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Colchicine alleviates severe acute pancreatitis in rats by inhibiting acinar
cell ferroptosis via LCN2/MAPK/ERK signaling axis
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Colchicine (COL) is known to ameliorate severe acute pancreatitis (SAP), yet the precise molecular mecha-
nisms remain elusive. This study integrates bioinformatics with in vivo experimentation to elucidate the mech-
anism by which COL attenuates SAP. An SAP rat model was established via sodium taurocholate injection. Key
therapeutic targets were screened using transcriptomics and network pharmacology. Mechanistic validation uti-
lized AAV-mediated lipocalin-2 (LCN2) overexpression, the ferroptosis inhibitor ferrostatin-1 (Fer-1), and the
ERK inhibitor PD98059. COL treatment significantly ameliorated pancreatic pathological injury, inflammatory
cell infiltration, and cytokine release. LCN2 was identified as a pivotal target markedly upregulated in SAP but
downregulated by COL. Crucially, LCN2 overexpression reversed COL’s therapeutic benefits and restored fer-
roptosis markers (COX2, Fe?*, ROS) while suppressing anti-ferroptotic indices. Notably, this reversal was
effectively abrogated by co-treatment with either Fer-1 or PD98059, confirming the involvement of the
MAPK/ERK pathway. This study is the first to elucidate that COL inhibits ferroptosis in pancreatic acinar cells
by downregulating LCN2 and subsequently suppressing the LCN2/MAPK/ERK signaling axis. These findings
provide a novel molecular basis for COL and highlight a potential target for therapeutic intervention in SAP.
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Introduction

Severe acute pancreatitis (SAP) constitutes the most perilous
spectrum of acute pancreatitis, distinguished by its rapid clinical
onset and the persistence of organ failure exceeding 48 hours. The
pathophysiology of this condition is intricate, primarily fueled by
the extensive necrosis of pancreatic acinar cells, which subse-
quently triggers systemic inflammatory response syndrome (SIRS)
and multiple organ dysfunction syndrome (MODS).!?
Epidemiological data indicate that the annual incidence of acute
pancreatitis varies between 5 and 80 per 100,000 individuals glob-
ally, with severe progression occurring in approximately 20-30%
of these cases.? Despite recent strides in deciphering the pathogen-
esis and clinical management of SAP, patient prognosis remains
unsatisfactory. Consequently, there is a critical need to discover
innovative therapeutic targets and intervention tactics.

Colchicine (COL), a natural alkaloid extracted from the seeds
and bulbs of Colchicum autumnale (Liliaceae), is clinically estab-
lished for the treatment of acute gout and familial Mediterranean
fever.** Its canonical anti-inflammatory mechanism involves the
inhibition of microtubule polymerization, which impairs neu-
trophil chemotaxis and migration, thereby attenuating leukocyte
infiltration and the release of inflammatory mediators.® Beyond
this, COL has been shown to suppress cytokine release via the
NLRP3 inflammasome pathway and is widely utilized in treating
inflammatory conditions such as Behget’s disease and recurrent
stomatitis.”® Recent evidence highlights its potential for drug
repurposing; for instance, Zhang et al. reported that COL binds to
the shank protein to inhibit macrophage polarization toward the
pro-inflammatory M1 phenotype while promoting the anti-inflam-
matory M2 phenotype.’

Ferroptosis represents a distinct form of regulated cell death
propelled by iron-dependent lipid peroxidation, marked by intra-
cellular iron overload and the accretion of reactive oxygen species
(ROS). Ultrastructurally, it manifests as mitochondrial atrophy
with increased membrane density.!” Within the landscape of acute
pancreatitis, acinar cells show heightened vulnerability to iron
metabolic dysregulation and compromised glutathione peroxidase
4 (GPX4) activity, resulting in a lethal buildup of lipid peroxides.!!
Liu and colleagues established a correlation between SAP and fer-
roptosis, noting that in SAP models, protective factors like glu-
tathione (GSH) and superoxide dismutase (SOD) were depleted,
whereas malondialdehyde (MDA) and hydrogen peroxide (H,0O,)
levels surged. This biochemical shift was accompanied by Acsl4
upregulation and the suppression of Gpx4 and Slc7all.”?
Therefore, targeting the ferroptotic cascade offers a promising
therapeutic avenue for SAP.

Lipocalin-2 (LCN2) is a secretory protein intricately linked to
iron homeostasis and plays a pivotal role in inflammation, oxida-
tive stress, and cell death.” Emerging evidence suggests that
LCN2 functions as a critical regulator of ferroptosis across various
pathologies. For example, in cerebral ischemia-reperfusion injury,
LCN2 promotes endothelial ferroptosis vie HMGB1/NRF2/HO-1
axis, exacerbating blood-brain barrier dysfunction.'* Similarly, in
age-related macular degeneration, LCN2 binds to ATG4B in the
retinal pigment epithelium and forms a complex with LC3B, dis-
rupting autophagosome maturation and lysosomal function, lead-
ing to iron accumulation and activation of the cGAS-STING path-
way, thereby promoting oxidative stress and iron death.!> These
precedents suggest that LCN2 may serve as a crucial molecular
nexus connecting inflammatory injury to ferroptosis.

Our previous investigations demonstrated that in a sodium tau-
rocholate (STC)-induced SAP rat model, COL treatment signifi-
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cantly ameliorated pancreas and lung injury by suppressing
inflammation, apoptosis, and oxidative stress. However, the pre-
cise molecular mechanisms underlying these protective effects
remain to be fully elucidated. In the present study, we employed an
integrative approach combining whole-transcriptome sequencing
(RNA-Seq) of the pancreas from Sham, SAP, and COL-treated rats
with network pharmacology and in vivo validation. We aim to
screen for critical targets of COL and systematically elucidate the
molecular mechanism by which COL inhibits ferroptosis and alle-
viates SAP via the regulation of the LCN2-mediated signaling
axis.

Materials and Methods

Animals and experimental protocols

Healthy male Sprague-Dawley (SD) rats (280-320 g, aged 6-8
weeks) were sourced from Shanghai Vital River Laboratory
Animal Technology Co., Ltd. (Shanghai, China) and housed in a
specific pathogen-free (SPF) environment. The study design incor-
porated three separate experimental cohorts:

Cohort 1: rats were distributed into three groups (n=6): Sham,
SAP, and SAP+COL. For the SAP+COL group, COL (0.5
mg/kg/d; Sigma-Aldrich, St. Louis, MO, USA) was administered
via intragastric gavage for seven consecutive days. The Sham and
SAP groups were given a matching volume of saline. On day 7,
one h post-gavage, SAP was established by injecting 5% STC (1
mL/kg, 20 puL/min) into the biliopancreatic duct in a retrograde
manner. The Sham group was subjected to the same surgical
manipulation without induction.

Cohort 2: rats were divided into six groups (n=5): Sham, SAP,
SAP+COL, SAP+COL+OE-CTR, SAP+COL+OE-LCN2, and
SAP+COL+OE-LCN2+Fer-1. To facilitate pancreatic overexpres-
sion, pancreas-targeted adeno-associated virus (AAV/PAN-OE-
LCN2 or AAV/PAN-OE-CTR; 2*10"? vg/rat; Obio Technology,
Shanghai, China) was injected intraperitoneally into the OE groups
two weeks ahead of the COL treatment. In the SAP+COL+OE-
LCN2+Fer-1 group, Fer-1 (10 mg/kg; Selleck, Houston, TX, USA)
treatment occurred via intraperitoneal injection 1 h prior to induc-
ing SAP.

Cohort 3: this cohort followed the structure of Cohort 2 (n=5),
with a modification in the final group: SAP+COL+OE-
LCN2+PD98059. Here, the ERK1/2 inhibitor PD98059 (10
mg/kg; Selleck, USA) was applied intraperitoneally 1 h before the
SAP procedure.

Tissue and serum samples were harvested after euthanizing the
animals, 24 h post-biliary duct catheterization. All procedures
adhered to protocols authorized by the Experimental Medicine
Research Center of Ruijin Hospital, Affiliated to Shanghai Jiao
Tong University School of Medicine (Ethics approval: ADM-019-
TO1).

Histology and immunofluorescence assessments

Pancreatic and pulmonary tissues were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned (4 pm).
H&E staining was performed to evaluate pathological injury
(edema, inflammation, necrosis), scored on a 0-3 scale.!® For
Immunohistochemistry (IHC) and immunofluorescence (IF), sec-
tions underwent antigen retrieval and blocking with 5% BSA.
Primary antibodies against LCN2 (1:200; PB9609, Boster, Wuhan,
China), MMP9 (1:200; AF5228, Affinity, Waltham, MA, USA),
IL-6 (1:200; BA4339, Boster), MPO (1:200; ab208670, Abcam,
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Cambridge, MA, USA), or CD68 (1:200; ab283654, Abcam) were
incubated overnight at 4°C. Secondary antibodies (Alexa Fluor
488/594 for immunofluorescence) were applied for 1 h. Images
were acquired using a fluorescence microscope.

qRT-PCR

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) served to iso-
late total pancreatic RNA. cDNA synthesis was performed using
the HiScript III RT SuperMix for qPCR (+gDNA wiper) (Vazyme,
Nanjing, China). qRT-PCR was conducted on a LightCycler 480 11
system (Roche, Basel, Switzerland) using ChamQ Universal
SYBR gPCR Master Mix (Vazyme, Nanjing, China). Relative
mRNA expression was normalized to GAPDH.

The primer sequences were as follows: Lcn2: Forward: 5°-
CTTGTCCTGCTTGGGGTCCTG-3’, Reverse: 5’-CACCTGCC-
CTGGAACCGTTC-3’; Mmp9: Forward: 5’-CAAACCCTGCG-
TATTTCCATTCATC-3’, Reverse: 5’-GATAACCATCCGAGC-
GACCTTTAG-3’; GAPDH: Forward: 5’-GGCAAGTTCAACG-
GCACAGTC-3’, Reverse: 5’-TCGCTCCTGGAAGATGGT-
GATG-3".

Western blot analysis

Pancreas (20 mg) was homogenized in RIPA buffer with
PMSF. Protein concentrations were determined via BCA Assay
(P0010, Beyotime, Shanghai, China). Samples (25 pg) were
resolved on 15% SDS-PAGE gels and transferred to PVDF mem-
branes (Millipore, Billerica, MA, USA). Following blockage with
5% non-fat milk, membranes were incubated overnight at 4°C with
primary antibodies against GAPDH (1:2000, Proteintech,
Rosemont, IL, USA), GPX4 (1:1000, Abcam), FTH (1:1000,
Abcam), COX2 (1:1000, Abcam), ERK1/2 (1:1000, Cell Signaling
Technology, Danvers, MA, USA), p-ERK1/2 (1:1000, Cell
Signaling Technology), and LCN2 (1:1000, Abclonal, Wuhan,
China). Secondary HRP-conjugated antibodies (1:2000, Cell
Signaling Technology,) were applied for 1 hour. Bands were visu-
alized with an ECL kit (Beyotime) on the SCG-W3000 PLUS sys-
tem (Servicebio, Wuhan, China), and Image] software facilitated
densitometry.

Serum biochemistry and ELISA

Serum was separated by centrifugation (3000 g, 10 min).
Amylase and lipase activities were measured using commercial
kits (C016-1-1/A054-2-1, Nanjing Jiancheng, Nanjing, China).
Serum levels of IL-1pB, IL-6, and TNF-o were measured using
ELISA kits (A1010A0301b/A1010A0306/A1010A0320S,
BioTNT, Shanghai, China), and serum LCN2 was detected using a
specific ELISA kit (E-EL-R3055, Elabscience, Wuhan, China)
according to the manufacturers’ instructions.

Bioinformatics and RNA-Seq

After extracting total RNA from the Sham, SAP, and
SAP+COL groups, rRNA was depleted via the Ribo-off Kit
(Vazyme, Nanjing, China). Oebiotech Co. (Shanghai, China) han-
dled library construction (VAHTS Universal V6 Kit) and sequenc-
ing (Illumina Novaseq 6000). Trimmomatic was used to filter raw
data. The limma R package was employed for differential expres-
sion profiling (|log, Fold change| >2, nominal, p<0.05).
Visualization utilized ggplot2 (volcano plots) and
pheatmap(heatmaps). We used Venn diagrams to pinpoint inter-
secting genes. clusterProfiler facilitated GO and KEGG enrich-
ment analyses (FDR <0.25, p<0.05).
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PPI network and hub gene identification

A PPI network was established using the STRING database
(V12.0) to explore interactions within DEGs-1. Visualization was
achieved via Cytoscape (V3.10.2). To distinguish hub genes, we
applied the MCODE plug-in alongside five topological algorithms
(Closeness, Degree, EPC, MNC, Radiality) provided by the
CytoHubba plug-in.

Network pharmacology strategy

Potential therapeutic targets of COL were identified using the
PharmMapper server (https://www.lilab-ecust.cn/pharmmapper/
index.html). The 3D chemical structure file of Colchicine was
uploaded for pharmacophore mapping, and targets exhibiting a
normalized fit score >0.8 were retained as significant candidates.
To construct a comprehensive inventory of disease-associated tar-
gets, the OMIM (https://www.omim.org/) and GeneCards
(https://www.genecards.org/) databases were queried using the
search terms «severe acute pancreatitis» and «acute pancreatitisy».
The retrieved datasets from these sources were merged, and dupli-
cate entries were eliminated to establish a definitive SAP-related
target set. Gene symbols and protein nomenclature were standard-
ized using the UniProt database (https://www. uniprot.org/) to
ensure consistency. Ultimately, this screening process yielded 290
putative targets for COL and 3,925 SAP-associated targets.

Assessment of ROS, GSH/GSSG, MDA, and Fe2+

An ROS Assay Kit (Beyotime, Shanghai, China) was used to
gauge pancreatic ROS. Fresh tissue was flash-frozen in O.C.T.,
cryosectioned (8 um), and fixed. Sections were incubated with the
fluorescent probe (37°C, 30 min) following PBS washing. DAPI
counterstaining was performed, and images were captured via flu-
orescence microscopy (Nikon, Tokyo, Japan).

For biochemical assays, protein concentration in pancreatic
supernatants was determined by BCA for normalization. The
GSH/GSSQG ratio was derived from levels quantified by an enzy-
matic recycling kit (Beyotime). Lipid peroxidation was evaluated
via MDA content (TBA method, Nanjing Jiancheng, Nanjing,
China), and Fe*" was measured colorimetrically (Elabscience).
Manufacturer protocols were rigorously observed.

Statistical analysis

Results are reported as mean +=SD from a minimum of three
Bindependent replicates. GraphPad Prism (v10.1; La Jolla, CA,
USA) was used for analyses. Normality checks preceded testing.
Differences between two groups were evaluated via Student’s ¢-
test or Mann-Whitney U test. For multiple groups, one-way
ANOVA with Tukey’s post-hoc test was applied. Statistical signif-
icance was set at p<0.05 (*p<0.05, **p<0.01, ***p<0.001,
*xxxp<0.0001).

Results

Colchicine ameliorates severe acute pancreatitis
and associated acute lung injury in rats

To evaluate the prophylactic efficacy of COL, Sprague-
Dawley rats were administered COL (0.5 mg/kg/d) via intragastric
gavage for seven consecutive days. One h after the final dose, SAP
was induced by retrograde injection of 5% STC into the biliopan-
creatic duct. Samples were collected 24 h post-induction. The
Sham group underwent gavage with physiological saline and sham
surgery (Figure 1A). The 2D chemical structure of COL is present-
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ed in Figure 1B.

Relative to the Sham group, SAP rats displayed severe acinar
edema, hemorrhage, and necrosis in both gross assessments and
H&E staining. Notably, these pathological changes were significant-
ly mitigated in the SAP+COL group, which exhibited preserved tis-

A

5% STC biliopancreatic duct
retrograde injection (1mg/kg)

|

sue architecture and lower histopathological scores (Figure 1 C,D).
Given that acute lung injury (ALI) is a frequent and fatal complica-
tion of SAP, we further examined pulmonary pathology. The SAP
group displayed evident alveolar epithelial exudation, septal thick-
ening, and erythrocyte infiltration into the alveolar spaces. Notably,
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Figure 1. Colchicine ameliorates sodium taurocholate-induced severe acute pancreatitis (SAP) and associated pancreatic injury.
A) Schematic diagram of the experimental design. B) 2D chemical structure of COL. C) Representative gross morphology of the pancreas
(top), H&E staining (middle), and immunohistochemical (IHC) staining for the neutrophil marker MPO (brown) and macrophage marker
CD68 (brown) (bottom) in the Sham, SAP, and SAP+COL groups; nuclei were counterstained with DAPI (blue). D) Histopathological
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1B, IL-6, and TNF-o. Data are presented as mean +SD (n=6). Magnification: 400%; scale bars: 50 pm.
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ity rates for MPO* and CD68" (Figures 1C and S1B). Consistently,
serum analysis demonstrated that COL treatment significantly atten-
uated the SAP-induced elevation of amylase and lipase, as well as
pro-inflammatory cytokines interleukin 1 (IL-1pB), interleukin 6
(IL-6), and tumor necrosis factor o (TNF-o), although levels

COL pretreatment effectively mitigated these injuries (Figure S1A).
THC analysis further revealed a diffuse infiltration of neutrophils
(MPO") and macrophages (CD68") in both the pancreas and lung of
SAP rats. However, COL intervention significantly abrogated this
inflammatory influx, as evidenced by the markedly reduced positiv-
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remained higher than those in the Sham group (Figure 1 E-I). This
anti-inflammatory efficacy was further confirmed by the reduced
expression of IL-6 in the pancreas (Figure S1C). Collectively, these
data confirm that prophylactic COL administration effectively atten-
uates STC-induced SAP and its associated complications, aligning
with our previous observations.

Acquisition, processing of RNA-Seq data, and
identification of DEGs

Building on the results, transcriptome sequencing was con-
ducted on the pancreas (n=3) from the Sham, SAP, and SAP+COL
groups by Oebiotech Co. After sequencing, the quality of the raw
data was assessed, and unqualified reads were removed using
Trimmomatic to enhance the accuracy of subsequent analyses. The
R package limma (v 3.48.3) was then employed for differential
expression analysis between the SAP and Sham, as well as
between the SAP+COL and SAP, applying thresholds of p<0.05
and |log Fold Change| >2 to identify differentially expressed genes
(DEGs). According to these criteria, a total of 2,962 genes were
upregulated and 1,993 genes downregulated in SAP vs Sham.
Following COL treatment, 345 genes were upregulated and 502
genes downregulated (Figure 2A), with results visually represent-
ed in heatmaps and volcano plots (Figure 2 B,C).

GO and KEGG pathway enrichment analyses of
DEGs

To identify key genes associated with the therapeutic efficacy
of COL, we performed an intersection analysis of the transcriptom-
ic profiles. Specifically, genes upregulated in the SAP vs Sham
comparison were intersected with those downregulated in the
SAP+COL vs SAP comparison, yielding 372 overlapping DEGs
(designated as DEGs-1). Conversely, genes downregulated in the
SAP vs Sham comparison were intersected with those upregulated
in the SAP+COL vs SAP comparison, resulting in 275 overlapping
DEGs (designated as DEGs-2). These intersections are visualized
via Venn diagrams (Figures 2D and S2A). Additionally, the top 10
most significantly dysregulated genes within DEGs-1 and DEGs-2
for both comparison groups are detailed in Tables S1 and S2.

To clarify the biological functions of these genes, gene ontol-
ogy (GO) annotation and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were conducted
on DEGs-1 and DEGs-2 using the R package (v3.19). For DEGs-
1, GO analysis revealed a strong association with inflammatory
processes. In the biological process (BP) category, terms were
enriched in the regulation of inflammatory response, leukocyte
migration, and positive regulation of response to external stimulus.
The cellular component (CC) category highlighted enrichments in
the external side of plasma membrane, extracellular matrix, and
external encapsulating structure. Regarding molecular function
(MF), the terms were primarily associated with cytokine binding
(Figure 2E). Furthermore, KEGG pathway analysis demonstrated
that DEGs-1 were robustly associated with critical inflammatory
signaling cascades, including the TNF signaling pathway, NOD-
like receptor signaling pathway, NF-kappa B signaling pathway,
and /L-17 signaling pathway (Figure 2F). As DEGs-2 are not the
main focus of this study, their GO annotation and KEGG pathway
analysis results are provided in Figure S2 B,C.

Identification of LCN2 as a pivotal therapeutic
target of colchicine in SAP

To elucidate the interactome of the DEGs-1 subset and identify
potential hub genes, a protein-protein interaction (PPI) network
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was constructed using the STRING database. This analysis gener-
ated a complex network comprising 223 nodes and 1,131 edges
(Figure 3A). Subsequently, we employed the CytoHubba plugin in
Cytoscape to calculate topological features using five distinct algo-
rithms: closeness, degree, EPC, MNC, and radiality. The top 20
ranked genes from each algorithm were identified for further
scrutiny (Figure 3 B-F). Concurrently, modular analysis via the
MCODE plugin revealed 30 significant functional clustering mod-
ules (Figure 3G). An intersection analysis of the top-ranked genes
from the five algorithms and the MCODE modules yielded 17 core
hub genes (Figure 3H, Table S3).

To bridge the gap between bioinformatics predictions and clin-
ical applicability, we integrated network pharmacology to map the
drug-disease interaction landscape. We identified 3,925 SAP-asso-
ciated targets and 290 COL-associated targets. A Venn diagram
intersection of the 17 hub genes with the overlapping drug-disease
targets highlighted LCN2 and MMP9 as the two most promising
candidates for COL-mediated intervention (Figure 3I).

To determine which of these two candidates served as the pri-
mary functional target of COL, we assessed the expression of
LCN2 and MMP9 in vivo qRT-PCR and IHC. The results demon-
strated that LCN2 expression was markedly upregulated in the
SAP group and significantly suppressed by COL treatment at both
the mRNA and protein levels. In contrast, while MMP9 levels were
elevated in the SAP group, COL treatment failed to significantly
attenuate its expression (Figure 4 C-I and Figure S3 A,B). This dis-
crepancy suggests that MMP9 transcriptional activation during
SAP may be governed by redundant or alternative signaling path-
ways not primarily modulated by COL. Based on this differential
regulation, we therefore prioritized LCN2 over MMP?9 as the crit-
ical molecular target through which COL ameliorates SAP.

Colchicine suppresses LCN2 expression and secre-
tion in SAP

To validate the clinical relevance of LCN2 in pancreatitis, we
first analyzed the GSE194331 dataset from the NCBI GEO data-
base. The analysis revealed a significant upregulation of LCN2
mRNA in the SAP group compared to the Control group (Figure
4A), a finding further visualized by volcano plot analysis (Figure
4B). Notably, this upregulation in human SAP samples was consis-
tent with the elevated LCN2 mRNA levels observed in our rat
model (Figure 4C), providing cross-species validation that
strengthens the translational relevance of our findings. We subse-
quently assessed LCN2 protein dynamics via Western blot and
IHC. Consistent with the transcriptional data, LCN2 protein levels
were markedly elevated in the SAP group but were significantly
suppressed following prophylactic COL administration (Figure 4
D.E,H). Given that LCN2 is a secretory lipocalin, we further quan-
tified its levels in both pancreatic homogenates and serum using
ELISA. A similar expression pattern was observed: systemic and
local LCN2 levels surged in the SAP group and were attenuated by
COL (Figure 4 F,G).

To precisely localize LCN2 expression within the pancreas, we
performed double IF staining for LCN2 and Amylase (an acinar
cell-specific marker). The results demonstrated distinct colocaliza-
tion, identifying acinar cells as the primary source of LCN2 pro-
duction. Following STC induction, acinar LCN2 fluorescence
intensity increased sharply, whereas COL pretreatment significant-
ly abrogated this upregulation (Figure 4I). Collectively, these data
provide robust evidence that prophylactic COL administration sig-
nificantly inhibits the expression and secretion of LCN2 in pancre-
atic acinar cells during SAP.
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Pancreatic overexpression of LCN2 antagonizes
the therapeutic efficacy of colchicine by promoting
ferroptosis

To functionally validate the mechanistic role of LCN2 in COL-
mediated protection, we employed an adeno-associated virus
(AAV) vector with pancreatic tropism (AAV/PAN) to specifically
overexpress LCN2 in the pancreas. A CMV promoter-driven green
fluorescent protein (AAV/PAN-CMV-GFP) construct was utilized

to assess transduction efficiency. /n vivo imaging and fluorescence
microscopy of frozen sections confirmed robust viral transduction
and high GFP expression specifically within the pancreas (Figure
S4 A,B).

Rats were randomly allocated into five cohorts (n=5): Sham,
SAP, SAP+COL, SAP+COL+OE-CTR (empty vector), and
SAP+COL+OE-LCN2. Rats in the overexpression groups received
intraperitoneal injections of AAV/PAN constructs three weeks
prior to modeling. Following a two-week incubation period to

H

Degree

Closeness

EPC

MCODE MNG
Radiality
I
COL SAP
189
99 3719

0 2 15
0

HUB GENE

D
Radiality

Figure 3. PPI analysis and Network pharmacology identify LCN2 as a pivotal therapeutic target. A) Protein-protein interaction (PPI) net-
work of DEGs-1; node size and color intensity reflect connectivity. B-F) Top 20 hub genes identified by five topological algorithms: close-
ness, degree, EPC, MNC, and radiality. G) Thirty key clustering modules identified by MCODE analysis. H) Venn diagram showing the
intersection of top-ranked genes from the five algorithms and MCODE modules. I) Venn diagram intersecting COL targets (blue), SAP
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allow for viral expression, rats underwent the standard COL pre-
treatment (1 week) followed by STC induction (24 h), as illustrated
in the experimental timeline (Figure 5A). Western blot analysis
confirmed the successful overexpression of LCN2 in the
SAP+COL+OE-LCN2 group (Figure S4 C,D).

We observed that LCN2 overexpression significantly abrogat-
ed the therapeutic benefits of COL (Figure 5 B-H). Compared to
the SAP+COL+OE-CTR group, the SAP+COL+OE-LCN2 group
exhibited exacerbated pancreas pathology, characterized by diffuse
acinar necrosis, vacuolization, hemorrhage, and -elevated
histopathological scores (Figure 5 B,C). This deterioration was
accompanied by intensified infiltration of neutrophils and
macrophages (Figure 5B) and a resurgence of serum amylase and
lipase levels (Figure 5 D,E). Furthermore, the release of pro-
inflammatory cytokines (IL-1B, IL-6, TNF-a), a hallmark of the
transition from local inflammation to SIRS, was significantly re-
elevated in the OE-LCN2 group (Figure 5 F-H). These data indi-
cate that high levels of LCN2 are sufficient to reverse the anti-
inflammatory protection conferred by COL.

Given the established link between LCN2 and ferroptosis -
where trypsin activation exacerbates acinar cell ferroptosis- we
hypothesized that COL functions by suppressing LCN2-dependent
ferroptosis. To test this, we analyzed ferroptosis markers across the
five groups. COL treatment effectively restored the GSH/ GSSG
(oxidized glutathione) ratio and reduced levels of MDA and fer-
rous iron (Fe?"). However, LCN2 overexpression nullified these
protective effects, driving a significant reduction in GSH/GSSG
and re-accumulation of MDA and Fe?* (Figure 6 A-C). Consistent
with this, immunofluorescence staining for ROS revealed that
while COL suppressed the oxidative stress induced by SAP, LCN2
overexpression provoked a massive re-accumulation of ROS
(Figure 6D). Molecularly, COL normally upregulates the anti-fer-
roptotic proteins ferritin heavy chain (FTH) and GPX4 while
downregulating the pro-ferroptotic marker cyclooxygenase
2(COX2). Strikingly, LCN2 overexpression reversed this pheno-
type, leading to increased COX2 and diminished FTH and GPX4
expression (Figure 6 E-I).

To definitively establish that the LCN2-induced exacerbation
relies on the ferroptosis pathway, we introduced a rescue group:
SAP+COL+OE-LCN2+Fer-1, treating rats with the specific fer-
roptosis inhibitor Fer-1 (Figure 5A). Consistent with our hypothe-
sis, Fer-1 treatment effectively rescued the deleterious phenotype
caused by LCN2 overexpression. In this group, acinar necrosis and
inflammatory infiltration were attenuated, and serum markers of
injury and inflammation were significantly reduced compared to
the SAP+COL+OE-LCN2 group (Figure 5 B-H). Mechanistically,
Fer-1 restored the antioxidant defenses (GSH/GSSG, GPX4, FTH)
and suppressed lipid peroxidation signals (MDA, Fe*, ROS,
COX2) (Figure 6 A-I). Notably, Fer-1 administration did not alter
LCN2 protein levels (Figure 6 E,F), indicating that LCN2 func-
tions as an upstream regulator of the ferroptotic cascade.
Collectively, these findings demonstrate that COL mitigates SAP
by downregulating LCN2, which in turn prevents ferroptosis-dri-
ven acinar cell death.

Colchicine inhibits ferroptosis in SAP via the
LCN2/MAPK/ERK signaling axis

Accumulating evidence implicates the mitogen-activated pro-
tein kinase (MAPK)/extracellular regulated kinase (ERK) signal-
ing pathway as a critical driver in the pathogenesis of acute pan-
creatitis.!”!* Notably, Wang et al. demonstrated that silencing
LCN2 disrupts ferroptosis-mediated inflammation and oxidative
stress by suppressing MAPK/ERK transduction.!” Based on these
precedents, we hypothesized that the mechanism by which LCN2
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mediates COL in alleviating SAP is through the regulation of fer-
roptosis by LCN2 via the MAPK/ERK axis.

Western blot analysis revealed that SAP induction significantly
triggered ERK1/2 phosphorylation (p-ERK1/2) compared to the
Sham group. COL treatment effectively suppressed this activation,
whereas LCN2 overexpression significantly reactivated ERK1/2
phosphorylation, overriding the suppressive effect of COL. To
definitively delineate the signaling hierarchy, we employed
PD98059, a highly specific ERK1/2 inhibitor, in the context of
LCN2 overexpression (Figure 7A). We found that pharmacological
inhibition of ERK1/2 mirrored the protective effects of the ferrop-
tosis inhibitor Fer-1, effectively counteracting the pathological
exacerbation caused by LCN2 overexpression. Compared to the
SAP+COL+OE-LCN2 group, co-treatment with PD98059 signifi-
cantly alleviated pancreas histopathological injury, reducing
edema, hemorrhage, necrosis, and inflammatory scores (Figure 7
B,C). This was accompanied by a marked reduction in immune cell
infiltration (decreased MPO and CD68 positivity) and a decline in
serum amylase, lipase, and pro-inflammatory cytokines (IL-1f, IL-
6, TNF-a) (Figure 7 D-H). Furthermore, PD98059 treatment suc-
cessfully rescued the ferroptotic phenotype induced by LCN2. It
restored the GSH/GSSG balance and reduced intracellular accu-
mulation of MDA and Fe?* (Figure 8 A-C). Fluorescence imaging
confirmed that PD98059 significantly suppressed ROS generation
(Figure 8D). At the protein level, PD98059 reversed the LCN2-
induced upregulation of COX2 and the downregulation of FTH
and GPX4 (Figure 8 E-J). Crucially, PD98059 administration did
not alter the protein expression levels of LCN2 itself (Figure 8
E,F), confirming that MAPK/ERK signaling functions down-
stream of LCN2 in this pathological cascade. In summary, these
findings substantiate a defined molecular mechanism: COL ame-
liorates SAP by downregulating LCN2, which subsequently inac-
tivates the MAPK/ERK pathway to block acinar cell ferroptosis.
The proposed mechanism is schematically illustrated in Figure 9.

Discussion

Based on our previous findings that COL ameliorates SAP and
associated acute lung injury by suppressing inflammation, apopto-
sis, and oxidative stress, this study employed an integrative
approach combining bioinformatics and network pharmacology to
further dissect the molecular mechanisms within the primary pan-
creas lesion. We demonstrate, for the first time, that COL effective-
ly mitigates SAP by significantly downregulating Lipocalin-2
(LCN2), which subsequently inhibits the activation of the down-
stream MAPK/ERK signaling pathway, ultimately blocking the
ferroptotic cascade in pancreatic acinar cells.

SAP is a rapid-onset, high-mortality clinical emergency char-
acterized by initial acinar cell injury and the massive release of
damage-associated molecular patterns (DAMPs).?® This triggers
the robust recruitment of neutrophils to the pancreas, precipitating
a systemic inflammatory cascade. As a classical anti-gout agent,
COL possesses well-established anti-inflammatory properties.?!
Tercan et al. reported that long-term COL treatment reduces
CD62L expression on neutrophils, thereby impairing their migra-
tion and adhesion capabilities.”?> Furthermore, COL has been
shown to modulate cytoskeletal rearrangement by downregulating
CDC42EP3, further disrupting neutrophil function.”* Consistent
with these mechanisms, our results confirm that COL pretreatment
significantly ameliorates pancreatic edema, hemorrhage, and
necrosis while suppressing the infiltration of MPO" neutrophils
and CD68" macrophages. These findings align with the drug’s
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canonical mechanism of inhibiting microtubule polymerization
and blocking NLRP3 inflammasome activation.

To deeply elucidate its mechanism, we screened 17 hub genes
via whole-transcriptome sequencing combined with five topologi-
cal algorithms and the MCODE plugin. By intersecting these with
COL-SAP targets obtained from network pharmacology, we ulti-
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mately identified LCN2 as the pivotal target for COL in the treat-
ment of SAP. LCN2, also known as neutrophil gelatinase-associat-
ed lipocalin (NGAL), is a secretory protein originally isolated from
the gelatinase subcellular compartments of human neutrophils.?*
Its upregulation is closely related to immune cell migration, local-
ization, infiltration, and adhesion.?® Schroll et al. showed that
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LCN2 administration, whether intraperitoneal, intravenous, or
intradermal, enhances leukocyte migration and infiltration.?
Conversely, following inflammatory stimulation, Lcn2 -/- mice
exhibited significantly reduced neutrophil adhesion capacity and
decreased expression of surface adhesion proteins and the
chemokine receptor CXCR2.2¢ Clinical studies suggest that LCN2
is correlated with the severity of acute pancreatitis (AP): urinary
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LCN2 levels are significantly elevated in the early stages of AP
patients and are positively correlated with the severity of bilirubin
and proteinuria.?’?® Serum LCN2 concentration holds significant
diagnostic value for the severity of early AP; its magnitude of ele-
vation is substantially higher in SAP patients than in mild AP
(MAP) cases, and it outperforms traditional scoring systems (such
as APACHE II and Ranson scores) and biomarkers (such as C-
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Figure 5. Pancreatic overexpression of LCN2 antagonizes the therapeutic efficacy of colchicine, which is rescued by ferrostatin-1.
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(brown) in the pancreas across six groups; nuclei were counterstained with DAPI (blue). C) Histopathological scoring of pancreatic injury.
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reactive protein).?*3! The severity of AP is not limited to the pan-
creas itself but lies in the distant organ damage it triggers.’?
Furthermore, LCN2 is an early, sensitive, and specific biomarker
for acute kidney injury, and its sharp elevation may predict an
increased risk of AP-associated renal injury.’*3* Chakraborty ef al.
further indicated that high levels of NGAL can predict multiple
organ failure (MOF) and poor prognosis in SAP patients.?!

B

Therefore, LCN2 may possess potential value in assessing the
acute progression and long-term outcomes of AP.

However, the biological role of LCN2 is complex. On one
hand, it acts as a pro-inflammatory amplifier; on the other hand, as
an acute-phase protein, it functions in antimicrobial defense and
iron homeostasis by sequestering bacterial siderophores.>>3¢ Our
core finding is that COL significantly suppresses the pathological

C

AFkokk ns - kk
—_— — 1.5+ 201 2 ik
kK L i *_* Xk seokok ns k%
L ~ 154
z 5 104 o)
% :
2 = 2104
g i g
% <05+ g
© 2 g |—| H H H 2 05
0= o Ae——— 0.0
& TS & & TS & F IS S
¥ F ¢ Rl gt S & &K
S J L Ce F 5 L & & L &
& ¥ ¥ & &F ¥ & &
SRy § &S & O
D F Ly F o xov o xQoV
& & &
SAP+COL SAP+COL SAP+COL SAP+COL
+OE-CTR +OE-LCN2 +OE-LCN2+Fer-1

ROS

GPX4

ns

*k

25=
E 2 LLiLL % dokokok seskeokok
204
15 =
& g 154
+ + + + + 2 =
STC _ _ N N N 7 gl 2 104
COL £ ]
OE-CTR . =5 054
OE-LCN2 -~ - - - + G
Fer-1 = - - - - * o 2 i 5,
SERR AP P S FFE L
L4 S Al e & & (S
COX2 e Ul 68kDa 7 LS & T E
F T LRl g o
LS & S & o
F & S 7 0
e T F ¥
E-1 S - S o
FTH 19kDa L £
GPX4 s @GR~ @ 0D,
Cox2
ok ok Rk KRk
LCN2 L - > a 21kDa 25 - " — 15 kR ns ok
20
GAPDH TSP e emsesw 37kDa x 10
St E
< <o
:
2 Zos
o o
0.5
0.0 0.0
A AP P N & & s o
& ° < @5“/\ ,v& < & ° < o‘v;' @\9 S
S & o s & §F o
& §° S xcov & 8
R s L&
F &y F o P
& e

Figure 6. PLCN2 overexpression promotes pancreatic ferroptosis, an effect reversed by ferrostatin-1. A-C) Quantification of pancreatic
GSH/GSSG ratio, MDA content, and Fe?* levels. D) Representative fluorescence images of pancreatic ROS (green). E-I) Representative
Western blots and quantification of LCN2, GPX4, COX2, and FTH protein levels. Data are presented as mean £SD (n=5). Magnification:

400x%, scale bars: 50 um.

OPEN 8ACCESS

[European Journal of Histochemistry 2026; 70:4557]



Article

upregulation of LCN2 in SAP rats. This is corroborated by clinical
data from the GSE194331 dataset, which shows elevated LCN2
mRNA in SAP patients. Unlike the traditional view limiting
colchicine’s action to microtubule disruption and subsequent inhi-
bition of neutrophil chemotaxis, our study establishes a novel
direct link between COL and the transcriptional regulation of
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LCN2. Interestingly, although bioinformatics predicted both LCN2
and MMP?9 as key targets, our in vivo data showed that COL failed
to significantly suppress MMP9. While LCN2 is known to bind
with MMP9 and enhance its stability and activity,”’*® their regula-
tion can be independent.’® We postulate that in the intense inflam-
matory milieu of SAP, MMP9 expression is driven by redundant

Figure 7. ERK1/2 inhibition (PD98059) rescues the LCN2-induced exacerbation of SAP. A) Schematic diagram of the experimental design
involving PD98059. B) Representative H&E staining and IHC staining for MPO (brown) and CD68 (brown) across groups; nuclei were
counterstained with DAPI (blue). C) Histopathological scoring of pancreatic injury across groups. D-H) Serum levels of amylase, lipase,
and pro-inflammatory cytokines (IL-1p, IL-6, TNF-a). Data are presented as mean +SD (n=5). Magnification: 400%, scale bars: 50 um.
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pathways (e.g., NF-xB), making it resistant to COL monotherapy.
In contrast, LCN2 emerges as a more specific and sensitive target
for COL.

Beyond its role in inflammation, emerging evidence implicates
LCN2 in ferroptosis.** Ferroptosis is an iron-dependent form of
regulated cell death characterized by the accumulation of lipid per-
oxides;*! its occurrence is related to ROS accumulation caused by
the failure of antioxidant systems (such as the GPX4 pathway),
ultimately leading to cell membrane disintegration.*? In the AP
environment, pancreatic acinar cells are metabolically active and
rich in polyunsaturated fatty acids, making them sensitive to oxida-

tive stress and prone to ferroptosis.* The role of LCN2 in ferrop-
tosis remains controversial: multiple studies explicitly state that
LCN2 promotes ferroptosis by chelating siderophores and disrupt-
ing intracellular iron homeostasis. For instance, in an MPTP-
induced Parkinson’s disease mouse model, LCN2 within astro-
cytes facilitates iron endocytosis via its receptor 24p3R, thereby
competitively inhibiting the binding of 24p3R to a-Syn, reducing
the uptake and clearance of a-Syn by astrocytes.**> Similarly, in
an age-related heart failure model, butyrate reduces iron accumu-
lation and inhibits ferroptosis by downregulating LCN2 expression
in senescent cardiomyocytes.** However, some studies present the
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opposite view; Deng et al. reported that the transcription factor
MafG interacts with MYH9 to upregulate LCN2 expression, which
conversely inhibits ferroptosis in hepatic stellate cells to promote
liver fibrosis.”” Protein disulfide-isomerase A3 (PDIA3) is a key
factor mediating ferroptosis susceptibility in glioblastoma cells. As
an E3 ubiquitin ligase, NEDD4L mediates the ubiquitination of
PDIA3 and enhances ferroptosis by downregulating the expression
of LCN2. Consistently, Wang et al. reported that LCN2 inhibits
ferroptosis in glioblastoma (GBM) cells via the receptor tyrosine
kinase AXL.*% These results suggest that the regulatory effect of
LCN2 on ferroptosis is complex.

It is noteworthy that ferroptosis has been confirmed as one of
the key mechanisms of pancreatic injury in SAP. The SAP period
is usually accompanied by typical ferroptotic features within the
pancreas, including the downregulation of GPX4 expression, ele-
vation of the lipid peroxidation product MDA, and iron
deposition.**>? In this study, LCN2 expression was upregulated in
the pancreas of SAP rats, accompanied by alterations in ferropto-
sis-related indicators such as COX2, FTH, GPX4, as well as Fe?",
MDA, GSH/GSSG, and ROS, which is consistent with the report
by Zeng et al® Crucially, AAV-mediated overexpression of
LCN2antagonized the therapeutic effects of COL and reinstated
ferroptosis, a phenotype that was rescuable by the ferroptosis
inhibitor Fer-1. These data provide compelling evidence that COL
alleviates SAP by suppressing LCN2-driven ferroptosis. Wang et
al. proposed that LCN2 knockdown attenuates ferroptosis-related
inflammation and oxidative stress by inhibiting the MAPK/ERK
pathway,'® and in an epilepsy model, sustained activation of
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MAPK/ERK signaling negatively regulates GPX4 and induces fer-
roptosis.>* Our findings confirm this axis in pancreatic acinar cells:
LCN2 overexpression reactivated MAPK/ERK signaling, promot-
ing ferroptosis, whereas the ERK inhibitor PD98059 reversed
these effects. Therefore, we can determine that in SAP, upregulated
LCN2 activates the MAPK/ERK pathway, which downregulates
GPX4 and triggers acinar cell ferroptosis; COL exerts its protec-
tive effect by blocking this specific signaling cascade.

The sample size for transcriptomic sequencing was relatively
small, which may affect the generalizability and statistical power.
Future studies with larger cohorts are warranted to validate the uni-
versality of these findings. Additionally, the clinical efficacy of
COL in targeting LCN2 requires verification in large-scale clinical
trials.

In summary, this study reaffirms the anti-inflammatory effica-
cy of COL in SAP and provides novel mechanistic insights. We
identify the LCN2/MAPK/ERK/Ferroptosis axis as a critical ther-
apeutic target of COL. Specifically, COL downregulates LCN2,
thereby inhibiting MAPK/ERK activation and preventing acinar
cell ferroptosis.
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