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The Regulatory Effect of the Kinase Inhibitor PD98059 on
Autophagic Flux During Trypsinogen Activation in Pancreatic

Acinar Cells
Wenchao Yao, BS, Defu Zhu, BS, Haifeng Lu, BS, Chao Liu, BS, Bei Sun, PhD,

Weihui Zhang, PhD, and Dongbo Xue, PhD

Objectives: To study the role of kinase inhibitor PD98059 on autophagy
flow in the process of trypsinogen activation in pancreatic acinar cell and its
related mechanism.
Methods: In the present study, bioinformatics analysis was used to predict
kinases and their most relevant inhibitor (PD98059) which participates in au-
tophagy of acute pancreatitis (AP). The rat pancreatic acini AR42J cells were
divided into 4 groups: control group, sodium taurocholate hydrate (TLC)
group, PD98059 group, and TLC + PD group. Twenty-seven Sprague-Dawley
rats were divided into 3 groups (n = 9), including control group, severe AP
(SAP) group, and SAP + PD group. We detected trypsinogen activation,
autophagic activation, lysosomepH, and cathepsin-L activity invivo and invitro.
Results: Results revealed trypsinogen activation was significantly inhibited
in mitogen-activated protein kinase 1, JAK2, LYN, and their common inhib-
itor was PD98059. The trypsinogen activation, Beclin1, and light chain 3 II
expressions were reduced, whereas the expressions of lysosomal-associated
membrane protein 2, cathepsin L1, and cathepsin-L activity is upregulated af-
ter the PD98059 pretreatment, both in vivo and in vitro.
Conclusions: Lysosomal dysfunction blocked autophagy flux, accompanied
by increasing pancreatic acinar cell autophagy in the process of trypsinogen acti-
vation. PD98059 inhibitedAPoccurrence andpancreatic injury via improving the
blocked autophagic pathway and reducing trypsinogen activation.

Key Words: acute pancreatitis, kinase inhibitors, autophagy,
trypsinogen activation
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A cute pancreatitis (AP) is a common clinical inflammatory
disease. Our knowledge of AP has been improved contin-

uously over years of clinical practice and scientific research.
However, to date, there is still no effective treatment for AP,
and the mortality rate of AP is high. At present, AP remains a
difficult-to-treat acute condition in clinical practice that may
require abdominal surgery.

Recent studies show that a variety of diseases are associated
with autophagic disorders. Autophagy dysfunction may occur in
any aspect of the autophagic process, including reduced produc-
tion of autophagosomes, obstructed fusion with lysosomes, and
decreased proteolytic activity.1 It was found in an AP model that
a large number of vacuoles accumulated in pancreatic acinar cells,
and the accumulation of large vacuoles was positively correlated
with the expression of microtubule-associated protein light chain
3 II (LC3II). The finding suggests that these vacuoles are of au-
tophagic origin. Some studies found that intracellular activation
of trypsinogen in early AP occurred in these large vacuoles. How-
ever, the degradation efficiency of sirtuins was decreased, and P62
expression was increased, which indicate that autophagy becomes
less efficient in AP. The integrity and degradative capability of ly-
sosomes mainly depend on lysosomal-associated membrane pro-
tein (LAMP) 1 (LAMP1) and LAMP2.2 Lysosomal-associated
membrane proteins are transmembrane proteins necessary for pro-
tection of the cytoplasm and lysosomes against the activity of acid
hydrolases and that regulate the fusion of lysosomes with other or-
ganelles, particularly autophagosomes. In addition, LAMPs regu-
late the proteolytic activity and endocytosis of lysosomes.3

The activation of trypsinogen in pancreatic acinar cells is an
important indicator of AP. It has been shown that treatment with
autophagy inhibitors or knockout of the autophagy-related 5
(ATG5) gene significantly reduced trypsin activity and greatly at-
tenuated the severity of AP.4 However, fasting-induced physiologi-
cal autophagy failed to induce the activation of trypsinogen.5 These
findings indicate that the aberrant activation of trypsinogen in AP is
caused by the autophagic dysfunction rather than autophagy itself.

A recent study has shown that the mitogen-activated protein
kinase (MAPK) signaling pathway plays an important role in the
pathogenesis of AP, and the MAPK/c-Jun N-terminal kinase path-
way has a regulatory effect on autophagy. However, the specific
underlying mechanisms remain unclear.6 Also, Martinez-Lopez
et al7 found that the phosphorylation level of ERK regulated the
expression of autophagy-related proteins and that the extent of
ERK phosphorylation was closely related to the expression of
LC3II, the specific underlying mechanisms remain unclear. All
these studies indicate that some signaling pathways and kinases
have certain regulatory effects on autophagy in AP, but their re-
sults are often fragmentary and isolated. Bioinformatics technol-
ogy can filter out all the kinases and kinase inhibitors that ever
been studied and participate in the regulation of autophagy in
AP. Kinase inhibitors that have been demonstrated to do may also
be identified to provide guiding significance for clinical use.

Therefore, the present study screened all kinases participate
in autophagy of AP by integrating analysis with methods of bioin-
formatics, and found out their inhibitors—PD98059. Our study
then examined the severity of AP and the expression of autophagy-
related proteins in pancreatic acinar cells and tissues pretreated with
PD98059 in an attempt to determine, at the cellular and organismal
levels, whether PD98059 can ultimately inhibit the intracellular
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activation of trypsinogen through interference with the blocked au-
tophagic pathway and define the underlying mechanisms. In future
studies, we intend to focus on PD98059 and further explore the fea-
sibility of its use as a targeted therapeutic drug for AP.

MATERIALS AND METHODS

Materials
Roswell ParkMemorial Institute (RPMI) 1640medium, fetal

bovine serum (FBS) (Gibco, Carlsbad, Calif), pancreatin (Sigma, St.
Louis,Mo), PD98059 (Beyotime,Beijing,China), sodium taurocholate
hydrate (TLC) (Sigma), mammalian cell total protein extraction kit
(Beyotime, Beijing, China), bicinchoninic acid (BCA) Protein As-
say Kit (Wanleibio, Shenyang, China), trypsinogen activation pep-
tide (TAP) ELISA kit (USCN,Wuhan, China), L-arginine (Sangon,
Shanghai, China), and protease inhibitor (Roche, Nashville, Tenn).

Preliminary Experiments

Text Mining of Candidate Kinases
(1) Text mining of kinases associated with AP: The list of

protein kinases were collected from protein kinase database
(http://kinasource.co.uk/Database/substrates. html) and were imported
into ActivePerl 5.16.2 software (ActiveState, Vancouver, Canada)
with “acute pancreatitis.” Then, we searched the literature and doc-
uments in Pubmed with the key words, “each kinase” and “acute
pancreatitis.”Second,withmanual screening,we found protein kinases
which are related to AP. (2) Text mining of kinases associated with
autophagy: Information of human protein kinases were collected
from protein kinase database (http://kinasource.co.uk/Database/
substrates.html). First, search the literature and documents in
Pubmedwith key words of “autophagy” and “name of each kinase”
for the autophagy-associated kinases. Second, with manual screen-
ing, checkwhether those found documents are related to autophagy.
Candidate kinases associated with autophagy in the pathogenesis
of AP were those appeared both in the first and second results.

Screening Kinases Regulating Trypsinogen Activation
(1) The siRNA-lipoRNAiMAX mixture (Lipofectamine

RNAiMAX Transfection Reagent Cat. No 13778-150; Gibco)
was prepared and added to a culturewell containing 800 μL of cul-
ture medium with cells. After 4 to 6 hours of culture, the culture
mediumwas replaced with freshmedium (containing FBS and an-
tibodies against 2 surface markers), followed by continuous cultur-
ing for 48 hours. The candidate kinases from bioinformatics
analysis above were divided into different groups and each was
treated with TLC (200 μM TLC, 40 minutes). (2) Examination of
trypsinogen activation by flow cytometry: the cells were treated
with trypsin and harvested. Approximately 1� 106 cells were col-
lected from each group and centrifuged at 1000 rpm for 5 minutes.
The supernatants were discarded, and the cell pellets were washed
twice with phosphate-buffered saline (PBS). After each wash, the
cells were centrifuged at 1000 rpm for 5 minutes. Subsequently,
the cells were resuspended in 200 μL of BZiPAR working solution
and incubated for 60 minutes at RT in the dark. After centrifugation
at 1000 rpm for 5 minutes, the cells were resuspended in PBS and
examined by flow cytometry. The experimental data were collected
using the CellQuest software (Becton-Dickinson, San Jose, Calif )
and analyzed using the Flowing Software (Becton-Dickinson).

Text Mining of Candidate Kinase Inhibitors
The list of protein kinase inhibitors were collected from pro-

tein kinase inhibitor database (http://www.selleckbio.com/servlet/
DownloadServlet?fileName=Selleck-Kinase-Inhibitor-Library.

xlsx) and were imported into ActivePerl software (ActiveState)
with “candidate kinases.” Then, we searched the literature and
documents in Pubmed with the key words, “each kinase inhibitor”
and “each candidate kinases.” Second, a visualized network was
drawn with the software, Cytoscape (version 2.6.3, Cytoscape
Consortium, San Diego, Calif ) to exhibit the correlations between
protein kinases and kinase inhibitors.

Cell-Based and Animal Experiments

Cell Culture and Grouping
AR42J cells were cultured in 90%RPMI 1640medium supple-

mented with 10% FBS. The cells were separated into the control
group (AR42J cells cultured under normal conditions), the TLC
group (cells treated with 200 μMTLC for 40minutes), the PD group
(cells treatedwith10μMPD98059for30minutes), and thePD+TLC
group (cells treated with 10 μM PD98059 for 30 minutes,
followed by treatment with 200 μM TLC for 40 minutes).

Confocal Microscopy
The cells grown in confocal dishes were washed with PBS

and fixed in 150 μL of paraformaldehyde at room temperature
(RT) for 15 minutes. The cells were washed again with PBS and
then incubated with PBS containing 2% Tween-20 at RT for
10 minutes. After washing with PBS, the cells were incubated
with the working solution of BZiPAR (Rhodamine 110, bus-[N-
CBZ-L-isoleucyl-L-prolyl-L-arginine amide], dihydrochloride)
(Molecular Probes; Thermo Fisher Scientific, Waltham, Mass) dye
for 60 minutes at RT in the dark. The cells were then washed with
PBS and immediately examined by confocal fluorescence microscopy.

Flow Cytometry
The cells were digested and harvested. Approximately

1 � 106 cells were collected from each group and centrifuged at
1000 rpm for 5 minutes. The supernatants were discarded, and
the cell pellets were washed twice with PBS. After each wash,
the cells were centrifuged at 1000 rpm for 5 minutes. Subse-
quently, the cells were resuspended in 200 μL of BZiPARworking
solution and incubated for 60minutes at RT in the dark. After cen-
trifugation at 1000 rpm for 5 minutes, the cells were resuspended
in PBS and examined by flow cytometry. The experimental data
were collected using the CellQuest software (Becton-Dickinson)
and analyzed using the Flowing Software (Becton-Dickinson).

Determination of Intracellular pH
Normal AR42J cells and the cells isolated from pancreatic

tissuewere seeded into 96-well plates. After cultivation of the cells
for 24 hours, the culture mediumwas replaced with a standard so-
lution of EMS buffer, containing 10 μM monensin (Selleck,
Shanghai, China), 20 μMnigericin (MedChemExpress, Monmouth
Junction, NJ), and LysoSensor Yellow/Blue DND-160 fluorescent
dye (Thermo Fisher Scientific, Shanghai, China). To generate a
pH gradient spanning 2 pH units (pH 4.0, 4.5, 5.0, 5.5, and 6.0),
the solutions were adjusted with HCl/NaOH. After incubation at
RT for 30 minutes, the ratios of fluorescence intensities at 340 and
380 nm (F340/380) were determined using a multimode microplate
reader, and a standard curve of fluorescence intensity ratios vs pH
was plotted. Various groups of cells were seeded into 96-well plates.
Regular culture medium was replaced with culture medium contain-
ing LysoSensor Yellow/Blue DND-160 dye. After incubation at RT
for 30 minutes, the lysosomal pH was calculated based on the corre-
sponding standard curve.
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Western Blot Analysis
The cells were digested, collected and incubated with 1 mL

of lysis buffer. The resulting protein lysates were quantified using
the BCA assay, conventionally electrophoresed and transferred to
nitrocellulose membranes. Primary antibody incubation was as
follows: the primary antibodies included LAMP2 antigoat poly-
clonal antibody (1:200, sc-8100; Santa Cruz Biotech, Dallas,
Texas); cathepsin L (CTSL) antigoat polyclonal antibody (CTSL1,
1:200, sc-6498; Santa Cruz Biotech); and β-actin (1:5000,
YM3028; Immunoway, Plano, Texas). After blocking, the mem-
branes were first incubated with primary antibodies and then incu-
bated with horseradish peroxidase–conjugated rabbit antigoat IgG
(H + L) secondary antibody at RT for 40 minutes with gentle shak-
ing. Subsequently, the membranes were washed and incubated with
ECL (Cat No. WBKLS0500; Millipore, Danvers, Mass) Western
blotting substrate for 3 to 5minutes. Tovisualize the target proteins,
immunoblots were exposed to x-ray films. The films were then de-
veloped and fixed.

Concentration and Activity of CTSL1 Protein
(1) Measurement of protein concentration: The standard

curve was created using bovine serum albumin (BSA) with a
known concentration. Specifically, 0, 1, 2, 4, 8, 12, 16, and 20 μL
of BSA standard solution were added to different wells of a micro-
titer plate. Then each well was overlaid with 200 μL of BCAwork-
ing solution and incubated at 37°C for 20 minutes. The absorbance
value at a wavelength of 570 nm was measured using a microplate
reader. The protein concentrations of the samples were calculated
based on the standard curve. (2) Examination of CTSL activity:
Each samplewellwas loadedwith 50 μL of sample, each blank con-
trol well was loaded with 50 μL of sample from the control group,
while each negative control well was loaded with 50 μL of cell lysis
(CL) buffer. Subsequently, 50 μL of CL buffer was added to each
well, which was followed by addition of 1 μL of dithiothreitol
(DTT). The sample wells were then mixed with 2 μL of 10 nM
Ac-FR-7-amino-4-trifluoromethylcoumarin substrate; the blank
and negative control wells were mixed with 2 μL of cathepsin L in-
hibitor. After incubation at 37°C for 2 hours in the dark, the release
of 7-amino-4-trifluoromethylcoumarin was measured using a mul-
tifunctional microplate reader at ex400 nm/em505 nm.

Construction of Animal Model and Grouping of
the Animals

Twenty-seven healthy male Sprague-Dawley rats weighing
250 to 300 g each were subjected to adaptive feeding for 1 week.
The rats were randomly divided into a sham-operated (control)
group, the SAP group and the drug-treated (SAP + PD) group.
The rats were fasted for 12 hours before each experiment. During
the fasting period, the rats were allowed free access to water. At
1 hour before construction of the model, the SAP + PD group
was given 4 mg/kg PD98059 via tail vein injection. Rats in the
SAP group and the SAP + PD group received intraperitoneal in-
jections of L-arginine (100 mg/100 g of body weight) twice at
1-hour intervals. Rats in the control group were injected with an
equal volume of normal saline. At 24 hours after establishment
of the model, blood was collected from all groups of rats, and se-
rum was retained. Subsequently, the rats were killed, and the pan-
creatic tissues were harvested. Pancreatic tissues about the size of
rice grains were prepared and fixed in 2.5% glutaraldehyde. A
portion of the pancreas was fixed in 4% paraformaldehyde solu-
tion. The rest of the pancreatic tissueswere rapidly frozen in liquid
nitrogen and stored in a freezer at −70°C for future assays.

Hematoxylin-Eosin Staining
Pancreatic tissues were embedded and sectioned. The sec-

tions were dewaxed, rehydrated, stained, dehydrated, cleared,
mounted, and microscopically examined. Images were taken at
200� magnification.

Determination of α-Amylase and TAPActivities
(1) The activity ofα-amylase (AMS) wasmeasured using the

AMS Assay Kit (Gaochem, Shanghai, China) according to the
manufacturer's instructions.

AMS activity in serum (U/dL) = (optical density [OD]
value of the blank tube − measured OD value)/OD value of
the blank tube � 80

(2) Tissue protein samples were diluted to 5 μg/μL with PBS.
Sample loading: standard wells and sample wells were prepared.
The standardwells (a total of 5 wells) were filled with various con-
centrations of the standard (50 μL in each well), while the sample
wells were filled with 50 μL of samples for analysis. Immediately
after loading the standards and samples, 50 μL of test solution A
was added to each well and mixed thoroughly by gentle shaking.
The microtiter plates were then covered with parafilm and incu-
bated at 37°C for 1 hour. After incubation, the liquid was
discarded. The wells were washed by soaking for 2 minutes. Liq-
uids in the microtiter plates were aspirated, and the wells were
washed 3 times. Subsequently, 50 μL of test solution B was added
to each well of the microtiter plates. The plates were then covered
with parafilm and incubated at 37°C for 30minutes. After incuba-
tion, the liquids were aspirated from the wells. The plates were
shaken dry and then washed 5 times. Afterward, 90 μL of substrate
solution was added to each well of the microtiter plates. The plates
were then covered with parafilm and incubated at 37°C in the dark
to allow color development. The chromogenic reaction was termi-
nated by addition of 50 μL of stop solution to each well. The OD
value of each well was measured at a 450-nm wavelength using a
microplate reader.

Statistical Methods
All experimental data were analyzed using GraphPad Prism

6.0 software (La Jolla, Calif ). All data were presented as mean
(standard deviation [SD]). Differences between the groups were an-
alyzed using 1-way analysis of variance (ANOVA). A P value less
than 0.05 indicated that the difference was statistically significant.

RESULTS

Preliminary Experiments

Text Mining of Candidate Kinases
In total, 28 kinases were obtained through text mining of

“acute pancreatitis” and “the name of each kinase” and 62 kinases
were obtained through text mining of “autophagy” and “the name
of each kinase” in PubMed.

Ultimately, 9 candidate kinases associated with autophagy in
the pathogenesis of AP were obtained from the intersection of
them (Supplemental Fig. 1, http://links.lww.com/MPA/A771).

Screening Kinases Regulating Trypsinogen Activation
Flow cytometry results showed that silencing the kinases

AKT, PKD1, EGFR, SRC, ROS, and MET did not significantly
inhibit trypsinogen activation (P > 0.05). However, MAPK1,
JAK2, and LYN did significantly inhibit trypsinogen activation
(Supplemental Fig. 2, http://links.lww.com/MPA/A771).
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Text Mining of Candidate Kinase Inhibitors
According to the kinases-kinase inhibitors network, PD98059

has regulatory effects on all of MAPK1, JAK2 and LYN, so
PD98059 was selected as the candidate kinase inhibitor for subse-
quent studies. The results are shown in Figure 1.

Results of Cell-Based Experiments

Analysis of Trypsinogen Activation Results
Confocal laser scanning microscopy revealed that the fluo-

rescence intensity was significantly increased in the TLC group
compared with the control group. This finding indicated that tryp-
sin activation was enhanced in the TLC group. In contrast, no sig-
nificant difference was detected in the fluorescence intensity
between the PD group and the control group. The fluorescence in-
tensity was markedly reduced in the TLC + PD group compared
with the TLC group. The results are shown in Figure 2A.

As shown in Figure 2B and C, quantitative flow cytometric
analysis revealed that trypsinogen activation was significantly in-
creased in AR42J cells after treatment with TLC (P < 0.05). Com-
pared with the TLC group, cotreatment of AR42J cells with TLC
and PD98059 resulted inmarkedly reduced trypsinogen activation
(P < 0.05). The results indicated that PD98059 exerted an inhibi-
tory effect on trypsinogen activation in AR42J cells. In consider-
ation of the concentrations of the inhibitor applied blocks MAPK
activity, we made a series of experiments. The results showed no
significant effects between the control group and PD98059
groups in different concentrations (Supplementary Fig. 3, http://
links.lww.com/MPA/A771).

Western Blot Analysis of the Expressions of
Beclin 1, LC3, LAMP2, and CTSL1 in AR42J Cells

The effects of PD98059 on Beclin1 and LC3 proteins in
AR42J cells: the expression of Beclin1 and LC3 were significantly

increased in the TLC group compared with the control group
(P < 0.05). No significant difference was detected in the expression
of Beclin1 and LC3 between the PD group and the control group
(P < 0.05). The expression of Beclin1 and LC3 was markedly re-
duced in the TLC + PD group compared with the TLC group.
The results are shown in Figure 3.

The effects of PD98059 on LAMP2 and CTSL1 proteins in
AR42J cells: the expression of LAMP2 and CTSL1 was signifi-
cantly decreased in the TLC group compared with the control
group (P < 0.05). No significant differencewas detected in the ex-
pression of LAMP2 and CTSL1 between the PD group and the
control group (P < 0.05). The expression of LAMP2 and CTSL1
was significantly increased in the TLC + PD group compared with
the TLC group. The results are shown in Figure 4. No significant
difference was detected in the expression of pro-catL between the
PD group and the control group, also between the TLC + PD
group and TLC group (P < 0.05) (Supplementary Fig. 4, http://
links.lww.com/MPA/A771).

Examination of the Activity of CTSL1 and catB Protein
The effects of PD98059 on the activity of CTSL1 and catB

protein in AR42J cells: the activity of CTSL1 and catB protein
was significantly decreased in the TLC group compared with
the control group (P < 0.05). No significant difference was de-
tected in the activity of CTSL1 and catB protein between the PD
group and the control group (P < 0.05). The activity of CTSL1
protein was significantly increased, whereas the activity of catB
was significantly decreased in the TLC + PD group compared
with the TLC group. The results are shown in Figure 5.

Determination of Lysosomal pH
The lysosomal pH in each group was determined by the mul-

tifunction enzyme marker, and the results were calculated based

FIGURE 1. Network of kinase—kinase inhibitors of 3 candidate kinase candidates, MAPK1, JAK2, and LYN.
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FIGURE2. Acinar cell fluorescence intensity change and trypsinogen activation degree of detection. A, Image from laser confocalmicroscopy.
B, Histogram of flow cytometry. C, Chart of statistics. *Compared with the control group, P < 0.05. †Compared with the TLC group, P < 0.05.

FIGURE 3. Western blot results for the Beclin1 and LC3 proteins expression in AR42J cells. A, Electrophoresis. B, Statistics chart of Beclin1
expression. C, Statistics chart of LC3 expression. *Comparedwith the control (Con) group, P < 0.05. †Comparedwith the TLC group, P < 0.05.
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on the corresponding standard curve. The results revealed that the
lysosomal pH was significantly increased in the TLC group
compared with the control group (P < 0.05). This finding indi-
cated that there was lysosomal dysfunction in the TLC group.
No significant difference was detected in the lysosomal pH be-
tween the TLC + PD group and the TLC group (P < 0.05). This
finding indicated that lysosomal function did not recover in the
TLC + PD group. The results are shown in Supplementary Figure
5, http://links.lww.com/MPA/A771.

Results of Animal Experiments

Histopathologic Examination and Scoring
At 24 hours after the procedure, no necrotic cell death was

observed in the pancreatic tissues of the rats in the control group.
Only a portion of the pancreatic acinar cells in the control group
exhibited edematous swelling. In addition, the control group ex-
hibited clear lobular and interstitial structures in the pancreas,
and there were no apparent signs of inflammatory cell infiltration
in the pancreatic interstitium. In the SAP group, pancreatic acinar
cells swelled significantly 24 hours after the procedure. Moreover,
the acinar cells underwent necrosis in patches, which was accom-
panied by infiltration of many inflammatory cells. A disordered
lobular structure, filled with a large amount of inflammatory exu-
dates, was observed in the pancreas. In addition, microvessel rup-
tures occurred in the pancreatic interstitium in the SAP group,
which was reflected by the release of many red blood cells. In
the SAP + PD group, the pancreatic acinar cells displayed signifi-
cant swelling at 24 hours after the procedure. However, no necrotic
cell death was observed. There was infiltration of inflammatory
cells among the acinar cells. In addition, interstitial edema was
clearly visible, and inflammatory exudates were present between
pancreatic lobules. The interlobular space was slightly widened.
Very few microvessels were ruptured, and red blood cells were re-
leased. The results are shown in Supplementary Figure 6A, http://
links.lww.com/MPA/A771.

All 3 groups of rats were examined under a microscope
24 hours after the procedure, and the pathological scores were as
follows: control group, 1.80 (SD, 0.42); SAP group, 11.68 (SD,
1.28); and SAP + PD group, 15.93 (SD, 1.25). Both the SAP
group and the SAP + PD group scored significantly higher than
the control group (P < 0.05). Compared with the SAP group, the
SAP + PD group had a significantly lower pathological score
(P < 0.05). The results are shown in Supplementary Figure
6B, http://links.lww.com/MPA/A771.

Determination of AMS and TAPActivity
The activity of AMS was measured at 24 hours after the pro-

cedure, and the results were as follows: control group, 10.71 U/L
(SD, 0.28 U/L); SAP group, 48.02 U/L (SD, 2.84 U/L); and SAP
+ PD group, 25.46 U/L (SD, 1.13 U/L). Both the SAP group and
the SAP + PD group scored significantly higher than the control
group (P < 0.05). Compared with the SAP group, the SAP + PD
group had a significantly lower activity (P < 0.05). The results
are shown in Supplementary Figure 7A, http://links.lww.com/
MPA/A771.

The activity of TAP was measured at 24 hours after the pro-
cedure, and the results were as follows: control group, 90.78 pg/
mL (SD, 3.52 pg/mL); SAP group, 390.01 pg/mL (SD, 5.57 pg/
mL); and SAP + PD group, 164.95 pg/mL (SD, 3.89 pg/mL).
Both the SAP group and the SAP + PD group scored significantly
higher than the control group (P < 0.05). Compared with the SAP
group, the SAP + PD group had a significantly lower activity
(P < 0.05). The results are shown in Supplementary Figure
7B, http://links.lww.com/MPA/A771.

Western Blot Analysis of the Expressions of Beclin 1,
LC3, LAMP2, and CTSL1 in Pancreatic Tissues

The effects of PD98059 on Beclin1 and LC3 proteins in the
pancreatic tissues of the rats: the expression of Beclin1 and LC3
were significantly increased in the SAP group compared with
the control group (P < 0.05). No significant differencewas detected

FIGURE 4. Western blot results for the LAMP2 and CTSL1 proteins expression in AR42J cells. A, Electrophoresis. B, Statistics chart of LAMP2
expression. C, Statistics chart of CTSL1 expression. *Comparedwith the control (Con) group, P < 0.05. †Comparedwith the TLCgroup, P < 0.05.

FIGURE 5. The activity of CTSL1 (A) and catB (B). *Compared with the control group, P < 0.05. †Compared with the TLC group, P < 0.05.
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in the expression of Beclin1 and LC3 between the SAP + PD group
and the control group (P < 0.05). The expression of Beclin1 and
LC3 was markedly reduced in the SAP + PD group compared with
the SAP group. The results are shown in Figure 6.

The effects of PD98059 on LAMP2 and CTSL1 proteins in
the pancreatic tissues of the rats: the expression of LAMP2 and
CTSL1 were significantly decreased in the SAP group compared
with the control group (P < 0.05). No significant difference was
detected in the expression of LAMP2 and CTSL1 between the
SAP + PD group and the control group (P < 0.05). The expression
of LAMP2 and CTSL1 was significantly increased in the SAP +
PD group compared with the SAP group. The results are shown
in Figure 7.

Examination of the Activity of CTSL1 and catB Protein
The effects of PD98059 on the activity of CTSL1 and catB

protein in the pancreatic tissues of the rats: the activity of CTSL1
and catB protein was significantly decreased in the SAP group
compared with the control group (P < 0.05). The activity of
CTSL1 protein was significantly increased, whereas the activity
of catB was significantly decreased in the SAP + PD group com-
pared with the SAP group. The results are shown in Figure 8.

Determination of Lysosomal pH
The effects of lysosomal pH in the pancreatic tissues of the

rats: the lysosomal pH were significantly increased in the SAP
group compared with the control group (P < 0.05). No significant
difference was detected in the lysosomal pH between the SAP +
PD group and control group (P < 0.05). The lysosomal pH was
significantly decreased in SAP + PD group compared with the
SAP group. The results are shown in Supplementary Figure
8, http://links.lww.com/MPA/A771.

DISCUSSION
In the past decade, significant progress has been made in un-

derstanding the pathogenesis of AP. Aberrant activation of tryp-
sinogen in pancreatic acinar cells is considered a key factor in

the occurrence of AP. However, the molecular mechanisms under-
lying the intracellular activation of trypsinogen remain unclear.
Recent studies have found that autophagy may play a crucial role
in the activation of trypsinogen. In the initial stage of AP, autoph-
agy and aberrant activation of trypsinogen occur simultaneously.
Moreover, early trypsinogen activation occurs in autophagic vacu-
oles of acinar cells.

In our study, we used themethod of bioinformatics to select all
of protein kinases involved in the regulation of autophagy in AP
from protein kinase database. We made cell transfection and flow
cytometry to validate their significant regulating meanings. In the
same way, we screened out common kinase inhibitor (PD98059)
of MAPK1, JAK2, LYN. It was also pointed out that PD98059 as
a kinase inhibitor which can regulate the autophagy of AP.

At present, it is recognized that the abnormal activation of
trypsinogen in pancreatic acinar cells is one of the major patho-
genic factors for all types of AP. The degree of trypsinogen activa-
tion is an important indicator of the severity of AP. The present
study examined the activation of trypsinogen in AR42J cells. It
was found that trypsinogen activation was noticeably increased
in both the TLC group and the TLC + PD group. However, the ex-
tent of the increase was significantly smaller in the TLC + PD
group than that in the TLC group. The above findings indicate that
PD98059 exerted an inhibitory effect on the activation of trypsin-
ogen in pancreatic acinar cells. Therefore, PD98059 has a protec-
tive effect against the occurrence of AP. In addition, it is
noteworthy that the TLC + PD group exhibited a significantly
higher degree of trypsinogen activation in comparison to the con-
trol and PD groups (P < 0.05). This finding indicates that
PD98059 only reduced the extent of trypsinogen activation but
failed to completely block the aberrant intracellular activation of
trypsinogen. The study also showed that PD98059 intervention al-
leviated the severity of inflammation in AP but failed to eliminate
the inflammation.8 The findings are consistent with the results of
the present study.

Autophagy is a dynamic process. The overall process of au-
tophagy is referred to as autophagic flux, which includes the for-
mation of autophagosomes, the transport of autophagic substrates

FIGURE 6. Western blot results for the Beclin1 and LC3 proteins expression in pancreatic tissue. A, Electrophoresis of Beclin1. B,
Electrophoresis of LC3. C, Statistics chart of Beclin1 expression. D, Statistics chart of LC3 expression. *Compared with the control (Con)
group, P < 0.05. †Compared with the SAP group, P < 0.05.
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to lysosomes and the degradation of autophagic substrates in lyso-
somes. A simplified molecular mechanism is shown in Supple-
mentary Figure 9, http://links.lww.com/MPA/A771.9

As a specific protein involved in autophagy in mammals,
Beclin 1 plays an important role in the formation of autophagosome
precursors and autophagosomal membranes.10 As shown in Sup-
plementary Figure 9, http://links.lww.com/MPA/A771, LC3II is
the most common marker on autophagosomal membranes.11 In a
cerulein-induced AP model, large vacuoles were formed and accu-
mulated in the pancreatic acinar cells. Compared with starvation-
induced vacuoles, the AP-related vacuoles were more numerous
and larger in size. In pancreatic tissues, the increase in Beclin 1
and LC3II expression is consistent with the changes in the large
vacuoles, which further confirmed the involvement of autophagy
in the formation of autophagic vacuoles in acinar cells.12Moreover,
the expressions of LC3II and Beclin 1 is upregulated in AP, and the
extent of increase in LC3II and Beclin 1 expression is consistent
with the severity of AP. The present study found that the expression
of Beclin 1 and LC3II was downregulated in AR42J cells pretreated
with PD98059. This finding indicates that the number of
autophagosomes was significantly lower in the PD98059-pretreated
acinar cells compared with the TLC group. However, the level
of autophagic activity did not depend only on the number of
autophagosomes. In fact, the autophagic activity levelwas proportional

to the degradation rate of autolysosomes. Autophagic activity was
related to the activity of the autophagic pathway and autophagic
flux. Unlike the physiological autophagy induced by starvation,
the degradation efficiency of sirtuins was significantly reduced,
and the expression level of P62 was elevated in the AP model,
suggesting that autophagy was inefficient and that the autophagic
pathway was blocked.13 In addition, animal experiments showed
that Beclin 1 and LC3II levels were significantly lower in the
SAP + PDgroup than in the SAP group and that the severity of pan-
creatic tissue injury was significantly reduced in the SAP + PD
group. The above results demonstrate that PD98059 releases the
blockage of the autophagic pathway in pancreatic acinar cells
and enhances autophagy activity, thereby reducing the massive ac-
cumulation of autophagosomes and inhibiting the activation of tryp-
sinogen. However, the specific mechanism by which PD98059
acts on autophagic flux remains to be elucidated.

In the early stages of AP, trypsinogen is transported into lyso-
somes via the formation of autophagosomes and autolysosomes.
In lysosomes, trypsinogen is activated by cathepsin, forming tryp-
sin, which then exerts a destructive effect.14 Lysosomal dysfunction
is commonly observed in AP models. Lysosomal dysfunction-
induced blockage of the autophagic pathwaymay be one of the ma-
jor initiating factors for a series of pathophysiological changes in
AP, including the intracellular activation of trypsinogen. The 2 notable

FIGURE 7. Western blot results for the LAMP2 and CTSL1 proteins expression in pancreatic tissue. A, Electrophoresis of LAMP2. B,
Electrophoresis of CTSL1. C, Statistics chart of LAMP2 expression. D, Statistics chart of CTSL1 expression. *Comparedwith the control (Con)
group, P < 0.05. †Compared with the SAP group, P < 0.05.

FIGURE 8. Detection of the activity of CTSL1 (A) and catB (B) in pancreatic tissue *Compared with the control group, P < 0.05. †Compared
with the TLC group, P < 0.05.
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features of lysosomal dysfunction are defective processing/
activation of cathepsins and reductions in LAMP1 and LAMP2
levels, which lead to autophagic dysfunction, the activation of
trypsinogen and the vacuolation of acinar cells.15 LAMP2 is one
of the key proteins in the regulation of autophagic pathway and
is mainly responsible for regulating autolysosome formation that
results from autophagosome-lysosome fusion. As shown in Sup-
plementary Figure 9, http://links.lww.com/MPA/A771, lack of
LAMP2 expression led to impaired autolysosome formation and
massive autophagosome retention. Gukovsky et al showed that
the lack of LAMP2 aggravated the severity of AP and induced
the necrosis of pancreatic cells.2 The present study found that
LAMP2 expression was reduced in the TLC group but elevated
in the PD + TLC group. This finding indicates that PD98059 pre-
treatment significantly enhanced the expression of LAMP2 in
pancreatic tissues and promoted the formation of autolysosomes.
It can be inferred that PD98059 restores the activity of the blocked
downstream pathway of autophagy by upregulating the expres-
sion of LAMP2 and alleviating the impairment of autolysosome
formation, thereby reducing the accumulation and aberrant activa-
tion of trypsinogen. Trypsinogen can be converted to active trypsin
by cathepsin B (CTSB). Cathepsin L another member of the papain
family of cysteine proteases, has enzymatic properties similar to those
of CTSB. Cathepsin L exhibits stronger endoproteolytic activity than
CTSB and is capable of degrading trypsinogen and trypsin. There-
fore, CTSL may alleviate the deleterious effects of CTSB by reduc-
ing trypsin activity.16 The present study examined CTSL1 and found
that the expression level and activity of CTSL1were significantly in-
creased in the group pretreated with PD98059 compared with the
TLC group. This finding indirectly demonstrated that PD98059 re-
duces the amount of active trypsin in autolysosomes and improves
the protein degradation efficiency of autophagic pathways by regu-
lating the ratio and activity of CTSL in lysosomes and improving
lysosomal function, thereby reducing the severity of pancreatitis.

The optimum pH for the enzymatic reactions in lysosomes is
5.0. At pH 7.0, lysosomal enzymes become inactivated. If the pH
level far exceeds its optimal value, the activity of lysosomal acid
hydrolases is reduced, and the degradation of autolysosomes is
impaired. As a result, the downstream pathway of autophagy is
blocked, and a large amount of autophagosomes accumulate. In
the present study, it was found that lysosomal pHwas significantly
higher in the TLC group compared with the normal group. This
finding indicates that the activity of lysosomal enzymes was re-
duced in the TLC group. In contrast, there was no significant dif-
ference in lysosomal pH between the group pretreated with
PD98059 and the TLC group. Animal experiments showed that
lysosomal pH was significantly downregulated in the SAP group
after pretreatment with PD98059. The results of the in vitro and in
vivo experiments suggest that PD98059 exerts a regulatory effect
on lysosomal pH. Moreover, the regulatory effects of PD98059 on
the expression levels and activities of acid hydrolases (such as
CTSL) were particularly significant.

In clinical practice, the most commonly examined indicator
of pancreatitis is serum α-amylase (AMS) and can be used as
a diagnostic criterion for AP. The higher the AMS levels of
the patient, the greater the level of attention should be given.17

Trypsinogen activation peptide is a degradation product of tryp-
sinogen produced during trypsinogen activation. A recent study
has shown that TAP can be used as an index for early prediction
of AP severity. The higher the TAP concentration, the higher the
degree of inflammation.18 In the mouse model of AP constructed
by Letoha et al,19 pretreatment with the MAPK pathway inhibitor
PD98059 significantly attenuated the destruction of acinar struc-
ture and reduced the infiltration of inflammatory cells into pancre-
atic tissues. In addition, compared with the AP group, the degree

of pathological necrosis was markedly reduced, and the AMS
concentration was significantly decreased after PD98059 pre-
treatment. The results indicated that pancreatic injury was sig-
nificantly improved after PD98059 pretreatment. The present
study examined AMS and TAP in a rat model of SAP and found
that AMS activity and TAP levels had declined from their peak
values at 24 hours after the induction of AP. However, AMS activ-
ity and TAP levels remained significantly elevated in comparison
to the control group (P < 0.05). After pretreatment with PD98059,
AMS and TAP were significantly decreased in the SAP + PD
group compared with the SAP group (P < 0.05). Pathological ex-
amination of the pancreas showed that the extent of pancreatic in-
jury was significantly reduced in the SAP + PD group, and the
changewas statistically significant (P < 0.05). The results of path-
ological examination further demonstrated that PD98059was able
to reduce the severity of AP and improve the prognosis.

In summary, both the cell-based experiments and the animal
experiments conducted in the present study demonstrated that
PD98059 pretreatment significantly inhibited the activation of
trypsinogen in pancreatic acinar cells and reduced pathological in-
jury. In addition, PD98059 pretreatment downregulated the ex-
pression levels of Beclin 1 and LC3II, regulated autophagy,
promoted the expression of LAMP and CTSL, and improved lyso-
somal function. The above results indicate that PD98059 releases
the blockage of autophagic flux and alleviates lysosomal dysfunc-
tion in pancreatic acinar cells, thereby inhibiting the intracellular
activation of trypsinogen. Thus, PD98059 has a protective effect
on pancreatic tissues. However, the pathogenesis of AP is very
complicated. Autophagy is also affected by many factors, and
the specific mechanisms of action of autophagy remain unclear.
Therefore, whether PD98059 can be used as a new target for AP
treatment requires further investigation.
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