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Abstract

Background: Acute pancreatitis (AP) is an inflammatory process unexpect-
edly occurring in the pancreas, imposing a substantial burden on healthcare
systems. Herein, we aimed to clarify the mechanism of action of phospholi-
pase D2 (PLD2) in cerulein-treated AR42J cells, affording valuable insights
into the treatment of AP.

Methods: The levels of PLD2, miR-5132-5p, inflammatory factors (interleukin
[IL]-10, IL-6, and tumor necrosis factor-a), caspase-3 activity, and apoptosis-
related proteins (Bax and Bcl-2) in cerulein-treated AR42J cells were detected
using reverse transcription-quantitative polymerase chain, caspase-3 activity,
and Western blot analysis. Protein levels of nuclear Factor erythroid 2-Related
Factor 2 (Nrf2) and nuclear factor-k-gene binding (NF-xB) were detected by
Western blot analysis. TargetScan predicted upstream microRNAs (miRNAs)
of PLD2, and the interaction between miR-5132-5p and PLD2 was verified
using a luciferase assay.

Results: In cerulein-treated AR42J cells, PLD2 levels were downregulated,
while miR-5132-5p expression was upregulated. Overexpression of PLD2
attenuated the cerulein-mediated facilitatory effect on inflammation and
apoptosis in AR42J cells by regulating the Nrf2/NFxB pathway. Luciferase
reporter analysis revealed that miR-5132-5p targeted PLD2, and miR-5132-5p
negatively regulated PLD2. Upregulation of miR-5132-5p expression exacer-
bated inflammation and apoptosis and reversed the protective effect of PLD2
overexpression on AP.

Conclusion: PLD2 targeted by miR-5132-5p can attenuate cerulein-induced
AP in AR42]J cells via the Nrf2/NFxB pathway, providing therapeutic targets
for patients with AP.
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1 | INTRODUCTION

Acute pancreatitis (AP) is an inflammatory disease that
may induce organ failure, secondary pancreatic infection,
or peripancreatic necrosis and has been associated with a
high mortality rate of up to 20% of patients.' Globally, AP
affects millions of individuals, with particularly severe
cases causing major clinical and economic burdens in the
United States.”® Despite considerable attempts, the
pathogenesis of AP remains poorly understood.® In-
depth study and understanding of the pathogenesis of
AP, along with the search for valuable therapeutic
strategies, remain of substantial theoretical and clinical
significance to treat AP.

Phospholipase D2 (PLD2) belongs to the phospholi-
pase family that catalyzes the degradation of phosphati-
dylcholine to phosphatidylcholine and choline and
participates in several cellular processes, including
apoptosis, survival, migration, and adhesion.’ PLD2 has
been associated with the pathogenesis of various
diseases, including vascular, immunological, and neuro-
logical diseases.® Blocking PLD2 can improve intestinal
mucosal inflammation in inflammatory bowel disease.’
In addition, PLD2 plays a crucial role in cell responses to
tissue injury, such as acute inflammatory disease.?
Moreover, Hwang et al.’ have found that PLD2 drives
the transport of macrophages out of the vascular system
during AP. These data suggest that PLD2 is involved in
mediating inflammatory diseases such as AP. However,
the role of PDL2 in regulating the pathogenesis of AP
remains unclear.

In-depth exploration of microRNAs (miRNAs) has
opened new avenues for AP diagnosis and treatment.'®
miRNAs are small noncoding RNAs that regulate mRNA
expression by inhibiting translation."! Growing evidence
suggests that abnormal miRNA expression is involved in
inflammatory and invasive diseases, including AP, there-
by regulating changes in key physiological functions.'>"?
For example, miR-218a-5p inhibits intestinal cell apopto-
sis induced by severe AP and improves intestinal
dysfunction caused by severe pancreatitis."* miR-155-5p
was found to be significantly downregulated in AP mice
and regulated AP development.””> However, the miR-
5132-5p regulatory mechanism in AP remains elusive.

The objective of the present study was to investigate
the role of PLD2 in AP by establishing an in vitro AP
model using AR42J cells treated with cerulein. By
undertaking functional experiments and targeting analy-
sis, we hypothesized that PLD2 targeted by miR-5132-5p
could alleviate inflammatory injury and apoptosis in AP.
We believe that the findings of the present study will
provide novel insights into the diagnosis and treatment
of AP.
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2 | MATERIALS AND METHODS
2.1 | Cell culture and model
establishment

Rat pancreatic AR42J cells, purchased from ATCC, were
maintained in an incubator under 5% CO, at 37°C and
supplemented with F-12K medium containing 10% fetal
bovine serum (Gibco). To establish an in vitro model of
pancreatitis, 10 nM cerulein was added to AR42J cells,
namely the cerulein (CER) group.'® In addition, AR42J
cells were cultured with the same amount of phosphate-
buffered saline, deemed the control (CON) group.

2.2 | Cell transfection

PcDNA-based PLD2 overexpression plasmid (PLD2-OE))
and nontarget plasmid negative control (pcDNA) were
obtained from GeneChem. MiR-5132-5p mimic and dis-
rupted oligonucleotides were obtained from SwitchGear
Genomics. In accordance with the manufacturer's instruc-
tions, AR42]J cells were transfected with the indicated 20 nM
oligonucleotide or 10 ng plasmid using Lipofectamine 3000
(Thermo Fisher Scientific). After transfection for 48h,
cell transfection efficiency was evaluated by reverse
transcription-quantitative polymerase chain (RT-qPCR).

2.3 | RT-qPCR analysis

Total RNA was extracted using an RNeasy Mini Kit
(Qiagen) in accordance with the manufacturer's instruc-
tions. Total RNA was reverse-transcribed using the
PrimeScript First Strand cDNA Synthesis Kit (Takara),
and miRNAs were synthesized into cDNA using the
miRcute miRNA First Strand cDNA Synthesis Kit
(Tiangen). RT-qPCR was performed on a Roder-Gene Q
Instrument (Qiagen) using SYBR Green PCR Master Mix
or the miScript SYBR Green PCR Kit (Qiagen). The
expression of labeled mRNA and miR-5132-5p was
normalized using GAPD or U6 and calculated using the
224G method. PCR primers used are listed in Table 1.

2.4 | Caspase-3 activity assay

A Caspase-3 Assay Kit (Cell Signaling Technology) was
used to determine caspase-3 activity. Briefly, AR42J cells
were lysed and incubated with 5uL DEVD-pNA bound
Caspase-3 substrate for 1h at 37°C. Caspase-3 activity
was measured at 405nm using a microplate reader
(Bio-Rad).
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TABLE 1 The primer sequences are given in Table 1.

Primer name Sequence (5'-3")

TNF-o-FW ACTGAACTTCGGGGTGATTG
TNF-a-RW GCTTGGTGGTTTGCTACGAC
IL-6-FW TGATGGATGCTTCCAAACTG
IL-6-RW GAGCATTGGAAGTTGGGGTA
IL-10-FW GCTCTTACTGGCTGGAGTGAG
IL-10-RW CTCAGCTCTCGGAGCATGTG
PLD2-FW CTATGGGGACCTGAACTC
PLD2-RW GACTTTGTGTCTCTGGAGGTC
miR-203a-3p-FW GCGCGTGAAATGTTTAGGAC
miR-203a-3p-RW GTGCAGGGTCCGAGGT
miR-5132-5p-FW GCGTGGGGTGGTGGACT
miR-5132-5p-RW CTGGAGCGCGCGGGC

B-actin-FW AGAAGAGCTATGAGCTGCCTGACG
B-actin-RW CTTCTGCATCCTGTCAGCGATGC
U6-FW CTCGCTTCGGCAGCACA

U6-RW AACGCTTCACGAATTTGCGT

2.5 | Western blot analysis

The protein concentration in AR42J cells was deter-
mined using the BCA method after the cells were lysed
using RIPA buffer. For detecting nuclear Factor
erythroid 2-Related Factor 2 (Nrf2) and nuclear factor-
k-gene binding (NFxB) protein levels, a nuclear and
cytoplasmic protein extraction kit (Beyotime) was used
to isolate proteins from the nucleus and cytoplasm. An
equivalent amount of protein (50 ug) was resolved by
12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a polyvinyli-
dene fluoride membrane. The membrane was sealed
with 0.1% tween-20% and 5% bovine serum albumin
(Sigma-Aldrich) for 1h and left overnight at 4°C with
the following antibodies purchased from Abcam: Bax
(1:1000; ab32503), Bcl-2 (1:1000; ab32124), PLD2 (1:500;
ab78907), NF-xB (1:1000; ab32360), Nrf2 (1:1000;
ab92946), or f-actin (1:2000; ab8227). After rinsing with
Tris-buffered saline containing 0.05% Tween, the
membrane was incubated with horseradish (HRP)-
conjugated secondary antibody (1:2000; ab6721) at room
temperature for 2h. Immunoreactive bands were
detected using an enhanced chemiluminescence detec-
tion system (Pierce Biotech), and band intensities were
measured and quantified by densitometric analysis
using the Gel-Pro analyzer (version 4.0; Gel Media
Cybernetics).
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2.6 | Luciferase reporter assay

By undertaking bioinformatics analysis, the putative
miR-5132-5p binding site in the PLD2 3-UTR was
predicted using Targetscan. A human PLD2 wild-type
3'-UTR sequence containing the miR-5132-5p binding
site was synthesized and cloned into the pGL-3 promoter
vector (PLD2-WT). An additional reporting vector
containing the corresponding mutation 3'-UTR sequence,
named PLD2-MUT, was also constructed. These lucifer-
ase reporter vectors were cotransfected into AR42J cells
with miR-5132-5p mimic or mimic-NC. Forty-eight hours
after transfection, luciferase activity was analyzed using a
dual-luciferase reporter assay system (Promega).

2.7 | Statistical analysis

Statistical analysis was performed using the SPSS Soft-
ware (IBM). Data are expressed as mean + standard
deviation of at least three experiments. One-way analysis
of variance was performed, followed by Tukey's and
Student's t-test to analyze differences between groups.
Differences were considered statistically significant
at p <.05.

3 | RESULTS

3.1 | Cerulein treatment induced rat
pancreatic AR42J cells inflammation and
apoptosis

To assess the mechanism of AP in vitro, we constructed a
cerulein-induced inflammation model of pancreatic
acinar cells. Using RT-qPCR, we detected levels of
inflammatory cytokines, including tumor necrosis factor
(TNF)-a, interleukin (IL)—6, and IL-10, in cell super-
natants. Compared with the CON group, mRNA levels of
TNF-a, IL-6, and IL-10 in the CER group increased by
5.5-, 3.5-, and 4-fold, respectively (Figure 1A). The CER
group exhibited upregulated caspase-3 activity (approxi-
mately 4-fold) in AR42J cells when compared with that
of the CON group (Figure 1B). In addition, levels of
apoptosis-related proteins, including Bax and Bcl-2, were
determined using Western blot analysis. Bax protein
expression in the CER group was approximately 1.5-fold
higher than in the CON group, while Bcl-2 protein
reduction was approximately 70% lower than in the CON
group (Figure 1C). Taken together, these data demonstrate
cerulein-induced pancreatic acinar cell inflammation and
apoptosis, indicating the successful establishment of an in
vitro model of cerulein-induced AP.
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3.2 | PLD2 was downregulated in AP, 3.3 | miR-5132-5p targeted PLD2

and PLD2 overexpression reduced
cerulein-induced inflammation and
apoptosis of AR42]J cells via the Nrf2/NFxB
pathway

To examine the potential effects of PLD2 on AP, we
determined PLD2 expression in cerulein-treated AR42J cells
using RT-qPCR. The expression level of PLD2 in the CER
group decreased by approximately 60% when compared with
that in the CON group, indicating that PLD2 may be
involved in AP progression (Figure 2A). Based on these
results, plasmids overexpressing PLD2 were transfected into
ARA42] cells to investigate the effects of PLD2 on inflamma-
tion and apoptosis in AR42J cells. As shown in Figure 2B,
THE level of PLD2 in the PLD2-OE group was approxi-
mately 4.5-fold higher than that in the pcDNA group. RT-
gPCR analysis revealed that mRNA expression levels of
TNF-a, IL-6, and IL-10 in the CER + PLD2-OE group were
significantly lower than those in the CER + pcDNA group
(Figure 2C), indicating that PLD2 overexpression inhibited
AP inflammation. Western blot analysis showed that Nrf2
expression in the PLD2-OE group was upregulated, whereas
NF-xB expression in the PLD2-OE group was downregulated
(Figure 2D). In addition, the activity of caspase-3 in cerulein-
treated AR42J cells decreased by 40% on upregulating PLD2
expression (Figure 2E). Furthermore, western blot analysis
revealed that Bcl-2 levels in the CER + PLD2-OE group were
1.5-fold higher than in the CER + pcDNA group, while Bax
levels decreased by 30% (Figure 2F). These data suggest that
overexpression of PLD2 could attenuate the proinflamma-
tory and proapoptotic effects of cerulein on AR42J cells via
the Nrf2/NFxB pathway.

Three online databases (TargetScan, miRWalk, and
miRDB) were used to predict potential miRNAs
capable of binding to PLD2. As shown in Figure 3A,
miR-203a-3p, miR-5132-5p, and miR-214-3p were
common miRNAs in all three databases. Therefore,
the expression of the three miRNAs was detected after
cerulein treatment. Based on RT-qPCR results, expres-
sion levels of miR-5132-5p and miR-214-3p in the CER
group increased 2.8- and 2-fold when compared with
those in the CON group, but the level of miR-203a-3p
was not significantly altered (Figure 3B). Given the
pronounced change in miR-5132-5p expression, this
miRNA was selected for follow-up studies. As shown in
Figure 3C, miR-5132-5p and PLD2 displayed potential
binding sites on the TargetScan website. In addition,
miR-5132-5p expression increased by 6.3-fold in AR42J
cells transfected with the miR-5132-5p mimic
(Figure 3D). Luciferase analysis revealed that the
miR-5132-5p mimic cotransfected with PLD2-WT
reduced the luciferase activity in AR42J cells by
approximately 50%, while the miR-5132-5p mimic
cotransfected with PLD2-MUT did not significantly
impact luciferase activity (Figure 3E). This result
confirmed the interaction between miR-5132-5p and
the 3'-UTR of PLD2. Additionally, we analyzed the
miR-5132-5p mediated regulation of PLD2 expression.
The results showed that miR-5132-5p mimic treatment
reduced PLD2 mRNA (Figure 3F) and protein levels
(Figure 3G) by 55% and 50%, respectively. Overall,
miR-5132-5p could target PLD2 and negatively regulate
its expression.
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FIGURE 2 PLD2 was downregulated in AP, and its overexpression reduced inflammation and apoptosis of AR42J cells induced by
cerulein via Nrf2/NFxB pathway. (A) RT-qPCR test of PLD2 mRNA expression after CER stimulation in AR42J cells treated with cerulein.
**p <.001 compared with CON group. (B) PLD2 mRNA expression in AR42J cells transfected with PLD2-OE was measured by RT-qPCR
assay. **p <.001 compared with pcDNA group. (C). RT-qPCR test of three inflammatory mediators (TNF-a, IL-6, and IL-10) in AR42J cells
treated with cerulein and transfected with PLD2-OE. *p < .05; **p < .001. (D) The protein levels of Nrf2 and NFxB in AR42J cells treated
with cerulein and transfected with PLD2-OE was detected by western blot assay. (E) Caspase-3 activity assay was performed to analyze
caspase-3 activity in AR42J cells treated with cerulein and transfected with PLD2-OE. **p < .001. (F) Western blot assay was performed to
analyze Bax and Bcl-2 protein levels in AR42J cells treated with cerulein and transfected with PLD2-OE. **p <.001. CON, control; IL,
interleukin; mRNA, messenger RNA; PLD2, phospholipase D2; RT-qPCR, reverse transcription-quantitative polymerase chain; TNF, tumor

necrosis factor.

3.4 | Upregulation of miR-5132-5p
attenuated the alleviating effect of PLD2
overexpression on cerulein-induced
inflammation and apoptosis of AR42J cells

Based on the above findings, we demonstrated that miR-
5132-5p could target PLD2 to inhibit PLD2 expression. We
further investigated whether miR-5132-5p overexpression

could regulate the effect of PLD2 overexpression on cerulein-
induced AP by transfecting miR-5132-5p mimic and
PLD2-OE into AR42J cells. Based on RT-qPCR analysis,
miR-5132-5p overexpression reversed the upregulated PLD2
expression in the PLD2-OE group (Figure 4A). In addition,
the analysis of TNF-a, IL-6, and IL-10 showed that the miR-
5132-5p mimic upregulated the reduced inflammation-
related factors induced by cerulein in AR42J cells transfected
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FIGURE 3 PLD2 targeted by miR-5132-5p. (A) Three miRNAs (miR-203a-3p, miR-5132-5p and miR-214-3p) were overlapped from
TargetScan, miRWalk and miRDB. TargetScan, miRWalk and miRDB are the databases for predicting the upstream miRNAs of PLD2. (B)
RT-qPCR test of miR-203a-3p, miR-5132-5p and miR-214-3p expression in AR42J cells treated with cerulein. **p < .001 compared with CON
group. (C) The complementary sequences between miR-5132-5p and PLD2 were predicted by TargetScan online database. (D) MiR-5132-5p
expression in AR42J cells transfected with miR-5132-5p mimic was measured by RT-qPCR assay. **p <.001 compared with mimic-NC
group. (E) The Luciferase activity of AR42J cells transfected with PLD2-WT/PLD2-MUT reporter and miR-5132-5p mimic/mimic-NC was
detected by dual luciferase reporter assay. **p <.001 compared with mimic-NC group. (F) PLD2 mRNA expression in AR42J cells
transfected with miR-5132-5p mimic was measured by RT-qPCR assay. **p <.001 compared with mimic-NC group. (G) PLD2 protein
expression in AR42J cells transfected with miR-5132-5p mimic was measured by western blot assay. **p <.001 compared with mimic-NC
group. CON, control; IL, interleukin; mRNA, messenger RNA; PLD2, phospholipase D2; RT-qPCR, reverse transcription-quantitative
polymerase chain; TNF, tumor necrosis factor.

with PLD2-OE (Figure 4B). The miR-5132-5p mimic reduced Collectively, miR-5132-5p mimic reversed the inhibitory
the enhanced Nrf2 expression induced by PLD2-OE while effects of PLD2 overexpression on cerulein-induced inflam-
increasing the PLD2-OE-induced decrease in NF-xB mation and apoptosis in AR42]J cells.

expression (Figure 4C). Subsequently, compared with

CER + PLD2-OE + mimic-NC, the activity of Caspase-3 in

the CER + PLD2-OE + mimic group increased by approxi- 4 | DISCUSSION

mately 1.3-fold, indicating that the miR-5132-5p mimic

partially eliminated the inhibitory effect of PLD2-OE on  As a well-known disease, AP may develop into a systemic
apoptosis (Figure 4D). Furthermore, miR-5132-5p ectopic disease involving a wide range of inflammatory responses
expression significantly enhanced Bax expression and and organ dysfunction, posing a substantial burden on
reduced Bcl-2 levels, and the inhibitory effect of PLD2-OE  the healthcare system.'”'® Accumulated evidence sug-
on apoptotic proteins was eliminated (Figure 4E). gests that the rapid release of proinflammatory and anti-
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FIGURE 4 Upregulation of miR-5132-5p attenuated the alleviating effect of PLD2 overexpression on cerulein-induced inflammation
and apoptosis of AR42J cells via Nrf2/NFxB pathway. (A) PLD2 mRNA expression in AR42J cells transfected with CON, CER,

CER + pcDNA, CER + PLD2-OE, CER + PLD2-OE + mimic-NC or CER + PLD2-OE + mimic was measured by RT-qPCR assay. (B) RT-
gPCR test of three inflammatory mediators (TNF-a, IL-6, and IL-10) in AR427J cells treated with cerulein and transfected with these above-
mentioned vectors. (C) Wesern blot assay was used to detect the protein levels of Nrf2 and NFxB in AR42J cells treated with cerulein and
transfected with these above-mentioned vectors. (D) Caspase-3 activity assay was performed to analyze caspase-3 activity in AR42J cells

treated with cerulein and transfected with these above-mentioned vectors. (E) Wesern blot assay was performed to analyze Bax and Bcl-2

protein levels in AR42J cells treated with cerulein and transfected with these above-mentioned vectors. *p <.05; **p < .001. CON, control;

IL, interleukin; mRNA, messenger RNA; PLD2, phospholipase D2; RT-qPCR, reverse transcription-quantitative polymerase chain; TNF,

tumor necrosis factor.

inflammatory mediators causes localized inflammatory
responses in the tissues.'®*° Previous studies have shown
that TNF-a is a key regulator of the AP inflammatory
response by initiating acinar cell injury to induce an

inflammatory response and mediate IL-6 production and
release.”’ Moreover, IL-10 levels represent the immuno-
suppressive phase.*? Cerulein has been shown to induce
AP in vitro models.*® In the present study, we detected
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increased expression of TNF-a, IL-6, and IL-10 in
cerulein-treated AR42J cells, accompanied by enhanced
apoptosis. These findings are consistent with those of
Sheng et al.** demonstrating the successful establishment
of an in vitro model of AP. The Nrf2/NFxB pathway has
been associated with AP.>> Herein, we investigated the
effects of PLD2 and miR-5132-5p on inflammatory levels
and apoptosis in an AP model of cerulein-induced AR42J
cells via the regulation of the Nrf2/NFxB pathway. We
observed that miR-5132-5p regulated PLD2 to promote
apoptosis and inflammatory injury in AP in vitro.

Neutrophil infiltration is a key process of AP disease
progression.”® Reportedly, PLD2 deficient sepsis mice
exhibit notable characteristics, including improved sur-
vival, decreased organ damage, and increased neutrophil
number in lung tissue.?” In addition, Wahida et al.’ have
found that PLD2 knockout mice, an AP mouse model,
show more neutrophils infiltrating the pancreatic tissue
than wild-type mice. In the present study, we found that
PLD2 expression in cerulein-treated AR42J cells was
decreased. Additionally, PLD2 overexpression inhibited
the inflammatory response and apoptosis of AR42J cells
via the Nrf2/NFxB pathway. This is similar to the effect
of PLD2 on intestinal inflammation’ and comprehen-
sively reflects the therapeutic effect of PLD2 on AP.

MiRNAs participate in the regulation of AP via
posttranscriptional repressor target genes. For example,
miR-325-3p reduces inflammation, edema, bleeding, and
necrosis in AP by targeting RIPK3.*® MiR-20b-5p regulates
autophagy by directly targeting AKT3, inhibiting inflamma-
tion and apoptosis, and promoting angiogenesis, thereby
attenuating severe AP.” MiR-339-3p overexpression could
regulate TRAF3 expression through the p38 pathway and
inhibit cerulein-induced AP cell inflammation and apopto-
sis.** Furthermore, PLD2 was found to be a target gene of
miR-203* and miR-138.3? Therefore, we further examined
miRNAs upstream of PLD2. MiR-5132-5p has rarely been
reported, with only one study reporting that miR-5132-5p
plays a crucial role in regulating drug-induced liver injury
and mediates hepatotoxicity.”> However, there is no direct
evidence regarding its effect on inflammatory diseases or the
pancreas. To the best of our knowledge, we, for the first time,
revealed that miR-5132-5p could accelerate cerulein-induced
inflammation and apoptosis in AR42J cells. Targeting studies
revealed that miR-5132-5p binds to the 3-UTR of PLD2 and
plays a role in silencing PLD2 expression after transcription.
These results suggest that miR-5132-5p could promote
inflammation and apoptosis in cerulein-treated AR42J cells
by targeting PLD2.

One limitation of the present study is the lack of
relevant results from animal models. In future studies,
we plan to establish an in vivo AP model to verify the
mechanism of action of miR-5132-5p/PLD2. In addition,

Open Access,

the upstream regulatory factors of miR-5132-5p/PLD2
warrant further investigation.

5 | CONCLUSION

Herein, we demonstrated that PLD2 was significantly
downregulated and miR-5132-5p was significantly upre-
gulated in cerulein-treated AR42J cells. Further func-
tional and mechanistic experiments showed that PLD2
was negatively regulated by miR-5132-5p, thus alleviat-
ing cerulein-induced inflammatory injury and apoptosis
of AR42]J cells by regulating the Nrf2/NFxB pathway.
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