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Abstract: Pancreatitis constitutes a serious global health challenge characterized by a multicellular pathogenesis and limited
therapeutic options. The recent discovery of different cellular pathogenic mechanisms and the emerging effectiveness of nanotechnol-
ogy-based, cell-targeted therapies have provided promising therapeutic avenues for pancreatitis. However, the identification of
effective cellular targets, the elucidation of nanotherapeutic mechanisms, and the multicellular-coordinated modulation remain
fragmented and insufficiently defined. Here, we summarize recent progress in understanding pathogenic mechanisms from the
perspective of different cell populations and analyze relevant nanotechnology-based approaches designed to target these cells in
detail. By bridging different cellular pathogenesis with advances in nanotherapeutic design, this review offers a clear framework for
cell-targeted nanotherapeutics across the disease progression, proposing pathological and methodological insights to guide the future
development of multicellular-coordinated nanomedicines for pancreatitis.
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Introduction

Pancreatitis is a common and potentially life-threatening gastrointestinal disorder.! In acute pancreatitis (AP), the overall
mortality is approximately 1%,” but this value can increase dramatically to 30-40% in patients with organ failure, infected
necrosis, and systemic inflammatory response syndrome (SIRS).>* The most common etiologies include biliary obstruction,
excessive alcohol consumption, hypertriglyceridemia, drug abuse and endoscopic retrograde cholangiopancreatography.®
Existing clinical managements rely primarily on supportive care, including nutritional support, pain control, fluid resuscitation
and infection prevention.'®'! However, these therapeutic strategies remain insufficient to modulate the core cellular and
molecular pathways underlying disease progression.

The pathophysiology of pancreatitis involves multiple cell populations and their intricate crosstalk (Figure 1).'*° The main
cellular components include pancreatic acinar cells (PACs), which mainly synthesize and secrete digestive zymogens;'? and
pancreatic stellate cells (PSCs), which maintain extracellular matrix homeostasis.'> Upon stimulation by factors such as alcohol
abuse, biliary obstruction or metabolic disorders, these cells undergo injury and abnormal activation, thereby initiating and
amplifying pancreatic inflammation. For example, Ca>* overload in PACs induces premature trypsinogen activation, leading to
autodigestion and tissue injury.'® PSCs are activated and transform into myofibroblast-like cells, promoting fibrosis by through
the secretion of TGF-P and collagen.'” Additionally, the local injury environment recruits immune cells to the inflamed pancreas
and amplifies the inflammatory response.'® ° Injured endothelial cells facilitate immune cell extravasation and contribute to
microvascular dysfunction.?' Critically, intercellular crosstalk is a key mechanism in pancreatitis.”> >> For instance, damaged

PACs release damage-associated molecular patterns (DAMPs), which activates macrophages and exacerbates inflammation.*
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Figure | Schematic illustration of major cell populations involved in pancreatic inflammation and corresponding nanotherapies. Cell types include pancreatic acinar cells
(PACs), neutrophils, macrophages, pancreatic stellate cells (PSCs), endothelial cells, and mesenchymal stem cells (MSCs). Nanotherapies target these cells through various
mechanisms: regulating pathological events in PACs, immunomodulating neutrophils and macrophages, regulating activated PSCs to alleviate fibrosis, and leveraging MSCs as
bioengineered platforms. Figure created by Figdraw.

Therefore, targeting these cell-specific events and their intercellular crosstalk holds significant promise for the development of
effective therapeutic strategies for pancreatitis.

In recent years, various nanotechnology-based therapies have been developed to modulate cell-specific pathological
processes in pancreatitis, demonstrating remarkable therapeutic efficacy in preclinical studies. Owing to their superior
specificity and excellent biocompatibility, nanotechnology has emerged as a promising method for the targeted delivery of
genes, peptides and small-molecule drugs for the treatment of pancreatitis.*® >° In general, the current therapeutic mechanism
of nanomaterials involves three main aspects: selectively modulating pathological events in distinct cellular populations, such
as activating microenvironment-responsive drug release to confine its action to inflamed pancreatic niches;*’ correcting
mitochondrial dysregulation in PACs, rebalancing inflammatory activation in immune cells, suppressing fibrotic reprogram-

ming of PSCs and stabilizing endothelial barrier function;**°

and interrupting the intercellular inflammatory circuits that
amplify inflammation-induced injury.%® Together, these principles allow nanotechnology to achieve targeted regulation across
different cellular compartments, enhance therapeutic specificity and suppress the multicellular inflammatory network under-
lying pancreatitis.

Although a considerable amount of research has been conducted in this field, current studies remain fragmented and lack
integration across different cell populations. This review first summarizes the pathological mechanisms of major pancreatic
cell types and corresponding nanotechnology-based therapeutics. It then discusses intercellular crosstalk and multicellular-
coordinated nanotherapies, which refers to sequential or simultaneous modulation of key pathological nodes within distinct

cell populations. By integrating cellular pathophysiology with nanomaterial design principles, this review bridges the current

2 https: International Journal of Nanomedicine 2026:21



Li et al

fragmentation between mechanistic understanding and nanotherapeutic applications. The proposed multicellular-coordinated
nanotherapy offers strategic innovation and guidance for the development of future nanomaterials that may affect pancreatitis
management and provide insights into broader inflammatory diseases.

Relevant literature was identified through searches of PubMed, Web of Science, and Scopus using keywords related
to pancreatitis, nanotherapy, nanomedicine, cell-target, drug delivery, and studies were selected based on their relevance

to cellular mechanisms and nano-therapeutic strategies.

Cellular Mechanisms and Nanotherapeutic Strategies

Pancreatic Acinar Cell and Nanotherapies

Pancreatic acinar cell (PACs) plays a central role in driving the initiation and progression of pancreatic inflammation.
A cascade of pathological events, including dysregulated calcium signaling, premature trypsinogen activation, endoplas-
mic reticulum (ER) stress, mitochondrial dysfunction, collectively contributes to PACs necrosis and enlarged inflamma-

tion (Figure 2).

Pathological Mechanisms in PACs

Pathological elevation of Ca®" concentration in PACs is a critical early event that induces downstream premature activation of
trypsinogen, mitochondrial dysfunction, endoplasmic reticulum (ER) stress. Under a physiological state, Ca>* release from the
ER initiates zymogen granule exocytosis and supports mitochondrial ATP synthesis.*'** The increased Ca®" concentration is
rapidly restored by two ATP-dependent transport systems: sarco/endoplasmic reticulum Ca>*-ATPases (SERCA) return Ca”" to
the ER, and plasma membrane Ca**-ATPases (PMCA) extrude Ca”" to the extracellular space.> Pathological stimuli, such as
alcohol, disrupt this balance through the aberrant activation of inositol 1,4,5-trisphosphate and ryanodine receptors (InsP;R),
causing excessive ER Ca”" release. Ca>" depletion of ER subsequently triggers store-operated calcium entry (SOCE), which is
mediated by stromal interaction molecule 1 (STIM1) and the calcium release-activated calcium channel protein 1 (ORAII)

channel complex, leading to sustained Ca®* overloaded in PACs.**¢
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Figure 2 Pathological mechanisms in PACs. Pathological Ca®" overload, driven by excessive ER Ca®* release (InsP3R) and sustained SOCE (ORAII), disrupts Ca?*
homeostasis due to impaired SERCA and PMCA function. Elevated Ca?* promotes aberrant colocalization of zymogen granules with lysosomes, enabling premature
activation of trypsinogen. Concurrently, Ca®* overload induces mitochondrial dysfunction, leading to ATP depletion and necrosis. In parallel, Ca?* overload and ROS trigger
ER stress and unfolded protein response (UPR), ultimately resulting in cell death. The red upward and downward arrows indicate upregulation and reduction, respectively;
the red cross indicates blockade. A¢ represents mitochondrial membrane potential, lightning symbols indicate organelle stress or dysfunction.
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Sustained Ca”" overload is a central trigger for the premature activation of trypsinogen. Under pathological condi-
tions, Ca®" elevation inhibits exocytosis of zymogen granules and promotes the aberrant colocalization of zymogen
granules with lysosomes in PACs. The Cathepsin B (CTSB) in lysosomes directly cleaves trypsinogen into active trypsin
inside the cytoplasm.>’*® The activated trypsin further disrupts vesicular membranes, releasing CTSB into the cytoplasm
and amplifying autodigestion.”® Additionally, reduced cathepsin L activity limits trypsin degradation, further enhancing
CTSB-mediated trypsinogen activation.*®° Furthermore, the excessive Ca>" could activate the phosphatase calcineurin,
which has been shown to promotes premature activation of trypsinogen.40

In addition, persistent cytosolic Ca>* overload opens mitochondrial permeability transition pores (MPTP), leading to
a collapse of the mitochondrial membrane potential, impaired ATP synthesis and a shift toward necrotic cell death.*'**
Concurrently, electron transport chain disruption results in the overproduction of mitochondrial reactive oxygen species
(ROS), which exacerbates oxidative damage to lipids, proteins, and mtDNA.** The resulting oxidative stress further promotes
MPTP opening and activates key proinflammatory signaling pathways, including those involving NF-xB and the NLRP3
inflammasome, amplifying the release of cytokines such as IL-1p and IL-6.*° This mitochondrial mtDNA acts as a DAMPs,
activating the cGAS-STING signaling axis, thereby triggering a type I interferon response and perpetuating a vicious cycle of
inflammation.*”*

Ca*" overloaded, ROS accumulation and bile acids further cause ER dysfunction.’®>* This induces the excessive
accumulation of unfolded or misfolded proteins, leading to activation of the unfolded protein response (UPR). The UPR is
mediated by inositol-requiring enzyme (IRE1), protein kinase RNA-like endoplasmic reticulum kinase (PERK), and activat-
ing transcription factor 6 (ATF6).>>~>> Under homeostasis, these sensors are sequestered by the chaperone GRP78. Misfolded
protein accumulation triggers GRP78 dissociation and activates ER stress pathways: PERK-elF2a reduces protein load while
inducing ATF4,%* IRE1-XBP1 enhances folding capacity,” and ATF6 promotes ER chaperone expression.’® Under severe ER
stress, this adaptive UPR transitions toward apoptosis, characterized by sustained PERK/ATF4-CHOP activation, ultimately
leading to PACs death.”’

Nanotherapeutic Strategies Targeting PACs

Current nanotherapies typically delivery Ca®* chelators into PACs for scavenging excess Ca®".2**"¥ % For instance, Wang et al
engineered a hollow Prussian blue nanoparticle and mesoporous organosilica nanoparticles camouflaged with biomembranes or
peptides, achieving precise PACs targeting for 1,2-bis (2-aminophenoxy) ethane-N,N,N,N'-tetraacetic acid (BAPTA-AM)
delivery (Figure 3A), which hydrolyzed intracellularly into active BAPTA to chelate overloaded Ca*"***’ As mentioned
above, Ca”" overload is an upstream pathological event, restoring Ca®>" homeostasis thus typically exerts regulatory effects on
various downstream pathological events. For example, combined with the inhibition of trypsin activity using gabexate mesylate,
the hollow mesoporous Prussian blue nanoparticles coordinately modulating ER stress and oxidative stress.” Fu et al developed
BAPTA-AM loaded liposomal nanoparticles (BLNs) to eliminate Ca*" overloaded, further interrupted the Ca**-ROS inflamma-
tion cascade and reduced cathepsin B-mediated zymogen activation.”® Luo et al constructed a multifunctional cerium-based
nanoplatform (MOF808@BA@CAT) that effectively inhibits ER stress in AP by restoring Ca®" homeostasis and the enzyme
catalase to mitigate oxidative stress, thereby suppressing the activation of the UPR.”’

However, the dysregulated Ca®" pathway is governed primarily by SOCE components such as STIM1 and ORAI, for
which selective small-molecule inhibitors such as CM4620°* have already demonstrated clinical potential. Corresponding
nanotherapies directly targeting these channels remain unexplored, possibly because of challenges in terms of subcellular
delivery and limited formulation compatibility. Similarly, few nanotherapies directly target upstream activation nodes of
premature activation of trypsinogen, such as lysosome-zymogen granule fusion and CTSB activation. This gap may largely
arise from incomplete mechanistic understanding and safety concerns over disturbing essential lysosomal or proteolytic
functions.®® Conversely, current strategies regulating ER stress mainly focus upstream inducers rather than the UPR

1°* and guanabenz® have shown potential in modulating

signaling pathway. Small-molecule inhibitors such as salubrina
ER stress but are limited by poor bioavailability, tissue specificity and systemic toxicity.”® Consequently, future nanothera-
pies will likely rely on the optimized targeted delivery of proven inhibitors or active molecules, as well as the modulation of

established driving factors.
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In terms of mitochondrial dysfunction in PACs, nanotherapies primarily involves the scavenge of ROS, inhibition of
MPTP opening, improvement of ATP synthesis, and activation of mitophagy.®**”* For instance, Yan et al developed hollow
mesoporous manganese dioxide (MnO,) nanoparticles loaded with cyclosporin A to inhibit MPTP opening of mitochondrial,
thereby restoring the ATP supply and recovering Ca>" homeostasis (Figure 3B and C).°' Using the somatostatin analog
octreotide to bind the SSTR-2 receptors on PACs, simultaneously inhibiting the activity of G protein-coupled adenylate
cyclase and reducing intracellular cyclic adenosine monophosphate levels, thus suppressing trypsin secretion and activity
(Figure 3D).°" An engineered bio-heterojunctions (bio-HJs) scavenge ROS through electron transfer from Mo,C to Au,
increasing the Mo orbital and electron—hole separation, thus enhancing catalytic activities like those of SOD and CAT to
eliminate ROS.®® Wang et al reported an acid-responsive biomimetic nanozyme (MPBZC) composed of a Prussian blue core

loaded with celastrol.®’” The system scavenges ROS via the superoxide dismutase (SOD) and catalase (CAT)-like activities of
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Figure 3 (A) Preparation of SL@Arg-MSNs@BA loaded with BAPTA-AM for direct chelation of Ca®". Reproduced with permission from reference.” Copyright 2024,
American Chemical Society. (B and C) Analysis of MPTP opening status and mtROS in TLCS-stimulated AR42] cells with different treatments, scale bar: merge (20 um).6I
(D) Trypsin levels in pancreatic tissue from each treatment group at 24 h.®' Data are shown as means + SEM. n.s.: not significant (P > 0.05). *p < 0.05, **p < 0.01, *¥*¥p <
0.001. Reproduced with permission from reference.®’ Copyright 2025, Elsevier.
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Figure 4 (A) ROS scavenging and semiquantification of fluorescence in response to treatment with PB, CEL, and MPBZC by dichlorofluorescein (DCF) measurement using
confocal microscopy. (B) Evaluation of mitochondrial autophagy in response to different treatments. Mitochondrial autophagy is indicated by the red probe, and lysosomes
are indicated by the green probe. Semiquantification of fluorescence to indicate mitochondrial autophagy levels in response to different treatments. Reproduced with
permission from reference.’ Results are presented as mean + SD, n = 3. *¥p < 0.01, and ***p < 0.001. Copyright 2025, American Chemical Society.

Prussian blue and activates mitochondrial mitophagy through celastrol-induced Nur77 translocation, restoring autophagic flux
and mitochondrial homeostasis (Figure 4A and B).®’

The targeting strategies to PACs mainly includes biomimetic coatings with tannic acid,” octreotide,”" lipids modifications,*®

67:68 and antioxidant properties.” These approaches enable nanoparticles to accumulate at inflammatory

macrophage membranes
sites and enhance PAC recognition. Beyond these, ligand-receptor interactions (GPCR-targeting peptides) and microenviron-
ment-responsive activation (pH, ROS, enzymes) could further improve specificity.”*>"~*° However, subcellular targeting—
particularly mitochondria-directed delivery—remains underexplored but is crucial, as mitochondria serve as critical nodes
integrating Ca®" dysregulation, ER stress and oxidative stress in PAC injury. Future designs could incorporate mitochondria-
targeting moieties such as triphenylphosphonium (TPP) or mitochondria-penetrating peptides to enhance selective accumulation
within mitochondria. In addition, coupling mitochondria-targeting with microenvironment-responsive activation may further

improve precision.

Immune Cells and Nano-Immunomodulation
Injured PACs release chemokines and DAMPs, which subsequently recruit many immune cells to the pancreatic tissue.
These cells amplify local inflammation, tissue damage and fibrosis by releasing both pro- and anti-inflammatory

mediators. Consequently, a greater understanding of the mechanisms of the main immune cells and corresponding nano-
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immunomodulation, referring to nanotechnology-based regulation of immune cell activation and polarization, would
offer significant guidance for developing immunomodulatory strategies.

Neutrophils

Neutrophils are pivotal effector cells in the early phase of pancreatitis, orchestrating a cascade of inflammatory
amplification.”® Chemokines released from injured PACs mediate the rolling adhesion and transmigration of neutrophils
through the classical capture-rolling-adhesion-transmigration cascade.”””® Once infiltrating into pancreatic tissue, neutrophils
initiate a respiratory burst to generate excessive ROS, which directly damage PACs, aggravate mitochondrial dysfunction and
promote M1 macrophage polarization.””®® Moreover, activated neutrophils form neutrophil extracellular traps (NETs)
through the p38/MAPK pathway.”’*" Although NETs promote the trapping of pathogens, their DNA-histone-protease
complexes obstruct pancreatic ducts and amplify tissue necrosis. Therapeutic strategies targeting NET formation, such as
the DNase [-mediated degradation of DNA scaffolds, or blocking upstream pathways, such as the irisin-mediated inhibition of
aV/B5 integrin signaling,®' have been shown to significantly alleviate pancreatic edema, hemorrhage and necrosis.

Recent advances in nanotechnology have enabled the modulation of neutrophil-driven pathology through diverse
strategies, including the suppression of infiltration,**** ROS scavenging,®® the inhibition of aberrant activation,®
targeted clearance®® and the restoration of dysregulated polarization.** For instance, a carbon monoxide-bound hemo-
globin vesicle (CO-HbV) suppresses neutrophil infiltration by reducing pro-inflammatory cytokine production, attenuat-
ing endothelial activation, and inhibiting ROS-driven inflammatory amplification.®> A single-cell atlas-inspired
hitchhiking nanoreactor composed of hollow MnO, loaded with porphyrin ligands and conjugated to Ly6G antibodies
enables ROS scavenging directly within neutrophils.** These nanoreactors inhibit both N (proinflammatory) and N,
(anti-inflammatory) polarization pathways, increase tissue oxygenation through O, generation, and attenuate inflamma-
tion without disrupting systemic redox homeostasis (Figure 5A and B).** Another biomimetic platform (PC@PLGA),
designed by hybridizing platelet-derived vesicles with calreticulin-expressing cell membranes, presents an artificial aged
signal that promotes macrophage-mediated nonapoptotic clearance of activated neutrophils, thus resolving inflammation
(Figure 5C).%
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Figure 5 (A) The inhibition of O,*™ at pH of 7.4 and 6.5 and (B) the proportion of each cell subgroup in each group. Reproduced with permission from reference.®*
Copyright 2025, Wiley-VCH GmbH. (C) The binding of PSGL-1 to P-selectin enables the anchoring of PC@PLGA on the activated neutrophils, whereas doxorubicin-
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tissue damage, scale bar: 2 um. Reproduced with permission from reference.® Copyright 2025, American Chemical Society.

International Journal of Nanomedicine 2026:21 https: 7



Li et al

Despite these promising results, most existing systems function indirectly neutralizing inflammatory mediators or
scavenging ROS rather than reprogramming neutrophil behavior at the transcriptional level. Moreover, their long-term
safety, effect on host antimicrobial defense and potential to induce systemic immunosuppression remain insufficiently
characterized. Future directions should emphasize temporally controlled nanotherapy aligned with the inflammatory
phase, integrating multi-responsive platforms capable of NET degradation, redox modulation and immune signaling
regulation. Such precise modulation could transform neutrophil-targeted nanotherapy from symptomatic relief to true
disease interception.

Macrophages
Macrophages exhibit notable phenotypic plasticity and spatiotemporal heterogeneity throughout the course of
pancreatitis.®”*® In the early stage, injured PACs release monocyte chemoattractant protein-1 (MCP-1), which binds to
CCR2 receptors on circulating monocytes and recruits them into pancreatic tissue, where they differentiate into
proinflammatory M1 macrophages.'® M1 macrophages recognize DAMPs via pattern recognition receptors such as
TLRA4, activating the NF-kB and MAPK signaling pathways.®* This activation drives the secretion of proinflammatory
cytokines, including TNF-o, IL-1f and IL-6, which exacerbate local inflammation and necrosis.”® As inflammation
resolves, macrophages gradually transition toward the anti-inflammatory M2 phenotype under the influence of 1L-4/IL-
13-STAT6 signaling and metabolic reprogramming. M2 macrophages promote tissue repair by releasing IL-10, TGF-p,
and extracellular matrix components while facilitating efferocytosis to restore immune homeostasis.”'**

Given this central regulatory role, macrophage-centered nanotherapies have emerged as highly promising for
restoring immunological balance in pancreatitis. Representative strategies include reducing recruitment,” modulating
85,96-99 190 i hibiting PANoptosis®° 29,101,102

For instance, p-glucan-conjugated PLGA nanoparticles (GNPs) loaded with amlexanox target macrophages via dectin-1

polarization, restoring efferocytosis, and regulating key signaling pathways.
receptor-mediated endocytosis, inhibiting M1 polarization while promoting M2 differentiation through NF-kB inhibition
and IL-4 upregulation (Figure 6A and B).”® In another approach, the liposomal delivery of annexin A1 mRNA restored
defective efferocytosis and suppressed the cGAS-STING pathway, thereby preventing PANoptosis and secondary
necrosis (Figure 6C-E).”” Lu et al developed FA@zein-CS, which targets inflamed pancreatic macrophages via CD44-
CS binding and regulates them by responding to intracellular pH/GSH/ROS to release FA and zein degradation products
for synergistic ROS elimination, thereby reducing oxidative stress and inflammatory factors.'®® These systems often
integrate multiple functionalities, including ROS-responsive release, biomimetic membranes and hybrid metal-
polyphenol coordination, to achieve precise nano-immunomodulation and enhanced therapeutic efficacy.®®7-103-104
The dynamic and context-dependent nature of macrophage polarization poses additional challenges for the temporal
control and safety evaluation of nanotherapy. Moreover, the translation to clinical application is limited by uncertainty in
off-target immune suppression and the lack of standardized models to evaluate macrophage—nanoparticle interactions.
Future research should emphasize spatiotemporally adaptive systems capable of sensing local cytokine or redox gradients
and responding with the programmed release of immunoregulatory payloads. Such intelligent nanotherapeutics could
enable precise reprogramming of macrophages, offering durable resolution of inflammation and promoting tissue

regeneration in pancreatitis.

Pancreatic Stellate Cell and Antifibrotic Nanotherapy

In a quiescent pancreas, pancreatic stellate cells (PSCs) contain lipid droplets and maintain extracellular matrix (ECM)
homeostasis.'%>'°® Upon exposure to stimuli such as alcohol and oxidative stress, PSCs transdifferentiate into myofi-
broblast-like cells that secrete large amounts of ECM components.'”” Key signaling axes driving activation include the
TGF-p/Smad pathway, which potently induces collagen synthesis;'®® the PDGF/PDGFRp and PI3K-AKT/MAPK path-
ways, which promote PSCs proliferation and migration;'*>''® and the NF-kB/JAK-STAT, which sustains inflammatory

signaling.'"' The ROS and sphingosine-1-phosphate further amplify activation and stabilize the profibrotic
phenotype.''""!'? Activated PSCs both overproduce matrix proteins (collagen I/III, fibronectin, and hyaluronan) and

dysregulate matrix turnover via altered matrix metalloproteinase (MMP) balance, creating a feedback loop that recruits
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Figure 6 (A) Schematic and graphical representation of the synthesis of B-Glu-PLGA GNPs and their targeting mechanism to macrophage and (B) the ratio of CD163-and CD80-
positive cells among M2 and M| macrophages after drug treatment. Reproduced with permission from reference.”® Graphs are presented as mean  SEM, n = 3. ¥p < 0.01.
Copyright 2025, Elsevier. (C) The quantification of Anxal expression and (D) Semiquantitative analysis of lesional efferocytosis and (E) the percentage of pancreatic tissue with
necrosis. Reproduced with permission from reference.”® Copyright 2024, Springer Nature.

profibrotic immune cells and progressively replaces parenchyma with fibrotic tissue.''*''* Thus, PSCs activation is
a pivotal, sustained driver of pancreatic fibrosis and a logical target for antifibrotic nanotherapy.

Nanotechnology offers a promising avenue for reprogramming PSCs and mitigating fibrosis through interference with
multiple signaling and metabolic pathways. Current strategies focus mainly on inhibiting profibrotic activation, alleviating
oxidative stress, and restoring ECM homeostasis. At the signaling pathway level, nanoparticles have been designed to block
the PDGFRB/ERK axis through pPB-mediated receptor competition,''> modulation of the TGF-B/Smad cascade via the
delivery of agents such as all-trans retinoic acid,''® and the suppression of SIP/SIPR2 signaling using inhibitors such as

28,118,119 and

JTE013.""” Simultaneously, these nanomaterials mitigate oxidative stress using ROS-scavenging components
restore ECM homeostasis by suppressing collagen cross-linking enzymes via siRNA delivery®® (Figure 7A) or copper
chelation.''® Precise delivery to PSCs is achieved through both passive accumulation in fibrotic tissue and active targeting.
Active targeting mechanisms rely on specific molecular recognition, including (1) vitamin A conjugation, which results in the
overexpression of retinol-binding receptors on PSCs membranes (Figure 7B):* (2) PDGFRp-targeting peptides that speci-

fically interact with the upregulated PDGF on activated PSCs;'"” and (3) collagen-binding peptides that recognize exposed
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collagen fibers within fibrotic regions.''®'!” Biomembrane coatings are also implemented across diverse nanoplatforms and
can be optimized for specific drug loading and release profiles.''>'?°

Nevertheless, challenges remain in achieving long-term and selective PSCs modulation. The phenotypic heterogene-
ity of PSCs across disease stages complicates targeting,'*" while the chronic nature of fibrosis requires sustained, safe
exposure profiles that many nanomaterials have yet to demonstrate. Future research should focus on adaptive nanoplat-
forms capable of comodulating of metabolic and signaling cues and integrating antifibrotic drugs, redox regulators, and

genetic payloads to achieve durable reversion of PSCs activation and restoration of pancreatic architecture.

Endothelial Cells and Nano-Targeted Strategies
Vascular endothelial cells play important roles in linking local pancreatic injury with systemic inflammation.'?
Pathological enzyme activation and cytokine release trigger endothelial activation, characterized by the upregulation
of adhesion molecules such as E-selectin, ICAM-1, and VCAM-1, which mediate neutrophil and monocyte recruitment
through rolling and transmigration.'***'** Simultaneously, DAMPs and oxidative stress induce glycocalyx degradation
and tight junction disruption, leading to vascular leakage and microcirculatory collapse.'?**'** Cold-inducible RNA-
binding protein (CIRP) further destabilizes the endothelial barrier and promotes PANoptosis, a combination of pyrop-
tosis, apoptosis, and necrosis-accompanied by mitochondrial dysfunction and ROS overproduction.'?> !

Injured endothelium is characterized by the overexpression of adhesion molecules and enhanced vascular permeability,
providing unique opportunities for nanoparticle accumulation and cell-specific targeting (Figure 8). Biomimetic nanocarriers,

129.130 macrophage membranes,'°*'%* MSCs membranes®’ and platelet membranes,'*' have

including neutrophil membranes,
thus been engineered for the active recognition of and adhesion to inflamed endothelium. For instance, neutrophil membrane-

coated nanoparticles target damaged endothelium through LFA-1/ICAM-1 and PSGL-1/P-selectin interactions, enhancing the
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pancreatic accumulation of anti-inflammatory agents.'?*"'** Similarly, the effects of MSCs membranes on natural inflamma-
tion-homing are mediated by the CXCR4/SDF-1 axis,”’ whereas platelet membrane-coated nanoparticles adhere to inflamed
endothelium through GPIb-a and P-selectin.'*' Despite these advances, most strategies focus on targeting the inflamed
endothelium for drug deposition rather than active repair of endothelial damage. The absence of nanotherapeutics designed to
restore the glycocalyx or suppress CIRP/PANoptosis signaling remains a critical gap. Therefore, future development could
prioritize multifunctional nanocarriers capable of sensing endothelial stress markers and sequentially releasing protective
agents, such as antioxidants, tight junction stabilizers, or anti-CIRP peptides, while coordinating with targeted acinar and
immune therapies.

Mesenchymal Stem Cells as Bioengineered Nanotherapeutic Platforms

Mesenchymal stem cells (MSCs) are multipotent stromal cells capable of differentiating into osteogenic and chondro-
genic lineages while secreting diverse bioactive factors with anti-inflammatory and regenerative functions.'**'** In
recent years, the use of MSCs has emerged as a promising therapeutic approach for pancreatitis.'>*'*> In general, MSCs
can mitigate injury by suppressing proinflammatory cytokines, promoting regulatory T-cell expansion and releasing
immunomodulatory mediators such as TSG-6 and prostaglandin E2."**"'** These actions attenuate acinar necrosis and
leukocyte infiltration in AP, whereas in chronic pancreatitis (CP), MSCs alleviate fibrosis by inhibiting TGF-B/Smad
signaling and suppressing PSCs activation.'?%"'%?

In this review, we regard MSCs therapy as a nanotechnology-based approach primarily because of the application of
MSCs-derived extracellular vesicles (EVs) and nanotechnology-based modifications. For instance, an MSCs-based
exogenous nitric oxide (NO) delivery system was constructed by tethering ROS-responsive NO donor- loaded liposomes
to MSCs with an MMP-responsive peptide linker, which acts as a cell booster to break through pathological barriers in
treating CP (Figure 9A).'*" Hypoxia-preconditioned MSCs have been shown to transfer functional mitochondria through
EVs, thereby restoring acinar metabolism and inhibiting MPTP opening, causing reduced necrosis and inflammation
(Figure 9B-D)."*? Similarly, umbilical cord-derived MSCs display superior anti-inflammatory capacity; their derived
exosomes can modulate inflammatory cytokines and inhibit acinar cell apoptosis by regulating Bax, Bcl-2, and caspase-3
expression in rats with traumatic pancreatitis.'*> Moreover, the incorporation of MSCs into decellularized hydrogels
enhances their retention and engraftment in the pancreas, attenuating fibrosis and improving survival in murine
models.'** Current MSCs-based nanotherapies focus mainly on suppressing inflammation and inhibiting fibrosis; yet,
optimizing in vivo persistence, immune compatibility, and targeted delivery remains crucial. Future work should
emphasize engineered MSCs systems with surface nano-functionalization for guided homing and bioinspired EV
mimetics to achieve controllable, reproducible, and clinically potential treatments for pancreatitis.
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Intercellular Crosstalk and Future Multicellular-Coordinated Nanotherapy
While we discussed the above cellular mechanisms and corresponding nanotherapeutic strategies from the perspective of
individual cell types, pancreatic inflammation is driven primarily by intercellular crosstalk rather than isolated single-cell
events in both AP and CP (Figure 10).%'7'4 Injured PACs release DAMPs, chemokines and lipid mediators that activate
resident and recruited immune cells, amplifying cytokine cascades and further promoting acinar injury.'** Neutrophils
exacerbate injury through ROS, proteases and the formation of NETs, which obstruct ducts, activate trypsinogens and
aggravate PACs necrosis.'*® Activated macrophages polarize toward the proinflammatory M1 phenotype and secrete
interleukin or tumor necrosis factor to promote PACs necroptosis and activate PSCs.'? Endothelial injury further permits
leukocyte extravasation and systemic inflammation to remote organs.'*> In addition, PSCs engage in bidirectional
crosstalk with PACs and immune cells through paracrine signaling involving cytokines, SPHK1 and exosomal
miRNAs, which amplifies PSCs activation, sustains inflammation and drives progressive fibrosis in CP.'” This network
reframes therapeutic goals from single-target inhibition to the interception of cross-cellular signaling nodes that promote
inflammation or fibrosis.
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There have been several recent reports of nanotechnology-based therapies that can be tailored to interrupt pathogenic
intercellular circuits. For instance, Wang et al developed mitochondrial-targeted nanoparticles that scavenge mtROS in
PACs, thereby preventing apoptosis and limiting mtDNA leakage.”® This upstream control effectively blocks cGAS/
STING activation in macrophages, suppresses M1 polarization, and reduces the secretion of proinflammatory cytokines.
Beyond this strategy, numerous studies have shown that attenuating pathological events within PACs such as Ca®"
overload and mitochondrial dysfunction can mitigate immune cell recruitment and activation, ultimately reducing
immune cell-driven inflammatory loops.*®*” Nanoplatforms targeting immune cells or PSCs can also indirectly restore
PACs function by suppressing inflammatory amplification.®*'!¢

Despite these advances, current efficacy of multicellular nanotherapies largely stems from an extension of single-cell
or single-target inhibition. It mainly relies on targeting upstream pathological events in one cell type to indirectly
suppress downstream activation of other cellular events. However, because pancreatitis is driven by complex, inter-
connected cellular events, this design principle is not yet sufficient to block its amplifying inflammatory cascade.
Therefore, future multicellular-coordinated nanotherapy could be further designed to regulate multiple cellular events
in a spatiotemporally controlled manner, enabling sequential or simultaneous modulation of key pathological nodes
within different cell populations. Such systems may incorporate staged targeting, stimulus-responsive activation, or
multi-functional payloads to engage different cell populations during distinct phases in disease progression.

As a brief summary, Table 1 shows representative nanomaterials targeting distinct cell types and their mechanisms.

Limitations and Challenges of Nanotherapy for Pancreatitis

Despite significant progress in nanotechnology-based therapeutics for pancreatitis, several fundamental challenges still
limit their application. One major issue arises from the intrinsic complexity of pancreatic inflammation, which is driven
by dynamic interactions among different cell populations rather than by dysfunction of a single cell type. However, most
currently reported nanotherapeutic strategies are designed to target individual cells, and therefore cannot fully interrupt
the multicellular signaling networks that sustain inflammatory amplification and tissue injury. In addition, efficient
delivery to the pancreas is restricted by the presence of the blood-pancreas barrier (BPB), a specialized vascular-stromal
interface composed of endothelial cells, basement membrane structures, and surrounding extracellular matrix, which
tightly regulates molecular transport into pancreatic tissue, leading to poor nanoparticle penetration and heterogeneous
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Table | Representative Nanotherapies Targeting Major Cell Types in Pancreatitis

Cell Types Nanomaterials Effects and Cellular Mechanisms Ref.
Pancreatic Mesoporous Prussian blue Restoring Ca®* homeostasis and inhibiting trypsin, further suppressing IREI/ [26]
acinar cells nanoparticle (HMPB NP) XBP1 and PERK-ATF4-CHOP pathways
(PACs) e
Mesoporous organosilica Trypsin-responsive release enables precise Ca”" elimination while suppressing | [27]
nanoparticle (SL@M@Arg-MSNs necrosis pathway: CaMKII-RIP3-MLKL
@BA)
BAPTA-AM liposome (BLN) By eliminating Ca>* overload, the Ca®*-ROS-inflammatory cascade is blocked. | [58]
Cerium-based MOF nanozyme Scavenging ROS and restoring Ca®" homeostasis, autophagy (LC3/p62), and [59]
(MOF808@BA@CAT) suppressing ER stress (GRP78-CHOP)
Mesoporous manganese dioxide Inhibiting MPTP opening and recovering ATP production, indirectly restoring | [61]
nanoparticle (HMnO, NPs) Ca®" homeostasis; Suppressing trypsin secretion via SSTR2-mediated inhibition
of cAMP signaling
Bio-heterojunction nanozyme (Mo, Scavenging ROS combined with neutralizing enzyme, leading to disruption of | [66]
C-Au (MA)) the ROS-enzyme feedback loop and TLR4-ERK 1/2-MAPK-MLCK signaling
Biomimetic nanozyme (MPBZC) Scavenging ROS via the SOD and CAT-like activities of Prussian blue and [67]
activating mitochondrial mitophagy through celastrol-induced Nur77
translocation
Neutrophils CO-bound hemoglobin vesicle (CO- | Suppressing neutrophils infiltration by reducing pro-inflammatory cytokine and | [82]
HbV) inhibiting ROS-driven inflammatory amplification
Ly6G-conjugated MnO, nanoreactor | Scavenging ROS within neutrophils, thereby arresting neutrophil polarization [84]
(Pyp@APHM) and suppressing inflammation
Biomimetic polymeric nanoparticle Targeting activated neutrophils and labels an artificial “aged” signal [86]
(PC@PLGA) (calreticulin), thereby inducing PrCR to eliminate proinflammatory neutrophils
Macrophages B-glucan PLGA nanoparticle Targeting Dectin |-expressing macrophages and enables trypsin-triggered [96]
release of Amlexanox to reprogram MI-to-M2 polarization via NF-kB
inhibition
Annexin Al mRNA liposome Restoring macrophage Annexin Al expression to enhance efferocytosis and [99]
suppress PANoptosis-driven inflammatory signaling
Polymeric nano-antioxidant Targeting CD44-expressing macrophages and release of ferulic acid and [103]
(FA@zein-CS) antioxidants for ROS scavenging and inflammation suppression
Pancreatic Liposomal nano-drill system (LA-PC) | Inhibiting PDGF-BB/PDGFRB-ERK signaling and inducing PSC quiescence to [115]
stellate cells alleviate pancreatic fibrosis
(PSCs)
Liposomal nanoplatform (AT-CC) Inhibiting PSC-mediated collagen production, and suppressing LOX-dependent | [116]
collagen cross-linking
Liposomal nanoplatform (JM-CC) Inhibiting SIP/SIPR2-driven PSC activation [117]
Polymeric micelle (LR-SSVA) Delivering resveratrol and siLOXLI to eliminate ROS and inhibit LOXLI- [28]
mediated collagen cross-linking, thereby normalizing ECM homeostasis
Endothelial cells | Neutrophil membrane-coated PLGA | Targeting activated endothelium via leukocyte-like adhesion processes, and [129]
polymeric nanoparticle inhibiting NF-kB signaling
Platelet membrane-coated Targeting injured endothelium via vWWF-mediated adhesion, and scavenging [131]
mesoporous silica nanozyme excessive ROS
(TMSN@PM)
(Continued)
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Table | (Continued).

Cell Types Nanomaterials Effects and Cellular Mechanisms Ref.
Mesenchymal MSC tethered NO liposome (MSCs- | Degrading fibrotic collagen via MMP activation, restoring microvascular [141]
Stem Cells Lip@RNO) perfusion and protecting MSCs from oxidative stress
(MSCs)
MSC-derived extracellular vesicle Delivering functional mitochondria to acinar cells, thus restoring mitochondrial | [142]
(EV) membrane potential and ATP production
MSC-loaded hydrogel Amplifying and sustaining paracrine secretion (HGF, TSG-6), and exerting anti- | [144]

inflammatory and anti-fibrotic effects in pancreatitis

Multicellular Tungsten-based heteropolyacid Scavenging mtROS in PACs, thereby preventing mtDNA release and [29]
intervention nano-antioxidant (mTVWNDs) suppressing macrophage cGAS-STING activation to disrupt the PAC-
macrophage inflammatory crosstalk

Neutrophil membrane-fused Targeting inflamed endothelium via B-integrin-ICAM | and transfer to PAC via | [83]
mitochondria (nMITO) TNTs; Restoring mitochondrial function and reducing macrophages and

neutrophils infiltration

Abbreviations: BAPTA-AM, 1,2-bis (2-aminophenoxy) ethane-N,N,N,N'-tetraacetic acid; MPTP, mitochondrial permeability transition pore; ER, endoplasmic reticulum;
SOD, superoxide dismutase; CAT, catalase; MOF, metal organic framework; PrCR, programmed cell removal; ECM, extracellular matrix; MMP, matrix metalloproteinase.

distribution.””'*7 Although strategies such as biomimetic coating, stimulus-responsive release, and inflammation-
targeting ligands have been explored to improve pancreatic accumulation, overcoming the BPB in a controlled and
reproducible manner remains a major obstacle for precise nanotherapy.

Moreover, the safety of most nanomaterials remains insufficiently understood, including potential toxicity, immunogeni-
city, and off-target effects associated with repeated administration or complex material compositions. The scalable and
reproducible manufacturing of multifunctional remains technically challenging, and batch-to-batch variability may influence
therapeutic performance as well as regulatory evaluation. Another important limitation is that commonly used animal models
cannot fully reflect the pathological heterogeneity in human pancreatitis, which makes it difficult to accurately predict clinical
efficacy. Furthermore, the regulatory approval of nanomaterials requires rigorous assessment of safety, pharmacokinetics, and
long-term toxicity, posing additional challenges for multifunctional or biomimetic systems. As a result, most nanotherapies for
pancreatitis are still confined to the preclinical stage. Therefore, future design should not only focus on improving therapeutic
efficacy, but also on enhancing safety, scalability, and translational feasibility to enable clinically viable nanoplatforms.

Conclusions and Outlook
Pancreatitis constitutes a multifactorial and dynamically evolving inflammatory disease, in which dysregulated functions
in epithelial, stromal, and immune cells drive tissue injury and systemic complications. Conventional therapeutic
approaches aimed primarily at symptom control have long failed to address the underlying cellular and molecular
dysfunctions. The recent convergence of cellular pathophysiology and nanotechnology-based therapeutics has reshaped
pancreatitis management, offering new opportunities for precise intervention at both the cellular and molecular levels.
However, most currently reported nanotherapies primarily target a single cell type, which is often inadequate to
effectively interrupt the amplifying inflammatory network. We therefore propose that future nanotherapy transition
toward multicellular-coordinated regulation to modulate key signaling events in different cell populations. Several
principles may guide the design of this nanotherapy. First, a hierarchical targeting strategy may be introduced, allowing
nanoparticles to initially accumulate at sites of pancreatic inflammation and subsequently targeting cell populations with
selectivity. Second, the activation should be governed by shared or cell-specific microenvironmental cues, such as the pH
within the inflammatory milieu, calcium overload in acinar cells, thereby ensuring that its therapeutic functions are
released only under appropriate pathological conditions. Third, loading multi-target drugs, such as berberine.'*® Finally,
nanomaterials should adopt a modular architecture, such as layered shells, multi-compartment carriers, or differentiated
release modules, to achieve a functional coupling among targeting, activation, and functions.
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Notably, the pathological processes exhibit different temporal dynamics between AP and CP, which should be taken into
account in the design principle of future nanotherapy. In AP, pancreatic injury is dominated by PACs stress, Ca®" overload,
mitochondrial dysfunction, and rapid immune activation. These features suggest that early interventions of multicellular-
coordinated regulation should primarily target PACs and immune cells to prevent amplification of tissue damage. In contrast,
CP characterized by persistent inflammation, activation of PSCs, extracellular matrix deposition, and progressive fibrosis,
indicating that multicellular-coordinated strategies should shift toward modulation of PSCs and antifibrotic regulation.

While multicellular-coordinated regulation is promising, the inherent complexity of the required nanostructures often acts
as a bottleneck for clinical translation. To promote clinical translation, future nanotherapy for pancreatitis should adopt
a “translation-oriented design” strategy. At the material level, utilizing clinically validated biocompatible components to
develop streamlined, modular platforms—integrating targeting, responsive activation, and therapy—can effectively orchestrate
responses across diverse cell populations, while avoiding complex structures and components that hinder translation. On the
translational front, it is essential to establish standardized evaluation frameworks, including consistent assessment of safety,
pharmacokinetics, and therapeutic efficacy. In addition, more clinically relevant experimental models should be developed,
and disease stage-specific study designs should be adopted to better reflect the heterogeneity of pancreatitis.

In conclusion, nanotechnology has transformed the therapeutic landscape for pancreatitis from symptom management to
mechanism-driven, cell-targeted intervention. Despite the current translational challenge, the convergence of nanomaterial
innovation, cellular biology and computational intelligence offers an unprecedented opportunity to achieve true precision
therapy. Future success will rely on synergistic efforts across disciplines to develop intelligent, safe and clinically viable
nanoplatforms. When realized, such advances may not only mitigate pancreatic inflammation but also reveal broader
principles for treating complex inflammatory diseases through the use of cellularly informed nanomedicine.

Abbreviations

PACs, Pancreatic acinar cells; PSCs, Pancreatic stellate cells; AP, Acute pancreatitis; SIRS, Systemic inflammatory response
syndrome; HMGBI1, High mobility group box 1; DAMP, Damage-associated molecular pattern; ER, Endoplasmic reticulum;
ATP, Adenosine triphosphate; SERCAs, Sarco/endoplasmic reticulum Ca®"-ATPases; PMCAs, Plasma membrane Ca®'-
ATPases; SOCE, Store-operated calcium entry; STIMI1, Stromal interaction molecule 1; MPTP, Mitochondrial permeability
transition pores; ORAIl, ORAI calcium release-activated calcium channel protein 1; CTSB, Cathepsin B; mtDNA,
Mitochondrial DNA; ROS, Reactive oxygen species; SOD, Superoxide dismutase; CAT, Catalase; UPR, Unfolded protein
response; NF-kB, Nuclear factor-kappa B; NETs, Neutrophil extracellular traps; MCP-1, Monocyte chemoattractant protein-1;
ECM, Extracellular matrix; CIRP, Cold-inducible RNA-binding protein; MSC, Mesenchymal stem cell; EVs, Extracellular
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78kD; IL, Interleukin; TLR4, Toll-like receptor 4; STAT6, Signal transducer and activator of transcription 6; ICAM-1,
Intercellular cell adhesion molecule-1; VCAM-1, Vascular cell adhesion molecule 1; LFA-1, Lymphocyte function-associated
antigen 1; PSGL-1, P-selectin glycoprotein ligand 1; CXCR4 CXC chemokine receptor type 4; SDF-1, Stromal cell-derived
factor-1; GPIb-a, Glycoprotein Iba; TSG-6, Tumor necrosis factor-a-stimulated gene 6; NO, Nitric oxide; cGAS-STING, Cyclic
gmp-amp synthase—stimulator of interferon genes; SSTR-2, Somatostatin receptor 2; NLRP3, NOD-like receptor thermal protein
domain-associated protein 3; ASK1, Apoptosis signal-regulating kinase; JNK, c-Jun N-terminal kinase; p38/MAPK, p38
mitogen-activated protein kinase; GSH, Glutathione; PDGF, Platelet-derived growth factor.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design,

execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

16 https: International Journal of Nanomedicine 2026:21



Li et al

Funding

This work was supported by the National Natural Science Foundation of China (82371961, 82222039), the Natural
Science Foundation of Sichuan Province (2026NSFSC1677) and the start-up program of North Sichuan Medical College
(XJ2024000901).

Disclosure
The authors report no conflicts of interest in this work.

References

10.

11.

13.

14.

16.

17.

18.

20.

21.

22.
23.

24.

25.

26.

27.

. Mederos MA, Reber HA, Girgis MD. Acute pancreatitis: a review. JAMA. 2021;325(4):382-390. doi:10.1001/jama.2020.20317
. Wadhwa V, Patwardhan S, Garg SK, Jobanputra Y, Lopez R, Sanaka MR. Health care utilization and costs associated with acute pancreatitis.

Pancreas. 2017;46(3):410-415. doi:10.1097/mpa.0000000000000755

. Petrov MS, Shanbhag S, Chakraborty M, Phillips AR, Windsor JA. Organ failure and infection of pancreatic necrosis as determinants of

mortality in patients with acute pancreatitis. Gastroenterology. 2010;139(3):813-820. doi:10.1053/j.gastro.2010.06.010

. Schepers NJ, Bakker OJ, Besselink MG, et al. Impact of characteristics of organ failure and infected necrosis on mortality in necrotising

pancreatitis. Gut. 2019;68(6):1044—1051. doi:10.1136/gutjnl-2017-314657

. Wang GJ, Gao CF, Wei D, Wang C, Ding SQ. Acute pancreatitis: etiology and common pathogenesis. World J Gastroenterol. 2009;15

(12):1427-1430. doi:10.3748/wjg.15.1427

. Gukovskaya AS, Pandol SJ, Gukovsky I. New insights into the pathways initiating and driving pancreatitis. Curr Opin Gastroenterol. 2016;32

(5):429-435. doi:10.1097/mog.0000000000000301

. Roberts SE, Morrison-Rees S, John A, Williams JG, Brown TH, Samuel DG. The incidence and aetiology of acute pancreatitis across Europe.

Pancreatology. 2017;17(2):155-165. doi:10.1016/j.pan.2017.01.005

. He Y, Fan Z, Sun W, Ouyang L, Wang C. Clinical features, treatment, and outcome of nivolumab-induced cholangitis. Immunopharmacol

Immunotoxicol. 2024;46(6):757-762. doi:10.1080/08923973.2024.2402338

. Li R, Luo P, Guo Y, He Y, Wang C. Clinical features, treatment, and prognosis of SGLT2 inhibitors induced acute pancreatitis. Expert Opin

Drug Saf. 2025;24(11):1253-1257. doi:10.1080/14740338.2024.2396387

Trikudanathan G, Yazici C, Evans Phillips A, Forsmark CE. Diagnosis and management of acute pancreatitis. Gastroenterology. 2024;167
(4):673-688. doi:10.1053/j.gastro.2024.02.052

Guilabert L, Cardenas-Jaén K, de-Madaria E. Initial management of acute pancreatitis. Gastroenterol Clin North Am. 2025;54(1):21-36.
doi:10.1016/j.gtc.2024.07.001

. An J, Jiang T, Qi L, Xie K. Acinar cells and the development of pancreatic fibrosis. Cytokine Growth Factor Rev. 2023;71-72:40-53.

doi:10.1016/j.cytogfr.2023.05.003

Cleveland MH, Sawyer JM, Afelik S, Jensen J, Leach SD. Exocrine ontogenies: on the development of pancreatic acinar, ductal and
centroacinar cells. Semin Cell Dev Biol. 2012;23(6):711-719. doi:10.1016/j.semcdb.2012.06.008

Angyal D, Groeneweg TA, Leung A, et al. Pro-inflammatory cytokines stimulate CFTR-dependent anion secretion in pancreatic ductal
epithelium. Cell Mol Biol Lett. 2024;29(1):18. doi:10.1186/s11658-024-00537-1

. Yang X, Chen J, Wang J, et al. Very-low-density lipoprotein receptor-enhanced lipid metabolism in pancreatic stellate cells promotes pancreatic

fibrosis. Immunity. 2022;55(7):1185-1199.e1188. doi:10.1016/j.immuni.2022.06.001

Saluja A, Dudeja V, Dawra R, Sah RP. Early intra-acinar events in pathogenesis of pancreatitis. Gastroenterology. 2019;156(7):1979-1993.
doi:10.1053/j.gastro.2019.01.268

Wang H, Qi L, Han H, et al. Nanomedicine regulating PSC-mediated intercellular crosstalk: mechanisms and therapeutic strategies. Acta Pharm
Sin B. 2024;14(11):4756-4775. doi:10.1016/j.apsb.2024.07.007

Xue J, Sharma V, Habtezion A. Immune cells and immune-based therapy in pancreatitis. /mmunol Res. 2014;58(2-3):378-386. doi:10.1007/
$12026-014-8504-5

. Hu F, Lou N, Jiao J, Guo F, Xiang H, Shang D. Macrophages in pancreatitis: mechanisms and therapeutic potential. Biomed Pharmacother.

2020;131:110693. doi:10.1016/j.biopha.2020.110693

Mayerle J, Sendler M, Hegyi E, Beyer G, Lerch MM, Genetics S-TM. Cell biology, and pathophysiology of pancreatitis. Gastroenterology.
2019;156(7):1951-1968.¢1951. doi:10.1053/j.gastro.2018.11.081

Kumar A, Bhatia M. Role of hydrogen sulfide, substance p and adhesion molecules in acute pancreatitis. Int J Mol Sci. 2021;22(22):12136.
doi:10.3390/ijms222212136

Sato T, Shibata W, Maeda S. Adhesion molecules and pancreatitis. J Gastroenterol. 2019;54(2):99—107. doi:10.1007/s00535-018-1500-0
Kang R, Lotze MT, Zeh HIJ, Billiar TR, Tang D. Cell death and DAMPs in acute pancreatitis. Mol Med. 2014;20(1):466—477. doi:10.2119/
molmed.2014.00117

Sendler M, Weiss FU, Golchert J, et al. Cathepsin B-mediated activation of trypsinogen in endocytosing macrophages increases severity of
pancreatitis in mice. Gastroenterology. 2018;154(3):704-718.e710. doi:10.1053/j.gastr0.2017.10.018

Liu K, Lv T, He L, et al. Endocrine-exocrine miR-503-322 drives aging-associated pancreatitis via targeting MKNK1 in acinar cells. Nat
Commun. 2025;16(1):2613. doi:10.1038/s41467-025-57615-x

Wang Y, Wang X, Zhang X, et al. Inflammation and acinar cell dual-targeting nanomedicines for synergistic treatment of acute pancreatitis via
ca®" homeostasis regulation and pancreas autodigestion inhibition. ACS Nano. 2024;18(18):11778—11803. doi:10.1021/acsnano.4c00218
Wang Y, Qian D, Wang X, et al. Biomimetic trypsin-responsive structure-bridged mesoporous organosilica nanomedicine for precise treatment
of acute pancreatitis. ACS Nano. 2024;18(29):19283-19302. doi:10.1021/acsnano.4c05369

International Journal of Nanomedicine 2026:21 hetps: 17


https://doi.org/10.1001/jama.2020.20317
https://doi.org/10.1097/mpa.0000000000000755
https://doi.org/10.1053/j.gastro.2010.06.010
https://doi.org/10.1136/gutjnl-2017-314657
https://doi.org/10.3748/wjg.15.1427
https://doi.org/10.1097/mog.0000000000000301
https://doi.org/10.1016/j.pan.2017.01.005
https://doi.org/10.1080/08923973.2024.2402338
https://doi.org/10.1080/14740338.2024.2396387
https://doi.org/10.1053/j.gastro.2024.02.052
https://doi.org/10.1016/j.gtc.2024.07.001
https://doi.org/10.1016/j.cytogfr.2023.05.003
https://doi.org/10.1016/j.semcdb.2012.06.008
https://doi.org/10.1186/s11658-024-00537-1
https://doi.org/10.1016/j.immuni.2022.06.001
https://doi.org/10.1053/j.gastro.2019.01.268
https://doi.org/10.1016/j.apsb.2024.07.007
https://doi.org/10.1007/s12026-014-8504-5
https://doi.org/10.1007/s12026-014-8504-5
https://doi.org/10.1016/j.biopha.2020.110693
https://doi.org/10.1053/j.gastro.2018.11.081
https://doi.org/10.3390/ijms222212136
https://doi.org/10.1007/s00535-018-1500-0
https://doi.org/10.2119/molmed.2014.00117
https://doi.org/10.2119/molmed.2014.00117
https://doi.org/10.1053/j.gastro.2017.10.018
https://doi.org/10.1038/s41467-025-57615-x
https://doi.org/10.1021/acsnano.4c00218
https://doi.org/10.1021/acsnano.4c05369

Li et al

28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

. Qi L, Duan BW, Wang H, et al. Reactive oxygen species-responsive nanoparticles toward extracellular matrix normalization for pancreatic
fibrosis regression. Adv Sci. 2024;11(19):e2401254. doi:10.1002/advs.202401254

Wang D, Wang S, Liu J, et al. Nanomedicine penetrating blood-pancreas barrier for effective treatment of acute pancreatitis. Adv Sci. 2025;12
(13):¢2413925. doi:10.1002/advs.202413925

Wen E, Cao Y, He S, et al. The mitochondria-targeted Kaempferol nanoparticle ameliorates severe acute pancreatitis. J Nanobiotechnology.
2024;22(1):148. doi:10.1186/s12951-024-02439-y

Kriiger B, Albrecht E, Lerch MM. The role of intracellular calcium signaling in premature protease activation and the onset of pancreatitis. Am
J Pathol. 2000;157(1):43-50. doi:10.1016/s0002-9440(10)64515-4

Criddle DN, McLaughlin E, Murphy JA, Petersen OH, Sutton R. The pancreas misled: signals to pancreatitis. Pancreatology. 2007;7(5—
6):436-446. doi:10.1159/000108960

Gerasimenko JV, Gerasimenko OV, Petersen OH. The role of Ca®* in the pathophysiology of pancreatitis. J Physiol. 2014;592(2):269-280.
doi:10.1113/jphysiol.2013.261784

Shen WW, Frieden M, Demaurex N. Remodelling of the endoplasmic reticulum during store-operated calcium entry. Biol Cell. 2011;103
(8):365-380. doi:10.1042/bc20100152

Lewis RS. Store-operated calcium channels: from function to structure and back again. Cold Spring Harb Perspect Biol. 2020;12(5).
doi:10.1101/cshperspect.a035055

Luik RM, Wang B, Prakriya M, Wu MM, Lewis RS. Oligomerization of STIM1 couples ER calcium depletion to CRAC channel activation.
Nature. 2008;454(7203):538-542. doi:10.1038/nature07065

Gukovskaya AS, Lerch MM, Mayerle J, et al. Trypsin in pancreatitis: the culprit, a mediator, or epiphenomenon? World J Gastroenterol.
2024;30(41):4417-4438. doi:10.3748/wjg.v30.i41.4417

Sendler M, Maertin S, John D, et al. Cathepsin B activity initiates apoptosis via digestive protease activation in pancreatic acinar cells and
experimental pancreatitis. J Biol Chem. 2016;291(28):14717-14731. doi:10.1074/jbc.M116.718999

Niederau C, Grendell JH. Intracellular vacuoles in experimental acute pancreatitis in rats and mice are an acidified compartment. J Clin Invest.
1988;81(1):229-236. doi:10.1172/jci113300

Muili KA, Ahmad M, Orabi Al, et al. Pharmacological and genetic inhibition of calcineurin protects against carbachol-induced pathological
zymogen activation and acinar cell injury. 4m J Physiol Gastrointest Liver Physiol. 2012;302(8):G898-905. doi:10.1152/ajpgi.00545.2011
Maléth J, Hegyi P. Ca®" toxicity and mitochondrial damage in acute pancreatitis: translational overview. Philos Trans R Soc Lond B Biol Sci.
2016;371(1700):20150425. doi:10.1098/rstb.2015.0425

Voronina SG, Barrow SL, Simpson AW, et al. Dynamic changes in cytosolic and mitochondrial ATP levels in pancreatic acinar cells.
Gastroenterology. 2010;138(5):1976—1987. doi:10.1053/j.gastro0.2010.01.037

Pallagi P, Madécsy T, Varga A, Maléth J. Intracellular Ca®" signalling in the pathogenesis of acute pancreatitis: recent advances and translational
perspectives. Int J Mol Sci. 2020;21(11):4005. doi:10.3390/ijms21114005

Javed MA, Wen L, Awais M, et al. TRO40303 ameliorates alcohol-induced pancreatitis through reduction of fatty acid ethyl ester-induced
mitochondrial injury and necrotic cell death. Pancreas. 2018;47(1):18-24. doi:10.1097/mpa.0000000000000953

Adam-Vizi V, Chinopoulos C. Bioenergetics and the formation of mitochondrial reactive oxygen species. Trends Pharmacol Sci. 2006;27
(12):639-645. doi:10.1016/j.tips.2006.10.005

Jin HZ, Yang XJ, Zhao KL, et al. Apocynin alleviates lung injury by suppressing NLRP3 inflammasome activation and NF-kB signaling in
acute pancreatitis. Int Immunopharmacol. 2019;75:105821. doi:10.1016/j.intimp.2019.105821

White MJ, McArthur K, Metcalf D, et al. Apoptotic caspases suppress mtDNA-induced STING-mediated type I IFN production. Cell. 2014;159
(7):1549-1562. doi:10.1016/j.cell.2014.11.036

Liu L, Feng D, Chen G, et al. Mitochondrial outer-membrane protein FUNDC1 mediates hypoxia-induced mitophagy in mammalian cells. Nat
Cell Biol. 2012;14(2):177-185. doi:10.1038/ncb2422

Zhang T, Xue L, Li L, et al. BNIP3 protein suppresses PINK1 kinase proteolytic cleavage to promote mitophagy. J Biol Chem. 2016;291
(41):21616-21629. doi:10.1074/jbc.M116.733410

Li H, Wen W, Luo J. Targeting endoplasmic reticulum stress as an effective treatment for alcoholic pancreatitis. Biomedicines. 2022;10(1):108.
doi:10.3390/biomedicines10010108

Biczo G, Vegh ET, Shalbueva N, et al. Mitochondrial dysfunction, through impaired autophagy, leads to endoplasmic reticulum stress,
deregulated lipid metabolism, and pancreatitis in animal models. Gastroenterology. 2018;154(3):689—703. doi:10.1053/j.gastr0.2017.10.012
Sah RP, Garg SK, Dixit AK, Dudeja V, Dawra RK, Saluja AK. Endoplasmic reticulum stress is chronically activated in chronic pancreatitis.
J Biol Chem. 2014;289(40):27551-27561. doi:10.1074/jbc.M113.528174

Waldron RT, Su HY, Piplani H, et al. Ethanol induced disordering of pancreatic acinar cell endoplasmic reticulum: an er stress/defective
unfolded protein response model. Cell Mol Gastroenterol Hepatol. 2018;5(4):479—-497. doi:10.1016/j.jcmgh.2018.01.001

Yan C, Ma Y, Li H, et al. Endoplasmic reticulum stress promotes caspase-1-dependent acinar cell pyroptosis through the PERK pathway to
aggravate acute pancreatitis. nt Immunopharmacol. 2023;120:110293. doi:10.1016/j.intimp.2023.110293

Liu H, Cao J, Li X, et al. Endoplasmic reticulum stress regulates intestinal motility in acute pancreatitis by regulating the expression and
phosphorylation of nNOS through IRE1a/XBP1s-PI3K/Akt signaling axis. Cell Signal. 2025;136:112123. doi:10.1016/j.cellsig.2025.112123
Zhou L, Tan JH, Cao RC, et al. ATF6 regulates the development of chronic pancreatitis by inducing p53-mediated apoptosis. Cell Death Dis.
2019;10(9):662. doi:10.1038/s41419-019-1919-0

Jager R, Bertrand MJ, Gorman AM, Vandenabeele P, Samali A. The unfolded protein response at the crossroads of cellular life and death during
endoplasmic reticulum stress. Biol Cell. 2012;104(5):259-270. doi:10.1111/boc.201100055

Fu Z, Wang D, Zheng C, et al. Elimination of intracellular Ca>* overload by BAPTA-AM liposome nanoparticles: a promising treatment for
acute pancreatitis. Int J Mol Med. 2024;53(4). doi:10.3892/ijmm.2024.5358

Luo T, Tang Y, Xie W, et al. Cerium-based nanoplatform for severe acute pancreatitis: achieving enhanced anti-inflammatory effects through
calcium homeostasis restoration and oxidative stress mitigation. Mater Today Bio. 2025;31:101489. doi:10.1016/j.mtbi0.2025.101489

Wen L, Voronina S, Javed MA, et al. Inhibitors of ORAIl prevent cytosolic calcium-associated injury of human pancreatic acinar cells and
acute pancreatitis in 3 mouse models. Gastroenterology. 2015;149(2):481-492.e487. doi:10.1053/j.gastr0.2015.04.015

18

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1002/advs.202401254
https://doi.org/10.1002/advs.202413925
https://doi.org/10.1186/s12951-024-02439-y
https://doi.org/10.1016/s0002-9440(10)64515-4
https://doi.org/10.1159/000108960
https://doi.org/10.1113/jphysiol.2013.261784
https://doi.org/10.1042/bc20100152
https://doi.org/10.1101/cshperspect.a035055
https://doi.org/10.1038/nature07065
https://doi.org/10.3748/wjg.v30.i41.4417
https://doi.org/10.1074/jbc.M116.718999
https://doi.org/10.1172/jci113300
https://doi.org/10.1152/ajpgi.00545.2011
https://doi.org/10.1098/rstb.2015.0425
https://doi.org/10.1053/j.gastro.2010.01.037
https://doi.org/10.3390/ijms21114005
https://doi.org/10.1097/mpa.0000000000000953
https://doi.org/10.1016/j.tips.2006.10.005
https://doi.org/10.1016/j.intimp.2019.105821
https://doi.org/10.1016/j.cell.2014.11.036
https://doi.org/10.1038/ncb2422
https://doi.org/10.1074/jbc.M116.733410
https://doi.org/10.3390/biomedicines10010108
https://doi.org/10.1053/j.gastro.2017.10.012
https://doi.org/10.1074/jbc.M113.528174
https://doi.org/10.1016/j.jcmgh.2018.01.001
https://doi.org/10.1016/j.intimp.2023.110293
https://doi.org/10.1016/j.cellsig.2025.112123
https://doi.org/10.1038/s41419-019-1919-0
https://doi.org/10.1111/boc.201100055
https://doi.org/10.3892/ijmm.2024.5358
https://doi.org/10.1016/j.mtbio.2025.101489
https://doi.org/10.1053/j.gastro.2015.04.015

Li et al

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Yan J, Liu H, Xu Y, et al. Tailored “Three-stage booster” nano-extinguisher for synergistic treatment of severe acute pancreatitis by rectifying
mitochondrial dysfunction and inhibiting pancreatic autodigestion. Acta Biomater. 2025;200:569—-590. doi:10.1016/j.actbio.2025.05.049
Waldron RT, Chen Y, Pham H, et al. The Orai Ca®>" channel inhibitor CM4620 targets both parenchymal and immune cells to reduce
inflammation in experimental acute pancreatitis. J Physiol. 2019;597(12):3085-3105. doi:10.1113/jp277856

Zierke L, John D, Gischke M, et al. Initiation of acute pancreatitis in mice is independent of fusion between lysosomes and zymogen granules.
Cell Mol Life Sci. 2024;81(1):207. doi:10.1007/s00018-024-05247-7

Hughes D, Mallucci GR. The unfolded protein response in neurodegenerative disorders - therapeutic modulation of the PERK pathway. Febs J.
2019;286(2):342-355. doi:10.1111/febs.14422

Wang L, Popko B, Tixier E, Roos RP. Guanabenz, which enhances the unfolded protein response, ameliorates mutant SOD1-induced
amyotrophic lateral sclerosis. Neurobiol Dis. 2014;71:317-324. doi:10.1016/j.nbd.2014.08.010

Shi H, Guo Y, Geng C, et al. Engineered bio-heterojunction with robust ros-scavenging and anti-inflammation for targeted acute pancreatitis
therapy. Adv Funct Mater. 2025;35(3):2413276.

Wang L, Gao Z, Tian M, et al. A nanosystem alleviates severe acute pancreatitis via reactive oxygen species scavenging and enhancing
mitochondrial autophagy. Nano Lett. 2025;25(21):8644-8654. doi:10.1021/acs.nanolett.5c01495

Wu J, Huang H, Xu W, et al. Inflammation-driven biomimetic nano-polyphenol drug delivery system alleviates severe acute pancreatitis by
inhibiting macrophage PANoptosis and pancreatic enzymes oversecretion. J Adv Res. 2025;79:783-799. doi:10.1016/j.jare.2025.04.006

Xie X, Zhao J, Gao W, et al. Prussian blue nanozyme-mediated nanoscavenger ameliorates acute pancreatitis via inhibiting TLRs/NF-kB
signaling pathway. Theranostics. 2021;11(7):3213-3228. doi:10.7150/thno.52010

Bao X, Xin G, Zhou Q, et al. Dual-scavenging Mn;0,4-PEI nanoparticles targeting ROS and cfDNA for acute pancreatitis therapy.
Nanomedicine. 2025;68. 102848. doi:10.1016/j.nano.2025.102848

Liu L, Chen S, Zhong J, et al. Inflammation-responsive biomimetic nanoparticles for targeted acute pancreatitis therapy. Chem Eng J.
2025;524:169612. doi:10.1016/j.cej.2025.169612

LiY, Yin B, Song Y, et al. A novel ROS-Related chemiluminescent semiconducting polymer nanoplatform for acute pancreatitis early diagnosis
and severity assessment. J Nanobiotechnol. 2023;21(1):173. doi:10.1186/s12951-023-01937-9

Wen E, Tian Y, Fang M, et al. The P2X7-mediated mitochondrial ROS as an emerging core target of tuftsin nanoparticles in severe acute
pancreatitis therapy via regulating mitophagy. ACS Appl Mater Interfaces. 2025;17(5):7521-7538. doi:10.1021/acsami.4c21010

Lin J, Wei Y, Gu X, et al. Nanotherapeutics-mediated restoration of pancreatic homeostasis and intestinal barrier for the treatment of severe
acute pancreatitis. J Control Release. 2025;377:93—105. doi:10.1016/j.jconrel.2024.11.022

Huang Z, Zhang J, Qian Y, Liu H, Xiao Y, Du J. Antioxidant glycopolymersomes with dynamic covalent glucose regulation for synergistic
pancreatitis-diabetes therapy. Nano Today. 2025;65:102871. doi:10.1016/j.nantod.2025.102871

Wan J, Ren Y, Yang X, Li X, Xia L, Lu N. The role of neutrophils and neutrophil extracellular traps in acute pancreatitis. Front Cell Dev Biol.
2020;8:565758. doi:10.3389/fcell.2020.565758

Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of inflammation: the leukocyte adhesion cascade updated. Nat Rev
Immunol. 2007;7(9):678-689. doi:10.1038/nri2156

Sanz MJ, Kubes P. Neutrophil-active chemokines in in vivo imaging of neutrophil trafficking. Eur J Immunol. 2012;42(2):278-283.
doi:10.1002/eji.201142231

Keshari RS, Verma A, Barthwal MK, Dikshit M. Reactive oxygen species-induced activation of ERK and p38 MAPK mediates PMA-induced
NETs release from human neutrophils. J Cell Biochem. 2013;114(3):532-540. doi:10.1002/jcb.24391

Zhang J, Li P, Xu X, et al. Phellodendrine alleviates acute pancreatitis by inhibiting p38 MAPK-p47°"* pathway-mediated neutrophil
extracellular traps formation and ROS production. Int Immunopharmacol. 2025;167:115658. doi:10.1016/j.intimp.2025.115658

Han F, Ding ZF, Shi XL, et al. Irisin inhibits neutrophil extracellular traps formation and protects against acute pancreatitis in mice. Redox Biol.
2023;64:102787. doi:10.1016/j.redox.2023.102787

Nagao S, Taguchi K, Sakai H, et al. Carbon monoxide-bound hemoglobin vesicles ameliorate multiorgan injuries induced by severe acute
pancreatitis in mice by their anti-inflammatory and antioxidant properties. Int J Nanomed. 2016;11:5611-5620. doi:10.2147/ijn.S118185
Zhang Q, Shen Y, Zhang C, et al. Immunoengineered mitochondria for efficient therapy of acute organ injuries via modulation of inflammation
and cell repair. Sci Adv. 2025;11(12):eadj1896. doi:10.1126/sciadv.adj1896

Zhang D, Wang X, Li W, et al. A single-cell atlas-inspired hitchhiking therapeutic strategy for acute pancreatitis by restricting ROS in
neutrophils. Adv Mater. 2025;37(33):€2502200. doi:10.1002/adma.202502200

Taguchi K, Nagao S, Maeda H, et al. Biomimetic carbon monoxide delivery based on hemoglobin vesicles ameliorates acute pancreatitis in
mice via the regulation of macrophage and neutrophil activity. Drug Deliv. 2018;25(1):1266—1274. doi:10.1080/10717544.2018.1477860
Chen K, Zhang Z, Fang Z, et al. Aged-signal-eliciting nanoparticles stimulated macrophage-mediated programmed removal of inflammatory
neutrophils. ACS Nano. 2023;17(14):13903—-13916. doi:10.1021/acsnano.3¢03815

Allawadhi P, Beyer G, Mahajan UM, Mayerle J. Novel insights into macrophage diversity during the course of pancreatitis. Gastroenterology.
2021;161(6):1802—1805. doi:10.1053/j.gastr0.2021.09.049

Manohar M, Jones EK, Rubin SJS, et al. Novel circulating and tissue monocytes as well as macrophages in pancreatitis and recovery.
Gastroenterology. 2021;161(6):2014-2029.e2014. doi:10.1053/j.gastro.2021.08.033

Liu Q, Dong J, Liu J, et al. PACAP improves macrophage ml polarization and inflammatory response by regulating nf-kb and MAPKs
pathways. Acad J Sci Technol. 2022;1:11-19. doi:10.54097/ajst.v1i3.392

Mitchell RA, Liao H, Chesney J, et al. Macrophage migration inhibitory factor (MIF) sustains macrophage proinflammatory function by
inhibiting p53: regulatory role in the innate immune response. Proc Natl Acad Sci U S A. 2002;99(1):345-350. doi:10.1073/pnas.012511599
Wu J, Zhang L, Shi J, et al. Macrophage phenotypic switch orchestrates the inflammation and repair/regeneration following acute pancreatitis
injury. EBioMedicine. 2020;58:102920. doi:10.1016/j.ebiom.2020.102920

Sahay P, Bava EP, Iyer S, Dudeja V. Modulation of macrophage polarity for treatment of acute pancreatitis: are we there yet? EBioMedicine.
2020;60:103002. doi:10.1016/j.ebiom.2020.103002

Arandjelovic S, Ravichandran KS. Phagocytosis of apoptotic cells in homeostasis. Nat Immunol. 2015;16(9):907-917. doi:10.1038/ni.3253

International Journal of Nanomedicine 2026:21 hetps: 19


https://doi.org/10.1016/j.actbio.2025.05.049
https://doi.org/10.1113/jp277856
https://doi.org/10.1007/s00018-024-05247-7
https://doi.org/10.1111/febs.14422
https://doi.org/10.1016/j.nbd.2014.08.010
https://doi.org/10.1021/acs.nanolett.5c01495
https://doi.org/10.1016/j.jare.2025.04.006
https://doi.org/10.7150/thno.52010
https://doi.org/10.1016/j.nano.2025.102848
https://doi.org/10.1016/j.cej.2025.169612
https://doi.org/10.1186/s12951-023-01937-9
https://doi.org/10.1021/acsami.4c21010
https://doi.org/10.1016/j.jconrel.2024.11.022
https://doi.org/10.1016/j.nantod.2025.102871
https://doi.org/10.3389/fcell.2020.565758
https://doi.org/10.1038/nri2156
https://doi.org/10.1002/eji.201142231
https://doi.org/10.1002/jcb.24391
https://doi.org/10.1016/j.intimp.2025.115658
https://doi.org/10.1016/j.redox.2023.102787
https://doi.org/10.2147/ijn.S118185
https://doi.org/10.1126/sciadv.adj1896
https://doi.org/10.1002/adma.202502200
https://doi.org/10.1080/10717544.2018.1477860
https://doi.org/10.1021/acsnano.3c03815
https://doi.org/10.1053/j.gastro.2021.09.049
https://doi.org/10.1053/j.gastro.2021.08.033
https://doi.org/10.54097/ajst.v1i3.392
https://doi.org/10.1073/pnas.012511599
https://doi.org/10.1016/j.ebiom.2020.102920
https://doi.org/10.1016/j.ebiom.2020.103002
https://doi.org/10.1038/ni.3253

Li et al

94

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

. Zhao Q, Wei Y, Pandol SJ, Li L, Habtezion A. STING signaling promotes inflammation in experimental acute pancreatitis. Gastroenterology.
2018;154(6):1822—-1835.¢1822. doi:10.1053/j.gastro.2018.01.065

Yao Q, Jiang X, Zhai YY, et al. Protective effects and mechanisms of bilirubin nanomedicine against acute pancreatitis. J Control Release.
2020;322:312-325. doi:10.1016/j.jconrel.2020.03.034

Karole A, Dinakar YH, Sagar P, Parvez S, Kumar R, Mudavath SL. Targeting inflammatory macrophages with tailored bioactive B-glucan
conjugated polymeric nanoparticles for the treatment of pancreatitis. Chem Eng J. 2025;516:163838. doi:10.1016/j.cej.2025.163838

Song H, Zhang J, Lou N, et al. Emodin nanocapsules inhibit acute pancreatitis by regulating lipid metabolic reprogramming in macrophage
polarization. Phytomedicine. 2024;130:155763. doi:10.1016/j.phymed.2024.155763

Wu L, Cai R, Li Y, et al. Modulating macrophage polarization for severe acute pancreatitis therapy via cisplatin-like prussian blue nanozymes.
Theranostics. 2025;15(17):8916-8934. doi:10.7150/thno.113523

Fang H, You P, Lin S, et al. Annexin A1 mRNA-loaded liposomes alleviate acute pancreatitis by suppressing STING pathway and promoting
efferocytosis in macrophages. Nat Nanotechnol. 2025;20:1514-1525. doi:10.1038/541565-025-01979-0

Zhang Q, Zhou J, Zhou J, Fang RH, Gao W, Zhang L. Lure-and-kill macrophage nanoparticles alleviate the severity of experimental acute
pancreatitis. Nat Commun. 2021;12(1):4136. doi:10.1038/s41467-021-24447-4

Jiang H, Xu Z, Song Q, et al. Targeting PFKFB3 to restore glucose metabolism in acute pancreatitis via nanovesicle delivery. Mol Med. 2025;31
(1):253. doi:10.1186/s10020-025-01261-y

Wang L, Tian M, Dong B, et al. Macrophage-targeted emodin nanomaterials for effective acute pancreatitis treatment via modulation of the
INK pathway. Biomater Sci. 2025;13(16):4461-4481. doi:10.1039/d5bm00018a

Lu X, Gao Z, Yu Y, et al. Natural product-based nano-antioxidant for the treatment of acute pancreatitis. Regen Biomater. 2025;12:rbaf012.
doi:10.1093/rb/rbaf012

Chen Y, Tao H, Chen R, et al. Biomimetic nanoparticles loaded with ulinastatin for the targeted treatment of acute pancreatitis. Mol Pharm.
2023;20(8):4108-4119. doi:10.1021/acs.molpharmaceut.3c00238

Jaster R. Molecular regulation of pancreatic stellate cell function. Mol Cancer. 2004;3(1):26. doi:10.1186/1476-4598-3-26

Nielsen MFB, Mortensen MB, Detlefsen S. Identification of markers for quiescent pancreatic stellate cells in the normal human pancreas.
Histochem Cell Biol. 2017;148(4):359-380. doi:10.1007/s00418-017-1581-5

FuY, Liu S, Zeng S, Shen H. The critical roles of activated stellate cells-mediated paracrine signaling, metabolism and onco-immunology in
pancreatic ductal adenocarcinoma. Mol Cancer. 2018;17(1):62. doi:10.1186/s12943-018-0815-z

Bansod S, Saifi MA, Godugu C. Inhibition of discoidin domain receptors by imatinib prevented pancreatic fibrosis demonstrated in experi-
mental chronic pancreatitis model. Sci Rep. 2021;11(1):12894. doi:10.1038/s41598-021-92461-z

Masamune A, Satoh M, Kikuta K, Suzuki N, Satoh K, Shimosegawa T. Ellagic acid blocks activation of pancreatic stellate cells. Biochem
Pharmacol. 2005;70(6):869-878. doi:10.1016/j.bcp.2005.06.008

Schwer CI, Guerrero AM, Humar M, et al. Heme oxygenase-1 inhibits the proliferation of pancreatic stellate cells by repression of the
extracellular signal-regulated kinasel/2 pathway. J Pharmacol Exp Ther. 2008;327(3):863—871. doi:10.1124/jpet.108.136549

Ramakrishnan P, Loh WM, Gopinath SCB, et al. Selective phytochemicals targeting pancreatic stellate cells as new anti-fibrotic agents for
chronic pancreatitis and pancreatic cancer. Acta Pharm Sin B. 2020;10(3):399-413. doi:10.1016/j.apsb.2019.11.008

Meng XM, Nikolic-Paterson DJ, Lan HY. TGF-f: the master regulator of fibrosis. Nat Rev Nephrol. 2016;12(6):325-338. doi:10.1038/
nrneph.2016.48

Beyer G, Habtezion A, Werner J, Lerch MM, Mayerle J. Chronic pancreatitis. Lancet. 2020;396(10249):499-512. doi:10.1016/s0140-6736(20)
31318-0

Xue J, Sharma V, Hsieh MH, et al. Alternatively activated macrophages promote pancreatic fibrosis in chronic pancreatitis. Nat Commun.
2015;6:7158. doi:10.1038/ncomms8158

Han H, Chen B-T, Ding J-R, et al. A PDGFRp-targeting nanodrill system for pancreatic fibrosis therapy. Chin Chem Lett. 2024;35(10):109583.
doi:10.1016/j.cclet.2024.109583

Qi L, Han H, Han MM, et al. Remodeling of imbalanced extracellular matrix homeostasis for reversal of pancreatic fibrosis. Biomaterials.
2023;292:121945. doi:10.1016/j.biomaterials.2022.121945

Wang H, Qi L, Fang YF, et al. Fibrotic collagen-targeted delivery system blocks pancreatic intercellular crosstalk to alleviate pancreatic fibrosis.
J Control Release. 2025;388(Pt 1):114278. doi:10.1016/j.jconrel.2025.114278

Khurana A, Saifi MA, Godugu C. Nanoceria ameliorates fibrosis, inflammation, and cellular stress in experimental chronic pancreatitis. ACS
Biomater Sci Eng. 2023;9(2):1030-1042. doi:10.1021/acsbiomaterials.2c00933

Khurana A, Saifi MA, Godugu C. Yttrium oxide nanoparticles attenuate l-arginine induced chronic pancreatitis. Biol Trace Elem Res. 2023;201
(7):3404-3417. doi:10.1007/512011-022-03446-6

Wang F, Deng Y, Yu L, et al. A macrophage membrane-polymer hybrid biomimetic nanoplatform for therapeutic delivery of somatostatin
peptide to chronic pancreatitis. Pharmaceutics. 2022;14(11):2341. doi:10.3390/pharmaceutics14112341

Du'Y, Zhao Y, Li J, et al. PLXDC1" tumor-associated pancreatic stellate cells promote desmoplastic and immunosuppressive niche in pancreatic
ductal adenocarcinoma. Adv Sci. 2025;12(18):e2415756. doi:10.1002/advs.202415756

Dumnicka P, Maduzia D, Ceranowicz P, Olszanecki R, Drozdz R, Kus$nierz-Cabala B. The interplay between inflammation, coagulation and
endothelial injury in the early phase of acute pancreatitis: clinical implications. Int J Mol Sci. 2017;18(2). doi:10.3390/ijms18020354

Telek G, Ducroc R, Scoazec JY, Pasquier C, Feldmann G, Rozé C. Differential upregulation of cellular adhesion molecules at the sites of
oxidative stress in experimental acute pancreatitis. J Surg Res. 2001;96(1):56-67. doi:10.1006/jsre.2000.6052

Amersfoort J, Eelen G, Carmeliet P. Immunomodulation by endothelial cells - partnering up with the immune system? Nat Rev Immunol.
2022;22(9):576-588. doi:10.1038/s41577-022-00694-4

Liu W, Wu DH, Wang T, et al. CIRP contributes to multiple organ damage in acute pancreatitis by increasing endothelial permeability. Commun
Biol. 2025;8(1):403. doi:10.1038/s42003-025-07772-y

Aziz M, Brenner M, Wang P. Extracellular CIRP (eCIRP) and inflammation. J Leukoc Biol. 2019;106(1):133—146. doi:10.1002/jlb.3mir1118-
443r

20

https: International Journal of Nanomedicine 2026:21


https://doi.org/10.1053/j.gastro.2018.01.065
https://doi.org/10.1016/j.jconrel.2020.03.034
https://doi.org/10.1016/j.cej.2025.163838
https://doi.org/10.1016/j.phymed.2024.155763
https://doi.org/10.7150/thno.113523
https://doi.org/10.1038/s41565-025-01979-0
https://doi.org/10.1038/s41467-021-24447-4
https://doi.org/10.1186/s10020-025-01261-y
https://doi.org/10.1039/d5bm00018a
https://doi.org/10.1093/rb/rbaf012
https://doi.org/10.1021/acs.molpharmaceut.3c00238
https://doi.org/10.1186/1476-4598-3-26
https://doi.org/10.1007/s00418-017-1581-5
https://doi.org/10.1186/s12943-018-0815-z
https://doi.org/10.1038/s41598-021-92461-z
https://doi.org/10.1016/j.bcp.2005.06.008
https://doi.org/10.1124/jpet.108.136549
https://doi.org/10.1016/j.apsb.2019.11.008
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1016/s0140-6736(20)31318-0
https://doi.org/10.1016/s0140-6736(20)31318-0
https://doi.org/10.1038/ncomms8158
https://doi.org/10.1016/j.cclet.2024.109583
https://doi.org/10.1016/j.biomaterials.2022.121945
https://doi.org/10.1016/j.jconrel.2025.114278
https://doi.org/10.1021/acsbiomaterials.2c00933
https://doi.org/10.1007/s12011-022-03446-6
https://doi.org/10.3390/pharmaceutics14112341
https://doi.org/10.1002/advs.202415756
https://doi.org/10.3390/ijms18020354
https://doi.org/10.1006/jsre.2000.6052
https://doi.org/10.1038/s41577-022-00694-4
https://doi.org/10.1038/s42003-025-07772-y
https://doi.org/10.1002/jlb.3mir1118-443r
https://doi.org/10.1002/jlb.3mir1118-443r

Li et al

127. Li H, Wen H, Liu J, et al. The glycocalyx: a key target for treatment of severe acute pancreatitis-associated multiple organ dysfunction
syndrome. Hum Cell. 2025;38(4):107. doi:10.1007/s13577-025-01227-6

128. Liu W, Ren Y, Wang T, et al. Blocking CIRP protects against acute pancreatitis by improving mitochondrial function and suppressing pyroptosis
in acinar cells. Cell Death Discov. 2024;10(1):156. doi:10.1038/s41420-024-01923-6

129. Zhou X, Cao X, Tu H, Zhang ZR, Deng L. Inflammation-targeted delivery of celastrol via neutrophil membrane-coated nanoparticles in the
management of acute pancreatitis. Mol Pharm. 2019;16(3):1397-1405. doi:10.1021/acs.molpharmaceut.8b01342

130. Hassanzadeh P, Arbabi E, Rostami F. Coating of ferulic acid-loaded silk fibroin nanoparticles with neutrophil membranes: a promising strategy
against the acute pancreatitis. Life Sci. 2021;270:119128. doi:10.1016/j.1f5.2021.119128

131. Li X, Liu Y, Qi X, et al. Sensitive activatable nanoprobes for real-time ratiometric magnetic resonance imaging of reactive oxygen species and
ameliorating inflammation in vivo. Adv Mater. 2022;34(19):¢2109004. doi:10.1002/adma.202109004

132. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of adult human mesenchymal stem cells. Science. 1999;284(5411):143—147.
doi:10.1126/science.284.5411.143

133. Shi Y, Wang Y, Li Q, et al. Immunoregulatory mechanisms of mesenchymal stem and stromal cells in inflammatory diseases. Nat Rev Nephrol.
2018;14(8):493-507. doi:10.1038/s41581-018-0023-5

134. Ma Z, Zhou J, Yang T, et al. Mesenchymal stromal cell therapy for pancreatitis: progress and challenges. Med Res Rev. 2021;41(4):2474-2488.
doi:10.1002/med.21801

135. Kawakubo K, Ohnishi S, Kuwatani M, Sakamoto N. Mesenchymal stem cell therapy for acute and chronic pancreatitis. J Gastroenterol.
2018;53(1):1-5. doi:10.1007/s00535-017-1363-9

136. Zhao H, He Z, Huang D, et al. Infusion of bone marrow mesenchymal stem cells attenuates experimental severe acute pancreatitis in rats. Stem
Cells Int. 2016;2016:7174319. doi:10.1155/2016/7174319

137. He Z, Hua J, Qian D, et al. Intravenous hMSCs ameliorate acute pancreatitis in mice via secretion of tumor necrosis factor-a stimulated gene/
protein 6. Sci Rep. 2016;6:38438. doi:10.1038/srep38438

138. Kim HW, Song W1J, Li Q, et al. Canine adipose tissue-derived mesenchymal stem cells ameliorate severe acute pancreatitis by regulating T cells
in rats. J Vet Sci. 2016;17(4):539-548. doi:10.4142/jvs.2016.17.4.539

139. Zhou CH, Li ML, Qin AL, et al. Reduction of fibrosis in dibutyltin dichloride-induced chronic pancreatitis using rat umbilical mesenchymal
stem cells from Wharton’s jelly. Pancreas. 2013;42(8):1291-1302. doi:10.1097/MPA.0b013e318296924e

140. Kawakubo K, Ohnishi S, Fujita H, et al. Effect of fetal membrane-derived mesenchymal stem cell transplantation in rats with acute and chronic
pancreatitis. Pancreas. 2016;45(5):707-713. doi:10.1097/mpa.0000000000000541

141. Han H, Chen BT, Liu Y, et al. Engineered stem cell booster breaks pathological barriers to treat chronic pancreatitis. Adv Mater. 2025;37(14):
€2416261. doi:10.1002/adma.202416261

142. Hu Z, Wang D, Gong J, et al. MSCs deliver hypoxia-treated mitochondria reprogramming acinar metabolism to alleviate severe acute
pancreatitis injury. Adv Sci. 2023;10(25):€2207691. doi:10.1002/advs.202207691

143. Han L, Zhao Z, Chen X, et al. Human umbilical cord mesenchymal stem cells-derived exosomes for treating traumatic pancreatitis in rats. Stem
Cell Res Ther. 2022;13(1):221. doi:10.1186/s13287-022-02893-1

144. Kojima H, Kushige H, Yagi H, et al. Combinational treatment involving decellularized extracellular matrix hydrogels with mesenchymal stem
cells increased the efficacy of cell therapy in pancreatitis. Cell Transplant. 2023;32:1-14. doi:10.1177/09636897231170437

145. Lee PJ, Papachristou GI. New insights into acute pancreatitis. Nat Rev Gastroenterol Hepatol. 2019;16(8):479-496. doi:10.1038/s41575-019-
0158-2

146. Merza M, Hartman H, Rahman M, et al. Neutrophil extracellular traps induce trypsin activation, inflammation, and tissue damage in mice with
severe acute pancreatitis. Gastroenterology. 2015;149(7):1920-1931.e1928. doi:10.1053/j.gastro.2015.08.026

147. Li J, Zhang J, Fu Y, et al. Dual pancreas- and lung-targeting therapy for local and systemic complications of acute pancreatitis mediated by
a phenolic propanediamine moiety. J Control Release. 2015;212:19-29. do0i:10.1016/j.jconrel.2015.06.011

148. Wang K, Yin J, Chen J, Ma J, Si H, Xia D. Inhibition of inflammation by berberine: molecular mechanism and network pharmacology analysis.
Phytomedicine. 2024;128:155258. doi:10.1016/j.phymed.2023.155258

International Journal of Nanomedicine Dovepress

Taylor & Francis Group

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics,
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®,
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://
www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2026:21 EXin>QO

21


https://doi.org/10.1007/s13577-025-01227-6
https://doi.org/10.1038/s41420-024-01923-6
https://doi.org/10.1021/acs.molpharmaceut.8b01342
https://doi.org/10.1016/j.lfs.2021.119128
https://doi.org/10.1002/adma.202109004
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1038/s41581-018-0023-5
https://doi.org/10.1002/med.21801
https://doi.org/10.1007/s00535-017-1363-9
https://doi.org/10.1155/2016/7174319
https://doi.org/10.1038/srep38438
https://doi.org/10.4142/jvs.2016.17.4.539
https://doi.org/10.1097/MPA.0b013e318296924e
https://doi.org/10.1097/mpa.0000000000000541
https://doi.org/10.1002/adma.202416261
https://doi.org/10.1002/advs.202207691
https://doi.org/10.1186/s13287-022-02893-1
https://doi.org/10.1177/09636897231170437
https://doi.org/10.1038/s41575-019-0158-2
https://doi.org/10.1038/s41575-019-0158-2
https://doi.org/10.1053/j.gastro.2015.08.026
https://doi.org/10.1016/j.jconrel.2015.06.011
https://doi.org/10.1016/j.phymed.2023.155258
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Cellular Mechanisms and Nanotherapeutic Strategies
	Pancreatic Acinar Cell and Nanotherapies
	Pathological Mechanisms in PACs
	Nanotherapeutic Strategies Targeting PACs

	Immune Cells and Nano-Immunomodulation
	Neutrophils
	Macrophages

	Pancreatic Stellate Cell and Antifibrotic Nanotherapy
	Endothelial Cells and Nano-Targeted Strategies
	Mesenchymal Stem Cells as Bioengineered Nanotherapeutic Platforms

	Intercellular Crosstalk and Future Multicellular-Coordinated Nanotherapy
	Limitations and Challenges of Nanotherapy for Pancreatitis
	Conclusions and Outlook
	Abbreviations
	Author Contributions
	Funding
	Disclosure

