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Abstract 

Acute pancreatitis (AP) involves activation of the innate immune system and an imbalanced 
inflammatory response. Both pancreatic and systemic inflammation associated with AP are mediated 
by macrophages. This review summarizes research on macrophage functions in AP pathogenesis and 
treatment. Relevant studies investigating macrophage activation, phenotypes, autophagy, and their 
roles in local and systemic inflammation were analyzed. During AP, macrophages initially adopt a 
pro-inflammatory phenotype to amplify inflammation. Macrophages located in tissues including the 
pancreas, adipose tissue, liver, lung, and spleen play a role in this process. As the disease progresses, 
they transition to an M2 phenotype to promote resolution. Macrophage-centered modulation of the 
innate immune response represents a promising therapeutic strategy. However, further exploration 
of macrophage interactions with other immune cells and pancreatic acinar cells is still needed. 
Targeting specific macrophage functions may improve AP management, which is the focus of this 
review. 
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1. Introduction 
Acute pancreatitis (AP) is among the primary 

reasons for hospitalization related to gastrointestinal 
diseases, with severity and duration varying widely 
[1]. AP can trigger an inflammatory cascade that 
affects multiple organs, particularly in severe acute 
pancreatitis (SAP) [2]. The primary causes of AP 
include alcohol consumption, hypertriglyceridemia 
(HTG), pancreatic or biliary duct blockages, and other 
causes [3]. These triggers initiate pathological cellular 
pathways and organelle malfunctions, leading to 
pancreatic acinar cell death and pancreatic 
inflammation [4, 5]. Abnormally elevated Ca2+ levels 
in pancreatic acinar cells, caused by the non-oxidative 
products of alcohol, fatty acids, bile acids, and ductal 
obstruction, lead to pancreatic acinar cell necrosis in 
AP [6-8]. Moreover, the activation of premature 
trypsinogen can also contribute to pancreatic acinar 

cell necrosis [9, 10]. What are the mechanisms through 
which pancreatic acinar necrosis induces both local 
and systemic inflammation?   

Pancreatic acinar cells drive pancreatic and 
systemic inflammation by activating various 
inflammatory cells. Previous reviews on pancreatitis 
have focused on the roles of multiple immune cells, 
highlighting their collaborative actions as well as the 
inflammatory processes mediated by macrophages, 
particularly the M1/M2 polarization [11-13]. This 
review highlights recent advances in macrophage 
biology in AP and, for the first time, examines the 
evidence linking specific molecular signaling 
pathways to macrophage functional states and clinical 
outcomes, with an emphasis on translational 
implications. 

 
Ivyspring  

International Publisher 



Int. J. Med. Sci. 2026, Vol. 23 

 
https://www.medsci.org 

2082 

2. The role of macrophages in connecting 
pancreatic inflammation to systemic 
inflammation in AP 

Macrophages exist in the pancreas since the 
embryonic stage [14]. During pancreatitis, tissue- 
resident macrophages in the pancreas show a notable 
increase in number [15]. These resident macrophages 
include islet macrophages, which play roles in 
metabolic disorders. In obesity, for example, islet 
macrophages disrupt the insulin-secretion function of 
β-cells [16]. In addition to resident macrophages, the 
pancreas also contains recruited macrophages. 
Damaged pancreatic acinar cells release chemokines 
that attract monocytes to the pancreas [4].  

Macrophages are equipped with diverse 
receptors that allow them to detect various 
environmental cues, including hypoxia, pressure, and 
metabolites such as fatty acids [17]. Macrophage 
activation is triggered by damage-associated 
molecular patterns (DAMPs) released from necrotic or 
injured pancreatic acinar cells. This activation triggers 
the release of pro-inflammatory cytokines, which 
recruit more immune cells to the injury site [18].    

Activated macrophages play a pivotal role in 
both pancreatic and systemic inflammation during 
AP, contributing to the tissue damage in the pancreas 
and other organs. The activation of macrophages in 
distant organs exacerbates systemic inflammation and 
contributes to organ dysfunction. However, the 
specific mechanisms underlying this distal injury 
remain poorly understood [19].  

3. Activators of macrophages in AP 
The immune system, involving macrophages, is 

activated during AP, leading to the release of 
inflammatory factors that promote disease 
progression. The activation of macrophages in AP is 
driven by various substances released from pancreatic 
acinar cells, including DNA, ATP, chemokine 
CXCL10, long non‐coding RNA (lncRNA), and 
microRNA (miRNA). Pancreatic acinar cell damage is 
central to the pancreatic injury observed in AP. In 
mouse models of AP, DNA released from pancreatic 
acinar cell death activates the macrophage 
cGAS-STING signaling pathway, triggering IRF3 and 
NF-κB activation, which upregulate the expression of 
inflammatory genes such as IFNβ and TNF-α [20].  
Additionally, experimental AP studies in animals 
indicate that pancreatic macrophages detect DNA 
fragments from necrotic or injured pancreatic acinar 
cells via TLR9 receptors, which initiate NF-κB 
translocation and pro-IL-1β transcription. Moreover, 
ATP released from pancreatic acinar cells activates the 
NLRP3 inflammasome through the P2X7 receptor, 

converting pro-IL-1β into active IL-1β [18]. CXCL10, 
released from pancreatic acinar cells, drives M1 
polarization of pancreatic macrophages in AP, 
promoting pro-inflammatory responses [21]. In 
mouse models of AP, pancreatic acinar cell-derived 
extracellular vesicles (EVs) containing molecules such 
as lncRNA MALAT1 have also been implicated in 
promoting M1 macrophage polarization through the 
miR-181a-5p/HMGB1 regulatory axis [22]. 
Furthermore, EVs derived from pancreatic acinar cells 
containing miR-183-5p exacerbates AP by driving M1 
macrophage polarization via the reduction of FoxO1 
expression [23]. Additionally, miR-125b-5p from 
AR42J acinar cell-derived exosomes exacerbates AP 
by hindering M2 macrophage polarization through 
the PI3K/AKT pathway [24]. The miR-24-3p 
contained in exosomes derived from pancreatic acinar 
cells, stimulated by cerulein, also induces M1 
polarization and pyroptosis of peritoneal 
macrophages through the MARCH3/NLRP3 
pathway in AP [25].  

In addition to macrophage activation by 
pancreatic acinar cell damage or necrosis in AP, other 
factors such as trypsinogen, lipids, and 
hyperglycemia can also stimulate macrophages. 
Trypsinogen activation within macrophages during 
pancreatitis triggers macrophage activation through 
NF-κB-translocation [26]. In obese mice, free fatty 
acids produced by adipocyte lipolysis exacerbate SAP 
by activating the NLRP3-caspase1 inflammasome 
pathway in adipose tissue macrophages (ATMs) [27]. 
Lipids from necrotic adipose tissue interfere with M2 
polarization and promote the M1 phenotype in 
macrophages, further amplifying the inflammatory 
response in AP [28]. Using an AP mouse model, 
researchers found that hyperglycemia exacerbates AP 
by inducing M1 polarization of pancreatic 
macrophages through enhanced Notch signaling [29].  

4. The varied roles of macrophages in 
pancreatic and extra-pancreatic tissues 
during AP   

Macrophages, as key players in the immune 
system, play crucial roles in different tissues during 
AP. HTG increases macrophage infiltration in mouse 
pancreatic tissue [30]. Additionally, ATMs gather in 
obesity and promote the production of pro- 
inflammatory cytokines [27, 31]. During obesity, the 
increased accumulation of ATMs in adipose tissue 
mainly arises from CCR2‑dependent recruitment of 
circulating monocytes, and can also result from local 
expansion of tissue‑resident macrophages [32, 33]. 
Both HTG and obesity significantly increase the risk 
of poor prognosis in AP, exacerbating AP 
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inflammation through macrophages [27, 30, 34, 35]. In 
obesity-related SAP, plasma exosomes promote M1 
polarization in ATMs, worsening the severity of 
pancreatitis [36].   

Macrophages in extra-pancreatic tissues, such as 
the liver, peritoneum, intestine, lung, and spleen, also 
play significantly roles in modulating AP progression 
and treatment response. Their functional diversity, 
especially their polarization states, significantly 
influences the pathogenesis, progression, and 
complications of AP. For example, liver macrophages 
in SAP rats undergo a polarization shift from M1 to 
M2 in vitro, suggesting potential therapeutic avenues 
for modulating the shift [37]. Abdominal paracentesis 
drainage (APD) improves SAP in rats by promoting 
M2 polarization in peritoneal macrophages, 
highlighting an important therapeutic approach [38]. 
In a rat SAP model, APD also enhances M2 
polarization in intestinal macrophages by inhibiting 
the ASK1/JNK pathway, further contributing to its 
therapeutic benefits for intestinal damage associated 
with SAP [39]. Furthermore, modulating macrophage 
polarization in the injured lung during SAP may serve 
as a potential therapeutic target [19, 40]. Tuftsin, a 
natural tetrapeptide (Thr-Lys-Pro-Arg) secreted by 
the spleen, enhances anti-inflammatory M2 
macrophage polarization by upregulating NRP1 on 
macrophages in the spleen during SAP [41]. These 
studies collectively emphasize the critical and varied 
roles of macrophages in different tissues during SAP, 
offering valuable insights into potential treatment 
strategies. 

 5. Mechanisms of macrophage M1 
polarization in AP 

As previously indicated, macrophage 
polarization significantly influences the 
pathophysiology of AP [42]. In mouse AP models, 
macrophages regulate AP inflammation through their 
functional plasticity, exhibiting dynamic shifts 
between M1 and M2 phenotypes [43]. Pro- 
inflammatory M1 macrophages are key drivers of AP 
inflammation, and reducing macrophage infiltration 
in the pancreas can alleviate disease severity [44].  

Although various molecules and vesicles, such 
as MLKL, HMGB1, FoxO1, lipids, Notch, STING, 
serum exosomes, NLRP3, CARD9-NF-κB, and STAT3, 
are involved in regulating M1 polarization, the 
hierarchical organization, crosstalk, and dynamic 
interplay among these factors remain poorly 
understood. This section reviews the current 
mechanisms of M1 polarization in AP, highlighting 
key regulatory axes. For example, the suppression of 
the MLKL-CXCL10 axis attenuates AP severity in 
mice by reducing M1 polarization of pancreatic 

macrophages [21]. Furthermore, MALAT1, carried by 
EVs, enhances M1 polarization by regulating the 
miR-181a-5p/HMGB1 signaling axis [22]. 
Additionally, EV-derived miR-183-5p suppresses 
FoxO1 expression, driving M1 macrophage 
polarization that exacerbates AP [23]. In AP, lipids 
released from necrotic adipose tissue can promote the 
M1 phenotype in macrophages, though the 
underlying mechanisms remain unclear [28]. 
Hyperglycemia exacerbates AP by promoting 
pancreatic macrophage M1 polarization via enhanced 
Notch signaling after AP [29]. Inhibiting the STING 
pathway ameliorates lung injury associated with SAP 
by reversing macrophage M1 polarization [19]. 
Obesity exacerbates SAP severity by promoting M1 
polarization in ATMs through serum exosomes, 
thereby amplifying the immune response in adipose 
tissue [36]. Activation of the NLRP3 inflammasome 
pathway in macrophages also promotes M1 
polarization [45]. Moreover, mesenchymal stem cells 
(MSCs) influence peritoneal macrophage M1 
polarization during SAP through the CARD9-NF-κB 
pathway [46]. In mouse models of AP, STAT3 
phosphorylation worsens pancreatic damage by 
inducing M1 polarization of macrophages [47].  

These molecules and pathways can be regarded 
as different layers and interaction nodes that regulate 
macrophage M1 polarization. Upstream triggers often 
arise from DAMPs. HMGB1, as a prototypical DAMP, 
can activate Toll‑like receptors and NF-κB signaling to 
promote inflammation [48], while STING senses 
intracellular DNA and initiates pro‑inflammatory 
gene expression, often acting as an upstream driver of 
inflammation [49]. MLKL‑mediated necroptosis can 
release additional DAMPs, thereby amplifying 
STING‑related pathway activation [50]. Downstream 
effectors include inflammasomes and transcriptional 
modules: the NLRP3 inflammasome activates 
caspase‑1, and promotes secretion of pro‑ 
inflammatory cytokines IL‑1β [51]; the CARD9–NF‑κB 
axis and STAT3 serve as core transcriptional 
regulators that directly upregulate M1‑associated 
genes [46, 47, 52, 53]. Notch signaling can act as a 
regulator of M1 polarization and also engage in 
crosstalk with NF‑κB to modulate polarization [29, 
54]. Thus, these pathways do not operate in isolation: 
HMGB1/STING/MLKL‑type upstream events 
enhance inflammatory inputs that activate NLRP3 
and CARD9–NF‑κB, which, together with Notch 
signaling, cooperate to drive M1 polarization. 

6. Mechanisms of transition to M2 
macrophages in resolving inflammation 

As AP progresses, a shift toward the M2 
phenotype occurs, characterized by the expression of 
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anti-inflammatory cytokines such as IL-4 and IL-10. 
The transition plays a vital role in inflammation 
resolution and tissue repair [38, 55]. M2 macrophage 
polarization involves multiple molecules and 
signaling pathways, such as miRNAs, PI3K/AKT, 
ASK1/JNK, IRF5, TSG-6, and ERK/MAPK. Exosomal 
miR-125b-5p from AR42J acinar cells exacerbates AP 
by suppressing M2 macrophage polarization through 
the PI3K/AKT pathway [24]. APD effectively reduces 
the severity of inflammation in SAP by promoting M2 
polarization in peritoneal macrophages [38]. APD also 
facilitates the transition of intestinal macrophages to 
the M2 phenotype by suppressing the ASK1/JNK 
pathway, thereby reducing damage to the intestinal 
mucosal barrier [39]. Conversely, molecules like IRF5 
have been shown to suppress the M2 phenotype in 
lung macrophages during AP [40]. MSCs promote M2 
polarization by secreting TSG-6 [56]. In addition, in 
mouse models of SAP, the highly active isoflavone 
tectoridin promotes M2 polarization in macrophages 
by inhibiting the ERK/MAPK signaling pathway, 
thereby reducing pancreatic injury [57].  

Despite the diversity of upstream triggers and 
signaling molecules governing macrophage 
polarization, many pathways converge on 
inflammatory transcriptional programs or on 
metabolic and autophagic regulators, suggesting that 
metabolic reprogramming and transcriptional 
activation together determine the M1 or M2 
phenotype. Macrophage polarization plays a pivotal 
role in AP, as it significantly impacts the 
inflammatory response. Elucidating the functions of 
macrophages and their regulatory mechanisms in AP 
could help develop new therapeutic strategies to 
reduce inflammation and promote tissue repair. 
However, most study on these mechanisms are based 
on mouse or rat models, which may not fully replicate 
the immune microenvironment in human AP. Future 
work should concentrate on further elucidating the 
detailed molecular mechanisms underlying 
macrophage polarization, as well as how these cells 
interact with other immune cells and pancreatic acinar 
cells. Additionally, more emphasis should be placed 
on validating signaling pathways using human 
specimens. This comprehensive approach will 
advance our knowledge of the complex 
pathophysiology underlying AP.  

7. The role of other macrophage 
phenotypes and autophagy in AP 

In addition to macrophage polarization, cell 
death phenotypes (such as apoptosis, pyroptosis, and 
ferroptosis) along with autophagy, are involved in the 
inflammatory damage observed in AP. Apoptosis 
plays a role in the development of acute lung injury 

(ALI) associated with SAP in rat models [58]. 
Inhibiting STING reduces SAP-associated ALI by 
preventing macrophage apoptosis [19]. In AP mice, 
CD36-positive macrophages protect by clearing 
apoptotic pancreatic acinar cells [59]. However, 
gadolinium chloride treatment significantly improves 
SAP-ALI by enhancing the apoptosis rate of alveolar 
macrophages [60].   

The NLRP3 inflammasome regulates 
macrophage pyroptosis. Numerous studies have 
demonstrated that NLRP3 inflammasome-dependent 
pyroptosis plays a key role in the development of AP 
[61]. In AP, exosomes containing miR-24-3p, released 
from caerulein-stimulated pancreatic acinar cells, 
induce pyroptosis in peritoneal macrophages through 
the MARCH3/NLRP3 pathway [25]. Activation of the 
NLRP3 inflammasome in alveolar macrophages, 
leading to pyroptosis, contributes to lung damage 
following AP [62]. Moreover, inhibiting any 
component of the mtDNA-cGAS-STING-IRF7/IRF3 
axis suppresses the activation of NLRP3 
inflammasomes, reducing the pyroptosis of alveolar 
macrophages and ameliorating SAP-associated ALI in 
mice [63]. Additionally, emodin alleviates 
AP-induced ALI by suppressing the pyroptosis of 
alveolar macrophages [64].  

Ferroptosis, a form of iron-dependent cell death 
caused by phospholipid peroxidation, is closely 
associated with lipid peroxidation and reactive 
oxygen species, both of which play pivotal roles in the 
pathogenesis of AP. The pancreas functions not only 
as a digestive organ but also as a primary site for iron 
storage, which is closely linked to ferroptosis [65]. 
Ferroptosis has been shown to exacerbate the severity 
of pancreatitis in mice [66]. However, research on the 
role of macrophage ferroptosis in AP is still limited.  

Autophagy also plays a crucial role in 
modulating the inflammatory response. In 
experimental pancreatitis, autophagy is activated in 
pancreatic acinar cells, but its completion is inhibited, 
suggesting impaired autophagic flux. This 
dysfunction in autophagy enhances macrophage 
infiltration into the pancreas [67, 68]. Additionally, in 
SAP mouse models, macrophage-derived p38α has 
been shown to worsen disease severity by modulating 
autophagy [69]. Disrupted autophagic flux in ATMs is 
likely to intensify pancreatic damage in 
obesity-related SAP [70, 71].  

8. Conclusion and prospects 
In summary, macrophages are central to the 

pathogenesis of AP by driving both pancreatic and 
systemic inflammation. Damaged pancreatic acinar 
cells activate macrophages through various DAMPs 
and EVs, which push macrophages towards a 
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pro-inflammatory phenotype. In addition, factors 
such as lipids, including free fatty acids, and 
hyperglycemia can also stimulate macrophage 
activation. These activated macrophages amplify the 
inflammatory response and tissue damage by 
releasing pro-inflammatory mediators. Therapeutic 
strategies, including APD, MSCs, and specific drugs, 
promote the polarization of macrophages towards an 
anti-inflammatory M2 phenotype, which is crucial for 
inflammation resolution and tissue repair. 
Modulating macrophage polarization offers 
promising therapeutic opportunities in managing AP. 
Besides macrophage polarization, cell death 
phenotypes (including apoptosis, pyroptosis, and 
ferroptosis) and autophagy contribute to the 
inflammatory damage observed in AP. Figure 1 
summarizes the key mechanisms of various 
macrophage phenotypes and autophagy in the AP 
inflammatory response.  

Despite significant progress, further research is 
essential to comprehensively understand the complex 
mechanisms underlying macrophage phenotypes, 
such as polarization, apoptosis, pyroptosis, and 

ferroptosis, as well as the role of autophagy across 
various tissues during AP, especially regarding 
ferroptosis and autophagy. It is also important to 
explore the interactions among macrophages, 
pancreatic acinar cells, and other immune cells. To 
facilitate clinical translation, future work should 
validate key signaling pathways in human specimens 
rather than relying solely on rodent models. 

Abbreviations 
ALI: acute lung injury 
AP: acute pancreatitis 
APD: abdominal paracentesis drainage 
ATMs: adipose tissue macrophages 
DAMPs: damage-associated molecular patterns 
EVs: extracellular vesicles 
HTG: hypertriglyceridemia 
lncRNA: long non‐coding RNA 
miRNA: microRNA 
MSCs: mesenchymal stem cells  
SAP: severe acute pancreatitis 

 

 
Figure 1. Mechanisms of various macrophage phenotypes and autophagy involved in the inflammatory response during AP. Solid lines denote features found 
in AP according to published research. Dashed lines indicate that macrophage ferroptosis and autophagy regulation remain incompletely confirmed. APD, abdominal paracentesis 
drainage; DAMPs, damage-associated molecular patterns; EVs, extracellular vesicles; lncRNA, long non‐coding RNA; miRNA, microRNA; MSCs, mesenchymal stem cells.   
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