
O R I G I N A L  R E S E A R C H

Celastrol Mitigates Acute Pancreatitis Associated 
Inflammation by Modulating the IL-34/CSF-1R 
Axis and Suppressing NF-κB/ERK Signaling
Yang Yang1, Xiangli Ma1, Yujie Lin 1, Yue Mo1, Yaoqi Xu1, Bei Zhang2, Xu Fu3, Yingzhen Wang 1

1Emergency Center, The Second Hospital & Clinical Medical School, Lanzhou University, Lanzhou City, Gansu, 730030, People’s Republic of China; 
2Department of Critical Care Medicine, The Second Hospital & Clinical Medical School, Lanzhou University, Lanzhou City, Gansu, People’s Republic of 
China; 3Key Laboratory of Emergency Medicine, Second Hospital & Clinical Medical School, Lanzhou University, Lanzhou, People’s Republic of China

Correspondence: Xu Fu, Key Laboratory of Emergency Medicine, The Second Hospital & Clinical Medical School, Lanzhou University, No. 82 
Cuiyingmen, Chengguan District, Lanzhou City, Gansu, 730030, People’s Republic of China, Email fuxu0910@163.com; Yingzhen Wang, Emergency 
Center, The Second Hospital & Clinical Medical School, Lanzhou University, No. 82 Cuiyingmen, Chengguan District, Lanzhou City, Gansu, 730030, 
People’s Republic of China, Email ery_wangyzh@lzu.edu.cn

Background: Acute pancreatitis (AP) is characterized by early acinar injury followed by rapid inflammatory amplification, yet the 
upstream molecular triggers linking tissue stress to cytokine escalation remain incompletely defined. Interleukin-34 (IL-34), a ligand of 
colony-stimulating factor-1 receptor (CSF-1R), regulates inflammatory signaling, but its role in AP has not been elucidated. Celastrol 
is a bioactive triterpenoid with established anti-inflammatory properties; however, whether it modulates IL-34-associated signaling in 
AP remains unclear.
Methods: Experimental AP was induced in rats by retrograde sodium taurocholate infusion. Celastrol (6 mg/kg, i.p.) was adminis
tered 1 h prior to AP induction. In vitro, caerulein-stimulated AR42J acinar cells and IL-34 overexpressing cells were employed to 
evaluate functional relevance. ERK/NF-κB activation and inflammatory mediator production were assessed by Western blotting, 
ELISA, and immunofluorescence. Molecular docking was performed as an exploratory structural analysis of celastrol and the IL-34/ 
CSF-1R complex.
Results: Celastrol significantly attenuated pancreatic injury in vivo, reducing serum amylase activity by approximately 34% and 
improving histological scores (both P < 0.01). IL-34 protein expression was markedly increased in experimental AP (P < 0.001), 
accompanied by activation of CSF-1R-dependent ERK and NF-κB signaling. IL-34 overexpression enhanced inflammatory outputs, 
whereas celastrol suppressed IL-34 expression and downstream signaling activation (P < 0.05). Docking analysis suggested structural 
compatibility between celastrol and IL-34/CSF-1R. Targeting IL-34 signaling may represent a potential therapeutic approach for acute 
pancreatitis.
Conclusion: These findings identify IL-34 as a previously unrecognized contributor to inflammatory amplification in experimental 
AP. Celastrol treatment was accompanied by reduced IL-34 expression and attenuation of ERK/NF-κB activation. Although further 
loss of function studies are required to establish direct causality, modulation of IL-34-related signaling may represent a potential 
therapeutic direction for AP.
Keywords: celastrol, NF-κB, ERK, IL-34, acute pancreatitis

Introduction
Acute pancreatitis (AP) is a sterile inflammatory disorder initiated by premature intrapancreatic activation of digestive 
enzymes, leading to acinar injury and, in severe cases, systemic inflammatory response syndrome (SIRS) and multiple 
organ dysfunction syndrome (MODS).1–3 Approximately 80% of patients experience a mild and self-limiting course, 
whereas nearly 20% progress to severe acute pancreatitis (SAP) with life-threatening complications.4,5 Although 
advances in intensive care have reduced mortality, the global incidence of AP continues to rise.4,5 Beyond the acute 
episode, AP confers substantial long-term morbidity, including recurrent hospitalizations, impaired quality of life, new- 
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onset diabetes, and exocrine insufficiency.4–6 Pancreatic inflammatory microenvironments are increasingly recognized as 
complex immunometabolic niches influencing disease progression.7–10 Despite increasing mechanistic insight into 
inflammatory signaling pathways, clinical management remains largely supportive, and no targeted pharmacological 
therapy capable of interrupting early inflammatory amplification has been approved.5,11–14

The early phase of AP is characterized not only by acinar cell stress but also by rapid sterile immune activation. 
Damage-associated molecular patterns (DAMPs) released from injured acinar cells activate resident macrophages and 
recruit circulating leukocytes, initiating a cytokine amplification loop dominated by TNF-α, IL-6, and NF-κB-dependent 
transcriptional programs.12–14 This feedforward inflammatory circuitry, rather than proteolytic injury alone, is increas
ingly recognized as a major determinant of disease severity and systemic complications.13,14 Despite advances in 
supportive care, no targeted pharmacological intervention is currently available to interrupt this early inflammatory 
escalation. Consequently, identifying upstream cytokine receptor axes that bridge early acinar stress to sustained ERK/ 
NF-κB activation is essential for the development of rational targeted therapies.

Interleukin-34 (IL-34) is a multifunctional cytokine that signals through the colony-stimulating factor-1 receptor 
(CSF-1R). Traditionally recognized for its role in macrophage survival and differentiation,15–19 IL-34 has recently been 
implicated in several sterile inflammatory disorders.20 Activation of CSF-1R triggers downstream MEK–ERK and NF- 
κB signaling cascades, promoting transcription of pro-inflammatory mediators.19,21 Given that monocytes and macro
phages are central mediators of early systemic inflammation in AP,1,14 IL-34 may represent a potential upstream regulator 
of CSF-1R/ERK–dependent inflammatory signaling. To date, however, IL-34 expression and signaling dynamics have 
not been systematically examined in experimental models of AP. Notably, although CSF-1R is predominantly expressed 
in myeloid cells, emerging evidence suggests inducible expression in certain epithelial and non-hematopoietic cells under 
inflammatory stress,21–23 raising the possibility that IL-34 may directly influence pancreatic acinar cells during AP.

Celastrol, a bioactive triterpenoid extracted from Tripterygium wilfordii Hook. F., has demonstrated protective effects 
across multiple sterile inflammatory conditions, including autoimmune hepatitis and rheumatoid arthritis.24–26 
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Mechanistically, celastrol suppresses convergent inflammatory nodes, including ERK and NF-κB signaling pathways.27 

Because these pathways are critically engaged during early inflammatory amplification in AP, celastrol represents 
a biologically plausible candidate for modulating pancreatic inflammation. However, whether its protective effects in 
AP involve regulation of the IL-34/CSF-1R axis remains unknown.

Based on these considerations, we hypothesized that IL-34 contributes to inflammatory amplification in AP through 
activation of the CSF-1R/ERK/NF-κB pathway and that celastrol mitigates pancreatic injury, at least in part, by 
modulating IL-34-associated signaling.

Aim of the Study
The present study aimed to determine whether celastrol alleviates pancreatic injury and inflammatory responses in 
experimental AP. We further sought to characterize IL-34 expression dynamics during AP and to investigate whether IL- 
34 is associated with activation of the CSF-1R/ERK/NF-κB signaling pathway. By establishing an IL-34 overexpressing 
AR42J cell model, we aimed to provide gain of function evidence supporting the functional contribution of IL-34 to 
acinar inflammatory activation. Finally, we evaluated whether the protective effects of celastrol are mediated, at least in 
part, through modulation of IL-34-associated signaling.

Materials and Methods
Animals and Experimental AP Model
Male specific pathogen-free Sprague–Dawley rats (8 weeks old, ~260 g) were obtained from the Lanzhou Institute of 
Veterinary Research [license No. SCXK (Gan) 2020–0002]. Animals were housed under standard laboratory conditions 
(23 ± 2 °C; 50–60% humidity; 12 h light/dark cycle) with free access to food and water. All procedures were approved by 
the Animal Care and Use Committee of the Second Hospital of Lanzhou University (approval No. D2024-227) and 
conducted in accordance with ARRIVE guidelines.

Celastrol (purity ≥98%) was obtained from MedChemExpress (Cat. No. HY-13067). Celastrol is a quinone methide 
triterpenoid derived from Tripterygium wilfordii Hook. F. Stock solutions were prepared in DMSO and diluted to 
working concentrations in culture medium or saline immediately prior to use.

AP was induced by retrograde infusion of 3.5% sodium taurocholate (Sigma, T4009) into the pancreatic duct (1 mL/ 
kg over 4 min). Rats received celastrol (6 mg/kg, i.p.) 1 h prior to AP induction to model preventive modulation of early 
inflammatory signaling, as cytokine amplification occurs within hours after induction. This dosing regimen was selected 
based on previous experimental studies.28,29 Animals were randomly assigned to groups. Postoperative analgesia was 
provided using buprenorphine (0.05 mg/kg, s.c.). Prespecified exclusion criteria were established prior to the experiment 
to ensure data integrity. Animals were excluded from analysis if any of the following occurred: (1) unsuccessful ductal 
cannulation or evident leakage of sodium taurocholate into the peritoneal cavity during infusion; (2) death within 
24 h post-surgery prior to the scheduled euthanasia; (3) signs of severe postoperative distress or infection not alleviated 
by analgesia, as determined by the institutional veterinary staff. Twenty-four hours after AP induction, rats were 
euthanized with pentobarbital sodium (40 mg/kg, i.p.), and serum and pancreatic tissues were collected.

Cell Lines
AR42J rat pancreatic acinar cells were cultured in F12K medium (Procell, CM-0025) supplemented with 20% fetal 
bovine serum at 37 °C in 5% CO2. To induce acinar-like differentiation, cells were treated with dexamethasone (Solarbio, 
D8040) for 48 h. After differentiation, cells were stimulated with caerulein (100 nM; MCE, HY-A0190) for 24 h to 
establish an in vitro AP model.

For pharmacological intervention studies, cells were pretreated with celastrol (2.0 μM), PD98059 (10 μM; MCE, HY- 
12028), or PDTC (60 μM; MCE, HY-18738) for 1 h prior to caerulein stimulation, without removing the inhibitors. This 
pretreatment-only design was selected to model preventive inhibition of early signaling activation, as ERK/NF-κB 
phosphorylation occurs rapidly after caerulein exposure. Celastrol was dissolved in DMSO, and the final DMSO 
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concentration did not exceed 0.1% (v/v). AR42J cells between passages 5–15 were used. Cells were seeded at 4 × 105 

cells per well in 6-well plates.

Real-Time Quantitative PCR (RT-qPCR)
Total RNA was isolated from cells with a kit following the manufacturer’s protocol, and 1 μg of RNA was reverse 
transcribed to generate cDNA. Real-time PCR was conducted on a LightCycler® instrument using AceQ qPCR 
SYBR Green Master Mix. The reaction conditions were as follows: initial predenaturation at 95°C for 5 min, 
followed by 40 cycles of denaturation at 95°C for 10s and annealing and extension at 60°C for 30s. GAPDH, 
which is stably expressed in AR42J cells and pancreatic tissue, was used as an internal control gene for RT‒qPCR 
analysis of target genes in the samples. In this study, GAPDH was selected as the reference gene, and the 
expression of the target genes was normalized to that of GAPDH. Relative expression levels were calculated using 
the 2−ΔΔCt method. The sequences of the primer pairs were as follows: IL-34 forward: 5′- 
TGCTGCAAACAAAGTCCCATC-3′ and reverse: 5′: GTACACGTTGGTAGCTGCACATT-3′; and GAPDH for
ward: 5′- CTGGAGAAACCTGCCAAGTATG-3′ and reverse: 5′-GGTGGAAGAATGGGAGTTGCT-3′.

Western Blot Analysis
Pancreatic tissue and AR42J cells were lysed in RIPA lysis buffer. Proteins were extracted from the pancreatic tissues of 6 
rats per group, or lysates were prepared for three independent cell culture experiments. The proteins were then separated by 
SDS-PAGE and transferred to a PVDF membrane (Millipore, IPVH00010). After blocking, the membranes were incubated 
overnight at 4 °C with the following primary antibodies: anti–IL-34 (Boster, A06903-3, 1:1000), anti–CSF-1R (Huaan 
Biotechnology, HA723142, 1:2000), anti–phospho-p65 (Huaan Biotechnology, HA723223, 1:5000), anti–phospho-ERK1/2 
(Huaan Biotechnology, ET1610-13, 1:5000), and anti-GAPDH (Bioss, bs-10900R, 1:10,000). Subsequently, specific binding 
was detected using corresponding secondary antibodies. Immunoreactive bands were detected using an ECL Advanced 
Western Blotting Detection Kit and visualized with the Tanon Imaging System. The apparent molecular weight of IL-34 (~45 
kDa) corresponds to the mature glycosylated form, consistent with previous reports.30,31 Band intensities were quantified 
using ImageJ software (NIH, USA). Target protein expression was normalized to GAPDH and expressed as fold change 
relative to the control group. Quantification was performed on at least three independent experiments.

Enzyme-Linked Immunosorbent Assay (ELISA)
The concentrations of TNF-α, IL-6, and IL-34 in serum and cell supernatants were determined using commercially 
available ELISA kits (Ruixinbio, China, Catalog: IL-34: RX2D374986, IL-6: RX2D302196, TNF-α: 
RX2D310636), following the manufacturer’s instructions. Each sample was tested in triplicate, and absorbance 
was measured at 450 nm. Experiments were independently repeated three times. This protocol was adapted from 
previously published methods.32 The detection ranges of ELISA kits were as follows: TNF-α (10–320 pg/mL, 
sensitivity<1.0 pg/mL), IL-6 (5–160 pg/mL, sensitivity<1.0 pg/mL), and IL-34 (50–1600 pg/mL, sensitivity<10.0 
pg/mL). All samples were measured within the linear range of the standard curve.

Histopathology and Statistical Analysis
The pancreas was dissected and washed with PBS. The specimens were fixed in formalin, embedded in paraffin, 
sectioned into 3 μm slices, and stained with H&E. The severity of pancreatic inflammation was graded through 
histological evaluation using a previously described scoring system33 in a blinded manner. The severity of 
pancreatic injury was evaluated in a blinded manner using a standardized histological scoring system. The scoring 
parameters included interstitial edema, inflammatory cell infiltration, acinar necrosis, and hemorrhage. Each 
parameter was graded on a scale of 0–4 based on the extent of tissue involvement (0 = absent; 1 = minimal; 2 = 
mild; 3 = moderate; 4 = severe). For each animal, three non-overlapping high-power fields were randomly selected, 
and the average score was used for statistical analysis. A higher cumulative score indicated more severe pancreatic 
injury.
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Construction of a Stable IL-34 Overexpressing AR42J Cell Line
Rat pancreatic acinar AR42J cells were transduced with a lentiviral vector encoding full-length rat IL-34 
(NM_001025766.1) fused to a C-terminal 3×Flag tag and a puromycin resistance cassette (pLenti-SFFV-IL-34-3Flag- 
P2A-Puro; GeneCarer, China). Recombinant lentivirus was packaged in HEK293T cells using a second-generation 
packaging system (psPAX2 and pMD2. G plasmids) according to the manufacturer’s instructions.

AR42J cells were infected at a multiplicity of infection (MOI) of 10 in the presence of 5 μg/mL polybrene to enhance 
transduction efficiency. After 48 h, cells were selected with 2 μg/mL puromycin for 7 days to establish a stable IL-34 
overexpressing (OE) cell line. Transduction efficiency was initially monitored by fluorescence microscopy based on the 
co-expressed EGFP reporter. Overexpression of IL-34 was further confirmed by quantitative real-time PCR and IF 
staining. Cells transduced with empty vector lentivirus served as vector controls, and non-transduced AR42J cells were 
used as additional baseline controls where indicated.

Immunofluorescence (IF)
Cells or paraffin sections were incubated with primary antibodies against IL-34 (Thermo Fisher Scientific, PA5-95624, 
1:200), p-ERK1/2 (1:200), or pp65 (1:200) overnight at 4 °C. Alexa Fluor 488- or 594-conjugated secondary antibodies 
(Abcam, ab150077 and ab150080, 1:500) were applied for 1 h at room temperature. Nuclei were counterstained with 
DAPI (Beyotime, China). Images were captured using a Zeiss LSM 880 confocal microscope. This protocol was adapted 
from established procedures with minor modifications.34

For double immunofluorescence staining of pancreatic tissue, paraffin-embedded sections were deparaffinized, 
rehydrated, and subjected to antigen retrieval in citrate buffer (pH 6.0). After blocking with 5% bovine serum albumin 
for 1 h at room temperature, sections were incubated overnight at 4 °C with primary antibodies against CSF-1R (1:200) 
and amylase (Proteintech, 12540-1-AP, 1:200) raised in different host species. After washing with PBS, sections were 
incubated with species-specific Alexa Fluor 488- and Alexa Fluor 594-conjugated secondary antibodies for 1 h at room 
temperature in the dark. Nuclei were counterstained with DAPI. Negative controls were processed in parallel by omitting 
primary antibodies to exclude non-specific secondary antibody binding. Representative merged images were generated to 
assess spatial co-localization.

Immunohistochemistry (IHC)
Immunohistochemistry was conducted on 3-μm paraffin sections of pancreatic tissue using primary antibodies against IL- 
34 (1:200), p-ERK1/2 (1:200), and pp65 (1:200). DAB substrate was used for color development, and nuclei were 
counterstained with hematoxylin. Staining intensity was quantified using ImageJ. The protocol was modified from 
previous studies.34

Instrumentation and Equipment
The following analytical instruments were employed for data acquisition and analysis: LightCycler® 480 Real-Time PCR 
System (Roche, Switzerland); Zeiss LSM 880 Confocal Microscope (Carl Zeiss, Germany); Leica DM2500 Light 
Microscope (Leica Microsystems, Germany); BioTek Synergy H1 Microplate Reader (BioTek Instruments, USA); 
Tanon 5200 Chemiluminescence Imaging System (Tanon, China).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism version 9.0 (GraphPad Software, San Diego, CA, USA). 
Normality of data distribution was assessed using the Shapiro–Wilk test, and homogeneity of variances was evaluated 
using Levene’s test. For data meeting parametric assumptions, comparisons between two groups were performed using an 
unpaired Student’s t-test, and comparisons among multiple groups were conducted using one-way analysis of variance 
(ANOVA) followed by Tukey’s multiple comparisons test. For experiments involving two independent variables, two- 
way ANOVA was used to evaluate main effects and interaction effects, followed by Tukey’s multiple comparisons test 
where appropriate. When data did not meet the assumptions of normality or homogeneity of variance, non-parametric 
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tests were applied (Mann–Whitney U-test for two-group comparisons or Kruskal–Wallis test followed by Dunn’s 
multiple comparisons test for multiple groups). ANOVA results are reported as F values with corresponding P values. 
Data are presented as mean ± standard deviation (SD). For in vivo experiments, n represents the number of animals per 
group; for in vitro experiments, n represents independent biological replicates. All tests were two-tailed, and a P value < 
0.05 was considered statistically significant.

Results
Celastrol Attenuates Pancreatic Injury and Inflammatory Mediator Release in vivo and 
Reduces Acinar Inflammatory Outputs in vitro
Histopathological examination revealed extensive pancreatic edema, inflammatory cell infiltration, and acinar structural 
disruption in AP rats compared with sham controls (Figure 1A). Because histological scores failed the Shapiro–Wilk 
normality test, non-parametric analysis was applied. Kruskal–Wallis testing demonstrated significant differences among 
groups (P < 0.001), with the celastrol-treated group exhibiting a partial but significant reduction in injury severity 
compared with AP animals. Consistent with histological improvement, serum amylase activity was markedly elevated in 
AP rats and significantly decreased following celastrol pretreatment (Figure 1B; one-way ANOVA, F(2,15) = 17.62, P < 
0.001). Systemic inflammatory activation was similarly observed. Serum TNF-α and IL-6 concentrations were signifi
cantly increased in AP animals and reduced after celastrol administration (Figure 1C; TNF-α: F(2,15) = 22.66, P < 0.001; 
IL-6: F(2,15) = 23.56, P < 0.001).

In vitro, caerulein-stimulated AR42J cells recapitulated acinar inflammatory activation. Pharmacological inhibition of 
ERK (PD98059), NF-κB (PDTC), or treatment with celastrol significantly reduced supernatant amylase activity 
(Figure 1D; one-way ANOVA, F(4,10) = 20.39, P < 0.001) and suppressed cytokine release (Figure 1E; IL-6: F(4,10) 
= 25.15, P < 0.001; TNF-α: F(4,10) = 10.94, P = 0.001). Together, these in vivo and in vitro findings indicate that 
celastrol blunts early AP-associated inflammatory amplification, as reflected by reduced acinar injury markers and 
systemic cytokine release.

IL-34 Protein Expression is Elevated During AP and Reduced by Celastrol
Western blot analysis demonstrated significantly increased IL-34 protein expression in pancreatic tissue from AP rats 
compared with sham controls (Figure 2A; one-way ANOVA, F(2,6) = 19.26, P = 0.002), with a significant reduction 
following celastrol pretreatment (Tukey post-hoc P < 0.01 vs AP). Circulating IL-34 levels mirrored tissue protein 
changes. Serum IL-34 was markedly elevated in AP rats and decreased in celastrol-treated animals (Figure 2B; F(2,15) = 
32.69, P < 0.001). Immunohistochemical analysis further confirmed enhanced IL-34 immunoreactivity within pancreatic 
parenchyma in AP animals, which was attenuated after celastrol administration (Figure 2C; F(2,6) = 186.3, P < 0.001).

In AR42J cells, caerulein stimulation significantly increased IL-34 protein abundance. One-way ANOVA demon
strated significant treatment effects (PD98059 set: F(3,8) = 13.31, P = 0.002; PDTC set: F(3,8) = 11.32, P = 0.003). ERK 
inhibition, NF-κB inhibition, and celastrol treatment each reduced IL-34 protein levels relative to AP conditions 
(Figure 2D). These data establish that IL-34 protein is induced during experimental AP and is modifiable by celastrol.

CSF-1R Associated ERK/NF-κB Signaling is Activated During AP and Attenuated by 
Celastrol
Double immunofluorescence staining demonstrated spatial colocalization of CSF-1R immunoreactivity with amylase- 
positive acinar structures in pancreatic tissue (Figure 3A), indicating that CSF-1R expression may be detectable within or 
in close proximity to acinar cells under inflammatory conditions. However, contributions from infiltrating myeloid 
populations cannot be excluded based solely on colocalization analysis.

In vivo, Western blot analysis revealed significant upregulation of CSF-1R expression in AP tissue, accompanied by 
increased phosphorylation of p65 and ERK1/2 (Figure 3B; CSF-1R: F(2,6) = 18.04, P = 0.003; pp65: F(2,6) = 73.04, P < 
0.001; p-ERK1/2: F(2,6) = 11.49, P = 0.009). Celastrol pretreatment significantly reduced these signaling markers.
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In AR42J cells, caerulein stimulation increased CSF-1R expression and activated ERK/NF-κB signaling (Figure 3C 
and D). Significant group effects were observed (CSF-1R: PD98059 set F(3,8) = 82.26, P < 0.001; PDTC set F(3,8) = 
9.01, P = 0.006). Downstream signaling activation was likewise significant (PD98059 set: pp65 F(3,8) = 24.50, P < 
0.001; p-ERK1/2 F(3,8) = 31.93, P < 0.001; PDTC set: pp65 F(3,8) = 34.84, P < 0.001; p-ERK1/2 F(3,8) = 27.69, P < 

Figure 1 Celastrol attenuates pancreatic injury and inflammatory mediator release in experimental AP. (A) Representative H&E staining of pancreatic tissue from Sham, AP, 
and Celastrol+AP rats with corresponding histological injury scores (scale bar: 100 μm). (B) Serum amylase levels (n = 6 rats per group). (C) Serum IL-6 and TNF-α levels 
measured by ELISA (n = 6 rats per group). (D) Amylase activity in AR42J cell supernatants under Con (Control), AP (caerulein), and AP plus PD98059, PDTC, or celastrol 
treatment (n=3 independent experiments). (E) IL-6 and TNF-α levels in AR42J cell supernatants (n = 3 independent experiments). Data are presented as mean ± SD. Each 
dot represents an individual animal or independent experiment. Statistical analysis was performed using one-way ANOVA for data in (B–E) with Tukey’s post-hoc test, 
except for histological scores in (A), which were analyzed by Kruskal–Wallis test. *P < 0.05, **P < 0.01, ***P < 0.001 vs AP group.
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0.001). Across all conditions, celastrol attenuated CSF-1R expression and downstream pathway activation. Together, 
these findings indicate that CSF-1R-associated ERK/NF-κB signaling is induced during AP and is sensitive to celastrol 
intervention.

Figure 2 IL-34 expression is increased in experimental AP and reduced by celastrol treatment. (A) Western blot analysis of IL-34 in pancreatic tissue with densitometric 
quantification normalized to GAPDH (n = 3 independent biological replicates). (B) Serum IL-34 levels measured by ELISA (n = 6 rats per group). (C) Representative 
immunohistochemical staining of IL-34 in pancreatic sections with quantitative analysis (scale bar: 50 μm; n = 6 rats per group). (D) Western blot analysis of IL-34 in AR42J 
cells under Con, AP, and AP plus PD98059, PDTC, or celastrol treatment (n = 3 independent biological replicates). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001 vs AP group.
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IL-34 Overexpression Amplifies Inflammatory Activation in Acinar Cells and Remains 
Suppressible by Celastrol Under AP-Like Conditions
A stable IL-34 overexpressing (OE) AR42J cell line was successfully established and validated by qPCR (Figure 4A; 
unpaired t-test, P < 0.001) and immunofluorescence (Figure 4B), confirming robust elevation of IL-34 expression. 
Compared with WT cells, IL-34 OE significantly increased amylase release (Figure 4C; P < 0.05) and enhanced secretion 
of TNF-α and IL-6 (Figure 4D; both P < 0.01), indicating that elevated IL-34 is sufficient to augment inflammatory 

Figure 3 CSF-1R–associated ERK/NF-κB signaling is activated during AP and modulated by celastrol. (A) Representative double immunofluorescence staining of CSF-1R (red) 
and amylase (green) in pancreatic tissue with DAPI nuclear counterstaining (blue). Colocalization indicates spatial association under inflammatory conditions (scale bar: 20 μm). 
(B) Western blot analysis of CSF-1R, p-ERK1/2, and p-p65 in pancreatic tissue (n = 3 independent biological replicates). (C and D) Western blot analysis of CSF-1R, p-ERK1/2, 
and p-p65 in AR42J cells under Con, AP, and AP plus PD98059, PDTC, or celastrol treatment (n = 3 independent biological replicates). The two closely migrating bands detected 
for p-ERK correspond to the phosphorylated forms of ERK1 (44 kDa) and ERK2 (42 kDa). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs AP group.
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Figure 4 IL-34 overexpression enhances inflammatory responses and modulates sensitivity to celastrol in AR42J cells. (A) Validation of IL-34 overexpression by qPCR. (B) 
Immunofluorescence confirmation of IL-34 overexpression (scale bar: 50 μm). (C) Amylase levels in Wild-type (WT) and IL-34-overexpressing (OE) cells (n = 3 independent 
experiments). (D) TNF-α and IL-6 levels in WT and OE cells (n = 3 independent experiments). (E) Immunofluorescence staining of pp65 and p-ERK in WT and OE cells (scale bar: 
50 μm). (F–H) Two-way ANOVA analysis of amylase, IL-34, IL-6, and TNF-α levels. Data are presented as mean ± SD (n=3 independent experiments). (F) Amylase, (G) IL-34, and 
(H) TNF-α and IL-6 levels in WT and OE cells under indicated conditions. Data were analyzed by two-way ANOVA (genotype × treatment). Significant main effects of genotype and 
treatment were observed for all cytokines; a significant interaction term was found for IL-34 secretion (P = 0.01), indicating genotype-dependent modulation. Statistical significance 
is indicated as *P < 0.05, **P < 0.01, ***P < 0.001 compared to the respective AP control groups within each genotype.
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output in acinar cells. Consistently, immunofluorescence analysis demonstrated enhanced nuclear localization of p65 and 
increased p-ERK fluorescence intensity in IL-34 OE cells relative to WT controls (Figure 4E), supporting activation of 
downstream ERK/NF-κB signaling in response to IL-34 overexpression.

To determine whether celastrol could suppress inflammatory responses under conditions of elevated IL-34, two-way 
ANOVA (genotype × treatment) was performed using WT and OE cells stimulated with AP ± celastrol. For amylase 
activity (Figure 4F), significant main effects were observed for genotype (F(1,8) = 41.37, P = 0.0002) and treatment (F 
(1,8) = 33.44, P = 0.0004), with no significant interaction effect (F(1,8) = 2.54, P = 0.1498). Post-hoc comparisons 
confirmed that celastrol significantly reduced amylase activity in both WT and OE cells under AP stimulation. For IL- 
34 secretion (Figure 4G), both genotype (F(1,8) = 61.60, P < 0.0001) and treatment (F(1,8) = 136.40, P < 0.0001) showed 
significant main effects, with a significant interaction term (F(1,8) = 11.24, P = 0.0100), indicating genotype-dependent 
modulation of celastrol responsiveness. Similarly, IL-6 secretion (Figure 4H) was significantly influenced by genotype (F 
(1,8) = 44.99, P = 0.0002) and treatment (F(1,8) = 117.00, P < 0.0001). TNF-α levels were also significantly affected by 
genotype (F(1,8) = 11.29, P = 0.0099) and treatment (F(1,8) = 38.47, P = 0.0003). In both cases, celastrol significantly 
reduced cytokine release under AP conditions regardless of genotype.

Collectively, these findings demonstrate that IL-34 overexpression enhances acinar inflammatory activation and 
downstream ERK/NF-κB signaling, while celastrol retains measurable anti-inflammatory efficacy even in the context 
of heightened IL-34 signaling.

Discussion
The pathological progression of AP begins with premature intra-acinar activation of digestive enzymes, followed by 
rapid inflammatory amplification that largely determines systemic progression and clinical severity.1,35 Despite improve
ments in supportive care, targeted pharmacological interventions capable of modulating early inflammatory signaling 
remain limited.2 Identifying upstream cytokine networks that sustain acinar-associated inflammatory escalation therefore 
has important mechanistic and translational implications.5,8 In this context, the present study implicates the IL-34/CSF- 
1R axis as a contributor to inflammatory amplification in experimental AP and demonstrates that celastrol attenuates 
pancreatic injury and inflammatory outputs in association with modulation of this signaling cascade.

In vivo, celastrol partially improved histopathological injury and reduced serum amylase, TNF-α, and IL-6 levels 
(Figure 1A–C), while in vitro it suppressed amylase release and cytokine production in caerulein-stimulated AR42J cells 
(Figure 1D and E). These findings are consistent with prior studies demonstrating the anti-inflammatory properties of 
celastrol in diverse inflammatory models.25,36,37

A central observation is the marked induction of IL-34 protein during experimental AP. IL-34, an alternative ligand 
for CSF-1R, has been primarily characterized in the regulation of myeloid lineage survival and differentiation.15,18,19 

Increasing evidence suggests that IL-34 participates in chronic inflammatory and autoimmune disorders,20,38 and may 
exacerbate inflammatory tissue injury.39 The present study extends these observations to sterile pancreatic inflammation, 
showing elevated IL-34 protein in pancreatic tissue and caerulein-stimulated acinar cells, with corresponding increases in 
circulating IL-34 (Figure 2A–2C). In AR42J cells, ERK inhibition (PD98059), NF-κB inhibition (PDTC), and celastrol 
each reduced IL-34 protein abundance (Figure 2D), suggesting that IL-34 induction is embedded within ERK/NF-κB 
responsive signaling networks, consistent with previous mechanistic studies.19,32 These findings support the interpreta
tion that IL-34 may function as an inducible inflammatory amplifier rather than a passive biomarker of tissue damage.17

CSF-1R associated signaling was likewise enhanced during AP. Increased CSF-1R expression and phosphorylation of 
ERK1/2 and p65 were detected in pancreatic tissue (Figure 3B), with similar activation observed in AR42J cells 
(Figure 3C and D). Although CSF-1R is classically associated with the mononuclear phagocyte system,18 inducible 
expression in epithelial or tumor-derived cells has been reported under pathological conditions.21,22 Immunofluorescence 
demonstrated spatial colocalization of CSF-1R with amylase-positive acinar structures (Figure 3A), supporting the 
feasibility of acinar-intrinsic responsiveness. Nevertheless, contributions from infiltrating myeloid populations remain 
plausible. Prior work has highlighted the role of damage-associated molecular patterns and innate immune signaling in 
linking acinar injury to macrophage activation during AP.11–13 Thus, a dual-compartment model is conceivable in which 
IL-34 acts both on stressed acinar cells and on macrophage-lineage cells to sustain inflammatory amplification.
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To extend mechanistic inference beyond correlative signaling changes, IL-34 overexpression was employed. Elevated 
IL-34 enhanced amylase release and cytokine secretion (Figure 4C and D) and was accompanied by increased nuclear 
p65 localization and p-ERK fluorescence (Figure 4E), supporting activation of ERK/NF-κB signaling downstream of IL- 
34. Two-way ANOVA analysis revealed significant genotype and treatment effects, with a significant genotype × 
treatment interaction for IL-34 secretion (Figure 4G). These findings suggest that celastrol modulates both IL-34 
abundance and downstream signaling activity. Previous studies have shown that celastrol suppresses NF-κB and 
MAPK signaling pathways in inflammatory settings,25,36,37 and the present results are consistent with modulation of 
these pathways in AP.

From a translational perspective, celastrol in the present study primarily serves as a pharmacological probe to evaluate 
the druggability of the IL-34/CSF-1R axis. Although celastrol has demonstrated anti-inflammatory efficacy in multiple 
disease models, its clinical development has been constrained by solubility limitations and potential systemic toxicities. 
Comprehensive toxicological evaluation will be required in future investigations to assess long-term safety and transla
tional feasibility.25,29 Exploratory molecular docking suggests structural compatibility between celastrol and IL-34/CSF- 
1R related domains; however, in the absence of direct biophysical validation, these results should be interpreted as 
hypothesis-generating rather than definitive evidence of direct binding.

An additional observation was the partial discordance between IL-34 mRNA and protein levels. Such divergence is 
compatible with post-transcriptional regulatory mechanisms influencing cytokine abundance.40 While not central to the 
primary mechanistic conclusions, this finding suggests additional regulatory checkpoints that may influence IL-34 
bioavailability during pancreatic inflammation.

Taken together, the present data support a model in which IL-34 protein is induced during acute pancreatic injury, 
accompanied by activation of CSF-1R associated ERK/NF-κB signaling, thereby contributing to inflammatory 
amplification. Celastrol treatment is associated with attenuation of this signaling cascade and reduction of acinar 
inflammatory outputs, positioning the IL-34/CSF-1R axis as a potentially modifiable inflammatory pathway in 
experimental AP.

Limitations
Despite these findings, several limitations warrant consideration. First, the interaction between celastrol and the IL-34/ 
CSF-1R complex was characterized through exploratory molecular docking; direct biophysical validation and molecular 
dynamics simulations are required to confirm precise binding kinetics. Second, while gain of function assays established 
the pro-inflammatory role of IL-34, future studies utilizing genetic deletion or neutralizing antibodies will be essential to 
define its absolute indispensability in AP progression. Third, the present study focused on early-phase inflammatory 
modulation via prophylactic celastrol administration. To evaluate true clinical potential, subsequent investigations must 
address therapeutic (post-injury) paradigms, long-term regenerative outcomes, and comprehensive toxicological profiles 
across diverse AP models. Finally, clarifying the cell-type-specific contributions of CSF-1R, distinguishing acinar- 
intrinsic signaling from infiltrating macrophage effects, will further refine our understanding of the pancreatic inflam
matory niche.

Conclusion
In conclusion, the present study implicates the IL-34/CSF-1R axis as a previously uncharacterized contributor to 
inflammatory amplification in experimental acute pancreatitis. Our data demonstrate that celastrol treatment was 
associated with attenuation of pancreatic injury and acinar inflammatory outputs in vivo and in vitro, accompanied 
by suppression of IL-34–dependent ERK/NF-κB signaling activation. While celastrol primarily serves as 
a pharmacological probe in this context, given its known pharmacokinetic limitations and potential toxicity, 
these findings provide mechanistic support for the concept that targeting IL-34/CSF-1R signaling may represent 
a viable therapeutic strategy. Collectively, the study expands current understanding of inflammatory regulation in 
AP and identifies IL-34 associated signaling as a potentially druggable inflammatory node warranting further 
investigation.
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Supportive Findings in Supplementary Figures
Supplementary Figure S1A documents that IL-34 mRNA does not fully mirror protein-level changes across conditions, 
supporting possible post-transcriptional regulation. Supplementary Figure S1B provides additional CSF-1R immuno
fluorescence in AR42J cells, complementing the acinar CSF-1R localization shown in Figure 3A. Supplementary Figure 
S1C–D include pancreatic IL-34 immunofluorescence and supportive pp65/p-ERK1/2 immunohistochemistry. 
Supplementary Figure S2 presents representative AR42J immunofluorescence images (WT) for IL-34, pp65, and 
p-ERK1/2 under PD98059/PDTC/celastrol conditions. Supplementary Figure S3 shows representative in silico docking 
poses of celastrol with IL-34 and CSF-1R as supportive structural context.

Abbreviations
AMY, amylase; ANOVA, analysis of variance; AP, acute pancreatitis; CID, compound identifier; CSF-1R, colony- 
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immunohistochemistry; IF, immunofluorescence; IL-34, interleukin-34; IL-6, interleukin-6; MODS, multiple organ 
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