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Acute pancreatitis (AP) is an unpredictable and potentially fatal disease. Currently,

it is believed that the pathological mechanism of AP is closely related to

autophagy imbalance, abnormal activation of inflammatory signals, and

impairments in cell damage repair. Autophagy exhibits a double-edged sword

effect of “activation accompanied by flux impairment” in AP. In this article, a

systematic review is conducted on how mesenchymal stem cells (MSCs) and

their secreted exosomes deliver functional miRNAs, targeting and regulating

pathways such as PI3K/AKT/mTOR to achieve multiple effects including anti-

inflammation, regeneration promotion, and restoration of autophagy

homeostasis, providing new strategies for AP treatment. Current research

challenges focus on the standardization of exosome preparation, optimization

of miRNA delivery efficiency, and long-term safety evaluation. Further

elucidation of the “cell-vesicle-miRNA-target pathway” cascade network,

combined with multi-omics technology to develop precise intervention

programs, is needed to advance AP treatment from mechanistic exploration to

clinical translation.
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1 Introduction

Acute pancreatitis is an inflammatory disease of the pancreatic exocrine glands

associated with tissue damage and necrosis (1). The core pathophysiology of this disease

involves abnormal trypsin activation, leading to autodigestion of acinar cells, which

subsequently triggers amplification of a cascade of localized inflammatory responses. In

severe cases, it can progress to systemic inflammatory response syndrome (SIRS) and

multi-organ failure (2). Common clinical factors contributing to the disease include biliary

system disorders (such as cholelithiasis), alcoholism, traumatic injury, drug toxicity, and

autoimmune disorders (Table 1).

Acute pancreatitis, one of the gastrointestinal diseases with the highest hospitalization rates

globally, is characterized by sudden severe abdominal pain accompanied by multi-organ

dysfunction. It carries the potential risk of progressing to pancreatic necrosis and persistent
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organ failure, exhibiting an unpredictable and potentially fatal course

(9). Based on the Revised Atlanta Classification (RAC), the severity of

AP can be categorized into three levels: mild acute pancreatitis,

moderately severe acute pancreatitis, and severe (SAP). This

classification is determined by factors such as the duration of organ

failure (transient/persistent) and the presence of local or systemic

complications (10). From a cellular mechanism perspective, the

functional homeostasis of pancreatic acinar cells (PAC) relies on the

precise coordination of organelles like the endoplasmic reticulum,

mitochondria, and lysosomes. Dysfunction in these organelles can

disrupt the metabolic balance within PACs, triggering the pathological

process of pancreatitis and leading to cell death. Although

approximately 80% of acute pancreatitis (AP) cases exhibit a self-

limiting course, 20% of patients still progress tomoderately severe acute

pancreatitis or severe acute pancreatitis (SAP), complicated by systemic

inflammatory response syndrome (SIRS) and multi-organ failure, with

a mortality rate as high as 39% (11). Survivors frequently suffer from

severe short-term complications and long-term organ damage.

Currently, there are no internationally approved specific drugs for

acute pancreatitis and its complications. Existing treatments primarily

involve intravenous fluid resuscitation, analgesia, enteral nutrition,

protease inhibitors, and other combination therapies. Intensive care,

organ support, parenteral nutrition, antibiotics, and pancreatic

exocrine and endocrine replacement therapies may be necessary in

severe cases (12). Unfortunately, these treatments, due to their lack of

specificity, often have limited efficacy and may be associated with

adverse reactions, resulting in poor patient outcomes (13). Hence, the

development of novel diagnostic and therapeutic approaches has

become an urgent need in current research.

Recent research has focused on the mechanism of autophagy

regulation in AP. As a core catabolic pathway for maintaining

cellular homeostasis, autophagy exerts a protective effect on

pancreatic cells by eliminating damaged organelles (14). Genetic

studies have confirmed that defects in genes encoding autophagy-

related proteins (such as ATG5 and ATG7) or lysosome function-

related proteins (such as LAMP2) can disrupt the autophagic flux in

acinar cells, thereby inducing pancreatitis (15). It is noteworthy that in

the mammalian target of rapamycin (mTOR) signaling pathway, the

PI3K/AKT/mTOR axis plays a pivotal role, particularly mTOR

complex 1 (mTORC1), which regulates the initiation of autophagy in

acute pancreatitis (AP) through ULK1 phosphorylation (16).

Dysregulation of this signaling axis promotes trypsinogen activation,

thereby triggering an inflammatory cascade (17). The dynamic

regulatory mechanism of autophagy activity exerts crucial protective

effects on the pancreas, providing novel therapeutic targets for AP.
Abbreviations: AP, Acute pancreatitis; MSCs, Mesenchymal stem cells; MiRNA,

MicroRNA; ERCP, Endoscopic Retrograde Cholangi-opan-creatography; AIP,

Autoimmune Pancreatitis; SAP, Severe acute pancreatitis; PAC, Pancreatic acinar

cells; mTOR, Mammalian target of rapamycin; CTSB, Cathepsin B; ULK1,

Unc51-like autophagy-activating kinase 1; LC3, Light chain 3; LAMPs,

Lysosome-associated membrane proteins; PI3K, Phosphatidylinositol 3-kinase;

CTSL, Cathepsin L; CTSB, Cathepsin B; AKT, Protein kinase B; ADM, Acinar-to-

ductal metaplasia; IGF-1, Insulin-like growth factorlps; PTEN, Phosphatase and

tensin homolog; BMSCs, Bone marrow-derived MSCs.
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In the autophagy regulatory network, microRNAs (miRNAs)

represent a class of small, evolutionarily conserved non-coding

RNA molecules that mediate post-transcriptional gene silencing

by binding to the 3’ untranslated region (UTR) of target mRNAs.

They are widely involved in cellular processes such as development,

differentiation, and apoptosis (18). Research indicates that miRNAs

participate in almost every stage of autophagy, including critical

steps like phagophore formation, autophagosome maturation, and

lysosomal degradation (19). Meanwhile, MSCs therapy exhibits

unique advantages in the treatment of AP due to its multipotent

differentiation capacity and paracrine characteristics (20). MSCs

not only directly repair and replace damaged tissues (21) but also

secrete anti-inflammatory factors to inhibit apoptosis and fibrosis

(22). The exosomes secreted by MSCs, with their low

immunogenicity, long-lasting circulation, and ability to penetrate

the blood-brain barrier, serve as ideal drug delivery vehicles (23).

These nanovesicles efficiently carry miRNAs, proteins, and

immunomodulatory factors, providing a technical platform for

targeted modulation of the PI3K/AKT/mTOR pathway. Based on

these breakthroughs, this article systematically elucidates the

molecular mechanism of exosome-delivered miRNA in regulating

the PI3K/AKT/mTOR pathway in AP, aiming to provide an

innovative theoretical framework and transformation strategy for

precise disease diagnosis and treatment Figure 1.
2 Pathophysiology of acute
pancreatitis

Acute pancreatitis is a disease characterized by acute

inflammation of the pancreatic parenchyma, which in severe

cases can lead to local tissue destruction and multiple organ

dysfunction (24). Its pathophysiology exhibits a multidimensional

interaction, involving crucial pathological processes such as

abnormal activation of trypsinogen, inflammatory cascade

reactions, metabolic imbalances, and cell death. These factors

collectively contribute to pancreatic tissue damage and dysfunction.
2.1 Abnormal activation of trypsinogen: the
central trigger of pathological cascade

The premature activation of trypsinogen serves as a key initiating

event in the onset of AP. Under physiological conditions, trypsinogen

is stored in an inactive form within pancreatic acinar cells and

becomes proteolytically active upon activation by enterokinase (25).

However, when pancreatic duct obstruction or direct damage to

pancreatic acinar cells occurs due to factors such as gallstones,

alcohol, drugs, or metabolic disturbances, lysosomal hydrolase

cathepsin B (CTSB) abnormally fuses with zymogen granules. This

fusion catalyzes the conversion of trypsinogen into active trypsin,

initiating pancreatic autodigestion and inflammatory responses (26).

This process constitutes the central triggering mechanism in the

pathological development of AP.
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2.2 Cascade amplification of immune and
inflammatory responses

Abnormal trypsin activation triggers a dual inflammatory

response: (1) Local damage promotes neutrophil infiltration and
Frontiers in Immunology 03
the release of neutrophil extracellular traps, which further activate

trypsinogen through mechanisms such as STAT-3 and MMP-9,

forming a vicious positive feedback loop (27). (2) Macrophages

polarize towards a proinflammatory M1 phenotype under the

stimulation of damage-associated molecular patterns (DAMPs),
FIGURE 1

Exosomes loaded with miRNA can mediate autophagy of acinar cells by targeting the mTOR signaling pathway, thereby improving acute pancreatitis.
TABLE 1 Causes of AP.

Etiology Pathogenesis

Gallstone (1) Due to choledocholithiasis incarcerated in the nipple (the confluence of pancreatic duct and bile duct), which subsequently triggers
pancreatic juice outflow obstacle, leading to the activation of pancreatic enzymes within the pancreatic duct; (2) Inflammation associated
with cholangitis directly spreads to the pancreas (3).

Hypertriglyceridemia (1) Unsaturated fatty acids cause acinar cell necrosis by releasing intracellular calcium, promoting inflammatory responses; (2)
Hyperlipidemia induces pancreatic microcirculation disturbances; (3) Calcium ion overload and endoplasmic reticulum stress; (4) Oxidative
stress; (5) Genetic polymorphism (4).

Alcohol abuse The non-oxidative metabolism of ethanol produces fatty acid ethyl esters (FAEEs), which accumulate in mitochondria and undergo
hydrolysis, disrupting intracellular calcium ion homeostasis. Extracellular calcium ion overload inhibits mitochondrial function by opening
the mitochondrial permeability transition pore (MPTP), and ATP production is affected, thereby activating the necrotic cell death
pathway (5).

Endoscopic Retrograde
Cholangiopancreatography

(ERCP)

ERCP involves a combination of chemical, thermal, mechanical, hydrostatic, enzymatic, allergic, and microbial injuries resulting from
instrumentation of the papilla and/or hydrostatic injury due to overfilling of the pancreatic duct with contrast media. The influence of these
factors triggers a sequence of events leading to premature activation of pancreatic proteolytic enzymes, autodigestion, and the release of
inflammatory cytokines that cause both local and systemic effects (6).

Drug toxicity Most of the proposed mechanisms of drug-induced injury remain unconfirmed, but the underlying mechanism may be attributed to a
specific reaction (such as hypersensitivity or the accumulation of toxic metabolites) rather than intrinsic toxicity (7).

Autoimmune
Pancreatitis (AIP)

(1) Type 1 AIP is an IgG4-related disease dominated by a Th2-type immune response, potentially associated with gene polymorphisms such
as HLA-DRB1*0405 and FCGR2B;
(2) Type 2 AIP is idiopathic duct-centric pancreatitis dominated by a Th1-type immune response, with fewer IgG4-positive cell infiltrations,
and may be related to neutrophil extracellular traps (NETs) and cytokine storms (8).
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releasing inflammatory mediators such as TNF-a and IL-1b
through the NF-kB pathway, which intensifies local inflammation

and spreads systemically, inducing systemic inflammatory response

syndrome (SIRS) (28). Notably, although M2 macrophages exhibit

anti-inflammatory and tissue healing properties, their polarization

is significantly reduced or impaired during the acute phase of AP

(29, 30). This results in an imbalance between pro-inflammatory

(M1) and anti-inflammatory/repair (M2) responses, further

aggravating inflammation and tissue injury.
2.3 Pathological calcium signaling

Intracellular calcium ions (Ca2+) serve as key signaling molecules

that are widely involved in the regulation of cellular functions (31).

Under physiological conditions, the calcium pump system maintains

intracellular Ca2+ homeostasis through dynamic regulation (32). In

acute pancreatitis, pathogenic factors such as bile acids and ethanol

metabolites disrupt Ca2+ homeostasis through a dual mechanism: (1)

activating endoplasmic reticulum calcium channels to trigger abnormal

Ca2+ release; (2) continuously activating store-operated calcium

channels, leading to persistent extracellular Ca2+ influx (33, 34).

Calcium Overload Exacerbates Injury Through the Following

Mechanisms: (1) Inhibition of mitochondrial complex V function,

leading to impaired ATP synthesis (35). (2) Impairment of

sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA)-

mediated cytosolic Ca2+ clearance: On one hand, elevated Ca2+

concentrations inhibit SERCA activity via oxidative stress. On the

other hand, ATP synthesis dysfunction results in an insufficient energy

supply for SERCA function, further compromising its Ca2+ clearance

capacity. This establishes a vicious cycle of “calcium overload–energy

depletion” (36, 37). (3) Direct activation of the necroptosis pathway:

Calcium overload binds and activates calmodulin (CaM), subsequently

activating Ca2+/calmodulin-dependent protein kinase II (CaMKII).

Activated CaMKII phosphorylates receptor-interacting protein kinase

3 (RIPK3), promoting the formation of the necrosome. This ultimately

triggers phosphorylation, oligomerization, and pore formation by

mixed-lineage kinase domain-like protein (MLKL), leading to plasma

membrane rupture and necrotic cell death (38).
2.4 Mitochondrial dysfunction and energy
metabolism crisis

Mitochondria exhibit characteristic pathological changes in AP.

These include: (1) sustained opening of the mitochondrial

permeability transition pore (MPTP) leading to the collapse of

membrane potential; (2) an outbreak of reactive oxygen species

(ROS) triggering lipid peroxidation and protein damage; (3)

impediment of the tricarboxylic acid cycle, exacerbating ATP

synthesis deficiency (39, 40). This energy crisis not only impairs

cellular repair capabilities but also accelerates programmed cell

death by releasing apoptotic factors such as cytochrome C.
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2.5 Dysfunction of the autophagy-
lysosome system

Physiological autophagy plays a protective role in the early stages

of AP, maintaining homeostasis by eliminating damaged organelles

and misfolded proteins (41, 42). However, in cases of severe

pancreatic injury, lysosomal dysfunction and the resulting blockade

of autophagic flux play pivotal roles in the pathological progression of

pancreatitis. Impaired lysosomal function manifests as: (1) loss of

membrane stability (e.g., disruption of membrane integrity by alcohol

metabolites or bile acids), (2) failure to maintain acidity (elevated pH

due to V-ATPase dysfunction), and (3) reduced hydrolytic enzyme

activity. These impairments lead to abnormal leakage of cathepsins

into the cytoplasm, subsequently activating trypsinogen and

triggering pancreatic acinar cell autodigestion (43, 44).

Concurrently, this process induces autophagic flux blockade:

although autophagosomes can form (evidenced by LC3-II

accumulation), impaired lysosomal fusion or degradation capacity

results in accumulation of autophagic substrates such as p62,

preventing clearance of damaged organelles and misfolded proteins

(45). This blockade further amplifies oxidative stress and

endoplasmic reticulum stress, promoting the release of

inflammatory cytokines including IL-1b and TNF-a (46). Clinical

studies have confirmed that downregulation of lysosomal membrane

protein (LAMP-2) expression in pancreatic tissues of severe acute

pancreatitis patients is closely associated with abnormal elevation of

the autophagy marker p62, highlighting the core pathological axis of

“lysosomal stability disruption–autophagic degradation failure–

inflammatory cascade” (47).
2.6 Systemic responses and complications

Approximately 20% of patients with AP progress to a severe

form, essentially characterized by the uncontrolled expansion of

local inflammation to a systemic level. This involves: (1) an

inflammatory mediator storm triggering capillary leak syndrome;

(2) pancreatic necrotic products entering the liver via the portal

vein, exacerbating oxidative stress; (3) myocardial depressant factor

leading to circulatory failure. These pathological processes can

ultimately result in multiple organ dysfunction syndrome,

constituting the primary cause of death (48).
3 The role of autophagy in acute
pancreatitis

3.1 Overview

Autophagy is an evolutionarily conserved cellular degradation

and recycling process that plays a critical role in maintaining cell

survival and function by eliminating and recycling damaged or

dysfunctional organelles, abnormal protein aggregates, and
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regulating endoplasmic reticulum homeostasis (41). Based on

mechanistic differences, autophagy can be classified into three

types: microautophagy, macroautophagy, and chaperone-mediated

autophagy (CMA). Macroautophagy involves the formation of

double-membrane autophagosomes that engulf large cytoplasmic

components (e.g., damaged organelles or protein aggregates) and

deliver them to lysosomes for degradation. Microautophagy entails

the direct engulfment of cytoplasmic components through

invagination of the lysosomal membrane itself. Chaperone-

mediated autophagy involves the selective translocation of specific

cytosolic proteins into lysosomes via recognition by lysosomal

membrane receptors, without the formation or significant

remodeling of membrane structures (49). Among them,

macroautophagy is the most extensively studied type of autophagy.

Its core process involves the formation of a double-membrane

structure called the autophagosome in the cytoplasm, which then

fuses with lysosomes to form autolysosomes, where the degradation

and recycling of contents are completed by lysosomal hydrolases (49).

In summary, the process of autophagy (specifically macroautophagy)

can be outlined in four main steps: (1) Initiation: Under conditions of

nutrient deprivation or cellular stress, the energy/nutrient-sensing

kinase AMPK is activated while mTORC1 is inhibited. These two

kinases antagonistically regulate the activation of the unc-51-like

autophagy activating kinase 1 (ULK1) complex, thereby triggering

the formation of autophagosome precursors; (2) Elongation:

Autophagy-related gene (ATG) proteins mediate the elongation of

the autophagosome membrane. Microtubule-associated protein 1

light chain 3 (LC3) undergoes lipidation (conversion from LC3-I to

LC3-II) and anchors to the membrane surface, driving

autophagosome maturat ion; (3) Fusion: The mature

autophagosome fuses with the lysosome through lysosome-

associated membrane proteins (LAMPs) to form the autolysosome;

(4) Degradation: Acidic hydrolases within the lysosome (such as

CTSB and CTSL) break down the contents, releasing small molecules

for cellular reuse (50). Autophagy flux is a key indicator for

measuring cellular autophagy function, which reflects the rate at

which autophagy substrates within cells are degraded and recycled

over a period of time, covering the dynamic processes of

autophagosome formation, fusion with lysosomes, and substrate

degradation. Cells can precisely regulate autophagy flux by

modulating the mTOR and AMPK signaling pathways, TFEB and

FOXO transcription factors, thereby ensuring cellular homeostasis

and metabolic balance (51). It’s worth noting that the completion of

autophagic flux highly depends on lysosome function, including the

efficiency of autophagosome-lysosome fusion and lysosome enzyme

activity. Therefore, physiologically self-activated autophagy needs to

maintain a dynamic balance between autophagosome generation and

lysosome degradation capacity (52).
3.2 Pathological role of autophagy
dysfunction in AP

Autophagy plays a dual role in the occurrence and development of

AP, exhibiting both protective and damaging effects. On one hand,
Frontiers in Immunology 05
during the pathological process of pancreatitis, cells are subjected to

various stress factors. Autophagy maintains cell survival and function

by eliminating damaged mitochondria and misfolded proteins,

reducing endoplasmic reticulum stress, and inhibiting inflammatory

cascade reactions (53). However, the regulation of autophagy is a

complex process, and excessive activation of autophagy can lead to

autophagy-dependent cell death and the release of proinflammatory

mediators, exacerbating tissue damage (54). Research indicates that AP

does not block autophagosome formation but disrupts autophagy flux

through the followingmechanisms: (1) In the early stages of autophagy,

due to certain reasons, excessive autophagosome generation leads to

the accumulation of a large number of undegraded autophagosomes

within cells, triggering cell death and tissue damage (55). (2) In later

stages, lysosomal dysfunction (such as imbalances in cathepsin activity

and reductions in LAMP proteins) prevents the fusion of

autophagosomes and lysosomes, resulting in the inadequate

clearance of autophagosomes. This further intensifies autophagosome

retention, mediating two key pathological responses: vacuolization of

acinar cells and the accumulation of intra-acinar trypsin (56). In

summary, pancreatitis has two primary effects on autophagy:

autophagy is activated, but its flux is impaired/delayed.

The typical pathological feature of AP is the abnormal

accumulat ion of large vacuoles wi th in ac inar ce l l s .

Immunohistochemical analysis reveals that these vacuoles exhibit

co-positive expression of the autophagosome marker LC3 and the

lysosomal marker protein LAMP, suggesting that their formation

mechanism may involve increased autophagosome formation,

decreased lysosomal degradation, or a combination of both (57).

As a core regulatory factor for autophagy initiation, Beclin-1

triggers the formation of autophagosome precursors by mediating

the assembly of class III phosphatidylinositol 3-kinase (PI3K)

complexes (58). LC3 serves as a central biomarker for autophagy

flux, and an elevated LC3-II/I ratio significantly correlates with an

increased number of autophagic vacuoles, reflecting an imbalance

between autophagosome generation and degradation (59). The level

of P62 protein (SQSTM1), an autophagy substrate adaptor protein,

increases in response to impaired autophagic degradation (60).

Mechanistic studies indicate that downregulation of AMPK/

SIRT1 signaling axis activity during AP leads to abnormal

accumulation of Beclin-1, impeded P62 degradation, and an

elevated LC3II/I ratio, collectively exacerbating autophagy flux

blockage and inflammatory cascade reactions (61). Notably,

activating AMPK can restore autophagy homeostasis by

upregulating SIRT1, presenting a potential therapeutic target.

LAMPs play a critical role in autophagy flux completion by

maintaining lysosomal membrane integrity, regulating

autophagosome-lysosome fusion, and mediating acidic hydrolase

activity (62). Lysosomal dysfunction, manifested by LAMP

degradation, is a common occurrence in various experimental

models and human pancreatitis. Among them, LAMP-2 is crucial

for acinar cell function, and its deficiency directly disrupts

autophagosome-lysosome fusion, representing a key mechanism

underlying autophagy flux impairment in AP (15).

Cathepsins are a class of lysosomal proteases that exhibit diverse

functions in different parts of the cell, playing crucial roles in
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intracellular protein degradation, energy metabolism, and extracellular

matrix degradation (63). Cathepsin L (CTSL) is capable of degrading

both trypsin and trypsinogen, while cathepsin B (CTSB) effectively

converts trypsinogen into active trypsin (64). Research indicates that

during pancreatitis, an increase in CTSB activity promotes abnormal

activation of trypsinogen, whereas impaired CTSL activity leads to

inadequate degradation of pancreatic enzymes. The imbalance between

these two activities exacerbates the accumulation of pancreatic enzymes

within the acinar cells, with the effects of CTSL impairment being

particularly significant (65).

The impairment of autophagy primarily manifests as a

disruption in the integrity of the dynamic autophagic flux

process, which can occur at any step of autophagy, including

decreased or defective autophagosome formation, impeded fusion

with lysosomes, or reduced lysosomal proteolytic enzyme activity

(i.e., lysosomal dysfunction) (66). In AP, the central feature of

autophagy dysregulation is “autophagy activation with impaired

flux,” specifically characterized by increased LC3-II/I, decreased

LAMP, and the accumulation of P62. This process contributes to

the pathological progression of pancreatitis through mechanisms

such as lysosomal dysfunction, imbalance in pancreatic enzyme

metabolism, and oxidative stress. Studies have shown that mice with

pancreas-specific knockout of autophagy-related proteins Atg5 or

Atg7 exhibit p62 accumulation, mitochondrial dysfunction, and

exacerbated oxidative stress, ultimately leading to increased cellular

stress, necrosis, inflammation, and fibrosis (67, 68).
4 Major pathways regulating
autophagy in acinar cells

Abnormal autophagy in acinar cells during AP is closely associated

with various signaling pathways (Table 2), such as the AMPK/SIRT1

signaling pathway (61, 69), the PI3K/AKT/mTOR signaling pathway

(17), the AKT/AMPK/mTOR signaling pathway (70), the Beclin-1

signaling pathway (71), the JAK/STAT3 signaling pathway (72), and

the NF-kB/TNFa/SIRT1 signaling pathway (73). Protein kinase B

(AKT) is downstream of phosphatidylinositol 3-kinase (PI3K) and
Frontiers in Immunology 06
plays an antagonistic role in autophagy, involving the activation of the

mTORC1 complex and the inhibition of ULK1 and ATG13 to block

the initiation of autophagy (74). Mammalian target of rapamycin

(mTOR), as a “metabolic sensor,” blocks autophagy by inhibiting the

ULK1 complex when cellular energy is sufficient, serving as a key

negative regulator of autophagy (75). Among these, the regulatory roles

of PI3K/AKT and mTOR have been widely recognized and are

considered key molecules in autophagy (76). Therefore, we will focus

on the effects of PI3K/AKT/mTOR on AP in the following discussion.

The PI3K/AKT/mTOR signaling pathway plays a pivotal role in

regulating inflammatory responses and autophagy. Studies have

indicated that both inhibition and activation of this pathway can

improve the pathological process of AP, but the therapeutic efficacy

depends on the spatiotemporal specificity of the target and regulatory

mechanism. Multiple studies have demonstrated that inhibiting the

PI3K/AKT/mTOR signaling pathway can activate autophagy, suppress

trypsinogen activation, reduce tissue damage, and hinder inflammatory

progression, thereby improving AP. For instance, research has found

that phillygenin (PHI) and xanthohumol can restore impaired

autophagic flux by inhibiting the PI3K/AKT/mTOR signaling

pathway, reducing p62 levels, and increasing LAMP-2 levels,

ultimately improving AP and preventing the progression and

deterioration of SAP (17, 47). Yang et al. discovered that Chaiqin

Chengqi Decoction (CQCQD) attenuates the severity of alcohol-

induced AP by activating the antioxidant protein response and

downregulating the PI3K/Akt signaling pathway in the pancreas and

visceral adipose tissue (77). Wortmannin significantly reduces the

redistribution of CTSB by inhibiting PI3K, effectively preventing

intrapancreatic activation of trypsinogen in vivo (78). PI3K/Akt

inhibitors also lower the expression of inflammatory cytokines in

SAP rats, exerting potent anti-inflammatory and antioxidant effects

by inhibiting NF-kB nuclear translocation and downregulating the

transcription of NF-kB-dependent pro-inflammatory genes, including

TNF-a, IL-1b, and IL-6 (77, 79–82).

However, another set of studies indicates that activating the

PI3K/AKT/mTOR signaling pathway under specific conditions to

inhibit autophagy can also play a role in improving AP. Macrophages

are the most abundant immune cells in the regenerating pancreas
TABLE 2 Effects of different signaling pathways on pancreatic autophagy and AP.

No. Correlation
pathway

Influence on the course of the disease References

1. AMPK/SIRT1 During AP, there is a decrease in AMPK and SIRT1, while p62, Beclin-1, and LC3 II/I increase, indicating
impaired autophagy.

(61, 69)

2. PI3K/AKT/mTOR Xanthohumol may inhibit the AKT/mTOR pathway by suppressing IL-17, thereby improving autophagy (increased
autophagic flux), reducing oxidative stress, and treating SAP.

(17)

3. AKT/AMPK/mTOR H2S excessively activates autophagy through the AKT/AMPK/mTOR pathway, exacerbating the pathological
process of AP.

(70)

4. lncRNA-PVT1/miR-
30a-5p/Beclin-1

Inhibition of lncRNA-PVT1 expression suppresses autophagy by targeting the miR-30a-5p/Beclin-1 signaling axis,
protecting pancreatic acinar cells from damage during SAP.

(71)

5. JAK/STAT3 Astaxanthin inhibits pancreatic damage in AP by targeting the IL-6/JAKs/STAT3 signaling axis-mediated apoptosis
and autophagy.

(72)

6. NF-kB/TNFa/SIRT1 Treatment with Picroside II downregulates TNF-a and SIRT1 by inhibiting NF-kB expression, reducing autophagic
activity in SAP, and thereby improving the condition.

(73)
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(83). The regeneration process of exocrine acinar cells involves a

transient phase of inflammation, acinar-to-ductal metaplasia (ADM),

and acinar redifferentiation (84). Activation of PI3K-AKT in

macrophages promotes inflammation resolution during the ADM

phase, improving pancreatic regeneration and organ function

recovery (85, 86). Studies have found that IGF-1 (insulin-like

growth factor, a PI3K agonist), MZB1 (marginal zone B and B-1

cell-specific protein 1), and rhubarb inhibit autophagy by activating

the PI3K/AKT/mTOR signaling pathway, stimulate pancreatic cell

proliferation, induce acinar ADM and redifferentiation, and

accelerate pancreatic repair (87–89). It’s worth noting that IGF-1

can also significantly reduce the expression of proinflammatory

cytokines such as IL-6 in a dose-dependent manner, exhibiting the

same anti-inflammatory effect as the PI3K inhibitor wortmannin.

Li et al. (90) found that ulinastatin has anti-inflammatory and

antioxidant functions in LPS (lipopolysaccharide)-treated

RAW264.7 cells, and its protective effect can be attributed to the

activation of the PI3K/Akt-Nrf2 axis and the inhibition of the

Thr183p/JNK/NF-kB axis. Wang et al. (91) found that LXA4

(lipoxin A4) activates the PI3K/Akt and PKC pathways, induces

Nrf2 phosphorylation, leads to the upregulation of HO-1, reduces cell

adhesion, and protects mitochondrial function, exerting a

cytoprotective effect in lung injury caused by SAP. Research shows

that spautin-A41, as a novel and effective autophagy inhibitor,

appears to have a therapeutic effect on AP, and its mechanism may

be to reduce the expression level of the PI3K complex, thereby

inhibiting acinar trypsin activation and inflammatory response (92).

Indeed, numerous studies have established a close relationship

between AKT-regulated autophagy and inflammatory responses.

Autophagy can negatively regulate inflammatory reactions by

eliminating damaged mitochondria and aggregated inflammatory

signaling proteins, thereby reducing the production of reactive

oxygen species (ROS) (93). In fact, inflammation and autophagy

are mutually causal, and a chronic inflammatory environment can

also lead to impaired autophagy function (94). Various studies have

demonstrated that inflammatory factors can inhibit ATG gene

expression and disrupt autophagosome-lysosome fusion through

the activation of the NF-kB pathway, ultimately suppressing

autophagy (95). Therefore, during the acute phase of AP, the PI3K/

AKT/mTOR signaling pathway can be inhibited to activate

autophagy, clear damaged organelles, and suppress trypsin

activation. Conversely, during the recovery phase, activating this

pathway promotes acinar regeneration and inflammation resolution.
5 The regulatory role of miRNAs in AP

5.1 Biological functions and therapeutic
potential of miRNAs

The miRNAs play a pivotal role in the regulation of gene

expression. Therefore, modulating miRNA function in vitro and

in vivo represents a potential therapeutic approach to regulate

disease pathophysiology at the genetic level. Recently, increasing

evidence has demonstrated the diverse functional roles of miRNAs
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in acinar cell injury, inflammation, and distant organ dysfunction

(Table 3; Figure 2).
5.2 Pathological mechanisms of pro-
inflammatory miRNAs

Some miRNAs exhibit pro-inflammatory effects. For instance,

Hu et al. (71) demonstrated that miR-30a-5p exacerbates pancreatic

acinar cell injury during SAP by inhibiting autophagy through

targeting the Beclin-1 gene. Beclin-1, a core regulatory factor for

autophagy initiation, recruits LC3 by interacting with the PI3K

complex. miR-155, recognized as the first miRNA associated with

immune regulatory functions, has since been increasingly studied

for its regulatory roles related to inflammatory responses. Reports

indicate that miR-155 may target the PI3K/AKT/mTOR signaling

pathway, inducing excessive autophagosome formation and

macrophage M1 polarization, disrupting autophagy flux

homeostasis, and leading to inflammatory cascade amplification,

thereby aggravating AP (96–99). Zeng et al. (100) showed that

exosomes derived from acinar cell line AR42J, serving as carriers of

miR-125b-5p, act on IGF2 in the PI3K/AKT signaling pathway. By

inhibiting IGF2 expression, miR-125b-5p promote macrophage M1

polarization and suppress M2 polarization, resulting in the release

of proinflammatory cytokines and inflammatory cascade

amplification, ultimately worsening AP. PTEN (phosphatase and

tensin homolog) is a novel tumor suppressor gene that directly

dephosphorylates the cellular second messenger PI3K, subsequently

blocking downstream signaling effectors and participating in cell

apoptosis regulation (101). It has been reported that overexpression

of miR-216a activates the PI3K/AKT and TGF-b pathways by

targeting PTEN, activating trypsinogen, and inhibiting autophagy

and apoptosis of pancreatic acinar cells, thereby accelerating the

progression of AP (102).
5.3 Protective effects of anti-inflammatory
miRNAs

Conversely, certain miRNAs exhibit anti-inflammatory

properties. For instance, Chen et al. (103) reported that

overexpressed miR195-5p can suppress the expression of

inflammatory cytokines such as TNF-a via the NF-kB pathway,

thereby halting the progression of AP. Studies have indicated that

miR-148a inhibits excessive autophagy activation and inflammatory

responses by modulating the IL-6/STAT3 signaling axis in both in

vitro and in vivo models of cerulein-induced AP, suggesting that

miR-148a is a potential candidate for AP gene therapy (104, 105).

Gu et al. (106) found that overexpression of miR-194 reduces the

secretion of inflammatory factors like IL-6 and TNF-a, playing a

profound role in regulating AP progression. Zhu et al. (107)

demonstrated that miR-141 can regulate autophagy through the

HMGB1/Beclin-1 pathway, inhibiting autophagosome formation

and alleviating tissue damage. Tang et al. (108) discovered that miR-

20b-5p directly targets AKT3 to promote autophagy, suppress
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inflammation, and facilitate apoptosis and angiogenesis, emerging

as a new therapeutic target for SAP. Curcumin exerts profound

antioxidant, anti-inflammatory, anticancer, and antiviral effects.

Studies have revealed its significant protective effects on

pancreatic tissue, notably reducing edema, inflammation,

hemorrhage, and necrosis in rat pancreatic tissue while inhibiting

the activities of amylase and lipase. The mechanism underlying

these effects may be mediated through the miR-198-PI3K/Akt

signaling axis (109).
6 The therapeutic potential of
mesenchymal stem cells in acute
pancreatitis

MSCs are a type of adult stem cell characterized by their low

immunogenicity and multilineage differentiation potential. These

cells have demonstrated significant efficacy in the treatment of

various diseases, including osteoarthritis (110), liver fibrosis (111),

and myocardial infarction (112). In the context of AP, early studies

have confirmed that human bone marrow-derived MSCs (BMSCs)

can alleviate pancreatic damage in a rat model of AP by suppressing

inflammatory responses (113). Subsequent research has further

untangled the underlying mechanisms by which BMSCs improve

SAP, including reducing oxidative stress (114), promoting

angiogenesis (115), and inhibiting pancreatic necrosis (116). Recent

studies have untangled that exosomes serve as pivotal mediators of
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intercellular communication and therapeutic effects. Exosomes

exhibit high bioavailability, stability, and the capacity to traverse

biological barriers, enabling them to deliver functional molecules

(e.g., miRNAs) to distal target cells, regulate gene expression, and

enhance tissue healing (117). Consequently, exosomes represent an

ideal platform for miRNA delivery, effectively overcoming the

challenges of low delivery efficiency and rapid degradation

associated with free miRNA therapeutics. Mesenchymal stem cells

(MSCs) constitute one of the primary sources of exosomes. The

MSC-derived exosomes carry specific miRNAs that exert therapeutic

effects by modulating key signaling pathways. For instance, Song et al.

(118) demonstrated that BMSCs significantly reduce pancreatic

damage in SAP by upregulating the PI3K/AKT/MTOR pathway

and inhibiting the expression of autophagy key molecules Beclin-1

and LC3. Further research from the same team (119) showed that

inhibiting miR-138-5p in MSCs activates the FAK/PDK1/AKT/

mTOR pathway, suppressing autophagy in SAP. Additionally,

knocking down miR-141-3p in MSCs promotes pancreatic cell

proliferation by upregulating the expression of b-catenin, c-Myc,

and cyclin D1. Song et al. (120) found that miR-29a-3p carried by

MSC-derived exosomes alleviates myocardial damage in a SAPmodel

by inhibiting the HMGB1/TLR4/AKT axis. Moreover, miR-216a-5p

from MSC-derived exosomes induces the transition of macrophages

from a proinflammatory M1 phenotype to an anti-inflammatory M2

phenotype by inhibiting the TLR4/NF-kB signal and activating the

PI3K/AKT pathway, thereby reducing systemic inflammation (121).

A recent study (122) revealed that MSC-derived exosomes maintain
TABLE 3 Effects of different miRNAs on autophagy and AP in pancreas.

MiRNA Correlation
pathway

MiRNA′s
effect

on pathways

Influence on the course of the disease Reference

miR-30a-5p miR-30a-5p/
Beclin-1/PI3K

Activation Inhibiting autophagy to exacerbate pancreatitis (71)

miR-195-5p NF-kB/TNF-a Activation Eliminating inflammatory damage in the pancreas (103)

miR125b-5p PI3K/AKT/IGF2 Activation Promoting M1 macrophage polarization and the release of inflammatory cytokines,
exacerbating AP (acute pancreatitis)

(100)

miR-216a PI3K/Akt, TGF-b-
PTEN-Smad7

Activation Aggravating AP (102)

miR-148a IL-6/STAT3 Activation Reducing IL-6 mRNA and protein levels, decreasing autophagosomes and autolysosomes,
improving AP

(104, 105)

miR-194 MALAT1-
MicroRNA-194-
YAP1 Pathway

Activation Lowering the secretion of IL-6 and TNF-a, ameliorating AP (106)

miR-141 HMGB1/beclin-1 Activation Suppressing autophagy to ameliorate AP (107)

miR-155 PI3K/AKT/mTOR Activation Targeting the PI3K/AKT/mTOR signaling pathway, promoting the formation of
autophagosomes, impairing autophagy flux, and facilitating inflammation, thus
aggravating AP

(96–99)

miR-198 miR-198/PI3K/Akt Activation Inhibiting apoptosis of pancreatic cells in rat models, providing conditions for
pancreatitis recovery

(109)

miR-20b-5p miR-20b-5p/AKT3 Activation Enhancing autophagy, suppressing inflammation and apoptosis in pancreatic acinar cells,
and promoting angiogenesis to prevent damage to pancreatic tissue in SAP (severe
acute pancreatitis)

(108)
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mitochondrial dynamics stability and enhance autophagy by

delivering miR-214-3p to inhibit the PI3K/AKT/mTOR pathway,

thus alleviating inflammatory responses in ulcerative colitis. This

mechanism may have potential applications in the treatment of AP.

More importantly, the potential of exosomes as miRNA delivery

vehicles is not limited to MSCs. A variety of cell types, including

immune cells, endothelial cells, epithelial cells, and even tumor cells,

can secrete exosomes carrying distinct miRNA profiles, which may

similarly influence the progression of AP through analogous

mechanisms (123, 124). These exosomes also exhibit favorable

characteristics, such as stability, low immunogenicity, and

targeted delivery potential (125), thereby expanding the

therapeutic possibilities for sEV-based AP treatment strategies.

In summary, exosomes, particularly those derived from

therapeutic cells such as MSCs, exert multifaceted therapeutic

effects—including anti-inflammatory, anti-autophagic, and pro-

regenerative activities—by delivering miRNAs to modulate key

signaling pathways such as PI3K/AKT/mTOR and TLR4/NF-kB.
This “cell-exosome-miRNA” cascade regulation model provides a

new approach for precision treatment of AP. However, further

research is needed to validate the standardized preparation of

exosomes (regardless of their source), miRNA delivery efficiency,

and long-term safety for clinical translation, as current related

studies are limited.
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7 Discussion

In recent years, the risk factors for acute pancreatitis have

gradually increased, leading to a rise in its incidence and mortality

rates. This trend is particularly concerning for severe acute

pancreatitis, where conventional diagnosis and treatment often fail

to prevent serious complications and recurrences. Therefore, there is

an urgent need for innovative optimizations in early diagnosis,

prognosis evaluation, and therapeutic approaches. The pathological

progression of AP involves a complex interactive network of

autophagic imbalance, uncontrolled inflammation, and impaired

cell repair. This study systematically elucidates the central role of

impaired autophagic flux in AP, untangles the causal relationship

between lysosomal dysfunction (such as LAMP degradation and

imbalance of cathepsin activity) and abnormal activation of

pancreatic enzymes, and proposes that “autophagy activation with

delayed flux” is a key feature of acinar cell injury in AP. This finding is

consistent with previous research indicating that the accumulation of

vacuoles resulting from autophagosome-lysosome fusion impairment

is a common phenomenon in various experimental AP models.

The bidirectional regulatory characteristics of the PI3K/AKT/

mTOR pathway are a critical aspect to consider in AP treatment.

Our study reveals that this pathway may exhibit opposing effects at

different stages of AP: during the acute phase, inhibiting the pathway
FIGURE 2

Effects of different miRNAs on pancreatic blast cells.
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can activate autophagy and reduce pancreatic enzyme activation,

while activating the pathway during the repair phase promotes

acinar regeneration and inflammation resolution. This suggests that

interventions targeting PI3K/AKT/mTOR require dynamic regulation

based on the disease phase. For instance, early use of wortmannin to

inhibit PI3K can block abnormal activation of pancreatic enzymes

mediated by CTSB, while later activation of the pathway through IGF-

1 may accelerate tissue repair. This phase-dependent therapeutic

strategy offers new insights for optimizing clinical medication

regimens. Future research could further develop smart responsive

delivery systems (such as pH-sensitive exosomes) to release PI3K

inhibitors (like wortmannin) in the acidic microenvironment of the

acute phase and IGF-1 activators during the repair phase.

With the extensive research on miRNAs, we have discovered

that miRNA regulatory networks exhibit significant bidirectional

plasticity in AP. Pro-inflammatory miRNAs (such as miR-155 and

miR-216a) exacerbate autophagic imbalance by activating PI3K/

AKT/mTOR or inhibiting PTEN, while anti-inflammatory miRNAs

(like miR-148a and miR-20b-5p) alleviate inflammatory damage by

inhibiting NF-kB/STAT3 signaling. Notably, molecules like miR-

141 can both inhibit autophagosome formation (via the HMGB1/

Beclin-1 axis) and reduce inflammatory responses, making them

promising candidates for AP gene therapy due to their multi-target

characteristics. However, organ-specific delivery and off-target

effects of miRNAs remain major obstacles for clinical application.

MSCs and their exosomes demonstrate significant advantages

in AP treatment due to their unique “multi-target synergistic

regulation” properties. They can simultaneously target autophagy,

inflammation, and regeneration pathways by delivering functional

miRNAs. For example, miR-29a-3p carried by exosomes can inhibit

the HMGB1/TLR4/AKT axis to reduce myocardial injury, while

miR-216a-5p induces macrophage phenotype transformation

through the TLR4/NF-kB and PI3K/AKT pathways, alleviating

systemic inflammatory responses. This “cell-exosome-miRNA”

cascade model overcomes the limitations of single-target

interventions. Nevertheless, current research on the relationship

between miRNAs and AP progression is still in its infancy, and

studies examining the relationships between miRNAs, autophagy,

and organelles in AP are scarce. Therefore, more systematic and in-

depth investigations are needed to explore these relationships.

In conclusion, the therapeutic strategy for AP is shifting from

single anti-inflammatory approaches to multi-target synergistic

interventions. By integrating the restoration of autophagic

homeostasis, inhibition of inflammatory pathways, and promotion

of cell regeneration, precision and personalized treatment for APmay

be achieved in the future. To achieve this goal, clinical translation can
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be advanced in stages. In Phase I trials, the pharmacokinetics and

safety of exosomes are evaluated. In Phase II trials, relevant

biomarkers are screened based on the subtypes of AP (such as

biliary-derived and hyperlipidemia-induced). In Phase III trials, a

multicenter study is conducted in combination with protease

inhibitors to verify the efficacy of the trifecta therapy of “anti-

inflammation - autophagy repair - regeneration”. This process not

only provides a clear direction for AP research but also offers a

reference and insight for interdisciplinary treatment strategies for

other autophagy-related diseases.
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Bonjoch L, Gironella M, et al. Acute pancreatitis promotes the generation of two
different exosome populations. Sci Rep. (2019) 9:19887. doi: 10.1038/s41598-019-
56220-5
frontiersin.org

https://doi.org/10.1053/j.gastro.2017.08.071
https://doi.org/10.1039/c9dt00322c
https://doi.org/10.1136/egastro-2023-100057
https://doi.org/10.1007/978-981-15-0602-4_5
https://doi.org/10.3390/ijms242216219
https://doi.org/10.1016/j.freeradbiomed.2023.09.024
https://doi.org/10.1016/j.freeradbiomed.2023.09.024
https://doi.org/10.1016/j.lfs.2021.119435
https://doi.org/10.1080/15548627.2025.2469207
https://doi.org/10.3390/cells9071679
https://doi.org/10.1016/j.pan.2022.08.011
https://doi.org/10.1074/jbc.M116.718999
https://doi.org/10.1074/jbc.M116.718999
https://kns.cnki.net/kcms2/article/abstract?v=pkeuivz917WejwyBxGlo-ynUYrbMqzU0WRAn05sGbFjRSIJt3cXywdjul3lpRRguW1j24-krNtotjcpYwi_AwKHtX9HSwJlYPM-abjKf1kTW3HC68EpaGbwCS1XlAXgvbFhHVeYH6A8hBaRUu5DtoQhfjV-YfpoBOwVbSWV5iqS-PSaKHDpvvg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=pkeuivz917WejwyBxGlo-ynUYrbMqzU0WRAn05sGbFjRSIJt3cXywdjul3lpRRguW1j24-krNtotjcpYwi_AwKHtX9HSwJlYPM-abjKf1kTW3HC68EpaGbwCS1XlAXgvbFhHVeYH6A8hBaRUu5DtoQhfjV-YfpoBOwVbSWV5iqS-PSaKHDpvvg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=pkeuivz917WejwyBxGlo-ynUYrbMqzU0WRAn05sGbFjRSIJt3cXywdjul3lpRRguW1j24-krNtotjcpYwi_AwKHtX9HSwJlYPM-abjKf1kTW3HC68EpaGbwCS1XlAXgvbFhHVeYH6A8hBaRUu5DtoQhfjV-YfpoBOwVbSWV5iqS-PSaKHDpvvg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=pkeuivz917WejwyBxGlo-ynUYrbMqzU0WRAn05sGbFjRSIJt3cXywdjul3lpRRguW1j24-krNtotjcpYwi_AwKHtX9HSwJlYPM-abjKf1kTW3HC68EpaGbwCS1XlAXgvbFhHVeYH6A8hBaRUu5DtoQhfjV-YfpoBOwVbSWV5iqS-PSaKHDpvvg==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=pkeuivz917WejwyBxGlo-ynUYrbMqzU0WRAn05sGbFjRSIJt3cXywdjul3lpRRguW1j24-krNtotjcpYwi_AwKHtX9HSwJlYPM-abjKf1kTW3HC68EpaGbwCS1XlAXgvbFhHVeYH6A8hBaRUu5DtoQhfjV-YfpoBOwVbSWV5iqS-PSaKHDpvvg==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1016/j.jcmgh.2020.01.008
https://doi.org/10.1016/j.jcmgh.2020.01.008
https://doi.org/10.1053/j.gastro.2014.12.003
https://doi.org/10.1053/j.gastro.2014.12.003
https://doi.org/10.14715/cmb/2021.67.2.15
https://doi.org/10.1111/jcmm.12928
https://pubmed.ncbi.nlm.nih.gov/33042437/
https://pubmed.ncbi.nlm.nih.gov/33042437/
https://doi.org/10.1016/j.intimp.2018.01.011
https://doi.org/10.1155/2017/7085709
https://doi.org/10.1002/bab.2104
https://doi.org/10.1002/jmv.28371
https://doi.org/10.1007/s12035-025-05165-0
https://doi.org/10.3389/fphar.2022.896523
https://doi.org/10.1371/journal.pone.0081767
https://pubmed.ncbi.nlm.nih.gov/26823696/
https://pubmed.ncbi.nlm.nih.gov/26823696/
https://doi.org/10.1155/2017/9698410
https://doi.org/10.1097/MD.0000000000039679
https://doi.org/10.3389/fimmu.2024.1353695
https://doi.org/10.1146/annurev-physiol-022516-034356
https://doi.org/10.1146/annurev-physiol-021014-071727
https://doi.org/10.1016/j.ebiom.2020.102920
https://doi.org/10.1002/path.5348
https://doi.org/10.3892/mmr.2018.8819
https://doi.org/10.3892/mmr.2018.8819
https://doi.org/10.1016/j.cellsig.2024.111143
https://doi.org/10.1155/2018/7321352
https://doi.org/10.1038/aps.2017.143
https://doi.org/10.1016/j.jss.2022.08.010
https://doi.org/10.1248/bpb.b19-00132
https://doi.org/10.1016/j.lfs.2019.03.071
https://doi.org/10.3389/fendo.2022.1060721
https://doi.org/10.1002/jcb.25750
https://doi.org/10.1093/abbs/gmz152
https://doi.org/10.1038/s41419-019-1545-x
https://doi.org/10.1159/000495648
https://doi.org/10.1038/s41598-019-56220-5
https://doi.org/10.1038/s41598-019-56220-5
https://doi.org/10.3389/fimmu.2025.1613716
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zeng et al. 10.3389/fimmu.2025.1613716
100. Zheng Z, Cao F, Ding Y, Lu J-D, Fu Y-Q, Liu L, et al. Acinous cell AR42J-
derived exosome miR125b-5p promotes acute pancreatitis exacerbation by inhibiting
M2 macrophage polarization via PI3K/AKT signaling pathway. World J Gastrointest
Surg. (2023) 15:600–20. doi: 10.4240/wjgs.v15.i4.600

101. Wang M, Wu X, Gan L, Teng Z, Zhang H, Zhang Y. Overexpression of Dnmt3a
ameliorates diabetic muscle atrophy by modulating the Pten/Akt pathway. Exp Physiol.
(2020) 105:1918–27. doi: 10.1113/EP088894

102. Zhang J, Ning X, Cui W, Bi M, Zhang D, Zhang J. Transforming growth factor
(TGF)-b-induced microRNA-216a promotes acute pancreatitis via Akt and TGF-b
pathway in mice. Dig Dis Sci. (2015) 60:127–35. doi: 10.1007/s10620-014-3261-9

103. Chen X, Song D. LncRNA MEG3 Participates in Caerulein-Induced Inflammatory
Injury in Human Pancreatic Cells via Regulating miR-195-5p/FGFR2 Axis and Inactivating
NF-kB Pathway. Inflammation. (2021) 44:160–73. doi: 10.1007/s10753-020-01318-6

104. Miao B, Qi W, Zhang S, Wang H, Wang C, Hu L, et al. miR-148a suppresses
autophagy by down-regulation of IL-6/STAT3 signaling in cerulein-induced acute
pancreatitis. Pancreatology. (2019) 19:557–65. doi: 10.1016/j.pan.2019.04.014

105. Wei H, Zhao H, Cheng D, Zhu Z, Xia Z, Lu D, et al. miR-148a and miR-551b-
5p regulate inflammatory responses via regulating autophagy in acute pancreatitis. Int
Immunopharmacol. (2024) 127:111438. doi: 10.1016/j.intimp.2023.111438

106. Gu L, Liu J, Xu D, Lu Y. Reciprocal feedback loop of the MALAT1-microRNA-
194-YAP1 pathway regulates progression of acute pancreatitis. Med Sci Monit. (2019)
25:6894–904. doi: 10.12659/MSM.915598

107. Zhu H, Huang L, Zhu S, Li X, Li Z, Yu C, et al. Regulation of autophagy by
systemic admission of microRNA-141 to target HMGB1 in l-arginine-induced acute
pancreatitis in vivo. Pancreatology. (2016) 16:337–46. doi: 10.1016/j.pan.2016.03.004

108. Tang G, Yang M, Xiang K, Yang B-C, Liu Z-L, Zhao S-P, et al. MiR-20b-5p
modulates inflammation, apoptosis and angiogenesis in severe acute pancreatitis
through autophagy by targeting AKT3. Autoimmunity. (2021) 54:460–70.
doi: 10.1080/08916934.2021.1953484

109. Wang L, Liu Y, Cui J,Wu L. Study onmechanism of curcumin in treatment of acute
pancreatitis based on regulation of PI3K-Akt signaling pathway by miR-198. Zhongguo
Zhong Yao Za Zhi. (2020) 45:3707–12. doi: 10.19540/j.cnki.cjcmm.20200319.401

110. Siddiq MAB, Clegg D, Jansen T-L, Rasker J-J. Emerging and new treatment
options for knee osteoarthritis. Curr Rheumatol Rev. (2022) 18:20–32. doi: 10.2174/
1573397117666211116111738

111. Du Y, Zhu S, Zeng H, Wang Z, Huang Y, Zhou Y, et al. Research progress on
the effect of autophagy and exosomes on liver fibrosis. Curr Stem Cell Res Ther. (2024)
19:785–97. doi: 10.2174/1574888X18666230427112930

112. Sun S, Wang L, Tang Q, Yi J, Yu X, Cao Y, et al. Myocardial infarction in rats
was alleviated by MSCs derived from the maternal segment of the human umbilical
cord. Front Cell Dev Biol. (2024) 12:1469541. doi: 10.3389/fcell.2024.1469541

113. Zhao D, Yu W, Xie W, Ma Z, Hu Z, Song Z. Bone marrow-derived
mesenchymal stem cells ameliorate severe acute pancreatitis by inhibiting oxidative
stress in rats.Mol Cell Biochem. (2022) 477:2761–71. doi: 10.1007/s11010-022-04476-3
Frontiers in Immunology 13
114. Ma Z, Song G, Liu D, Qian D, Wang Y, Zhou J, et al. N-Acetylcysteine enhances
the therapeutic efficacy of bone marrow-derived mesenchymal stem cell
transplantation in rats with severe acute pancreatitis. Pancreatology. (2019) 19:258–
65. doi: 10.1016/j.pan.2019.01.004

115. Qian D, Gong J, He Z, Hua J, Lin S, Xu C, et al. Bone marrow-derived
mesenchymal stem cells repair necrotic pancreatic tissue and promote angiogenesis by
secreting cellular growth factors involved in the SDF-1 a/CXCR4 axis in rats. Stem Cells
Int. (2015) 2015:306836. doi: 10.1155/2015/306836

116. Li H, He H, Song J, Du YF, Guan M, Wu CY. Bone marrow-derived
mesenchymal stem cells repair severe acute pancreatitis by secreting miR-181a-5p to
target PTEN/Akt/TGF-b1 signaling. Cell Signal. (2020) 66:109436. doi: 10.1016/
j.cellsig.2019.109436

117. Guda P-R, Sharma A, Anthony A-J, ElMasry M-S, Couse A-D, Ghatak P-D,
et al. Nanoscopic and functional characterization of keratinocyte-originating exosomes
in the wound fluid of non-diabetic and diabetic chronic wound patients. Nano Today.
(2023) 52:101954. doi: 10.1016/j.nantod.2023.101954

118. Song G, Liu D, Geng X, Ma Z, Wang Y, Xie W, et al. Bone marrow-derived
mesenchymal stem cells alleviate severe acute pancreatitis-induced multiple-organ
injury in rats via suppression of autophagy. Exp Cell Res. (2019) 385:111674.
doi: 10.1016/j.yexcr.2019.111674

119. Song G, Zhou J, Song R, Liu D, Yu W, Xie W, et al. Long noncoding RNA H19
regulates the therapeutic efficacy of mesenchymal stem cells in rats with severe acute
pancreatitis by sponging miR-138-5p and miR-141-3p. Stem Cell Res Ther. (2020)
11:420. doi: 10.1186/s13287-020-01940-z

120. Ren S, Pan L, Yang L, Niu Z, Wang L, Feng H, et al. miR-29a-3p transferred by
mesenchymal stem cells-derived extracellular vesicles protects against myocardial
injury after severe acute pancreatitis. Life Sci. (2021) 272:119189. doi: 10.1016/
j.lfs.2021.119189

121. Liu W, Rong Y, Wang J, Zhou Z, Ge X, Ji C, et al. Exosome-shuttled miR-216a-
5p from hypoxic preconditioned mesenchymal stem cells repair traumatic spinal cord
injury by shifting microglial M1/M2 polarization. J Neuroinflammation. (2020) 17:47.
doi: 10.1186/s12974-020-1726-7

122. Li N, Zhao L, Geng X, Liu J, Zhang X, Hu Y, et al. Stimulation by exosomes
from hypoxia-preconditioned hair follicle mesenchymal stem cells facilitates
mitophagy by inhibiting the PI3K/AKT/mTOR signaling pathway to alleviate
ulcerative colitis. Theranostics (2024) 14:4278–96. doi: 10.7150/thno.96038

123. van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. (2018) 19:213–28. doi: 10.1038/
nrm.2017.125

124. Ruan K, Zhang J, Chu Z, Wang X, Zhang X, Liu Q, et al. Exosomes in acute
pancreatitis: Pathways to cellular death regulation and clinical application potential. Int
immunopharmacology. (2025) 153:114491. doi: 10.1016/j.intimp.2025.114491

125. Kamerkar S, LeBleu V-S, Sugimoto H, Yang S, Ruivo C-F, Melo S-A, et al.
Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer.
Nature. (2017) 546:498–503. doi: 10.1038/nature22341
frontiersin.org

https://doi.org/10.4240/wjgs.v15.i4.600
https://doi.org/10.1113/EP088894
https://doi.org/10.1007/s10620-014-3261-9
https://doi.org/10.1007/s10753-020-01318-6
https://doi.org/10.1016/j.pan.2019.04.014
https://doi.org/10.1016/j.intimp.2023.111438
https://doi.org/10.12659/MSM.915598
https://doi.org/10.1016/j.pan.2016.03.004
https://doi.org/10.1080/08916934.2021.1953484
https://doi.org/10.19540/j.cnki.cjcmm.20200319.401
https://doi.org/10.2174/1573397117666211116111738
https://doi.org/10.2174/1573397117666211116111738
https://doi.org/10.2174/1574888X18666230427112930
https://doi.org/10.3389/fcell.2024.1469541
https://doi.org/10.1007/s11010-022-04476-3
https://doi.org/10.1016/j.pan.2019.01.004
https://doi.org/10.1155/2015/306836
https://doi.org/10.1016/j.cellsig.2019.109436
https://doi.org/10.1016/j.cellsig.2019.109436
https://doi.org/10.1016/j.nantod.2023.101954
https://doi.org/10.1016/j.yexcr.2019.111674
https://doi.org/10.1186/s13287-020-01940-z
https://doi.org/10.1016/j.lfs.2021.119189
https://doi.org/10.1016/j.lfs.2021.119189
https://doi.org/10.1186/s12974-020-1726-7
https://doi.org/10.7150/thno.96038
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1016/j.intimp.2025.114491
https://doi.org/10.1038/nature22341
https://doi.org/10.3389/fimmu.2025.1613716
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	MiRNA-loaded MSC exosomes restore autophagy flux for acute pancreatitis therapy
	1 Introduction
	2 Pathophysiology of acute pancreatitis
	2.1 Abnormal activation of trypsinogen: the central trigger of pathological cascade
	2.2 Cascade amplification of immune and inflammatory responses
	2.3 Pathological calcium signaling
	2.4 Mitochondrial dysfunction and energy metabolism crisis
	2.5 Dysfunction of the autophagy-lysosome system
	2.6 Systemic responses and complications

	3 The role of autophagy in acute pancreatitis
	3.1 Overview
	3.2 Pathological role of autophagy dysfunction in AP

	4 Major pathways regulating autophagy in acinar cells
	5 The regulatory role of miRNAs in AP
	5.1 Biological functions and therapeutic potential of miRNAs
	5.2 Pathological mechanisms of pro-inflammatory miRNAs
	5.3 Protective effects of anti-inflammatory miRNAs

	6 The therapeutic potential of mesenchymal stem cells in acute pancreatitis
	7 Discussion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


