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Background: Necroptosis, a regulated form of cell death, is a key driver of pancreatic injury in acute pancreatitis (AP). Salidroside 
(Sal), a natural compound known for its antioxidant properties, was investigated for its potential to alleviate AP by targeting the 
necroptotic pathway.
Methods: An AP model was induced in Wistar rats via retrograde infusion of 3.5% sodium taurocholate into the pancreatic duct. Rats 
were randomly divided into three groups: sham, AP model, and AP + Sal (60 mg/kg). Serum levels of amylase (AMY) and 
inflammatory cytokines (IL-6, IL-1β, TNF-α) were measured, and pancreatic tissue damage was assessed. The involvement of the 
RIPK1/RIPK3/MLKL pathway and mitochondrial ultrastructure were analyzed by Western blot, immunohistochemistry (IHC), and 
transmission electron microscopy (TEM). An in vitro AP model was established in AR42J cells using cerulein (100 nM). Cells were 
pretreated with Sal or Necrostatin-1 (Nec-1), and mitochondrial membrane potential, necroptosis-related protein expression, and 
p-MLKL subcellular localization were examined.
Results: Sal treatment significantly reduced serum AMY levels (p < 0.01) and pro-inflammatory cytokines (IL-6, IL-1β, TNF-α; all 
p < 0.05) in AP rats. Histopathological analysis revealed that Sal markedly ameliorated pancreatic tissue edema, inflammatory 
infiltration, and necrosis (p < 0.01). Western blot analysis showed that Sal significantly inhibited the expression of key necroptosis- 
related proteins (RIPK1, RIPK3, and p-MLKL) in both pancreatic tissue and AR42J cells (all p < 0.05). IHC and immunofluorescence 
confirmed that Sal effectively suppressed p-MLKL membrane translocation (p < 0.01). TEM further demonstrated that Sal preserved 
mitochondrial structural integrity. However, in vitro, the combination of Sal and Nec-1 did not produce a significant additive effect.
Conclusion: Sal alleviates experimental AP by inhibiting necroptosis, likely through targeting the RIPK1/RIPK3/MLKL pathway and 
preserving mitochondrial function. These findings suggest that Sal is a promising therapeutic candidate for AP treatment.
Keywords: acute pancreatitis, salidroside, necroptosis, RIPK1/RIPK3/MLKL pathway, mitochondrial dysfunction

Introduction
Background
Acute pancreatitis (AP) is characterized by the dysfunction of pancreatic cellular pathways and organelles due to various 
etiologies, with gallstones and alcohol abuse being the most prevalent.1 This condition ultimately results in the death of 
pancreatic acinar cells.2 In severe instances, AP may arise as a consequence of significant complications, including local 
and systemic inflammatory response syndrome (SIRS) and multiple organ failure (MOF).3 AP has acute onset, severe 
condition and many complications, and its incidence is increasing year by year.4 A study indicated that the annual global 
incidence of AP is 34 cases per 100,000 individuals,5 with an overall mortality rate of approximately 5%. In cases of 
severe acute pancreatitis (SAP), the mortality rate may approach 20%. Currently, there is no established clinical treatment 

Journal of Inflammation Research 2025:18 14857–14869                                                14857
© 2025 Lin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                     

Open Access Full Text Article

Received: 9 June 2025
Accepted: 21 October 2025
Published: 27 October 2025

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0009-0005-4510-7420
http://orcid.org/0000-0003-3127-930X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


for AP. The primary pathological response in AP is the premature activation of trypsinogen, resulting in damage and 
death of acinar cells. Recent research has identified necroptosis as a form of regulated cell death (RCD).6 It is crucial in 
the mechanism of acinar cell death and the premature activation of trypsinogen.7

Necroptosis is mediated by receptor interacting protein kinase 1 (RIPK1) and receptor interacting protein kinase 3 
(RIPK3). The activation of the RIPK3/mixed lineage kinase like (MLKL) pathway exhibits characteristics of both 
necrosis and apoptosis. Specifically, necroptosis is actively regulated by various genes and occurs in an orderly manner 
through the activation of specific death pathways.8–10 Salidroside (Sal) has a wide range of pharmacological activities, 
including Anti-inflammatory, anti-aging, antioxidant, and anti-tumor, etc.11–14 Additionally, it has been shown to 
decrease the activity of pancreatic enzymes during the initial stages of SAP.15,16

Aim of the Study
Based on the aforementioned evidence, we hypothesized that Sal might alleviate AP by modulating necroptosis. To test this 
hypothesis, the present study was designed to achieve the following specific aims: First, to investigate the therapeutic effects of 
Sal on pancreatic injury and systemic inflammation in a rat model of sodium taurocholate-induced AP; Second, to determine 
whether the protective effects of Sal are associated with the inhibition of the RIPK1/RIPK3/MLKL necroptosis pathway in 
both in vivo and in vitro (cerulein-stimulated AR42J cells) AP models; Finally, to explore the functional interaction between 
Sal and Nec-1 (a specific RIPK1 inhibitor) in order to elucidate the potential mechanism of action of Sal.

Materials and Methods
Experimental Animals and Cells
The Medical Laboratory Animal Center of Lanzhou University supplied 18 male Wistar rats with weights ranging from 
250 to 280 grams. The animals were maintained in an environment characterized by alternating 12-hour light and dark 
cycles, with unrestricted access to food and water provided. All the rat experiments were conducted in accordance with 
the “Regulations on the Administration of Experimental Animals” (Lanzhou University) and were approved by the Ethics 
Committee of Lanzhou University Second Hospital (Approval No.D2024-410). At the same time,all methods are 
reported in accordance with ARRIVE guidelines.

Rat pancreatic exocrine cells-AR42J (Cellverse, iCell-r002) were cultured in AR42J specialized medium containing 
20% Foetal Bovine Serum (FBS) (Procell, CM-0025) at 37°C, 5% CO2.

AP Rat Model
Firstly, the AP rat model was established by retrograde injection of sodium taurocholate solution. All rats were fasted and 
water-deprived overnight before the operation, and then anesthetized by intraperitoneal injection of 0.3% pentobarbital 
sodium (0.2 mL/10 g). Next, the rats were randomly divided into three groups (n=6): (1) Sham surgery group: only 
underwent laparotomy and closure sham surgery; (2) AP group: Induction of pancreatic injury by retrograde injection of 
3.5% sodium taurocholate (1mL/kg, injection rate 0.1 mL/min) into the pancreaticobiliary duct. Observation after 
approximately 10 minutes showed congestion, edema, local bleeding, and necrosis in the pancreatic tissue, confirming 
the establishment of the model17,18 (3) Sal group: Based on our previous experimental results, Sal (60 mg/kg) 
(Medchemexpress, HY-N0109) was injected intraperitoneally 2 hours after AP modeling.15 And all animals were 
euthanized for sample collection at 24h post-modeling (Pentobarbital sodium, 200 mg/kg), followed by blood sample 
collection and serum separation through centrifugation. The pancreatic tissue was divided into three parts for patholo
gical analysis, Western blot, and TEM detection. Finally, the animal carcasses were uniformly sent to the Gansu Province 
Hazardous Waste Disposal Center for processing. The final analysis included only those Wistar rats that successfully 
underwent the AP model induction surgery and survived the intended postoperative observation period. Rats that died 
during anesthesia or surgery (prior to model completion) were excluded from the analysis. Furthermore, any rat that did 
not exhibit a significant elevation in serum amylase levels at the predetermined time point post-modeling was also 
excluded, as it was deemed an induction failure. No animals were excluded from the final analysis based on these criteria.
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Histopathology and Molecular Analysis
After fixation with 4% paraformaldehyde, pancreatic tissue was embedded in paraffin and sectioned (5 μm). 
Hematoxylin-eosin (H&E) staining was used to assess tissue pathological damage (edema, inflammatory infiltration, 
acinar necrosis), with a semi-quantitative scoring system on a 0–3 scale.19 The anti-p-MLKL antibody (Affinity, AF7420, 
diluted 1:200) was used in immunohistochemistry (IHC) to locate p-MLKL expression, followed by DAB staining and 
microscopic observation. Transmission electron microscopy samples were fixed with 2.5% glutaraldehyde and ultrathin 
sections were observed under an electron microscope to examine the ultrastructure of mitochondria.

Biochemical and Inflammatory Factor Testing
Serum and cell culture supernatant levels of AMY were quantified using a commercial kit (Yuanye, R22037) strictly 
according to the manufacturer’s instructions. Briefly, the assay involves the enzymatic hydrolysis of a defined 
substrate, and the resulting product is measured spectrophotometrically at a wavelength of 660 nm using 
a microplate reader. AMY activity is expressed in U/L. All samples were measured in duplicate. The concentrations 
of the inflammatory cytokines IL-6, IL-1β, and TNF-α were quantified using commercially available ELISA kits 
(Jonlnbio, catalog numbers JL20896, JL20884, and JL13202, respectively). The sensitivities of the assays were 1.11 
pg/mL, 1.51 pg/mL, and 1.75 pg/mL for IL-6, IL-1β, and TNF-α, respectively. The detection ranges for all three 
cytokines were 3.12–200 pg/mL. Both intra- and inter-assay coefficients of variation were less than 10% for all assays, 
indicating high reproducibility and precision.

Western Blot Analysis
In Western blot analysis, tissues or cells are lysed with RIPA lysis buffer (containing protease/phosphatase inhibitors), 
and protein concentration is determined using the BCA method. 30 μg of protein was loaded into each well, separated by 
SDS-PAGE, and transferred to a PVDF membrane. After blocking with 5% BSA, the membrane was incubated with 
primary antibodies (RIPK1: Proteintech, 17519-1-AP, 1:1000; RIPK3: Bioss, bs-3551R, 1:1000; MLKL: Proteintech, 
66675-1-Ig, 1:10000; p-MLKL: Affinity, AF7420, 1:1000; GAPDH: Selleck, F0003, 1:10000) and secondary antibodies. 
Protein expression levels were quantified by measuring the integrated density of the immunoreactive bands. Blots were 
imaged using a ECL chemiluminescence detection and analyzed with ImageJ software. The intensity of each target band 
was measured. To correct for potential variations in sample loading, the intensity of each target protein was normalized to 
that of the internal control (eg, GAPDH or MLKL) from the same sample. Data are presented in the bar graphs as the 
Mean ± SD of 4 independent experiments (due to tissue allocation constraints for protein extraction, Western blot 
analysis was performed on a subset of n=4 randomly selected samples per group).

AR42J Cell Experiment
First, the Cell Counting Kit-8 (CCK-8) assay was used to detect cell viability to determine the optimal drug concentra
tions of Sal and the RIPK1 inhibitor Necrostatin-1 (Nec-1): Cells were seeded in a 96-well plate (2×104/well), allowed to 
adhere overnight, and then incubated with the corresponding drugs at gradient concentrations for 8 hours. CCK-8 reagent 
(10 μL/well) was added, and the incubation continued at 37°C for 4 hours. The optical density (OD) at 450 nm was 
measured using a microplate reader to calculate cell viability. Next, AR42J cells were pre-treated with Salidroside 
(50 μM) or Nec-1 (10 μM) for 4 hours prior to a 4-hour stimulation with cerulein (100 nM), resulting in a total 
intervention period of 8 hours.20 Mitochondrial membrane potential was detected using the JC-1 dye (Beyotime, 
C2003S) and observed under a confocal microscope by measuring the red/green fluorescence ratio (excitation wave
length 490/525 nm, emission wavelength 530/590 nm). A decrease in the ratio indicates mitochondrial membrane 
potential depolarization. In the immunofluorescence experiment, after fixation and permeabilization of the cells, the 
anti-p-MLKL antibody (1:200) was co-stained with DAPI, and the subcellular localization of p-MLKL was observed 
using a confocal microscope. Only AR42J cell cultures with >95% viability were used. Any culture wells showing signs 
of bacterial or fungal contamination at the start of the experiment were excluded from the analysis.
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Instrumentation and Equipment
The following key instruments were used in this study: Tissue FAXS PLUS microscope (Tissue FAXS PLUS, AUT), 
Electron microscope (Hitachi HT7800, Japan), Microplate reader (BioTek Synergy H1, USA), Confocal microscope 
(Zeiss LSM880, GER); ECL chemiluminescence detection (Bio-Rad ChemiDoc, SG).

Statistical Analysis
Data are expressed as mean ± standard deviation (Mean ± SD). Comparisons among multiple groups were performed using one- 
way analysis of variance (one-way ANOVA) followed by Tukey’s multiple comparison test for post-hoc analysis. All analyses 
were conducted using GraphPad Prism software (Version 10). A P-value of less than 0.05 (p < 0.05) was considered statistically 
significant. In the figures, significance levels are denoted as follows: ns (not significant, p > 0.05), *p < 0.05, **p < 0.01, and 
**p < 0.001.

Results
Sal Alleviates Pancreatic Injury in Rats with AP
The changes in serum AMY and inflammatory cytokine levels indicate that Sal exerts significant anti-inflammatory 
effects in AP. One-way ANOVA indicated a significant difference in serum AMY levels among the groups (Figure 1A, 
F (2, 15) = 27.13, p < 0.001). Post-hoc Tukey’s test revealed that compared to the Sham group, AMY levels were 
significantly elevated in the AP model group, whereas Sal treatment reduced AMY levels by 37.4% (p < 0.01). Similarly, 
serum levels of the pro-inflammatory cytokines TNF-α, IL-6, and IL-1β were markedly increased in the AP group 
(Figure 1B; one-way ANOVA, TNF-α: F (2, 15) = 97.37, p < 0.001; IL-6: F (2, 15) = 239.6, p < 0.001; IL-1β: F (2, 15) = 
99.17, p < 0.001). Sal intervention significantly reduced these cytokines by 27.6%, 23.9%, and 45.3%, respectively (all 
p < 0.001). H&E showed extensive pancreatic edema, inflammatory cell infiltration, and fat necrosis in the AP model 
group (Figure 1C). In contrast, the Sal-treated group exhibited a marked reduction in pathological damage, with a 40% 
decrease in histopathological scores compared to the model group (Figure 1D, p < 0.001).

Sal Inhibits the Activation of the Necroptosis Pathway in Pancreatic Tissue
Since Sal alleviated pancreatic damage and inflammation in AP, we further investigated whether its protective effects 
depend on the necroptosis pathway. Western blot analysis revealed a significant upregulation of RIPK1, RIPK3, and 
p-MLKL protein expression in the pancreatic tissue of the AP group (Figure 2A–C). One-way ANOVA indicated 
statistically significant differences among the groups for all three proteins (RIPK1: F (2, 9) = 21.70, p < 0.001; RIPK3: 
F (2, 9) = 29.85, p < 0.001; p-MLKL: F (2, 9) = 39.33, p < 0.001). Post hoc analysis showed that Sal treatment 
significantly reduced their expression levels by 21.2%, 26.1%, and 18.7%, respectively (all p < 0.05). Consistent with 
these results, IHC staining demonstrated strong p-MLKL immunopositivity (brown) in the perimembranous region of 
pancreatic cells in the AP group, which was markedly attenuated in the Sal-treated group (Figure 2D and E). TEM was 
employed to evaluate the ultrastructural consequences of necroptotic signaling, with a focus on mitochondrial integrity. 
Pancreatic acinar cells from AP model rats exhibited severe organellar damage, most notably in the form of swollen 
mitochondria with vacuolation and disrupted cristae (Figure 2F, middle panel), which is a characteristic manifestation of 
ongoing necroptosis. Treatment with Sal markedly preserved mitochondrial morphology, presenting with only mild 
swelling and intact cristae (Figure 2F, right panel).

Sal Reduces Inflammatory Damage in the AR42J Cell AP Model by Mitigating 
Necroptosis
To further validate the anti-necroptotic and anti-inflammatory effects of Sal and elucidate its underlying mechanism, we 
established an in vitro AP model using cerulein-stimulated AR42J cells. First, the optimal non-cytotoxic concentrations 
of Sal (50 μM) and Nec-1 (10 μM) were determined via CCK-8 assay (Figure 3A and B). Cerulein (100 nM) stimulation 
significantly increased AMY release into the supernatant by 1.4-fold (Figure 3C; one-way ANOVA, F(3, 20) = 36.74, p < 
0.001), indicating successful induction of acinar cell injury. Sal treatment alone reduced AMY levels by 15.3%, while co- 
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Figure 1 Sal alleviates pancreatic injury in rats with AP. (A) Serum AMY level detection (n=6). (B) Serum TNF-α, IL-6, and IL-1β levels (ELISA detection, n=6). (C) Representative 
images of pancreatic tissue H&E staining (scale bar: 100 μm) (black arrows indicate the areas of acinar cell necrosis; white arrows indicate the areas of fat necrosis; red arrows 
indicate the areas of inflammatory cell infiltration). (D) Pancreatic pathology score (0–3 points). **p < 0.01, ***p < 0.001 compared with AP group.
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Figure 2 Sal inhibits the activation of the necroptosis pathway in pancreatic tissue. (A) Representative Western blot images showing protein levels of RIPK1, RIPK3, MLKL, and 
p-MLKL in pancreatic tissues from different experimental groups. (B) Quantitative analysis of RIPK1 and RIPK3 protein expression normalized to GAPDH (n=4). (C) Quantitative 
analysis of p-MLKL protein expression normalized to total MLKL (n=4). (D) Representative immunohistochemical staining of p-MLKL in pancreatic tissues (scale bar: 50 μm). Brown 
granules indicate positive signals. The AP group shows extensive p-MLKL expression localized around pancreatic acinar cell membranes. (E) Quantitative analysis of p-MLKL 
immunohistochemical staining expressed as mean optical density (OD) values (n=4). (F) Transmission electron microscopy observation of mitochondrial ultrastructure (scale bar: 
1 μm). The mitochondria in the AP group showed swelling and cristae rupture, while the mitochondria in the Sal group appeared nearly normal (The black arrows indicate the 
mitochondrial structure of each group). *p < 0.5, **p < 0.01, ***p < 0.001 compared with AP group.
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Figure 3 Sal reduces inflammatory damage in the AR42J cell AP model. (A) The effect of Sal (1–200 μM) on the viability of AR42J cells (CCK-8 assay, n=4). Choose 50 μM 
(where cell viability significantly increased and there was no significant toxicity) for subsequent experiments. (B) The effect of Nec-1 (1–200 μM) on cell viability (n=4). 
Choose 10 μM (cell viability significantly increased and no significant toxicity) for subsequent experiments. (C) AMY levels in cell supernatants (n=6). (D) TNF-α, IL-6, and 
IL-1β levels in cell supernatants (n=6). (E) Quantitative analysis of mitochondrial membrane potential assessed by JC-1 staining (n=5). Data are presented as the red/green 
fluorescence ratio. (F) Representative fluorescence images of JC-1 staining in different experimental groups (scale bar: 20 μm). Red fluorescence indicates JC-1 aggregates 
(high membrane potential), while green fluorescence indicates JC-1 monomers (low membrane potential). A decrease in the red/green fluorescence ratio indicates a decline 
in membrane potential, and Sal pretreatment partially restores the ratio. *p < 0.5, **p < 0.01, ***p < 0.001 compared with AP group.
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treatment with Sal and Nec-1 did not yield a significant additive effect compared to Sal alone. Similarly, the release of 
pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) was markedly elevated in the AP group (Figure 3D, one-way ANOVA, 
TNF-α: F (3, 20) = 37.14, p < 0.001; IL-6: F (3, 20) = 48.49, p < 0.001; IL-1β: F (3, 20) = 51.72, p < 0.001), with the 
most potent suppression observed in the Sal + Nec-1 co-treatment group (reductions of 29.8%, 13.2%, and 14.9%, 
respectively). Furthermore, cerulein induction resulted in a severe loss of mitochondrial membrane potential (indicated 
by a 94% decrease in red/green fluorescence ratio, p < 0.001), which was significantly restored by Sal pretreatment 
(Figure 3E and F, one-way ANOVA, F(3, 16) = 25.08, p < 0.001). This loss was significantly attenuated by Sal 
pretreatment (p < 0.05). These results confirm that Sal mitigates inflammatory damage and mitochondrial dysfunction 
in acinar cells under AP-like conditions.

Sal Inhibits the RIPK1/RIPK3/MLKL Pathway to Suppress Necroptosis in AR42J Cells
We further investigated whether Sal confers protection through specific inhibition of the necroptotic pathway. Western 
blot analysis revealed that cerulein significantly upregulated key mediators of necroptosis, increasing RIPK1, RIPK3, and 
p-MLKL levels by 1.34-fold, 1.77-fold, and 1.61-fold, respectively (Figure 4A–D, one-way ANOVA, RIPK1: F(3, 12) = 
10.25, p = 0.001; RIPK3: F(3, 12) = 10.47, p = 0.001; p-MLKL: F(3, 12) = 7.813, p = 0.004). Sal treatment alone 
significantly reduced the expression of these proteins, with p-MLKL decreasing by 34.7%. The absence of an additive 
effect between Sal and Nec-1 suggests that both compounds likely target the same node within the pathway. 
Immunofluorescence staining further demonstrated robust membrane translocation of p-MLKL in AP group cells, 
whereas both Sal and Nec-1 treatments markedly reduced p-MLKL membrane aggregation (Figure 4E and F, other 
representative fields of view for each group are shown in Supplementary Figure 1). Collectively, these data strongly 
support our hypothesis that Sal alleviates cerulein-induced AP injury in AR42J cells by inhibiting the RIPK1/RIPK3/ 
MLKL-mediated necroptosis pathway.

Discussion
The pathological process of AP involves complex mechanisms, among which necroptosis has been widely recognized as 
a critical contributor to cellular damage and inflammatory responses. However, its regulatory mechanisms and potential as 
a therapeutic target in AP remain incompletely elucidated. This study suggests that Sal significantly alleviates pancreatic 
injury in both rat AP models and AR42J cells by suppressing RIPK1/RIPK3/MLKL-mediated necroptosis, providing novel 
experimental evidence to support the potential clinical application of Sal in the management of AP (Figure 5).

The present study indicate that Sal treatment markedly reduced serum levels of amylase (AMY) and pro-inflammatory 
cytokines (TNF-α, IL-6, and IL-1β) in AP rats (Figure 1A and B), consistent with previous studies reporting the protective effects 
of Sal against multi-organ injury through its anti-inflammatory and antioxidant properties.16,21–24 For instance, Wang et al25 

showed that Sal inhibited furan-induced barrier damage and intestinal inflammation by suppressing TLR4/MyD88/NF-κB 
signaling, while Wang et al26 reported Sal alleviated mitochondrial dysfunction by activating the PGC-1α/Mfn2 signaling 
pathway, and restrained the endoplasmic reticulum stress. However, unlike these earlier studies that focused primarily on general 
anti-inflammatory effects, our study provides novel mechanistic insights by specifically establishing the inhibitory effect of Sal 
on necroptosis. Histopathological evaluation further confirmed that Sal ameliorated pancreatic tissue edema, necrosis, and 
inflammatory infiltration (Figure 1C and D).

The most significant finding of this study is the identification of Sal as a regulator of necroptosis. Western blot and 
immunohistochemical analyses revealed that Sal significantly inhibited the expression of RIPK1, RIPK3, and p-MLKL in 
pancreatic tissues (Figure 2A–C). TEM further demonstrated that Sal preserved mitochondrial structural integrity 
(Figure 2F), suggesting that its protective effects may be closely associated with the mitigation of mitochondrial 
dysfunction during necroptotic stress.

The RIPK1/RIPK3/MLKL axis is a well-established pathway mediating necroptosis.6,27 Our findings not only 
confirm the pivotal role of this pathway in AP but also provide new evidence for its pharmacological modulation. Sal 
significantly inhibited the activation of this pathway in both in vivo and in vitro AP models (Figures 2A and 4A). 
Notably, Nec-1 is a well-characterized and highly specific allosteric inhibitor of RIPK1. It functions by stabilizing RIPK1 
in an inactive conformational state, thereby preventing its kinase activity and subsequent recruitment and 
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Figure 4 Sal reduces necroptosis in AR42J cells by inhibiting the RIPK1/RIPK3/MLKL pathway. (A) Representative Western blot images showing protein levels of RIPK1, RIPK3, 
MLKL and p-MLKL in different experimental groups. (B) Quantitative analysis of RIPK1 protein expression normalized to GAPDH (n=4). (C) Quantitative analysis of RIPK3 protein 
expression normalized to GAPDH (n=4). (D) Quantitative analysis of p-MLKL protein expression normalized to total MLKL (n=4). (E) Quantitative analysis of p-MLKL 
fluorescence intensity from immunofluorescence staining (n=4). (F) Representative immunofluorescence images of p-MLKL subcellular localization (scale bar: 50 μm). Red 
fluorescence represents p-MLKL signal, and blue represents DAPI nuclear staining. *p < 0.5, **p < 0.01, ***p < 0.001 compared with AP group.
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phosphorylation of RIPK3. This specific inhibition blocks the initiation of the necroptotic cascade upstream of MLKL 
activation. In our study, the use of Nec-1 served a dual purpose: firstly, as a positive control to confirm the involvement of 
RIPK1-dependent necroptosis in our AP model, and secondly, as a pharmacological tool for pathway interrogation. The 
observation that the combination of Sal and Nec-1 did not produce a significant additive effect is a critical pharmaco
logical clue. It suggests that Sal likely intersects with the necroptosis pathway at the level of RIPK1 or its upstream 
regulators, rather than acting on a parallel or downstream node.

Furthermore, Sal was found to restore mitochondrial membrane potential (Figure 3F), supporting the notion that it 
mitigates AP progression through a dual mechanism—inhibiting necroptosis and preserving mitochondrial function. This 
aligns with emerging studies emphasizing the crosstalk between necroptosis and mitochondrial dysfunction,28–30 

although the precise mechanisms require further investigation. While the inhibition of this pathway is a major mechan
ism, we cannot rule out contributions from other pathways. This is now framed as a key mechanism rather than the 
exclusive mechanism.

Despite these advances, several limitations should be acknowledged. First, this study did not directly determine the 
pharmacokinetic parameters of Sal in an ascites environment. The absorption and distribution characteristics of Sal need 
to be further clarified in future research. Second, a limitation of our in vitro study is the lack of a Nec-1 alone treatment 
group, which would have served as a crucial positive control to benchmark the efficacy of Sal against a known RIPK1 
inhibitor. Future studies will include Nec-1 as a standalone treatment to fully validate the model and provide a direct 
comparison for the potency of novel inhibitors like Sal. Third, it is important to note that although the pharmacological 
data we obtained using Nec-1 strongly suggest that Sal acts on the RIPK1 pathway, the lack of in vivo inhibitor 
experiments or a rescue experiment (eg, through RIPK1 overexpression) remains a limitation. Future studies employing 
genetic approaches both in vitro and in vivo will be essential to conclusively validate RIPK1 as the direct target. To 
further solidify our conclusions, future work will involve administering Nec-1 in a rat AP model to directly compare its 
efficacy with that of Sal and to investigate potential synergistic effects, or transfecting AR42J cells with RIPK1 plasmids 
to examine whether forced RIPK1 expression can counteract the protective effects of Sal, which would provide definitive 
mechanistic validation. Additionally, while our TEM analysis provided clear evidence of mitochondrial damage and its 
prevention by Sal, future studies could aim to capture more panoramic views to document the full spectrum of 

Figure 5 Sal inhibits the RIPK1/RIPK3/MLKL necroptosis pathway, prevents mitochondrial damage, and reduces inflammation in AP.
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necroptotic ultrastructural features, such as plasma membrane rupture. Most importantly, while pharmacological evidence 
strongly suggests that Sal targets the necroptosis pathway, direct binding assays and validation using genetic knockout 
animal models are needed to identify its precise molecular target.

From a clinical translation perspective, the pharmacokinetic profile, bioavailability, and long-term safety of Sal 
require systematic evaluation. Moreover, crosstalk between necroptosis and other cell death modalities (eg, apoptosis, 
pyroptosis9,31,32) may influence its therapeutic efficacy. However, potential compensatory survival mechanisms resulting 
from excessive inhibition of cell death should be carefully monitored.

Conclusions
In conclusion, our study provides evidence that Sal alleviates AP by inhibiting necroptosis, likely through targeting the 
RIPK1/RIPK3/MLKL pathway. Our pharmacological data are consistent with RIPK1 being a potential target, although 
this requires direct genetic validation in future studies.
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