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Abstract
BACKGROUND 
Acute pancreatitis (AP), the initially triggered inflammatory process in the 
pancreas, can be life-threatening. It has been reported that 15-lipoxygenase may 
promote the removal of damaged intracellular components, maintain intracellular 
homeostasis, and promote apoptosis by upregulating the activity of caspases. 
Despite an increased understanding of the lipoxygenase pathway in inflammation 
and immune diseases, the role of the Alox15 gene product in modulating the 
inflammatory changes during AP is not well defined.

AIM 
To investigate the effect of Alox15 expression in cerulein-induced AP in rats.

METHODS 
Model rats were transfected with Alox15 by injecting a recombinant lentivirus 
vector encoding Alox15 into the left gastric artery before inducing AP. The 
expression of Alox15 was then assessed at the mRNA and protein levels.

RESULTS 
Our in vivo results showed that serum amylase activity and pancreatic tissue 
water content were significantly reduced in Alox15-transfected rats. Further, the 
mRNA expression levels of tumor necrosis factor alpha, interleukin (IL)-1β, IL-6, 
and monocyte chemoattractant protein-1, as well as the protein expression of 
nuclear factor kappa B in pancreatic tissue were reduced. Additionally, we 
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observed an upregulation of cleaved caspase-3 that implies an induction of apoptosis in pancreatic cells. The 
transfection of Alox15 resulted in a lower number of autophagic vacuoles in AP.

CONCLUSION 
Our findings demonstrate a regulatory role of Alox15 in apoptosis and autophagy, making it a potential therapeutic 
target for AP.

Key Words: Acute pancreatitis; Cerulein; 12/15-lipoxygenase; Apoptosis; Autophagy

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Our in vivo data demonstrated for the first time that Alox15 transfection attenuated cerulein-induced acute pancre-
atitis (AP) in a murine model, highlighting its regulatory role in inflammation, apoptosis, and autophagy. These findings 
suggested that Alox15 may serve as a potential therapeutic target for the treatment of AP by modulating the key cellular 
processes involved in the pathology of this disease.

Citation: Sun HW, Bai YY, Qin ZL, Li RZ, Madzikatire TB, Akuetteh PDP, Li Q, Kong HR, Jin YP. Transfection of 12/15-lipoxy-
genase effectively alleviates inflammatory responses during experimental acute pancreatitis. World J Gastroenterol 2024; 30(42): 
4544-4556
URL: https://www.wjgnet.com/1007-9327/full/v30/i42/4544.htm
DOI: https://dx.doi.org/10.3748/wjg.v30.i42.4544

INTRODUCTION
Acute pancreatitis (AP) is a common inflammatory disease of the digestive tract, triggered by abnormal activation of 
enzymes in the pancreas, leading to pancreatic self-digestion and local tissue damage. The common causes for this 
disease include gallstones, alcoholism, and infections, which can lead to local or systemic complications[1]. Severe AP, 
especially when accompanied by organ failure or complications, is associated with a significant increase in mortality[2]. It 
has been shown that the complete resolution of inflammation and re-establishment of homeostasis is the ideal outcome of 
the defense mechanisms employed by the body against inflammation. To alleviate inflammation, our body must maintain 
a homeostasis of the internal environment. One of the primary mechanisms for attaining this goal is the generation of 
endogenous lipid mediators, with potent physiological properties like anti-inflammation, pro-resolving properties, 
phagocytosis, and the elimination of pathogens and apoptotic cells, preventing a progression from an acute to a chronic 
disease state and the induction of autoimmune disease[3-6].

Lipoxygenases are lipid-peroxidizing enzymes that oxidize polyunsaturated fatty acids to generate bioactive lipid 
metabolites such as leukotrienes, lipoxins, hepoxilins, resolvins, and protectins[7-12]. However, the pathophysiological 
role of lipoxygenases is not restricted to the synthesis of lipid mediators as they also play additional roles in other 
mechanisms such as autophagy, apoptosis, and ferroptosis[13-17]. Lipoxygenases are involved in regulating autophagy, 
promoting the removal of damaged intracellular components, maintaining intracellular homeostasis, and promoting 
apoptosis by upregulating the activity of caspases[18,19]. In addition, the activity of lipoxygenases is also associated with 
ferroptosis, an iron-dependent mode of programmed cell death. Lipoxygenases may also be involved in the regulation of 
iron-dependent death by affecting lipid peroxidation and cell membrane integrity[20]. Compelling evidence has already 
corroborated that lipoxygenases are involved in the pathogenesis of pancreatitis, particularly by regulating the activation 
of leukocytes and the release of inflammatory mediators. Murine 12/15-lipoxygenase (12/15-LO), encoded by the Alox15 
gene and the human 15-lipoxygenase gene share multiple similarities, including expression patterns, biological effects, 
and 73% identical amino acid sequences[21,22]. It has been suggested that the names of the different lipoxygenase 
isoforms should follow their encoding genes. For example, all the 12/15-LO orthologs from various species should be 
named Alox15[23].

Advances in gene transfection, including chemical methods (such as calcium phosphate and liposomes), physical 
methods (like electroporation and microinjection), and viral vectors (which use modified viruses to deliver genes into 
cells), have facilitated the investigation of the role of Alox15 in vivo[24,25]. To explore the effects of Alox15 on inflam-
mation in a murine model of AP, we employed a high transfection efficiency recombinant lentiviral vector encoding 
Alox15, which was delivered to the target tissue via the regional arterial infusion (RAI) technique. The RAI technique is a 
drug delivery system known for the delivery of drugs to the precise location of the disease, thus, ensuring increased 
concentration in the target tissue[26]. Therefore, the RAI technique was used to deliver the recombinant Alox15-lentiviral 
vector to the pancreas.

To date, the role of lipoxygenase enzymes in inflammatory diseases remains largely elusive due to the paucity of 
investigations[27,28]. Notably, the biological functions of Alox15 in AP have yet to be defined with clarity. We transfected 
rats with Alox15-lentivirus via a left gastric artery injection and investigated its effects in the cerulein-induced rat model of 
AP. Therefore, our present study elucidates the mechanisms by which Alox15 expression influences AP in vivo.

https://www.wjgnet.com/1007-9327/full/v30/i42/4544.htm
https://dx.doi.org/10.3748/wjg.v30.i42.4544
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MATERIALS AND METHODS
Materials
The materials used include cerulein, pentobarbital sodium, collagenase 1, and tublin (Sigma, St. Louis, MO, United 
States); PE-10 catheter (An Lai Software and Instruments Co. Ltd, Ningbo, China); amylase activity assay kit (Nanjing 
Jiancheng Biotechnology Research Institute, Nanjing, China); ELISA kit for interleukin (IL)-1β, IL-6, tumor necrosis factor-
α (TNF-α), and monocyte chemoattractant protein-1 (MCP-1) (eBioscience, California, United States); cleaved caspase 3 
and NF-κB p-P65 antibodies (Cell Signaling Biotechnology, Danvers, MA, United States); TUNEL assay (Roche, 
Indianapolis, IN, United States); the primers of 15-LO, IL-1β, IL-6, TNF-α, and MCP-1 (Sangon Biotech, Shanghai, China); 
the rats Alox15-lentiviral vector and the control vector (Genechem Co., Ltd., Shanghai, China).

Animals
All animal experiment methods were approved by the animal ethics committee, Institutional Animal Committee, of 
Wenzhou Medical University (Wenzhou, China) and performed per humane care and use policies of laboratory animals.

Twenty-four healthy male SD rats, 10-12 weeks old (270-300 g), were housed individually in cages in room temperature 
(20-22 °C), maintained in climate-controlled condition using a 12-hour light-dark cycle. All rats were fed standard 
laboratory chow and fasted overnight before the experiment with water ad libitum.

Twenty-four male SD rats were randomly divided into 4 groups: The control group (no transfection of lentivirus, n = 
6), the AP group (no transfection of lentivirus + cerulein-induced AP, n = 6), the Alox15-lentiviral vector group 
(transfection of Alox15 Lentivirus vector + cerulein-induced AP, n = 6) and the vector control group (transfection of 
control lentivirus vector + cerulein-induced AP, n = 6). In the Alox15-lentiviral vector group, 5 × 107 Alox15 lentivirus 
vector transfected rats through left gastric artery infusion were included. In the control group and the AP group, the same 
volume of saline was injected via the left gastric artery. The control vector group included 5 × 107 control lentivirus vector 
transfected rats via left gastric artery infusion.

Methods of in vivo transfection of Alox15 lentivirus
Alox15 lentivirus needs to be prepared first. Both Alox15 and control lentivirus vectors were bought from Shanghai 
Genechem Co., Ltd. (Shanghai, China). Alox15 gene was PCR amplified with specific primers and cloned into the 
lentiviral expression vector GV287 to create a recombinant plasmid. We carried out virus packaging in HEK-293 T cells 
co-transfected by Alox15 lentivirus. After 72 hours of transfection, viruses were extracted and viral titers were assessed.

Prior to all surgical procedures the animals were fasted for 12 hours with free access to water. Subcutaneous injection 
of 1.5% pentobarbital sodium (1 mg/kg) was employed to anesthetize the rats. Post gastric artery exploration, a sharp tip 
of PE-10 catheter (inner diameter 0.25 mm, outer diameter 0.5 mm) was inserted through the left gastric artery in 
retrograde into the celiac axis and was fixed for the concomitant infusion. All surgical procedures were performed under 
sterile conditions.

The dosage and the timing of delivery of Alox15 lentivirus vectors to rats were based on our preliminary experimental 
results. Alox15 lentivirus vectors and control lentivirus vectors [5 × 107 particle flux unit in 0.2 mL sterile phosphate 
buffered saline (PBS)] were delivered through the left gastric artery on day 5 before AP induction. An identical volume of 
PBS was administered into both the control and AP groups via the left gastric artery. Post transfection, the catheter was 
removed, the left gastric artery was ligated, and the incision was closed. The duration of the procedure was about 30 
minutes. Transfection was determined at the end of the experiments as described below.

Induction of AP
Five days following the left gastric artery infusion, AP was induced for six hours by supramaximal hourly intraperitoneal 
injection dosages of cerulein (50 ug/kg body weight, six times at 1-hour intervals)[29]. Cerulein was diluted in 0.9% 
saline. Saline was administered the same way in the control group. Rats were sacrificed 3 hours after the last cerulein 
injection. This time point corresponded to pancreatic tissue injury observed in this model, defined by pathological 
changes[29].

Serum and tissue preparation
We used an overdose of 1.5% pentobarbital sodium (2 mg/kg) to sacrifice the rats. Blood samples were drawn from the 
aorta and centrifuged at 4 °C, while serum was kept at -80 °C until further analysis. The pancreas was extracted and 
divided into sections. The pancreas tail was snap-frozen in liquid nitrogen and kept at -80 °C for further measurement. 
The pancreatic body was utilised to quantify its tissue water content.

Pathological evaluation
The pancreatic head tissue was immediately harvested, stored in 4% formaldehyde solution, embedded in paraffin, cut 
into sections (4 μm), and then stained with hematoxylin-eosin (HE) according to the manufacturer's protocol. According 
to Rongione et al[30], the pancreatic tissue pathological grading was performed in a blinded manner. using a scale of 0 to 
4 based on the degree of inflammation, vacuolization, edema and necrosis.

Determination of wet/dry weight ratio of pancreas tissue
Pancreatic tissue edema was evaluated by tissue water content. The pancreas was harvested immediately after sacrificing 
the rats, rinsed in PBS, dried, and weighed (wet weight). The pancreatic tissue was then stored at 95 °C to dry for 12 
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hours in an electric oven and then weighed again (dry weight). The pancreatic tissue water content was calculated using 
the formula: [water content = (wet weight – dry weight) / dry weight × 100%][31].

Biochemical assays
Serum amylase activity was determined by spectrophotometric assay using a Beckman Coulter AU5821 automatic 
biochemistry analyzer (Beckman Coulter, Inc., Fullerton, CA, United States) and was expressed in U/L.

Serum levels of TNF-α, IL-1β, IL-6, and MCP-1
Serum levels of TNF-α, IL-1β, IL-6, and MCP-1 were determined through ELISA using kits provided by the manufac-
turers.

Western blot analysis
Pancreatic tissue samples were homogenized in radioimmunoprecipitation assay lysis buffer supplemented with a 
protease inhibitor for total cell extraction. Protein lysates were separated by 10% sodium dodecyl SDS-PAGE and then 
exported to PVDF membranes. Membranes were blocked with 5% non-fat dried milk in Tris-buffered saline with Tween-
20 (TBST) (0.1% Tween 20 in the Tris-buffered saline buffer) for 2 hours at room temperature. It was then incubated with 
one of the following primary antibodies overnight at a temperature of 4 °C: P-P65 (1:1000), or cleaved caspase-3 (1:500). 
The membranes were rinsed 3 times with TBST and then incubated with secondary antibody for 60 minutes at room 
temperature. Finally, they were washed 3 times for 10 minutes in TBST, and with the help of enhanced chemilumin-
escence target bands were developed and exposed on film. Tubulin was used as an endogenous control.

Immunofluorescence
Immunofluorescence for Alox-15 in vivo was performed on snap-frozen sections of the pancreas from rats. Frozen sections 
were obtained from OCT-embedded pancreas tissue, and snap-frozen tissue was sectioned at 5-µm thickness. After 
blocking Fc receptor with 10% goat serum in PBS, frozen sections were incubated overnight with anti-Alox15 monoclonal 
Antibody (Invitrogen, MA5-25891, 1:100). After rinsing three times with PBS, the sections were incubated for 60 minutes 
with secondary antibodies Alexa Fluor® 488 to the primary antibodies. The images were acquired using a Leica SP8 
LIGHTNING confocal microscope (Wetzlar, Germany). All of the preceding activities were carried out in the dark.

TUNEL assay
Determination of pancreatic acinar cell death was based on a TUNEL assay. As previously illustrated TUNEL assay was 
performed to analyze DNA breakages[29,32]. Pancreatic tissue was stored in 4% formaldehyde solution, embedded in 
paraffin, cut into 4 µm-thick and the sections adhered to glass slides.

According to the manufacturer’s protocol, sections were deparaffinized, hydrated, and stained for breaks in DNA 
using terminal deoxynucleotidyl transferase and fluorescein isothiocyanate-labeled dUTP (Roche, Indianapolis, IN, 
United States). The pancreatic sample was scanned from a glass slide. Ten images from different locations of the scanned 
slide were investigated by a digital camera under a magnification of 200 × and processed with an image-analysis software 
called (Panoramic+Viewer). Data were expressed as TUNEL positive cells per field.

Transmission electron microscopy
A 1 mm3 portion of pancreatic tissue from each rat was fixed in 2.5% phosphate-buffered glutaraldehyde for 24 hours at 4 
°C then rinsed with 0.1% sodium phosphate buffer for 15 minutes. The samples were then fixed in 1% osmium tetroxide 
for 2 hours at 4 °C. Then rinsed with 0.1% sodium phosphate buffer for 15 minutes. The samples were embedded in 
Epon-812 after being dehydrated in a series of grades of ethanol. A transmission electron microscope (Hitachi, Ltd., 
Tokyo, Japan) was used to analyse ultrathin sections that had been double-stained with uranyl acetate and lead citrate.

Real-time transcription polymerase chain reaction
According to the manufacturer’s instruction, total RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad, CA, 
United States). RNA concentration and quality were audited using a NANODROP 2000C spectrophotometer 
(ThermoFisher Scientific, Waltham, MA, United States). cDNA was synthesized from 1 ug of total RNA using a 
RevertAid RT Reverse Transcription Kit (ThermoFisher Scientific). Q-PCR was performed by SYBR Green I chimeric 
fluorescence method (HiScript II One Step qRT-PCR SYBR Green Kit, Vazyme). The conditions of Q-PCR were: 95 °C 
reaction for 10 minutes, 95 °C reaction for 15 seconds, and then 60 °C reaction for 1 minute, the number of reaction cycles 
was 45, and then the fluorescence signal was obtained at 60 °C. After the PCR reaction, 2-0Ct method was used to analyze 
the results of gene relative expression. The reaction was made in triplicate. The relative expression of mRNA of interest 
was expressed as 2 (−△△CT). Primers for IL-1β, IL-6, TNF-α, MCP-1, Alox15, and GAPDH are primarily designed using the 
Primer-BLAST tool on the website https: //www.ncbi.nlm.nih.gov/. By entering the target sequences and setting the 
appropriate primer design parameters, suitable primers can be identified. Finally, the Primer-BLAST tool is used to 
perform specificity checks to ensure that the designed primers do not bind to non-target sequences. The sequence of 
primers used for SYBR green Q-PCR is listed in Table 1. The expression level was normalized to GAPDH.

Statistical analysis
The mean SD was calculated using the Statistical Package for the Social Sciences software SPSS version 18.0 (SPSS, Inc., 
Chicago, IL, United States). Student's t-test and one-way analysis of variance (ANOVA) were employed to analyse 
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Table 1 Primers used in real-time transcription polymerase chain reaction (real-time PCR)

Primer Sequence Nucleotide length

IL-1β Forward 5′-CACCTTCTTTTCCTTCATCTTTG-3′ 23

Reverse 5′-GTCGTTGCTTGTCTCTCCTTGTA-3′ 23

IL-6 Forward 5′-TGATGGATGCTTCCAAACTGGA-3′ 22

Reverse 5′-GAGCATTGGAAGTTGGGGTA-3′ 20

TNF-α Forward 5′-ACTGAACTTCGGGGTGATTGG-3′ 21

Reverse 5′-GCTTGGTGGTTTGCTACGAC-3′ 20

MCP-1 Forward 5′-TCTCACTTGGTTCTGGTCCAGT-3′ 22

Reverse 5′-GGCCTGTTGTTCACAGTTGCT-3′ 21

Alox15 Forward 5′-GTCTACTCCACCACCTATTTTC-3′ 22

Reverse 5′-CCTGTGCTCATTGCCTTGTC-3′ 20

GAPDH Forward 5′-TGACTTCAACAGCGACACCCA-3′ 21

Reverse 5′-GCTGTTGGGCTGTAGGGA-3′ 18

TNF-α: Tumor necrosis factor-α; MCP-1: Monocyte chemoattractant protein-1; IL: Interleukin.

parameters of equal variances and normal distributions, followed by the Games-Howell test as a post hoc test. The Mann-
Whitney U test was used for assessing parameters with disparate variances. Statistical significance was considered as P < 
0.05 for all analyses.

RESULTS
Alox15 expression mitigates inflammation in cerulein-induced rat model of AP
To quantify Alox15 mRNA expression in the pancreas, we employed reverse transcriptase-polymerase chain reaction (RT-
PCR), which showed an elevated Alox15 expression in the Alox15-lentiviral vector group (Figure 1A). We used immuno-
fluorescence microscopy to further confirm increased Alox15 expression (Figure 1B). Collectively, our data showed that 
Alox15-lentiviral vector transfection increased Alox15 expression in rats.

Following the induction of AP, we observed an increase in serum levels of IL-1β and MCP-1 in the control vector 
group. When compared to control rats, animals in the Alox15-lentiviral vector group exhibited a significant reduction in 
serum levels of IL-1β and MCP-1 (Figure 2A and B).

To assess the extent of inflammation in the pancreas, we measured the mRNA expression levels of inflammatory 
mediators, namely TNF-α, IL-1β, IL-6, and MCP-1 using RT-PCR. Cerulein treatment augmented the mRNA expression of 
these pro-inflammatory factors in the AP group and the control vector group but not in the Alox15-lentiviral vector group 
where their expression was reduced (Figure 2C-F). The rats in the AP and control vector groups exhibited similar mRNA 
expression profiles following the cerulein challenge.

Using western blot analysis, we assessed the expression of the inflammatory regulator phospho-p65 (p-P65) in 
pancreatic tissue (Figure 2G). The pancreatic tissue of cerulein-challenged AP rats exhibited a significant upregulation of 
p-P65 expression compared with the control group rats. Conversely, we observed reduced p-P65 expression in the 
pancreas of rats in the Alox15-lentiviral compared with the control vector group.

Taken together, the above results suggested an anti-inflammatory role of Alox15 in cerulein-induced inflammation in a 
rat model of AP and prompted us to investigate the underlying mechanism further and check if this translated to AP 
resolution.

Alox15 expression attenuates cerulein-induced AP
Following the induction of AP, serum amylase levels increased across all disease model groups when compared with the 
control group; however, these levels were significantly reduced in the Alox15-lentiviral vector group (Figure 3A). 
Pancreatic edema, measured by the wet-to-dry weight ratio of pancreatic tissue, was significantly higher in the AP, 
Alox15-lentiviral vector, and control vector groups compared with the control group. However, the wet-to-dry weight 
ratio of the Alox15-lentiviral vector group was lower than that of the control vector group (Figure 3B).

Histopathologic examination of the pancreas post-cerulein treatment revealed that rats in the AP group, the Alox15-
lentiviral vector group, and the control vector group developed AP-associated morphological changes including inflam-
matory cell infiltration, vacuolization of the tissue cell cytoplasm, and acinar edema. Compared to the marked changes in 
the control vector group, these changes were alleviated in the pancreas of Alox15-lentiviral vector group rats (Figure 3C). 
Primarily, we observed moderate vacuolization in the Alox15-lentiviral vector group in contrast to the extensive vacuol-
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Figure 1 Expression of Alox15 in rats. A: Alox15 mRNA levels in the pancreas; B: Immunofluorescence of Alox15 protein in pancreas from the Alox15-
lentiviral vector group and the vector control group, the scale bar represents 100 μm. Differences were assessed using one-way ANOVA and multiple comparisons 
were determined using Games-Howell test. aP < 0.05 vs the control group.

ization in the control vector group. We employed hematoxylin and eosin-based histochemical staining to quantitatively 
evaluate the severity of AP in pancreatic tissue sections. Compared to the control group, the AP group, Alox15-lentiviral 
vector group, and the control vector group had higher pathological scores. However, the Alox15-lentiviral vector group 
score was significantly lower than that of the AP and control vector groups. No difference in the pathological scores of the 
AP and control vector groups was observed (Figure 3D).

We evaluated the degree of apoptosis in pancreatic acinar cells using the terminal deoxynucleotidyl transferase dUTP 
nick end labeling assay at 200X magnification (Figure 3E). We observed an increase in apoptosis in tissue sections from 
the AP, Alox15-lentiviral vector, and control vector groups (cerulein-treated groups). Compared to the AP and control 
vector groups, the degree of apoptosis in the Alox15-lentiviral vector group was significantly higher (Figure 3F). The 
degree of apoptosis in the AP and control vector groups was similar and showed no significant difference. To further 
validate this, we quantified the expression of cleaved caspase-3 in pancreatic tissue protein extracts using western 
blotting (Figure 3G). Compared to the control group, the expression of cleaved caspase-3 was elevated in all cerulein-
induced AP groups. While no significant difference was observed between the expression in the AP and the control 
vector groups, the Alox15-lentiviral vector group showed significantly upregulated levels of cleaved caspase-3. These data 
demonstrated that the increased expression of Alox15 promotes apoptosis of pancreatic acinar cells in a rat model of AP.

Transmission electron micrographs revealed changes in the pancreas after Alox15-lentivirus transfection
To analyze the effects of Alox15 upregulation on organelle morphology in pancreatic acinar cells, we used high-resolution 
transmission electron microscopy to acquire micrographs. As shown in Figure 4A, the morphology of intracellular 
structures in the control group (normal pancreatic acinar cells) comprised a round nucleus, a ribosome-rich cytoplasm, a 
ribosome-bound rough endoplasmic reticulum (RER), apical plasma membrane-oriented zymogen granules, and 
mitochondria with intact cristae.

Micrographs from the AP group (Figure 4A) showed typical characteristics of cells in AP. The pancreatic acinar cells 
were smaller in size with low levels of nuclear pyknosis. This was coupled with a significant reduction in zymogen 
granules and swollen mitochondria containing disrupted cristae. Further, compared to RER in the control group 
(Figure 4A), most of the RER architecture in the AP group changed to irregularly dilated sacs with few bound ribosomes. 
The pancreatic acinar cells in the AP group showed signs of necrosis. Additionally, they had an increased number of large 
autophagic vacuoles and autophagosomes in the cytoplasm.

The Alox15-lentiviral vector group micrographs showed minor ultrastructural changes in cell structures (Figure 4A). 
The nuclei of acinar cells showed minor pyknosis while the mitochondria exhibited slight swelling with partially 
disrupted cristae. In contrast to the AP and control vector groups, the RER did not show extensive dilatation and had 
fewer irregular sacs in the Alox15-lentiviral vector group micrographs (Figure 4A-C). Further, apoptotic bodies were 
present in the tissue. Compared to the vector control group, the cytoplasm had small-sized autophagosomes, 
autolysosomes, and autophagic vacuoles in the Alox15-lentiviral vector group micrographs (Figure 4A-C).

The micrographs acquired from the vector control group (Figure 4D) showed pancreatic acinar cells with generalized 
disorganization features, which were smaller in size. The nuclei exhibited mild pyknosis. The mitochondria were swollen, 
and the cristae were disrupted. The RER showed dilation and some parts had formed irregular sacs, showing a reduction 
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Figure 2 Expression of Alox15 decreases inflammation in cerulein-induced acute pancreatitis. A: Serum levels of interleukin (IL)-1β; B: Serum 
levels of monocyte chemoattractant protein-1 (MCP-1); C-F: Pancreatic mRNA expression levels of pro-inflammatory mediators: Tumor necrosis factor-α, IL-1β, IL-6, 
MCP-1; G: The expression of NF-κB p-P65 in pancreatic tissue. Differences were assessed using one-way ANOVA and multiple comparisons were determined using 
Games-Howell test. aP < 0.05 vs the control group; bP < 0.05 the Alox15-lentiviral vector group vs the control vector group. TNF-α: Tumor necrosis factor-α; MCP-1: 
Monocyte chemoattractant protein-1; IL: Interleukin.

in attached ribosomes. Additionally, the cytoplasm had an excessive amount of autolysosomes, autophagic vacuoles, and 
secondary lysosomes.

DISCUSSION
12/15-LO or Alox15 is a crucial enzyme in the lipoxin biosynthesis pathway and plays a functional role in its resolution
[25]. Further, it plays a novel role in regulating autophagy and apoptosis[33,34]. In this report, we demonstrated for the 
first time, using in vivo data, that transfected Alox15 alleviates cerulein-induced AP in murine models. Three possible 
mechanisms may be attributed to this alleviation. First, we found that Alox15 upregulation inhibits inflammation by 
abrogating the expression nuclear factor kappa B in the pancreas, which reduces the pancreatic expression of IL-1β, IL-6, 
TNF-α, and MCP-1. Additionally, it reduces the plasma levels of IL-6 and MCP-1. Second, the expression of Alox15 
activates caspase-3, which mediates apoptosis and protects pancreatic acinar cells from necrosis. Finally, as revealed by 
transmission electron micrographs, increased Alox15 expression mitigates organelle abnormalities, stabilizes the cellular 
structure, and minimizes the autophagic dysfunction in AP. Consequently, our present findings indicated that Alox15 
attenuates cerulein-induced AP in rats via its regulation of inflammation, apoptosis, and autophagy.

Recently, lipoxygenases as well as their active metabolites have been revealed to participate in various types of 
programmed and unprogrammed cell death including apoptosis, autophagy, and ferroptosis[13,14,16]. Based on existing 
evidence, 12/15-LO signaling is thought to influence the apoptotic pathway[35]. However, emerging findings suggest 
that 12/15-LO is also involved in autophagy and ferroptosis[14,15,33,34].

Autophagy is an intercellular catabolic recycling pathway that regulates homeostasis by digesting cellular constitutes 
using autophagosome-contained lysosomal enzymes[36]. Autophagy primarily degrades macromolecular substances, 
including damaged organelles in cells, and maintains the intracellular environment in a steady state which is necessary 
for metabolic activities[36,37]. Autophagy can be classified into various categories in correspondence with the mode of 
transport of the cell materials to the lysosomes[38,39] that include but are not limited to chaperone-mediated autophagy, 
microautophagy, and macroautophagy. Of these categories, macroautophagy is the most common and degrades cell 
constituents such as mitochondria, ribosomes, and the endoplasmic reticulum by forming an enclosed lipid bilayer 
membrane called the autophagosome. The autophagosome fuses with lysosomes, forming an autolysosome, a monolayer 
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Figure 3 Expression of Alox15 attenuates cerulein-induced acute pancreatitis. A: Serum amylase activity; B: Wet/dry weight ratio of pancreas tissue; 
C: Pathological changes in the pancreas; D: Pathological scores of the pancreas; E: TUNEL assay of pancreatic acinar cells apoptosis, the scale bar represents 100 
μm; F: Microscopic quantitation of pancreatic acinar cells apoptosis (under a magnification 200 ×); G: Western blot analysis of cleaved caspase-3 in the pancreas 
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tissue. Differences were assessed using one-way ANOVA and multiple comparisons were determined using Games-Howell test. aP < 0.05 vs the control group; bP < 
0.05 the Alox15-lentiviral vector group vs the control vector group.

membrane structure where degradation occurs[36].
The accumulation of different-sized vacuoles is an early and key pathological feature of pancreatitis. These vacuoles 

have been confirmed to contain activated trypsin[40]. Hashimoto et al[40] reported that cytoplasmic vacuoles induced in 
experimental AP are autophagic in origin, and positively correlate with trypsinogen activation and the onset of AP. 
Interestingly, during fasting, autophagy increases in the pancreas. However, it neither mediates trypsinogen activation 
nor leads to pancreatitis. When compared with fasting, autophagic vacuoles in pancreatitis are more substantial and 
emerge in larger numbers[41]. It remains unclear why fasting-mediated autophagic vacuoles do not induce trypsinogen 
activation in the pancreas like pancreatitis autophagic vacuoles. Mareninova et al[41] showed that the processing and 
activation of lysosomal proteases cathepsin L and cathepsin B were dysregulated, thus leading to impaired autophagy, 
which facilitated trypsinogen activation in pancreatitis. Impaired autophagy mediates two critical manifestations of AP, 
namely the accumulation of large vacuoles in acinar cells and intra-acinar trypsinogen activation[41-43].

Transmission electron microscopy is the gold standard for the morphological characterization of autophagy. A 
sustained increase in autophagic vacuoles, recognized as "autophagic stress," results from the disruption of finely 
balanced regulatory mechanisms and promotes programmed cell death and disease[44]. The results of our electron 
microscopy data showed that pancreatic acinar cell organelles from the AP and control vector groups were in disarray. 
Nuclear condensation, mitochondrial swelling, RER dilation and a large number of autophagosomes were apparent in the 
cytoplasm. However, autophagosomes in the Alox15-lentiviral vector group were smaller in size and occurred in lower 
numbers. The ultrastructural changes in the Alox15 Lentivirus group were characterized by minor mitochondrial swelling 
and mild endoplasmic reticulum dilation.

Taken together, our transmission electron microscopy findings provide evidence that the ultrastructural abnormalities 
of pancreatic acinar cells, and their organelles, induced by cerulein-mediated AP, were significantly reduced in rats 
exposed to Alox15. Thus, our data indicated that the transfection of Alox15 confers protection of pancreatic acinar cells. 
This is consistent with previous reports that 12/15-LO is required for physiological autophagy and that its inhibition or 
deficiency propagates autophagic dysfunction[15,43]. Compared with the AP and vector control groups, the cytoplasm in 
the Alox-15 transfection group pancreatic tissue showed small-sized autophagosomes, autolysosomes, and autophagic 
vacuoles via electron microscopy. These findings show that autophagic dysfunction is relieved by Alox15 transfection, 
thereby reducing trypsinogen activation and mitigating acinar cell damage, which could be essential for the abrogation of 
disease progression.

Apoptosis is a complex, fundamental, and conserved programmed cell death process initiated to remove unwanted 
and dysfunctional cells in organisms during development, homeostasis and disease[45,46]. The execution of apoptosis is 
largely dependent on the activation of caspases[47]. Of interest, the activation of caspase-3 is a critical step in the events of 
intrinsic apoptotic cell death[48]. Morphologically and biochemically, apoptosis differs from necrosis and is less “messy”
[49]. Necrotic cell death involves the degradation or rupture of the plasma membrane leading to release or leakage of 
cellular contents. Conversely, apoptosis does not involve the release of cell constituents as plasma membrane integrity is 
maintained, and cell contents are degraded in enveloped sacs known as blebs or apoptotic bodies. Necrosis harms 
neighboring cells as the leaked contents trigger an inflammatory response. Therefore, when compared to apoptosis, 
necrosis is lethal" for the organism[50]. Parenchymal necrosis of the pancreas is known to cause tremendous complic-
ations in AP. Indeed, necrosis directly correlates with disease severity in experimental pancreatitis while apoptosis has an 
inverse correlation[50,51]. As such, the inhibition of necrosis coupled with the induction of apoptosis is a potential 
therapeutic strategy in AP[50-52]. The administration of caspase inhibitors has been demonstrated to worsen pancreatitis 
via the halting of apoptosis and stimulation of necrosis in the rat model[53]. Conversely, the upregulation of caspase 
activity and the consequent induction of apoptosis decreased necrosis in a mouse model of AP leading to disease 
resolution[53]. Therefore, caspases stimulate apoptosis and protect against pancreatitis by inhibiting necrosis. Emerging 
evidence has shown that 12/15-LO upregulates the activity of caspases 3 and 9 and is associated with the activation of 
apoptosis[17]. As demonstrated in our present study, Alox15 transfection induces the activation of caspase-3 and 
stimulates apoptosis, thereby attenuating AP, which is consistent with the above hypothesis. We speculate that this 
facilitates the switching from necrotic cell death (observed in the AP and control vector groups) to apoptotic cell death, 
which may also be partly responsible for the reduction of inflammation in the pancreas of cerulein-treated rats. Together, 
our present data reveal that 12/15-LO participates in the process of caspase-dependent apoptosis to protect pancreatic 
acinar cells.

Although we explored the role of Alox15 in AP, the present study has some limitations. First, disease progression in 
severe AP is extremely rapid, and it takes time for gene transfection to take effect. Thus, our future research direction will 
involve efforts to accelerate the onset of Alox15 expression to alleviate severe AP. Also, further research is needed to 
explore the specific molecular mechanisms employed by Alox15 to alleviate severe AP. Even though we referred to many 
experimental designs in the literature, the number of rats in our experiments described here was relatively small, and the 
reliability of the results may have been affected. In future experiments, agonists as well as inhibitors will be introduced to 
verify the mechanism of action of Alox15 in reducing cerulein-induced AP. These future experiments may explore the role 
of Alox15 in more depth by comparing the changes in inflammatory indices in agonist- and inhibitor-treated groups of 
Alox15 with those in the control group.
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Figure 4 Transmission electron micrographs of the pancreas from the different groups key: Nucleus, mitochondria, zymogen granule, 
rough endoplasmic reticulum. A: The control group. The pancreatic acinar cell showed a standard acinar cellular architecture with a round nucleus located and 
zymogen granules oriented toward the apical cell membrane. The depth of the cytoplasm was filled with the rough endoplasmic reticulum (RER). The intercellular 
space between the healthy pancreatic acinar cells was found to be tightly packed together (→) (scale bar = 1 um). The mitochondria were observed with 
recognizable cristae (scale bar = 0.5 um). The cytoplasm was filled with the RER with ribosomes attached on the surface, which were abundant in free ribosomes 
(scale bar = 0.5 um). There were many mature zymogen granules which were mainly high in density and spherical in shape (scale bar = 0.5 um); B: The acute 
pancreatitis group. The pancreatic acinar cell was smaller in size and showed mild pyknosis of the nucleus. Zymogen granules were significantly reduced. Autophagic 
vacuoles and autolysosomes (→) were present (scale bar = 1 um). The mitochondria were swollen, containing a disruption of cristae (scale bar = 0.5 um). Most of 
the RER showed a loss of regular pattern to dilated irregular sacs which were accompanied by some reduced numbers of attached ribosomes (scale bar = 0.5 um). 
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Individual of pancreatic acinar cells showed necrosis (→) (scale bar = 1 um). Large autophagic vacuoles were present. Big autophagosome was observed in the 
cytoplasm (→) (scale bar = 1 um); C: The Alox15-lentiviral vector group. The pancreatic acinar cell showed minor pyknosis of the nucleus. Small autolysosome was 
present (▶) (scale bar = 1 um). The mitochondria exhibited slight swelling, and the cristae appeared partly disrupted (scale bar = 0.5 um). The RER in contrast to the 
control vector group (Figure 3B-G), did not show extensive dilatation (scale bar = 0.5 um). Apoptotic cell (→) and apoptosis body (▶) of the pancreatic acinar cell 
were present (scale bar = 1 um). Small autophagosome (↖), small autolysosome (→), and small autophagic vacuole (▶) were observed in the cytoplasm (scale bar 
= 1 um); D: The vector control group. Transmission electron micrographs of the pancreatic acinar cell were disorganized and were smaller in size. Nucleus exhibited 
mild pyknosis. Abundant autolysosome (→), autophagic vacuoles (➢) and secondary lysosome (▶) were present in the cytoplasm (scale bar = 2 um). The 
mitochondria were swollen, containing disrupted cristae (scale bar = 0.5 um). The RER showed dilation, some dilated to irregular sacs (scale bar = 0.5 um). Large 
autophagic vacuoles were present (→). (scale bar = 1 um). N: Nucleus; Mi: Mitochondria; G: Zymogen granule; RER: Rough endoplasmic reticulum.

CONCLUSION
In summary, during AP progression, an upregulation of 12/15-LO attenuates AP in vivo. This upregulation of 12/15-LO 
has beneficial anti-inflammatory properties that downregulate AP-induced inflammation. One possible strategy involved 
in Alox15 upregulation-based pancreatic protection is likely to involve the modulation of apoptosis and autophagy in 
pancreatic acinar cells.
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