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A B S T R A C T   

Our previous studies showed that Salidroside (Sal), a glucoside of the phenylpropanoid tyrosol 
isolated from Rhodiola rosea L, alleviated severe acute pancreatitis (SAP) by inhibiting inflam-
mation. However, the detailed mechanism remains unclear. Recent evidence has indicated a 
critical role of Sal in ameliorating inflammatory disorders by regulating pyroptosis. The present 
study aimed to explore the involvement of Sal and pyroptosis in the pathogenesis of SAP and 
investigate the potential mechanism. The effects of Sal on pyroptosis were first evaluated using 
SAP rat and cell model. Our results revealed that Sal treatment significantly decreased SAP- 
induced pancreatic cell damage and pyroptosis in vivo and in vitro, as well as reduced the 
release of lactate dehydrogenase (LDH), IL-1β and IL-18. Search Tool for Interacting Chemicals 
(STITCH) online tool identified 4 genes (CASP3, AKT1, HIF1A and IL10) as candidate targets of 
Sal in both rattus norvegicus and homo sapiens. Western blot and immunohistochemistry staining 
validated that Sal treatment decreased the phosphorylation levels of Akt and NF-κB p65, as well 
as cleaved caspase-3 and N-terminal fragments of GSDME (GSDME-N), suggesting that Sal might 
suppress pyroptosis through inactivating Akt/NF-κB and Caspase-3/GSDME pathways. Further-
more, overexpression of AKT1 or CASP3 could partially reverse the inhibitory effects of Sal on cell 
injury and pyroptosis, while downregulation of AKT1 or CASP3 promoted the inhibitory effects of 
Sal. Taken together, our data indicate that Sal suppresses SAP-induced pyroptosis through inac-
tivating Akt/NF-κB and Caspase-3/GSDME pathways.   

1. Introduction 

Severe acute pancreatitis (SAP) represents 20% of the total cases of acute pancreatitis, one of the most diagnosed gastrointestinal 
disorders [1–3]. The disease is often associated with multiple organ failure, systemic inflammatory response syndrome, and a high 
mortality rate [4–6]. The mortality accounts for approximately 30% of all SAP cases [7]. To date, however, there is still no therapeutic 
agent available to block the disease course [3]. Thus, it is urgent to identify potential agents and explore the mechanism underlying 

* Corresponding author. 
E-mail address: wx102474wx@163.com (X. Wang).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e13225 
Received 10 July 2022; Received in revised form 12 January 2023; Accepted 20 January 2023   

mailto:wx102474wx@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e13225
https://doi.org/10.1016/j.heliyon.2023.e13225
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e13225&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e13225
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e13225

2

SAP pathogenesis. 
The pancreatitis is featured with pancreatic acinar cell injury and inflammatory cell infiltration [8,9]. When SAP occurs, macro-

phages infiltrate into the necrotic tissue, causing a systemic inflammatory response [10]. Growing evidence has shown that pancreatic 
acinar cells can form inflammasomes and die via pyroptosis, which contributes to SAP progression [11–13]. Pyroptosis is a novel 
pro-inflammatory type of programmed cell death initiated by inflammasomes, accompanied by caspase-mediated cleavage of gas-
dermins and release of inflammatory factors [14]. Pyroptosis has been implicated in many inflammatory diseases, such as systemic 
lupus erythematosus, Alzheimer’s disease, sepsis and stroke [15–18]. But the detailed role of pyroptosis in SAP development has not 
been fully elucidated. 

Salidroside (Sal, 2-(4-phydroxyphenethyl) ethyl-β-Dglucopyranoside) is one of the main bioactive compounds isolated from 
Rhodiola rosea L [19]. In recent years, Sal has been proven to play critical roles in regulating inflammation and pyroptosis [20]. For 
example, Sal could ameliorate Parkinson’s and Alzheimer’s disease through suppressing NLRP3-dependent pyroptosis [21,22]. In 
atherosclerosis, Sal significantly decreased atherosclerotic plaque and inhibited NLRP3-related endothelial cell pyroptosis [23]. Our 
previous studies demonstrated that Sal could obviously improve SAP-induced pancreatic damage partly through reducing inflam-
mation [24,25]. These findings suggest that Sal might have a potential role to protect against SAP via inhibiting pancreatic acinar cell 
pyroptosis. 

In this study, we aimed to explore the involvement of Sal and cell pyroptosis during SAP in vivo and in vitro. In addition, the 
molecular mechanism related to the process was also investigated, which might provide references for clinical treatment of SAP. 

2. Materials and methods 

2.1. Experimental design in vivo 

The ethics and protocol were approved by the Yizheng Hospital of Nanjing Drum Tower Hospital Group Institutional Review Board. 
The 18 male Sprague-Dawley rats were randomly divided into 3 groups (n = 6 per group) for animal experiments as follows: (1) 
Negative control (sham) group; (2) SAP group, rats were administered with 3.5% sodium taurocholate solution according to our 
established protocol [26–28]; (3) SAP + Sal group, rats were received 20 mg/kg Sal (National Institutes for Food and Drug Control, 
Approval No. 110818–202009, Beijing, China) intraperitoneally 3 h after successful modeling. Sal injection (2 mg/ml) was prepared 
by dissolving 20 mg Sal in 10 ml double distilled water. This in vivo dose of Sal was selected mainly referring to our previous research 
[25]. After 24 h induction of SAP, all animals were euthanized, and blood and tissue samples were collected. 

2.2. Cell culture and treatment 

The rat pancreatic exocrine cell line AR42J was purchased from the China Center for Type Culture Collection (Wuhan, China). Cells 
were grown in Ham’s F12 medium (Invitrogen) containing 10% fetal bovine serum and cultured in a 37 ◦C and 5% CO2 incubator. To 
generate the cell model of SAP, AR42J cells were treated with 200 μM taurolithocholic acid 3-sulfate (TLC-S, Sigma, USA) and cells in 
the control group were cultured under normal conditions as our previously described [24]. For Sal treatment, the cells were incubated 
with 666 μM Sal for additional 24 h according to our previous report [24], and then the cells and culture supernatants were collected 
for further studies. 

2.3. Plasmids and oligonucleotides transfection 

CV061-CMV-MCS-3FLAG-SV40-Puro-myrAKT1 plasmid with cDNA for constitutively active myristoylated rat AKT1 (CV-myr-
AKT1), CV061-CMV-MCS-3FLAG-SV40-Puro-CASP3 with cDNA for rat CASP3 (CV-CAPS3) and negative control (CV-NC), small 
interfering RNA (siRNA) specific for rat AKT1 (si-AKT1) and rat CASP3 (si-CASP3) and negative control (si-NC) were purchased by 
Genechem (Shanghai, China). Lipofectamine 2000 (Invitrogen) was used for transfections with 50 nM oligonucleotides or 100 nM 
plasmids following the manufacturer’s protocol. 

2.4. Cell counting kit-8 (CCK-8) assay 

Cell viability was detected by CCK-8 assay. Cells at 6 × 103 cells per well were seeded in 96-well plates and incubated overnight. 
After 24 h inoculation, 10 μl of CCK-8 reagent (#C0038, Beyotime, Shanghai, China) was added and cultured at 37 ◦C for 4 h. The 
absorbance at 450 nm was determined using a microplate reader (Thermo Scientific). 

2.5. Histopathologic examination 

Pancreatic tissues were fixed with 4% paraformaldehyde, and paraffin sectioned into 4 μm thick sections. Then the sections were 
baked at 60 ◦C for 2 h, deparaffinized with xylene and rehydrated with gradient ethanol. Next, the sections were stained with he-
matoxylin (0.5 g/L, Mayer’s hematoxylin) for 10 min and eosin (5 g/L) (HE) for 5 min. After baking at 37 ◦C for 30 min, the sections 
were mounted with neutral balsam, and the histopathologic changes were observed under a light microscope. The pancreatic tissue 
injury from 5 randomly selected fields in each section was evaluated by double-blind method and scored based on Schmidt’s severity 
score standard of pancreas as follows: edema (0–4 points), inflammation (0–4 points), glandular cell necrosis (0–4 points) and 
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hemorrhage (0–1 point) [29]. 

2.6. Biochemical inspection 

The serum and culture supernatants were collected. The activity of amylase were determined by Hitachi 7600 automatic 
biochemical analyzer (Hitachi). The levels of lactate dehydrogenase (LDH, #A020-2-2), TNF-α (#H052-1), IL-1β (#H002), IL-6 
(#H007-1-1), IL-8 (#H008) and IL-18 (#H015) were measured by assay kits from Jiancheng (Nanjing, China) according to the 
manufacturer’s protocols. 

2.7. Identification of candidate targets of Sal 

Search Tool for Interacting Chemicals (STITCH, http://stitch.embl.de) is an online tool that predicts the potential interactions 
between proteins and chemicals in different organisms [30]. To identify candidate targets of Sal, we used “Single Item by Name/-
Identifier” module. “Item Name” was set as “salidroside”, “Organism” was set as “Homo sapiens” or “Rattus norvegicus” and “mini-
mum required interaction score” was set as “medium confidence (0.4)”. 

2.8. Determination of Sal in pancreatic tissues by high performance liquid chromatography (HPLC) 

After 1 h treatment of Sal, pancreatic tissues were collected and homogenized. Samples (200 μl) were diluted with 1 ml methanol- 
water (50:50, v/v) and mixed by vibrating for 5 min. After centrifuging at 10,000 rpm for 20 min, the supernatant was collected, then 
freezed and evaporated in vacuum. The residue was ultrasonically dissolved with 200 μl mobile phase. After centrifuging at 10,000 
rpm for 20 min, 20 μl supernatant was injected and analyzed by HPLC. The Sal standard curve was established by mixing homogenized 
pancreatic tissues of sham group with a series of Sal standard samples with different concentrations analyzed by HPLC. The conditions 
were listed as follows: Welchrom C18 column (4.6 mm × 250 mm, 5 μm); The mobile phase was acetonitrile-water (13:87, v/v); 
Volume flow was 1 ml/min; The detection wavelength was 275 nm; The column temperature is 30 ◦C. 

2.9. Western blot 

Cells were lysed by radio immunoprecipitation assay lysis buffer and proteins (30 μg) were separated on 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and then transferred onto polyvinylidene fluoride membranes (Millipore). After blocked 
with blocking buffer (Beyotime) at room temperature for 30 min, the membranes were incubated with primary antibodies against p- 
Akt (1:1000; #4060, cst), Akt1 (1:1000; #2938, cst), NF-κB p65 (1:1000; #8242, cst), NF-κB p-p65 (1:1000; #ab86299, Abcam), 
cleaved caspase-3 (1:1000; #9664, cst), caspase-3 (1:1000; #9662, cst), GSDME (1:1000; ab215191, Abcam) and GAPDH (1:1000; 
#ab181602, Abcam) at 4 ◦C overnight. After incubation, the membranes were washed and incubated with HRP-conjugated secondary 
antibodies at room temperature for 2 h and visualized using the ECL system (Beyotime). Protein levels were normalized to GAPDH. 

2.10. Hoechst 33342/propidium iodide (PI) double staining 

Morphological changes of dead cells were detected by Hoechst 33342/PI Double Stain Kit (#CA1120, Solarbio, Beijing, China). 
Briefly, cells were seeded in 24-well plates for 24 h and received different treatments as indicated. The cells were then stained with 
Hoechst 33342 (10 μg/ml) and PI (1 mg/ml) at 4 ◦C for 30 min and washed with phosphate buffered saline. Subsequently, the stained 
cells were observed under a fluorescence microscope (Leica). 

2.11. Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining 

Dead cells in pancreatic tissues were determined by TUNEL assay with an In Situ Cell Death Detection Kit (Roche, #11684809910) 
in compliance with the instructions. Then, the nucleus of the cells was stained with DAPI (0.4 μg/ml, #S7113, Sigma) at room 
temperature for 10 min. TUNEL positive (green) and DAPI positive (blue) staining results were observed under a microscope. TUNEL- 
positive cells from 5 randomly selected fields were counted. 

2.12. Immunohistochemistry (IHC) staining analysis 

The collected pancreatic tissues were fixed in 4% paraformaldehyde at 4 ◦C overnight, paraffin-embedded and sectioned into 5-μm 
thick sections. Then the sections were dewaxed with gradient ethanol, steam heated for antigen retrieval in citrate-based buffer, 
blocked with 3% H2O2 followed by 10% bovine serum albumin. Then, the sections were incubated with anti–NF–κB p-p65 primary 
antibody (1:200, #ab86299, abcam) overnight at 4 ◦C and secondary antibody (1:2000, Abcam) for 1 h at room temperature, and 
stained with a DAB and hematoxylin substrate kit (ZSGB-BIO, Beijing, China). 

2.13. Immunofluorescence staining 

Treated cells were fixed with 4% polyformaldehyde at room temperature for 20 min and then permeabilized with 0.5% Triton X- 

X. Wang et al.                                                                                                                                                                                                          

http://stitch.embl.de


Heliyon 9 (2023) e13225

4

100 for 10 min. After blocking with 5% goat serum for 30 min, the cells were incubated with primary antibody against p65 (1:2000, 
#8242, cst) at 4 ◦C overnight and then incubated with fluorescent secondary antibody. The nucleus was stained with DAPI (0.4 μg/ml, 
#S7113, Sigma). Slides were visualized under a fluorescence microscopy. 

2.14. Statistical analysis 

Data were expressed as the mean ± standard deviation (SD) of at least three separate experiments. All data analysis was conducted 
using GraphPad Prism 9 (GraphPad Software, USA). The unpaired t-test and one-way analysis of variance (ANOVA) were performed for 
comparisons between two or multiple groups. Statistical significance was set at P < 0.05. 

3. Results 

3.1. Sal suppressed SAP-induced cell pyroptosis in vivo 

To explore the involvement of Sal and pyroptosis during SAP, we established SAP rat model and then treated with Sal. HPLC 
analysis showed that the retention time of Sal was 6.5 min (Supplementary Fig. 1). After 1 h treatment of Sal, the concentration of Sal in 
pancreatic tissues was 0.37 ± 0.02 μg/ml. HE staining demonstrated that there was no abnormal change in pancreatic acini and stroma 
in the sham group, and the other groups showed different degrees of SAP pathological changes, such as edema, hemorrhage, necrosis, 
inflammatory cell infiltration and incomplete lobules (Fig. 1A and B). In the SAP group, large areas of necrosis, extensive congestion 
and edema, many infiltrated inflammatory cells and red blood cells in the stroma and acini were observed, along with micro-
thrombosis. Meanwhile, the structure of lobules and acini were fuzzy or even complete destroyed in the SAP group. In the SAP + Sal 
group, the lesion degree in the necrosis, hemorrhage, edema and inflammation of pancreatic tissue was reduced compared with the 
SAP group. As shown in Fig. 1C and D, the number of TUNEL-positive cells was obviously increased following SAP treatment, but the 

Fig. 1. Sal suppressed SAP-induced cell pyroptosis in vivo. A Representative images of HE stained sections of rat pancreatic tissues from sham, SAP 
and SAP + Sal group. represented lobule structure, represented microthrombosis, represented red cells and represented 
immune cells. B Quantitative analysis of pancreatic injury score. The histopathologic changes of Fig. 1A were observed under a light microscope. 
Five non-overlapping visual fields were randomly selected in each section and the pancreatic tissue injury was evaluated by double-blind method 
and scored based on Schmidt’s severity score standard of pancreas as follows: edema (0–4 points), inflammation (0–4 points), glandular cell necrosis 
(0–4 points) and hemorrhage (0–1 point). C Representative images of TUNEL staining of rat pancreatic tissues from sham, SAP and SAP + Sal group. 
Blue represents DAPI staining and green represents TUNEL staining. D Quantitative analysis of TUNEL-positive cells. TUNEL-positive cells from 5 
randomly selected fields were observed and counted under a microscope. The data were expressed as mean ± standard deviation. E Activity of the 
serum amylase. F LDH release in the pancreatic tissues. G Serum IL-1β level. H Serum IL-18 level. **P < 0.01 compared with sham group. ##P <
0.01 compared with SAP group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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percentage of TUNEL-positive cells was reduced by approximately 50% with Sal treatment. Besides, activity of the serum amylase was 
significantly lower in SAP + Sal group than that of SAP group (Fig. 1E). Compared with sham group, the LDH release, IL-1β and IL-18 
levels were prominently increased in SAP group, but the levels were evidently decreased with Sal treatment (Fig. 1F-1H). 

3.2. Sal suppressed SAP-induced cell injury and pyroptosis in AR42J cells 

To further evaluate the functions of Sal in pyroptosis, AR42J cells were incubated with TLC-S. As observed by microscopy, cells 
treated with SAP notably exhibited morphological features of pyroptotic cells, with swelling and balloon-like bubbling, while the 
number of pyroptotic cells was reduced after Sal treatment (Fig. 2A). CCK-8 assay results showed that cell viability was inhibited with 
TLC-S treatment, but enhanced after Sal treatment compared with SAP alone (Fig. 2B). Hoechst 33342/PI double staining validated 
that SAP-induced pyroptosis was partly mitigated by Sal treatment in AR42J cells (Fig. 2C and D). Consistent with in vivo experiments, 
the activity of amylase was increased in SAP group in comparison with control group (Fig. 2E). However, the activity of amylase was 
reduced with Sal treatment. Furthermore, Sal treatment also suppressed the LDH release, IL-1β and IL-18 production levels (Fig. 2F-H). 
These findings indicate that Sal could relieve SAP-induced cell injury and pyroptosis. 

3.3. Sal suppressed activation of Akt/NF-κB and caspase-3/GSDME pathways 

To uncover the underlying mechanism through which Sal regulated cell pyroptosis in SAP, an online tool STITCH was used to 
predict the possible targets of Sal. As shown in Fig. 3A and B, 4 genes (CASP3, AKT1, HIF1A and IL10) were identified as candidate 
targets of Sal in both rattus norvegicus and homo sapiens. Recent studies have indicated that Akt/NF-κB and Caspase-3/GSDME 
pathways play a key role in regulating cell pyroptosis [31–34]. Western blot analysis was performed to measure the protein levels 
of Akt/NF-κB and Caspase-3/GSDME pathways-related genes. The results revealed that Sal treatment reduced the levels of p-Akt, 
p-p65, cleaved caspase-3 and N-terminal fragments of GSDME (GSDME-N) (Fig. 3C and D and Supplementary Fig. 2). Immunofluo-
rescence analysis showed that SAP treatment caused a translocation of p65 into the nucleus, but Sal reversed this translocation 
(Fig. 3E). In addition, we detected the expression of NF-κB p-p65 in the pancreatic tissues by IHC staining. The data showed that Sal 

Fig. 2. Sal suppressed SAP-induced cell injury and pyroptosis in AR42J cells. A Representative morphological images of AR42J cells treated with 
SAP or SAP + Sal under microscope. represented pyroptotic cells. B AR42J cells were treated with SAP or SAP + Sal and then cell viability was 
determined by CCK-8 assay with an absorbance at 450 nm. C Representative images of Hoechst 33342/PI double staining. Blue represents Hoechst 
33342 staining and red represents PI staining. D Quantitative analysis of PI-positive cells. PI-positive cells from 5 randomly selected fields were 
observed and counted under a fluorescence microscope. The data were expressed as mean ± standard deviation. E Amylase activity in the cultured 
cell supernatant. F LDH release in the cultured cell supernatant. G IL-1β level in the cultured cell supernatant. H IL-18 level in the cultured cell 
supernatant. **P < 0.01 compared with control group. ##P < 0.01 compared with SAP group. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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treatment could reduce the expression level of p-p65 compared with SAP group (Fig. 3F). Taken together, these results demonstrated 
that inactivation of Akt/NF-κB and Caspase-3/GSDME pathways might be responsible for Sal suppressing SAP-induced pyroptosis. 

3.4. Sal ameliorated SAP-induced cell injury and inflammation by inhibiting AKT1 and CASP3 expression 

To further validate the involvement of Akt/NF-κB and Caspase-3/GSDME pathways in the Sal-mediated protection against SAP, CV- 
myrAKT1, CV-CAPS3, si-AKT1 or si-CASP3 were transiently transfected into AR42J cells. As shown in Fig. 4A and B, the efficiency of 
overexpression and downregulation was verified by Western blot (Supplementary Fig. 3). CV-myrAKT1 or CV-CAPS3 reversed the 
promotion of cell viability-induced by Sal treatment, and si-AKT1 or si-CASP3 further increased cell viability in comparison to negative 
control group (Fig. 4C). Furthermore, Sal treatment decreased the activity of the amylase, nevertheless, overexpression of AKT1 or 
CAPS3 presented opposite results, and downregulation of AKT1 or CAPS3 significantly reduced the activity of the amylase compared 
with negative control group (Fig. 4D). 

Fig. 3. Sal suppressed activation of Akt/NF-κB and Caspase-3/GSDME pathways. A Ten proteins (Akt1, Akt2, Akt3, Casp3, Epas1, Hif1α, Hif3α, Il10, 
Npas1 and Npas3) were predicted to be potential targets of Sal in rattus norvegicus by an online tool STITCH. B Four proteins (AKT1, CASP3, HIF1A 
and IL10) were predicted to be potential targets of Sal in homo sapiens by STITCH. C Effects of Sal on Akt/NF-κB and Caspase-3/GSDME pathways- 
related proteins were evaluated by Western blot in SAP cell model. D Quantitative analysis of relative protein levels of Fig. 3C. E Effect of Sal on the 
nuclear translocation of p65 was determined by immunofluorescence. F IHC staining of p-p65 in the rat pancreatic tissues. **P < 0.01 compared 
with control group. #P < 0.05, ##P < 0.01 compared with SAP group. 
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Our previous studies indicated that Sal could suppress the inflammation, meanwhile pyroptosis is an inflammatory form of pro-
grammed cell death. Thus, we supposed that Akt/NF-κB and Caspase-3/GSDME pathways might participate in the Sal-mediated in-
flammatory response in SAP. ELISA assays results indicated that the overexpression of AKT1 or CAPS3 reversed, and downregulation of 
AKT1 or CAPS3 enhanced the inhibitory effect of Sal on pro-inflammatory cytokine production of TNF-α, IL-6 and IL-8 (Fig. 4E–4G). 
Taken together, our data indicate that Sal could alleviate SAP-induced cell injury and inflammation partly through Akt/NF-κB and 
Caspase-3/GSDME pathways. 

Fig. 4. Sal ameliorated SAP-induced cell injury and inflammation by inhibiting AKT1 and CASP3 expression. A AR42J cells were transfected with 
CV-myrAKT1, CV-CAPS3, si-AKT1, si-CASP3 or negative controls. The efficiency of overexpression and downregulation was verified by Western 
blot. B Quantitative analysis of relative protein levels of Fig. 4A. C Cell viability was detected by CCK-8 assay. D-G AR42J cells were transfected with 
CV-myrAKT1, CV-CAPS3, si-AKT1, si-CASP3 or negative controls and then treated with SAP and Sal. Amylase activity (D), TNF-α level (E), IL-6 level 
(F) and IL-8 level (G) in the cultured cell supernatant. For B, **P < 0.01 compared with CV-NC group. For C-G, *P < 0.05, **P < 0.01 compared with 
SAP group. #P < 0.05, ##P < 0.01 compared with SAP + Sal + CV-NC group. $P < 0.05, $$P < 0.01 compared with SAP + Sal + si-NC group. 

Fig. 5. Sal suppressed SAP-induced cell pyroptosis through reducing AKT1 and CASP3 expression. AR42J cells were transfected with CV-myrAKT1, 
CV-CAPS3, si-AKT1, si-CASP3 or negative controls and then treated with SAP and Sal. A Representative morphological images of AR42J cells under 
microscope. represented pyroptotic cells. B Representative images of Hoechst 33342/PI double staining. Blue represents Hoechst 33342 
staining and red represents PI staining. C Quantitative analysis of PI-positive cells. D-F LDH release (D), IL-1β level (E) and IL-18 level (F) in the 
cultured cell supernatant. *P < 0.05, **P < 0.01 compared with SAP group. #P < 0.05, ##P < 0.01 compared with SAP + Sal + CV-NC group. $P <
0.05, $$P < 0.01 compared with SAP + Sal + si-NC group. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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3.5. Sal suppressed SAP-induced cell pyroptosis through reducing AKT1 and CASP3 expression 

Subsequently, we determined whether Sal inhibiting SAP-induced cell pyroptosis was dependent on Akt/NF-κB and Caspase-3/ 
GSDME pathways. We observed that Sal treatment could alleviate the SAP-induced cell pyroptosis, whereas AKT1 or CASP3 over-
expression partially removed this alleviation, and AKT1 or CASP3 silence further reduced the number of pyroptotic cells compared 
with negative control group (Fig. 5A). Moreover, Hoechst 33342/PI double staining confirmed that Sal treatment remarkably 
decreased the number of PI-positive cells, whereas the number of PI-positive cells was increased when CV-myrAKT1 or CV-CAPS3 was 
transfected into AR42J cells (Fig. 5B and C). Meanwhile, silence of AKT1 or CAPS3 decreased the number of PI-positive cells. As shown 
in Fig. 5D, we noted that overexpression of AKT1 or CAPS3 reversed the Sal-induced inhibition of LDH release, while downregulation 
of AKT1 or CAPS3 further promoted the Sal-induced effects on LDH release. Similarly, the reduction of IL-1β and IL-18 production 
levels was diminished following with the overexpression of AKT1 or CAPS3, but the reduction tendency was obviously accelerated 
after silencing AKT1 or CAPS3 (Fig. 5E and F). These results imply that Sal exerts its protective role against SAP-induced pyroptosis at 
least in part via regulating Akt/NF-κB and Caspase-3/GSDME pathways. 

4. Discussion 

Pancreatic acinar cell death is an important event in the progression of SAP due to relevant inflammatory cascade. In recent years, 
various forms of cell death have been characterized during SAP, including apoptosis, necrosis, autophagy, ferroptosis and pyroptosis 
[35–38]. The form of pancreatic acinar cell death is closely related to the prognosis of SAP patients. As two main death forms of 
pancreatic acinar cells in SAP, the transformation from necrosis to apoptosis can reduce the severity and has a beneficial effect on the 
prognosis [39]. Different from apoptosis, however, pyroptosis triggers an excessive release of pro-inflammatory cytokines and 
eventually aggravates pancreatic injury [12]. In this context, understanding the molecular mechanism of pancreatic acinar cell 
pyroptosis might contribute to the SAP treatment. 

Recently, many studies have focused on the role of pyroptosis in SAP pathogenesis. For example, downregulated Gasdermin D 
(GSDMD) was reported to reduce SAP-induced pyroptosis and relieve the pancreatic and intestinal mucosal damage in a mouse model 
[40]. Xu et al. found that emodin treatment significantly mitigated the SAP-associated pyroptosis, inflammation and lung damage 
through activating NLRP3/IL-1β/CXCL1 signaling via downregulating CIRP expression [41]. Consistent with the findings mentioned 
above, we observed obvious morphological features of pyroptotic cells in SAP cell model. Sal treatment could significantly reduce the 
SAP-induced pyroptosis and inflammatory response. In recent studies, the involvement of Sal and pyroptosis has also been implicated 
in Parkinson’s disease, Alzheimer’s disease and atherosclerosis [21–23]. Taken together, these studies support an unequivocal role for 
Sal in inhibiting pyroptosis under pathological conditions. 

Subsequently, we explored the underlying mechanisms by which Sal exerted its inhibitory effects on cell pyroptosis during SAP. 
Based on STITCH prediction and previous literature reports, we assumed that AKT1 and CAPS3 might be crucial downstream targets of 
Sal. Western blot results demonstrated that Sal could decrease the levels of p-Akt and cleaved caspase-3, as well as their downstream p- 
p65 and GSDME-N expression. Furthermore, Sal treatment suppressed p65 translocation from cytoplasm to nucleus. More importantly, 
rescue experiments further confirmed that overexpression of AKT1 and CAPS3 could reverse the inhibitory effects of Sal on cell injury 
and pyroptosis, while downregulation of AKT1 and CAPS3 further promoted the effects of Sal. Thus, we concluded that Sal ameliorated 
SAP-induced pyroptosis at least partially by inactivating Akt/NF-κB and Caspase-3/GSDME pathways. 

Akt/NF-κB pathway is an important cellular signaling cascade that widely involves in the inflammatory diseases [42–44]. Previous 
studies have indicated that Akt is a key downstream of Sal. For instance, Sal treatment was reported to protect against H2O2-induced 
endothelial dysfunction by activating AMPK, Akt and NF-κB [45]. Whereas, a recent study from He et al. demonstrated that Sal 
pretreatment with hypoxia could increase the ability of rat adipose-derived stem cell proliferation, migration and tolerance against 
H2O2-induced oxidative stress by activating Akt and inactivating NF-κB pathway [46]. Growing evidence has also suggested a regu-
latory function of Sal in regulating caspase-3 expression. Tang et al. discovered that Sal suppressed apoptosis of PC12 cells by reducing 
cleaved caspase-3 and caspase-3 expression [47]. Interestingly, other studies have reported conflicting results. In thyroid cancer WRO 
cells, Sal significantly restrained cell migration and invasion, and induced apoptosis by activating JAK2/STAT3 pathway and pro-
moting cleaved caspase-3 level [48]. These findings suggest that Sal could regulate Akt/NF-κB and Caspase-3/GSDME pathways, but 
the activation or inactivation might differ in different diseases. Moreover, further investigations will be needed to elucidate the 
mechanism by which Sal regulates the expression of Akt and caspase-3. 

There were several limitations to this study. AKT1 and CASP3 were predicted to be potential targets of Sal, and our experimental 
data also showed Sal could regulate AKT1 and caspase-3 expression. However, these findings did not provide evidence for the direct 
interaction between Sal and AKT1 or caspase-3. Molecular docking and fluorescent-labeled probe of Sal will help to validate these 
findings. In addition, the effects of AKT1 and CASP3 on Sal-mediated pyroptosis and inflammation were tested by SAP cell model in 
vitro, which is worthy of further investigations using in vivo SAP model. Furthermore, although our studies indicate that Sal shows a 
potential protective effect against SAP by ameliorating pancreatic injury via regulating cell pyroptosis and inflammatory response, it is 
still a long way to go before Sal use in clinic. Like many clinical translations of natural molecules, we need to overcome lots of 
problems, such as bioavailability, safety and pharmacodynamic reproducibility [49]. 

In summary, this study indicated that Sal could suppress SAP-induced pancreatic injury, pyroptosis and inflammation in a Akt/NF- 
κB and Caspase-3/GSDME pathways-dependent manner. Our findings also added novel insights into the mechanism of Sal against SAP 
and highlighted the potential of Sal as a therapeutic agent for SAP intervention. 
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