays.

Measurement of the activity of amylase and lipase

Mouse heart blood was collected and centrifuged at 1000 g for
10 min. Plasma was obtained from the blood by centration at 1000
g for 10 min and stored routinely at —20 °C. Plasma amylase and
lipase activities were measured using a clinical analysis system.
The amylase activity was measured by EPS substrate assay Kit.
Lipase activity was measured using a kit for the methyltriazine
substrate method, and both were measured using an AU1000 sys-
tem (Beckman) from the United States.

Immunofluorescent staining of tissues and cells

For immunofluorescence staining of 4-pum paraffin sections of
tissue, the sections were placed in an oven at 60 °C for at least
30 min. They were then dewaxed in an immunohistochemical tank
while hot, washed with running water, and subjected to peroxi-
dase blocking using 3 % hydrogen peroxide.
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Next, 1x original repair enzyme solution was heated to boiling,
and the fixed sections were immersed in the solution for 20 min.
After cooling to room temperature, the sections were sequentially
rinsed with water, distilled water, and PBS. Subsequently, 5 % goat
serum (cat. BMS0050, Abbkine, China) was applied to block the
sections at room temperature for 30 min. Following this, the serum
was removed, and a wet box was used to incubate the sections in a
refrigerator at 4 °C overnight.

After incubation, the culture medium was discarded, and the
sections were washed twice with PBS. They were then fixed with
4 % paraformaldehyde for 10 min, followed by another wash with
PBS. The sections were permeabilized with 0.25 % Triton X-100
(cat. ST1722, Beyotime, China) for 10 min. Finally, 5 % goat serum
was added to block the cell slides for 30 min at room temperature,
and the primary antibody was applied and incubated at 4 °C over-
night. The primary antibody used: ZBP1 (cat. sc-271483, Santa
Cruz, USA), GM130 (cat. A25013, Abclonal, China), cleaved-casp3
(cat. 9661, CST, USA), p-MLKL (cat. AF7420, Affinity, China), p-
MLKL (cat. 37333, CST, USA), cleaved casp1 (cat. AF4022, Affinity,
China), NF-xB (cat. 8242, CST, USA), CD68 (cat. 97778, CST, USA),
Ly6G (cat. BP0O075-1, Biocell, USA), GOLPH3 (cat. 67777-1-Ig,
Proteintech, USA), RIPK3 (cat. sc-374639, Santa Cruz, USA), Amy-
lase (cat. sc-46657, Santa Cruz, USA). The following day, tissue sec-
tions and cell slides were processed in a similar manner. The
primary antibodies were washed off with PBS, and secondary anti-
bodies were added and incubated in the dark at room temperature
for 45 min. After washing off the secondary antibodies with PBS,
the nuclei were stained with a DAPI-containing anti-fading reagent
(cat. CP36935, Invitrogen, USA). Finally, the sections were sealed,
and the results were captured using a confocal fluorescence micro-
scope (Olympus Inc, USA) or a Leica microscope.

Detecting the mitochondrial ROS by MitoSOX red/green staining

Cells were cultured on sterile cell slides, and after the expected
treatment, the medium was discarded and the slides were washed
with cold PBS. The cell slides were then placed in a wet box. A
working solution at 5 M was prepared according to the Mitochon-
drial ROS MitoSOX Red kit (cat. M36008, Sigma-Aldrich, USA) and
added dropwise to fully cover each slide. The slides were incubated
at room temperature in the dark for 20 min.

For tissue staining, Mitochondrial ROS MitoSOX Green (cat.
M36006, Sigma-Aldrich, USA) was used, as it demonstrated greater
sensitivity than MitoSOX Red in our analysis. A working solution at
10 uM was prepared and applied to each slide containing 10 pm
frozen sections, followed by incubation at room temperature in
the dark for 30 min.

After incubation, the dye working solution was removed by suc-
tion, and the slides were washed twice with PBS for 5 min each
time. The excess liquid was drained, and the slides were sealed
with a DAPI-containing anti-fading reagent (P36935, Invitrogen,
USA). Finally, the results were captured using a fluorescence micro-
scope (Olympus Inc, USA).

Efficacy evaluation of FePTX@CM NPs on SAP mice model

C57BL/6] mice (male, 6-8 weeks old) were purchased from SJA
Laboratory Animal Co, LTD (Changsha, China). The experimental
animal’s use license is SYXK(Xiang) 2022-0012, the experimental
animal’s production license is SCXK(Xiang)2019-0004, and the
batch number of experimental animal production included
430727231101873587, 430,727,231,100,934,318 and
430727231101909167. All mice were randomly divided into 8
groups: Negative control, model group, free PYD, free PTX, free
PYD + PTX, FePYD NPs, FePTX NPs, FePTX@CM NPs. Mice were
maintained under pathogen-free conditions. The project was
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approved by the Second Xiangya Hospital of Central South Univer-
sity Ethics Committee and abided by the animal care and use
guidelines. Mice were administered different formulations intra-
venously for the first time, fasted for 12 h, and then intraperi-
toneally injected with caerulein (cat. S9690, Selleck, Japan) at a
dose of 50 pg/kg every hour for a total of 12 injections. After the
6th and 12th injections, mice received intravenous administration
of different formulations for the second and third times. After 12 h,
the mice were sacrificed, and samples were collected. As a positive
control, we administered an anti-Ly6G antibody via intraperitoneal
injection (BioXcell BXC-BP0075, 200 pg prior to caerulein adminis-
tration), which specifically depletes neutrophils in mice and has
been consistently demonstrated to exert a significant therapeutic
effect in SAP[29,30]. The pancreatic, lung tissues and blood of mice
were collected to analyze the severity of the model by detecting
the histopathological analysis and the expression levels of plasma
amylase and lipase.

For the pancreatic duct ligation-induced SAP model, six to
eight-week-old male C57BL/6] mice were used. The mice were
fasted overnight and anesthetized using CO,. A midline incision
was made, and the duodenum was gently pulled out to locate
the pancreatic duct for ligation. Finally, the incision was sutured
closed using an 8-0 suture. Forty-eight hours after ligation, mice
received intraperitoneal injections of caerulein (50 pg/kg) at one-
hour intervals for a total of two injections. Simultaneously, the
mice were administered different formulations for the first time.
They also received additional administrations of these formula-
tions over the two days following the modeling. On the second
day after the last administration, the mice were sacrificed, and
blood, pancreas, and lung tissue were collected for further analysis.

The high mortality observed clinically in SAP is often linked to
complications such as uncontrolled sepsis or main organ failure,
which may not fully replicate in murine models due to species-
specific pathophysiological differences and the course of disease
[31]. To uttermost mimic SAP in clinic, the established criteria for
validating the SAP mouse model encompass two critical compo-
nents. The pathophysiological hallmarks include pancreatic injury
characterized by necrosis, inflammatory infiltrates, and edema, as
well as multi-organ dysfunction manifesting as systemic complica-
tions such as acute lung injury, renal impairment, or intestinal bar-
rier compromise [32]. Additionally, biochemical markers
demonstrate significant elevation of blood amylase and lipase
levels (>3 times the upper limit of normal) [33]. In this study, we
employed two distinct mouse models of SAP to evaluate the ther-
apeutic efficacy of our newly developed nanoparticle-based drug.

ELISA assay for IL-18 and IL-6 in plasma or cell supernatants

Mouse heart blood was collected and centrifuged at 1000 g for
10 min. Plasma was obtained without disturbing the cell pellet and
routinely stored at —20 °C. The expression levels of IL-1p and IL-6
in the plasma or cell supernatants were detected using the IL-1B
and IL-6 ELISA Kits (RKO0O006 and RKO00008, Abclonal, China)
according to the manufacturer’s instructions.

TUNEL assay

After fixing the tissue with 4 % formaldehyde, it was embedded
in paraffin and cut into 4 pm sections. The sections were placed in
an oven at 60 °C for 60 min, followed by dewaxing and washing
with distilled water for 5 min. A 20 pg/mL proteinase K solution
(cat. ST535, Beyotime, China) was added dropwise and incubated
at 37 °C for 15 min. The samples were then washed three times
with PBS, with each wash lasting 5 min.

Next, a TUNEL reaction mixture (cat. C1086, Beyotime, China)
was added dropwise and incubated at 37 °C in the dark for
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60 min, followed by three washes with PBS. DAPI staining was then
applied, and the slides were sealed with nail polish. Image acquisi-
tion was performed using a fluorescence microscope (Olympus Inc,
USA).

H&E staining

After dewaxing the sections as described in the previous steps,
they were immersed in hematoxylin staining solution for 5 min,
then differentiated with 1 % hydrochloric acid alcohol for a few sec-
onds and rinsed with tap water for 5 min. The sections were sub-
sequently treated with warm water to enhance the bluing effect.

Next, they were placed in eosin staining solution for 1 to 3 min,
rinsed again with tap water for 5 min, and then dehydrated and
dried. After sealing with neutral resin, the sections were examined
under a microscope (ZEN, Germany) for image acquisition and data
analysis.

Ethics statement

Animal experiments were performed according to the protocols
approved by the Second Xiangya Hospital of Central South Univer-
sity Ethics Committee and abide by the animal care and use guide-
lines (No. 20230897).

Statistical analysis

Data were presented as mean + SD. Statistical analysis was per-
formed by GraphPad Prism (9.5.0). T-test was used for comparison
between two groups. One-way ANOVA using the Tukey post-test
was applied for comparison among three or more groups. The
number of replicates is indicated in the legend of each figure.

Results and Discussion
Proanthocyanidin inhibits the release of pancreatic amylase and lipase

Severe acute pancreatitis (SAP) is often characterized by the
self-digestion of pancreas mediated by over-released pancreatic
enzymes including amylase and lipase in patients [34]. Herein,
the inhibition of these enzymes is of great significance to relieve
clinical symptoms and provide better prognosis. During our
screening of various natural compounds and their derivatives for
SAP, proanthocyanidin (PYD) exhibited an exciting capacity for
anti-inflammation and anti-release of pancreatic enzymes. As
shown in Fig. S1A, AR42] cells were pre-treated with dexametha-
sone (Dex) at day O to polarize toward exocrine phenotype. In con-
trol group, the fluorescence signal of intracellular amylase was
hard to observe because they were secreted to extracellular spaces.
After PYD intervention (50 pg/ml) from day 1, the signal of amylase
was located in cytoplasm more in day 2 and day 4. The statistical
analysis revealed that PYD effectively inhibited amylase release
though in exocrine phenotype cells. Conversely, the level of amy-
lase and lipase in cell supernatant after PYD treatment decreased
as expected in Fig. S1B. To further elucidate the specific process
of enzyme-release inhibition by PYD, we detected the intracellular
RNA level of both enzymes. The results demonstrated that there
were no significant differences between control and PYD groups,
which meant PYD influenced the release stage rather than the tran-
scription process of amylase and lipase (Fig. S1C and Fig. S1D). We
also verified the protection effect of PYD in primary acinar cells. As
depicted in Fig. ST1E, mice were pre-treated with PYD for a week
before acinar cell isolation. The acinar cells were then stimulated
by caerulein to create damaged state. The cell supernatants of
post-stimulated acinar cells were isolated for amylase and lipase
detection. After caerulein treatment, the level of pancreatic
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enzymes in control group increased significantly, while PYD-
treated group excitingly decreased enzymes secretion (Fig. S1F).
The protection effect of PYD in pancreatic enzyme release was con-
firmed via these experiments. Considering its anti-inflammation
property in reports, the potential of PYD in anti-SAP encouraged
us to further develop its novel formulations to better target the
pancreas and evade MPS.

Preparation and characterization of FePYD@CM and FePTX@CM NPs

The ability of polyphenol molecules to coordinate with metal
ions such as Fe3*, Cu?*, etc. to form nanoparticles was reported
by lots of studies. Therefore, the polyphenol structure of PYD could
react with iron ions (III) to prepare nanoparticles (NPs). To further
enhance pancreas-targeting ability of NPs, we wrapped the NPs
with macrophage cell membranes (CM). It is reported that the
biomolecular-directed assembly is a promising pathway to prepare
stable metal-polyphenol NPs because they offer effectively strong
and stable bonding specificity. We used PEG10000 as the seeding
agent for the assembly to locally increase the concentration of
Fe3*, PYD and biomacromolecules (BSA). As shown in Fig. 2A, the
particle size FePYD NPs (167.6 + 1.2 nm) was smaller than that
of FePYD@CM NPs (185.2 + 3.0 nm). And the NPs sizes were stable
in 2 weeks with a homogenous polydispersity index (PDI) (Fig. 2B).
Also, FePYD@CM NPs were stable in different solvents as shown in
Fig. S2A. The zeta potential results demonstrated positive charge
for both NPs (Fig. 2C). After cell membrane (CM) coating, the zeta
potential of FePYD@CM NPs decreased by about 10 mV which
may be attributed to the neutralization effect of negative charge
of CM. Furthermore, the morphology of FePYD@CM NPs was inves-
tigated by TEM. It could be observed that a significant cell mem-
brane layer coated on the FePYD NPs, approximately 10 nm
(Fig. 2D). Elemental mapping analysis revealed the co-
localization of phosphorus in the NPs, which indicated the exis-
tence of cell membrane (Fig. 2E). Also, we adopted Coomassie blue
staining to investigate the total protein of different formulations.
As expected, FePYD@CM group showed the same protein profile
as original cell membrane group (Fig. 2F). And UV-absorbance
spectrum of FePYD@CM was investigated as shown in Fig. 2G.
The characteristic peak of PYD existed in both NPs with or without
CM coating. Additionally, the CM coating efficiency of NPs was
determined by nano-flow cytometry. First, DiL was used to label
CM. Centrifugation was performed to remove unbound DiL. And
then nano-flow cytometry was utilized to analyze the encapsula-
tion efficiency of CM on FePYD NPs. The result showed that the
encapsulation rate of CM on FePYD@CM NPs was around 81.7 %,
indicating that most FePYD NPs were wrapped by macrophage
membranes (Fig. 2H). Considering the self-assembly property of
FePYD NPs, we used different interference agents including urea,
NaCl, SDS to investigate the specific interaction forces during the
assembly process. The particle size varied after the addition of dif-
ferent agents (Fig. 2I). It was significant that after NaCl interference
the NPs disassembled, while SDS also exhibited little impact on
particle size. Conversely, urea did not significantly influence NPs
assembly, which suggested that the hydrogen bond may be not
the main force working in NPs formation. Accordingly, electrostatic
force and hydrophobic interaction were the main factors in NPs
assembly. Moreover, the drug release profile of FePYD@CM NPs
in Fig. S3 demonstrated that the NPs could release PYD over 50 %
within 24 h to achieve sustained drug release, avoiding systemic
cytotoxicity and prolonging efficacy.

Cellular uptake and pancreas targeting ability of FePYD@CM NPs
The alleviation of SAP required the drugs to be uptake suffi-

ciently and quickly into related cells in inflammation-
microenvironment. Therefore, we investigated the cellular uptake
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Fig. 2. Preparation and characterization of FePYD@CM NPs (n = 3). (A) Size distribution of FePYD@CM NPs. (B) Size stability evaluation of FePYD@CM NPs. (C) Zeta potential of
FePYD@CM NPs. (D) TEM images of FePYD@CM NPs. Scale bar = 50 nm. (E) Elemental mapping of FEPYD@CM NPs. Scale bar = 10 nm. (F) Total protein profile of FePYD@CM
NPs. (G) Ultraviolet absorption spectrum profile of FePYD@CM NPs. (H) Evaluation of encapsulation efficiency of CM on FePYD NPs by nano-flow cytometry. (I) Particle size

change of FePYD@CM NPs after the addition of different agents. Data = mean + SD.

of FePYD@CM NPs in vitro. RAW264.7 and 266-6 cell lines were
used to simulate the main cells concentrated in SAP microenviron-
ment. Results of fluorescent microscopy and flow cytometry sug-
gested that FePYD@CM were internalized much more into
cytoplasm than free DiL dye and FePYD without cell membranes
in both cell lines (Fig. 3A to 3F). This may be attributed to the pos-
itive charge of the NPs and homogeneity of macrophage mem-
branes. The similarity of CM on our NPs and macrophage
membrane promoted their fusion and co-localization. However, it
is not persuasive enough to investigate the uptake of our NPs only
in cellular level. We wondered whether the FePYD@CM NPs could
target pancreas in vivo to bring therapeutic effects within 24 h. The
fluorescent images of in vivo imaging system (IVIS) demonstrated
that a significant increase distribution of FePYD@CM NPs in pan-
creas when in comparison to free DiR and FePYD NPs (Fig. 3G
and 3 J). Meanwhile, the excised pancreas in FePYD@CM group
showed more evident fluorescence than the other two groups
(Fig. 3H and 3 K). However, the signal of both NPs was also
observed in liver, spleen and lung (Fig. 31 and 3L). We speculated
that the positive charge of NPs attracted the MPS to devour them
in these organs which was inevitable. After macrophage membrane
coating, FePYD@CM NPs exhibited better pancreas targeting ability
than FePYD NPs due to the CM homogeneity. Either way, our
FePYD@CM NPs are more precise in pancreas targeting within
24 h, thereby providing rapid relief for SAP.
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Furthermore, we conducted the biosafety assessment of
FePYD@CM NPs by the hemolysis test, the serum level of ALT,
AST, BUN, CR and the H&E staining of major organs. Considering
the administration manner, the primary issue was whether the for-
mulation could induce hemolysis when first entered the blood cir-
culation. The results in Fig. S4A indicated that there was no
significant erythrocyte lysis, even at a concentration of 500 pg/
ml for FePTX@CM NPs. Also, the serum level of the serum factors
which indicated the function of liver and kidney fluctuated in nor-
mal range (Fig. S4B). Furthermore, the images of H&E staining sug-
gested that there was no significant damage in major organs
including heart, liver, spleen, lung and kidney (Fig. S4C). Collec-
tively, the biosafety investigation experiments demonstrated that
our NPs were safe enough to administer intravenously.

PYD inhibits mitochondrial ROS/Golgi stress-mediated pancreatic
digestive enzymes secretion

When SAP occurs, the acinar cells become stressed, leading to
the production of reactive oxygen species (ROS) in cytoplasm,
especially in mitochondria (mtROS). Excess accumulation of
mtROS is a key initiator that induces inflammation, lipid peroxida-
tion, protein oxidation, and DNA damage. We first used MitoSOX
Red to visualize mtROS inside 266-6 cells following taurocholic
acid sodium (TAC) intervention, which was used to mimic acinar
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Fig. 3. Evaluation of cellular uptake and pancreas targeting ability of FePYD@CM NPs. (A) Fluorescent images of cellular uptake of FePYD@CM NPs in macrophages (n = 3).
Scale bar = 100 pm. (B-C) Flow cytometry analysis of cellular uptake of FePYD@CM NPs in macrophages (n = 3). (D) Fluorescent images of cellular uptake of FePYD@CM NPs in
266-6 cells (n = 3). Scale bar = 100 pm. (E-F) Flow cytometry analysis of cellular uptake of FePYD@CM NPs in 266-6 cells (n = 3). (G) In vivo fluorescent images of mice received

different formulations and its analysis (J). (H

interventions and its analysis (L). *P < 0.05, **P < 0.01, ***P < 0.001. Data = mean + SD.

cell damage during SAP. TAC-induced mtROS production was
dosage-dependent as shown in Fig. S5A. MitoQ is an antioxidant
agent that can repair oxidative damage to mitochondria within
cells. We isolated the primary acini to simulate SAP situation with
caerulein. As shown in Fig. S5B, mitoQ could significantly decrease
the intracellular mtROS though caerulein existed. Next, mitoQ
exhibited obvious amylase and lipase release-inhibition effects in
primary acinar cells (Fig. S5C). Therefore, we demonstrated that
mtROS promotes the release of amylase and lipase, resulting in
subsequent pancreatic dysfunction. To further investigate the
anti-enzyme secretion effect of FePYD@CM NPs, 266-6 cells were
co-treated with FePYD@CM NPs and TAC. Fig. S5D demonstrated
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) Fluorescent images of excised pancreas of each group and its analysis (K). (I) Fluorescent images of ex vivo organs after different

significant mtROS production after TAC stimulation. Free PYD
could reduce mtROS level, while FePYD@CM NPs exhibited the best
anti-mtROS effect. Furthermore, the addition of rotenone was used
to reverse mtROS levels and validate the mechanism by which it
abolishes the anti-mtROS and anti-enzyme release effects of
FePYD@CM NPs observed in 266-6 cells, as depicted in Fig. S5D
and Fig. S5E. We then observed the amylase and lipase release in
primary acini which received caerulein treatment (Fig. S5F). The
results further confirmed that pancreatic enzymes release was
dependent on the level of mtROS. After intervention with PYD or
FePYD@CM NPs, the levels of amylase and lipase in the cell super-
natant significantly decreased, with FePYD@CM NPs demonstrat-
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ing better uptake efficiency and a more pronounced suppression of
enzyme release; however, this effective inhibition was reversed by
rotenone intervention.

Meanwhile, Golgi stress was important in mtROS-mediated cell
dysfunction. GM130 and GOLPH molecules are the main proteins
responsible for maintaining the function and structure of Golgi.
First, we found a significant signal of GM130 in TAC-treated 266-
6 cells (Fig. S5G). When compared to control group, the structure
of Golgi apparatus was irregular and broken in TAC-treated cells.
The situation of fractured Golgi could be improved by PYD and
FePYD@CM NPs. Particularly, better status of Golgi was inspected
in NPs group. Further, the co-localization of GOLPH3 (key functions
in vesicle transport and maintaining the integrity of the Golgi
apparatus) and GM130 in Fig. S5H revealed the impaired integrity
of Golgi apparatus with TAC treatment. As expected, PYD and
FePYD@CM NPs showed attractive inhibition in Golgi structure
damage and improvement of Golgi integrity. On the other hand,
the Golgi stress could be reflected by relevant expression of certain
proteins including SIRT2 and glycosylated MUC2. Western Blot
images in Fig. S51 showed that PYD has the potential to reduce
the levels of both proteins and enhance cellular amylase within
cells, indicating alleviated Golgi stress and preventing the release
of amylase, whereas Brefeldin A (BFA), a specific inducer of Golgi
stress, completely abolished its therapeutic effect in 266-6 cell
lines. Furthermore, amylase in primary acinar cell supernatant
decreased after PYD and FePYD@CM NPs treatment in caerulein-
induced SAP in vitro (Fig. S5]). The inhibition effect of BFA towards
both formulations verified the Golgi stress pathway was indeed
involved in pancreatic enzyme release.

Accordingly, the mechanisms of PYD or FePYD@CM NPs-
inhibited amylase and lipase release were associated with
mtROS/Golgi stress pathway, thereby minimizing the autolysis of
pancreatic tissues in SAP.

Pentoxifylline formulations inhibit macrophage PANoptosis via the
Zbp1 pathway

Macrophages play an important role in SAP initiation and devel-
opment. Excessive macrophage pro-inflammatory cell death (in-
cluding pyroptosis, necroptosis and apoptosis) releases numerous
pro-inflammatory cytokines to amplify SAP response. Maintaining
the survival of macrophages is of great significance for controlling
SAP response, preventing systemic reaction and tissue protection.
Using novel drugs to protect macrophages from pro-
inflammatory cell death is a reliable strategy in SAP therapy.
Reports confirmed that Pentoxifylline (PTX) exhibited multiple
functions in SAP treatment including anti-inflammation and neu-
trophils inhibition, etc. Here, we explored whether PTX could pro-
tect macrophages from activation or pro-inflammatory cell death
in SAP. First, to better develop the classic PTX in the clinic, we
loaded PTX into FePYD and FePYD@CM NPs to prepare FePTX and
FePTX@CM NPs for multifunctional treatment. The effective com-
ponents of FePTX@CM NPs were PYD and PTX. And drug loading
efficiency was 23.07 + 1.83 % and 4.875 + 0.36 %, respectively
(Fig. S6). Subsequently, we isolated bone marrow-derived macro-
phages (BMDMs) to simulate macrophages by LPS and conducted
transcriptome analysis following different interventions to explore
the impact of PTX on the activation of macrophages (Fig. 4A).
Treatments administered to BMDMs included LPS, LPS + PTX,
LPS + FePTX NPs, LPS + FePTX@CM NPs. According to the gene set
enrichment analysis (GSEA) results in Fig. 4B to 4C, several classic
proinflammation genes were enriched in LPS treated BMDM indi-
cating classic proinflammatory signal pathway were regulated by
LPS in BMDMs. Compared to LPS, the PTX treatment led to the
enrichment of multiple inflammation regulation pathway in
BMDMs (Fig. 4D-E). Specifically, the expression of various pro-
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inflammatory factors such as IL-1B8 and IL-6 were decreased and
anti-inflammatory factors such as IL-10 increased after PTX formu-
lation interventions (Fig. 4F). IL-1 is a major cytokine that appears
in the early stages of inflammation, especially during the initial
phase of SAP. IL-6 can further directly reflect the severity of the dis-
ease. This evidently proved that PTX and its formulations (includ-
ing FePTX, FePTX@CM NPs) downregulated pro-inflammatory
pathway in BMDMs, thereby exerting an exciting inflammation
inhibition effect to relieve SAP. The results were re-verified by
qPCR analysis that expression of IL-1f and IL-6 induced by LPS
were decreased by 80 % and 62 % by FePTX and FePTX@CM NPs,
respectively (Fig. 4G). To investigate the potential mechanism of
PTX and its nanoformulation in macrophage suppression, we first
conducted a CCK-8 assay to evaluate cell viability and assess the
potential for suppressing pro-inflammatory cell death. As shown
in Fig. 4H, PTX formulations prevented BMDMs from death, espe-
cially when it was presented in nanoparticles. The protection effect
was also confirmed by propidium iodide (PI) staining in Fig. 4.
Thus, the significant cell death induced by LPS was alleviated by
both free PTX and NPs, which, based on previous reports, can
explain why PTX and NPs are able to suppress macrophage
activation.

Recent advances suggest that several pro-inflammatory cell
death pathways share the same initiation mechanism, known as
PANoptosis, which is characterized in macrophages by cell swel-
ling, membrane rupture, and the release of pro-inflammatory fac-
tors. To further investigate the molecular mechanisms underlying
PTX intervention in LPS-triggered macrophage cell death, we per-
formed a western blot assay to evaluate the level of various
PANoptosis biomarkers, including cleaved caspase 1 (pyroptosis),
p-MLKL (necroptosis), p-RIPK3(necroptosis), cleaved caspase 9
(apoptosis), etc. As shown in Fig. 3], the images indicate that LPS
induced the overexpression of all relevant PANoptosis biomarkers,
demonstrating its activation in BMDMs; however, treatment with
PTX and FePTX@CM NPs significantly inhibited the PANoptosis
process, as evidenced by the decreased expression of these
biomarkers (Fig. 4]). Intuitive observation of BMDMs morphology
via transmission electron microscope (TEM) was conducted then.
The LPS-induced typical appearance change of pyroptosis, apopto-
sis and necroptosis was evidently observed and analyzed in Fig. 4K.
The FePTX@CM NPs greatly alleviated the PANoptosis of BMDMs.
The death process was limited by FePTX@CM NPs to the early
death stage or primed to autophagy for self-protection. Therefore,
we predicted that FePTX@CM NPs suppressed the macrophage
PANoptosis process induced by LPS which was common in SAP
stages. The reason why FePTX@CM NPs exhibited better anti-
PANoptosis effects than free PTX may be attributed to their better
cellular uptake. Behind this phenomenon, we found that the
PANoptosomes assembly was influenced by FePTX@CM NPs in
co-immunoprecipitation (co-IP) assay (Fig. 4L). The innate immune
sensor Zbp1 is one of the specific upstream molecules involved in
the process of PANoptosis. It can sense specific stimuli and trigger
the assembly of the PANoptosomes. Additionally, RIPK3 and cas-
pase 6 were the other two crucial components of PANoptosomes.
According to Fig. 3L, FePTX@CM NPs significantly decreased the
Zbp1l and RIPK3 interaction in macrophages, along with the
decrease of RIPK3 and caspase6 in RIPK3 antibody immunoprecip-
itated pool, indicating an obvious suppression of PANoptosomes
assembly in macrophages, thus inhibiting PANoptosis. These
results enlightened us to further explore the role of Zbp1 molecule
in PANoptosis-suppression effect of PTX in SAP therapy.

We extracted the PANoptosis-related genes of transcriptomics
in BMDMs to generate the heatmap after LPS and PTX formulation
intervention to visualize the expression PANoptosis regulators
including Zbp1, RIPK1, NRPL3, caspase3, caspase 6, caspase 8 and
MLKL, as shown in Fig. 5A. Compared to control group, only Zbp1
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and RIPK1 genes upregulated significantly in LPS group, whereas
PTX and its formulations remarkably downregulated their expres-
sion, particularly that of Zbp1. The qPCR was further performed to
evaluate the relative RNA level of the PANoptosis upstream gene
Zbp1 (Fig. 5B). In the LPS-treated group, RNA of Zbp1 increased
by 8.4 times while in the PTX, FePTX, and FePTX@CM NPs-
treated groups, it only increased by factors of 4.3, 2.2, and 1.7
respectively. Previous studies have established that Zbp1 expres-
sion may be modulated by microRNAs (e.g., miR-99b-5p) [35], epi-
genetic modifications [36], and transcription factors such as HSF1
[37]. In our current study, we demonstrated that PTX downregu-
lates Zbp1 expression at both RNA and protein levels; however,
our findings do not preclude the potential involvement of the
aforementioned regulatory pathways.

These findings suggest that FePTX@CM NPs may inhibit the ini-
tiation stage of PANoptosis in BMDMs by downregulating Zbp1.
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Immuno-fluorescence assay provided an intuitive way to observe
the Zbp1 expression in BMDMs whose results were in consistent
with previous statement (Fig. 5C). Then we applied adenovirus to
overexpress Zbpl in macrophage. co-IP results revealed the
Zbpl-overexpressed macrophages reversed the PANoptosis-
inhibition effect of FePTX@CM (Fig. 5D). The interactions between
Zbp1 and RIPK3 in LPS and Zbp1l oe-group were significantly
enhanced due to the existence of numerous Zbp1. And the protec-
tion effect of FeEPTX@CM was weakened by excessive Zbp1. Reports
declaimed that Zbp1 interacted with RIPK3 to elicit the formation
of PANoptosomes and execution phase of PANoptosis. Thus, we
investigated the co-localization of Zbp1 and RIPK3 via fluorescent
microscope (Fig. 5E). It was obvious to observe that FePTX@CM
NPs minimized the co-localization of the two proteins which
means the assembly of PANoptosomes was restricted as much as
possible with PTX formulations interventions. In all the experi-
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ments mentioned above, the group treated with FePTX@CM NPs
consistently showed the lowest level of Zbp1. On the other hand,
NF-xB was a key transcription factor involved in inflammatory
activation after initiation of PANoptosis in macrophages [38].
Results of Immuno-fluorescent assay showed that the expression
of NF-kB was downregulated and primarily located in cytoplasm
rather than nucleus after FePTX@CM NPs treatment, which means
the downstream inflammatory responses were limited (Fig. 5F).
This may be attributed to the highly homologous and biocompati-
ble cell membrane coated on the surface of FePTX, which resulted
in a significant uptake by BMDMs. Furthermore, we found that IL-
1B (the main proinflammatory factor) expression was also con-
strained by PTX-related NPs via qPCR and ELISA assays. However,
the Zbp1-overexpressed BMDMs significantly exhibited higher IL-
1B levels, which nearly reversed the effect of PTX nanoparticles
(Fig. 5G-H). This means the cytokine release was the downstream
response of Zbpl activation. Accordingly, we speculated the
PANoptosis of BMDMs induced by LPS was mediated by Zbpl,
whereas PTX and its NPs formulations could obviously suppress
the expression of Zbp1, resulting in disruption of PANoptosome
assembly and alleviation of PANoptosis.

This discovery allows us to utilize FePTX@CM NPs for suppress-
ing macrophage activation in the treatment of SAP.

Efficacy of FePTX@CM NPs against SAP in mice models
The final purpose of our FePTX@CM NPs was to handle clinical

SAP. We established two SAP models to reflect clinical situations
induced by different factors.
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Caerulein is a peptide analog of cholecystokinin (CCK). It can
stimulate the pancreas to induce a large secretion of pancreatic
enzymes, leading to autolysis of pancreatic acinar cells. The activ-
ity of pancreatic enzymes and inflammation further activates a ser-
ies of cellular damage. The advantage of caerulein in establishing
an SAP model lies in its relative simplicity, minimal surgical
trauma, low cost, and rapid generation of SAP.

To better assess the efficacy of active ingredients in NPs, we set
up eight groups including negative and model group, free PYD, free
PTX, free PYD + PTX, FePYD NPs, FePTX NPs, FePTX@CM NPs.
According to the drug loading ratio of PYD and PTX in FePTX@CM
NPs, we set the drug ratio of PYD to PTX at 5:1 (PYD 5 mg/kg,
PTX 1 mg/kg). To evaluate the efficacy of our NPs, we also set up
a positive control group, which was administered an anti-Ly6G
antibody via intraperitoneal injection to deplete neutrophils in
mice (Fig. S8). Generally, SAP was characterized by widespread
necrosis of the pancreatic acinar cells and remote organ damage
(such as the lung and intestine). The cell morphology of pancreas
could effectively reveal the severity of SAP. As depicted in Fig. 6A
and Fig. S1B, compared to the negative group, the H&E staining
images of model group exactly showed typical necrotizing pancre-
atitis changes in the caerulein-treated pancreas, including the
destruction of structure, massive cell edema and necrosis and infil-
tration of inflammatory cells, while positive control group exhib-
ited significantly attenuated pathological changes. The lung
tissue damage was also observed obviously in positive control
group due to the systemic inflammatory responses. In drug-
administered groups, the damaged pancreatic tissue has been
improved to varying degrees and the images demonstrated that
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FePTX@CM NPs exert the best therapeutic effect with much allevi-
ated damage and less infiltrated inflammatory cells in pancreas
and lung tissue. According to the H&E score of the pancreas, the
free drug showed a reduced anti-SAP effect due to its poor
pancreas-targeting ability, while treatment with FePTX@CM NPs
demonstrated significantly enhanced protective effects on the pan-
creas in SAP. We then investigated the plasma level of amylase,
lipase and pro-inflammatory cytokines. Amylase and lipase activity
in plasma was minimized by FePTX@CM NPs compared to other
formulations (Fig. 6B, Fig. S1C). Free PTX or PYD demonstrated an
obvious enzyme-inhibition efficacy as well owing to their innate
anti-inflammatory property in the microenvironment. Similarly,
the level of main proinflammatory factors such as IL-1B and IL-6
in plasma also decreased after different interventions (Fig. 6C).
Interestingly, a significant difference in amylase and lipase activity
was observed between the FePTX NPs and FePTX@CM NPs groups,
which may be attributed to the cell membrane coating on the
FePTX@CM NPs enhancing their biocompatibility and cellular
uptake efficiency. Thus, the results hinted that the organ damage
and local and systemic inflammatory response were effectively
inhibited by FePTX@CM NPs therapy in SAP model. In addition,
Research has found that intestinal barrier dysfunction is a critical
characteristic of SAP, leading to increased mucosal permeability
and allowing the entry of intestinal microbiota into the blood-
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stream, ultimately resulting in septicemia [39]. To examine the
therapeutic effect of these formulations on intestinal barrier dys-
function in SAP, we evaluated the migration of intestinal bacteria
into the circulation through 16S rRNA detection. The results
showed a significant decrease in bacterial content in FePTX@CM
NPs group in comparison with other formulations (Fig. 6D). More-
over, the total cell death of pancreas was assessed by TUNEL stain-
ing in mouse model (Fig. 6E). The positive signal indicated dead
cells, which was significantly reduced in FePTX@CM NPs group.
Macrophages (especially M1 type) and neutrophils were the key
pro-inflammatory immune cells infiltrating the pancreas, and our
NPs significantly reduced their infiltration in SAP (Fig. 6F and
6G). The statistical analysis all revealed the best efficacy of
FePTX@CM NPs against SAP than single drugs or FePTX NPs. We
speculated that FePTX@CM NPs better targeted pancreas and func-
tioned in SAP by alleviating death of acinar cells, relieving pro-
inflammation response thus decreasing pathological damage in
pancreas and remote organs. In general, FePTX@CM NPs have effec-
tively exerted a protective effect on the caerulein induced-SAP
model.

As mentioned above, the caerulein-induced SAP primarily mim-
ics SAP caused by biliary, alcoholic, or other factors leading to pan-
creatic hyperstimulation and abnormal enzyme activation.
Another SAP model was established by pancreatic duct ligation
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to simulate pancreatic duct obstruction by biliary stone in the
clinic. Differing from caerulein-induced SAP, the pathological
changes in H&E images of duct ligation-induced SAP exhibited
extensive necrotic areas, inflammatory cells infiltration acinar to
ductal metaplasia (ADM) and early fibrosis (Fig. 7A, left). Though
free PYD or PTX partially alleviated necrotic areas and ADM, tissue
fibrosis and cell death were still present. However, both drugs in
nanoparticles showed stronger efficacy in this situation. Signifi-
cantly reduced lesions of necrosis lesions and acinar cell death
indicated that FePTX@CM NPs owned exciting anti-SAP effects.
And the lung tissue damage was also weakened after NPs treat-
ment, suggesting less systemic inflammation response was eli-
cited. Also, FePTX@CM NPs gained the best result in the analysis
of H&E scores of pancreas (Fig. 7A, right). In the plasma amylase
and lipase activity assessment, they were both effectively
decreased by FePTX@CM NPs (Fig. 7B). In addition, reduced sys-
temic inflammation also led to decreased plasma levels of IL-1B
and IL-6 (Fig. 7C). As shown in Fig. 7D, the result of 16s rRNA in
plasma which reflected the bacteria invasion into circulation
exhibited an evident reduction in all treatment groups, particularly
in FePTX@CM NPs group. TUNEL results showed significant cell
death in model group, while much less cell death was present in
all treatment groups, particularly in FePTX@CM NPs group
(Fig. 7E). The semi-quantitative analysis further confirmed this
conclusion. In immunofluorescence staining assay, more macro-

(A) Ligation-induced SAP H&E staining of pancreas and lung
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phages and neutrophils were infiltrated in the pancreas of the con-
trol group, while FePTX@CM NPs intervention demonstrated the
most effective therapeutic effect in reducing pro-inflammatory cell
infiltration (Fig. 7F and 7G).

Accordingly, by establishing two SAP mouse models, we con-
firmed that FePTX@CM NPs effectively alleviate inflammatory cell
infiltration and pro-inflammatory responses, inhibit the release
of pancreatic enzymes into the plasma, and protect pancreatic cells
from cell death. These results encouraged us to translate the NPs
into clinics.

Anti-SAP molecular mechanisms exploration of FePTX@CM NPs in vivo

As mentioned above, the major components of FePTX@CM NPs
included PYD and PTX. Our cell-level results demonstrated that
PYD inhibited the release of amylase and lipase to prevent self-
digestion of the pancreas, while PTX protected macrophages from
PANoptosis, thereby limiting the cascade of inflammatory
responses. To verify our theories in vivo, FePTX@CM NPs were
administered to the caerulein-induced SAP model. The pancreases
were harvested and subjected to frozen tissue sectioning for subse-
quent immunofluorescence (IF) staining. In Fig. 8A-B, we assessed
mtROS levels using mitoSOX Green staining and evaluated Golgi
stress using GM130 staining. It was evident that FePTX@CM NPs
significantly reduced intracellular mtROS levels compared to the
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control group. Additionally, fewer Golgi structures showed damage
due to Golgi stress in the FePTX@CM NPs group, as indicated by
GM130 staining. Furthermore, pancreas was collected to analyze
the preservation of amylase and lipase by western blot assay after
treatment of FePTX@CM NPs. As shown in Fig. 8C and Fig. S9, the
results demonstrated that caerulein treatment provoked the
release of amylase and lipase in a time-dependent manner within
24 h. However, the FePTX@CM NPs-treated acinar cells exhibited
higher intracellular levels of these two enzymes, resulting in less
harm to the surrounding cells. Thus, our results demonstrated that
the inhibition of pancreatic enzyme release mediated by the
mtROS/Golgi stress signaling pathway is essential for the anti-
SAP effects of FePTX@CM NPs, both in vitro and in vivo.

On the other aspect, in vitro experiments suggested that
FePTX@CM NPs could effectively prevent macrophages from
undergoing PANoptosis, thereby alleviating the inflammation
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responses remarkably. To obtain in vivo evidence supporting our
observations, we utilized antibodies for PANoptosis-related
biomarkers (cleaved caspase 3, cleaved caspase 1, and p-MLKL)
and Zbp1 along with F4/80 antibody to label macrophages, allow-
ing us to visualize PANoptosis in macrophages within the SAP
model. In Fig. 8D, the expression levels of Zbp1 of macrophage in
each group followed a similar trend as observed in the in vitro
experiments, further confirming that macrophage PANoptosis
was mediated by the Zbp1 signaling pathway, as mentioned above.
Meanwhile, the expression of PANoptosis biomarkers (red fluores-
cence) was also observed to be minimized by FePTX@CM NPs
intervention. Simultaneously, mono-application of either free
PYD or PTX provided less inhibition against PANoptosis in macro-
phages. Furthermore, the nucleus location of NF-kB in macrophage
was also obviously inhibited by FePTX@CM NPs (Fig. 8H). There-
fore, the FePTX@CM NPs treatment demonstrated a remarkable
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anti-inflammatory effect on the pancreas by inhibiting macro-
phage PANoptosis and reducing the release of pro-inflammatory
mediators during SAP. Collectively, PYD in FePTX@CM NPs reduced
the recruitment of macrophages and neutrophils and alleviated
mtROS/Golgi stress-mediated pancreatic enzyme release. Mean-
while, PTX suppressed Zbpl-mediated macrophage PANoptosis,
further mitigating the pro-inflammatory response to protect the
pancreas in SAP.

In summary, PYD and PTX incorporated in our NPs (FePTX@CM
NPs) have the potential to treat SAP both in vitro and in vivo. The
mechanisms involved include the inhibition of PANoptosis in
macrophages and the suppression of mtROS/Golgi stress-
mediated release of pancreatic enzymes in acinar cells. We hope
this nano-delivery system offers a novel approach to alleviate
SAP in clinical settings and minimizes the impairment of multiple
organ functions during the disease process.

Conclusion and prospects

SAP is linked to a high incidence and mortality rate. SAP is char-
acterized by severe tissue cell death, amplified inflammation
response and oxidative stress, etc. Early control of the cascade
inflammation reactions and acinar cells’ function is of great signif-
icance to avoid systemic responses. Facing such a dilemma, we pre-
pared a multifunctional FePTX@CM NPs to achieve the purpose of
pancreas targeting, inflammation suppression, inhibition of pan-
creatic enzyme release and prevention of death of acinar cells.
The polyphenol, PYD enabled the NPs anti-release of pancreatic
enzyme and anti-inflammation ability. We found that the suppres-
sion effect of PYD towards pancreatic enzymes (such as amylase
and lipase) was achieved by alleviating mtROS/Golgi stress path-
way. The newly discovered signal pathway may provide a promis-
ing target in drug development. Additionally, it was confirmed that
polyphenols could mediate the targeted delivery of polyphenol/an-
tioxidant enzyme complexes to mitochondria. This affinity is not
dependent on mitochondrial membrane potential, but rather orig-
inates from the strong binding between polyphenol and mitochon-
drial outer membrane proteins [19]. Therefore, we speculated that
our NPs may also reduce mtROS after PYD affiliates with mitochon-
dria. And PTX encapsulated in the NPs exhibited exciting capacity
to limit macrophages and neutrophils recruitment, help macro-
phage avoid PANoptosis via the Zbp1 signal pathway, decrease
proinflammatory mediators release, thus relieving inflammation,
pancreas injury and lung damage. The excellent efficacy of
FePTX@CM NPs against SAP brings surprise to us, nevertheless,
there are still some problems that need to be further studied. For
example, this study did not explore the synergistic effect of
FePTX@CM NPs with current anti-SAP methods. And the prognosis
of SAP after FePTX@CM NPs treatment needed further investiga-
tion. Collectively, our NPs exhibited good targeting ability, biocom-
patibility and excellent efficacy, therefore leading to rapid relief of
clinical symptoms of SAP. This new combination nanoparticle form
of PYD and PTX offers a valuable reference to SAP first aid, and pro-
vides a novel approach to develop current drugs with better effi-
cacy and less toxicity.
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