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Abstract
Little is known about the effects of glucagon-like peptide 1 (GLP-1) on the pancreatic exocrine gland. In the gland, secre-
tagogues induce amylase release. That signal transduction is evoked mainly by an increase in intracellular  Ca2+ levels 
and activation of protein kinase C (PKC). We previously demonstrated that myristoylated alanine-rich C kinase substrate 
(MARCKS), a PKC substrate, is involved in pancreatic amylase release. Here, we studied the effects of GLP-1 on MARCKS 
phosphorylation and amylase release in rat pancreatic acini. GLP-1 induced amylase release and MARCKS phosphorylation 
in isolated pancreatic acini. Inhibitors of cAMP-dependent protein kinase (PKA) suppressed those effects. Furthermore, a 
MARCKS-related peptide inhibited the GLP-1-induced amylase release. These findings suggest that GLP-1 induces amylase 
release through MARCKS phosphorylation via activation of PKA in isolated pancreatic acini.
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Introduction

An incretin hormone, glucagon-like peptide-1 (GLP-1), is 
secreted from intestinal L cells [1] and enhances glucose-
dependent insulin secretion by activating GLP-1 receptor 
(GLP-1R) in pancreatic islet β cells [2]. GLP-1 binds to 
GLP-1R, leading to G protein-mediated elevation of intra-
cellular cAMP levels and activation of cAMP-dependent 
protein kinase (PKA) [2]. This GLP-1R signal transduction 
has been shown to be involved in other nonglycemic actions, 
such as regulation of inflammation [3], lipid metabolism [4], 
and blood pressure [5]. However, several roles of GLP-1/
GLP-1R have been unclear in the pancreas as an exocrine 
gland. In guinea pig pancreatic acinar cells, GLP-1 binds to 
a specific receptor, GLP-1R [6]. GLP-1R has been detected 
in human [7], mouse, and rat [8] pancreatic acinar cells. 
Taken together, GLP-1 may induce certain cell functions in 
the pancreatic exocrine gland.

In pancreatic acinar cells, a secretagogue, such as chol-
ecystokinin (CCK), binds to receptors, thereby increas-
ing intracellular  Ca2+ levels and activating protein kinase 
C (PKC). This signal transduction is involved in amylase 
release in pancreatic acini [9]. We previously reported that 
myristoylated alanine-rich C kinase substrate (MARCKS), 
a major cellular substrate of PKC [10], is involved in CCK-
induced amylase release in acini isolated from rat pancreas 
[11]. We had also demonstrated involvement of MARCKS 
in cAMP-dependent amylase release in rat parotid acinar 
cells [12]. Interestingly, involvement of MARCKS in amyl-
ase release is a shared feature between  Ca2+- and cAMP-
dependent pathways in pancreatic and parotid acinar cells, 
respectively.

Phosphorylated MARCKS (p-MARCKS) is translo-
cated from the membrane to the cytosol [13]. This trans-
location has been implicated in membrane trafficking, 
such as exocytosis. The  NH2-terminal sequence peptide of 
MARCKS (MANS) has been shown to be a useful inhibitor 
of MARCKS function [14]. This peptide inhibited amylase 
release in rat pancreatic acini [11] and parotid acinar cells 
[12]. It also inhibited mucin secretion in a mouse model 
of asthma [15] and a human bronchial epithelial cell line 
(NHBE cells) [14]. Furthermore, MARCKS phosphoryla-
tion was involved in secretion of oxytocin in bovine luteal 
cells [16] and norepinephrine in bovine chromaffin cells 
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[17]. We previously proposed that lipid rafts, which release 
MARCKS, contribute to exocytotic amylase release in pan-
creatic acini [11]. Taken together, these findings suggest that 
MARCKS and MARCKS phosphorylation regulate secre-
tory function in the pancreatic exocrine gland.

We previously demonstrated that GLP-1 induced release 
of insulin, but not amylase, in rat pancreas preparations using 
the organ bath technique [18]. This experimental design is 
a sensitive and reproducible method for assessing the phar-
macological properties of hypoglycemic agents. However, 
it is unfit for observing signal transduction in acini. The 
pancreas has two types of tissue, i.e., endocrine islets and 
exocrine glands. Interaction between the two tissues makes 
it difficult to investigate the effects of GLP-1 using the organ 
bath technique. In the present study, we used isolated acini 
from rat pancreas and were able to demonstrate the effects of 
GLP-1 on MARCKS phosphorylation and amylase release.

Materials and methods

Reagents

Bovine serum albumin (BSA) and collagenase A were 
purchased from Roche (Basel, Switzerland). RIPA buffer, 
a protease inhibitor cocktail, and a phosphatase inhibitor 
cocktail were purchased from ATTO (Tokyo, Japan). Rab-
bit anti-MARCKS and rabbit anti-p-MARCKS antibodies 
were purchased from Millipore (Temecula, CA, USA). Anti-
rabbit IgG horseradish peroxidase-linked antibody was pur-
chased from Beckman Coulter (Fullerton, CA, USA). H89 
and 8-bromo-cAMP were purchased from Cayman Chemi-
cal (Ann Arbor, MI, USA). GLP-1 (amide fragment 7–36, 
human) was purchased from Sigma Aldrich (St. Louis, 
MO, USA). Cyclic AMPS-Rp was purchased from Tocris 
(Bristol, UK). Trypsin inhibitor was purchased from Sigma 
Aldrich. ECL Western blotting detection reagents were 
purchased from GE (Piscataway, NJ, USA). Skim milk was 
purchased from Morinaga-Nyugyo (Tokyo, Japan). The Bio-
Rad protein assay kit was purchased from Bio-Rad Labora-
tories (Hercules, CA, USA).

MARCKS‑related peptide (MANS)

MANS and a random  NH2-terminal sequence (RNS) pep-
tide were synthesized as previously described [14] at Scrum 
(Tokyo, Japan). The RNS peptide was used as the control.

Acini treatment

Pancreatic acini from Sprague–Dawley rats (males, 
200–250 g) were prepared as described previously [11]. 
The collected acini were finally suspended in appropriate 

amounts of modified KRB solution [11] containing 0.5% 
BSA and 0.02% trypsin inhibitor and incubated at 37 °C 
under an atmosphere of 95%  O2–5%  CO2. The acini were 
stimulated with GLP-1 (25 nM) or 8-bromo-cAMP (1 mM) 
for the indicated times. When the effects of inhibitors were 
examined, cells were pretreated with H89 (10 μM, 10 min), 
cAMPS-Rp (15  μM, 15  min), MANS peptide (50  μM, 
15 min), and RNS peptide (50 μM, 15 min), and then GLP-1 
was added. The acini viability was kept more than 95% 
determined by trypan blue exclusion.

Preparation of lysate

Incubated acini were immediately transferred onto ice and 
lysed with ice-cold RIPA buffer (1% NP-40, 0.5% sodium 
deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 5 mM 
sodium deoxycholate, and 20 mM HEPES) containing 
protease inhibitors (pepstatin A, aprotinin, and leupep-
tin) and phosphatase inhibitors (sodium fluoride, sodium 
orthovanadate, and sodium glycerophosphate) for 15 min 
on ice. The lysates were then spun at 14,000 g for 10 min. 
Supernatants were collected, and protein concentrations 
were determined with a Bio-Rad protein assay kit using 
BSA as a standard [19]. The supernatants were used for 
Western blotting.

Western blotting

The protein samples were separated by SDS-PAGE using 
a Mini-Protean 3 Cell system (Bio-Rad). After electropho-
resis, the separated proteins were transferred onto a PVDF 
filter using a Trans-Blot Turbo System (Bio-Rad). The blots 
were blocked at room temperature for 50 min in BSA or skim 
milk and then probed for 120 min with a primary antibody, 
i.e., anti-MARCKS (diluted 1:1000) and anti-p-MARCKS 
(diluted 1:2000). The blots were washed three times with 
Tris buffered saline (pH 7.6) containing 0.05% Tween 20 
and then probed for 90 min with anti-rabbit IgG (diluted 
1:10,000). Immunoreactivity was determined using ECL 
Western blotting detection reagents. Images were acquired 
using Light-Capture II (ATTO, Tokyo, Japan). The inten-
sity of p-MARCKS was measured with CS Analyzer 3.0 
(ATTO).

Amylase release

The suspensions of acini were passed through a filter paper 
to separate the medium and the cells. The acini were then 
homogenized in phosphate buffer (pH 6.9) containing 
0.01% Triton X-100 for measurement of the total amylase 
activity. Amylase activity in the medium and the homogen-
ates was assayed in accordance with the method described 
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by Bernfeld [20]. The integrated value of amylase release 
at the indicated time was expressed as a percentage of the 
total amylase in the cells, as shown below.

Statistical analysis

Either one-way analysis of variance (ANOVA) followed by 
Bonferroni correction (Figs. 1a, c, d, 2c, 3, 4) or Student’s 
t test (Figs. 1b, 2d) was employed to test for statistical sig-
nificance, and a P value of less than 0.05 was considered 
significant. The P values are indicated with asterisks. All 
statistical analyses were performed using GraphPad Prism7 
(GraphPad Software, La Jolla, CA, USA).

Amylase release (%) = (Amylase activity in the medium)∕

(Amylase activity in homogenates + the medium) × 100.

Results

GLP‑1‑induced amylase release

In order to assess whether GLP-1 induces amylase release 
in pancreatic acini, the acini were stimulated with 25 nM 
GLP-1, which was reported to show the maximal effect 
on amylase release [21], for 5, 10, and 15 min. As shown 
in Fig. 1a, GLP-1 induced amylase release from pancre-
atic acini in a time-dependent manner. A cell-permea-
ble cAMP analog, 8-bromo-cAMP, also induced amyl-
ase release (Fig. 1b). These results suggest that GLP-1 
induces amylase release and is involved in the cAMP-
pathway in acini isolated from the pancreas. Next, we 
examined the effects of two PKA inhibitors, H89 and 
cAMPS-Rp, on GLP-1-induced amylase release. Pancre-
atic acini were preincubated with H89 (10 μM) for 10 min 
or cAMPS-Rp (15 μM) for 15 min, and then the acini 
were incubated with GLP-1 (25 nM) for 15 min. As seen 
in Fig. 1c, d, both inhibitors inhibited GLP-1-induced 
amylase release, but had no effect on amylase release in 

Fig. 1  Effect of GLP-1 on amylase release. a Isolated pancreatic 
acini were incubated with or without GLP-1 (25  nM) for the indi-
cated times. b Acini were incubated with or without 8-bromo-cAMP 
(1  mM) for 15  min. c, d After pretreatment with H89 (10  μM) for 
10 min (c) or cAMPS-Rp (15 μM) for 15 min (d), acini were incu-
bated with or without GLP-1 (25  nM) for 15  min. Amylase release 

was expressed as the percentage of the total amylase activity. Values 
are shown as means ± SE from three independent experiments. The 
asterisks indicate a significant difference (P < 0.05) compared with 
the corresponding period for the control (a) or the control in the 
absence of 8-bromo-cAMP (b) or GLP-1 (c, d)
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Fig. 2  Effect of GLP-1 on 
MARCKS phosphorylation. a, 
b MARCKS and p-MARCKS 
in lysates (20 μg protein) were 
detected by Western blotting 
analysis using anti-MARCKS 
and anti-p-MARCKS antibod-
ies, respectively. a Acini were 
stimulated with GLP-1 (25 nM) 
for the indicated times. b Acini 
were stimulated with 8-bromo-
cAMP (1 mM) for 15 min. c, d 
The Western blotting data for 
p-MARCKS were normalized 
against stimulation at 0 min. 
Values show the means ± SE 
from three independent experi-
ments. The asterisks indicate a 
significant difference (P < 0.05) 
compared with stimulation at 
0 min (a) or the control (b)

Fig. 3  Inhibition of GLP-1-induced MARCKS phosphorylation by 
PKA inhibitors. a, b MARCKS and p-MARCKS in lysates (20  μg 
protein) were detected by Western blotting analysis using anti-
MARCKS and anti-p-MARCKS antibodies, respectively. After 
pretreatment with H89 (10  μM) for 10  min (a) and cAMPS-Rp 
(15 μM) for 15 min (b), acini were stimulated with GLP-1 (25 nM) 

for 15 min. c, d The Western blotting data for p-MARCKS were nor-
malized against the absence of GLP-1 and inhibitor. Values show the 
means ± SE from three independent experiments. The asterisks indi-
cate a significant difference (P < 0.05) compared with the control in 
absence of GLP-1
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the absence of GLP-1. These results suggest that PKA 
contributes to the GLP-1-induced amylase release in iso-
lated pancreatic acini.

GLP‑1‑induced MARCKS phosphorylation

We next assessed MARCKS phosphorylation in pancre-
atic acini that were stimulated with GLP-1 (25 nM) for 
5, 10, and 15 min. The results of Western blotting using 
anti-MARCKS and anti-p-MARCKS antibodies clearly 
showed that GLP-1 induced MARCKS phosphorylation 
in a time-dependent manner but did not affect the amount 
of MARCKS (Fig. 2a, c). 8-bromo-cAMP also induced 
MARCKS phosphorylation (Fig. 2b, d). These results sug-
gest that GLP-1 induces MARCKS phosphorylation and is 
involved in the cAMP-pathway in the isolated pancreatic 
acini. We next investigated the effects of PKA inhibitors 
on MARCKS phosphorylation. Pancreatic acini were pre-
incubated with H89 (10 μM) for 10 min or cAMPS-Rp 
(15 μM) for 15 min, and then the acini were stimulated 
with GLP-1 (25 nM) for 15 min. As shown in Fig. 3, both 
inhibitors inhibited GLP-1-induced MARCKS phospho-
rylation, but had no effect on the phosphorylation in the 
absence of GLP-1. In addition, the inhibitors did not affect 
the total amount of MARCKS. These results suggest that 
GLP-1-induced MARCKS phosphorylation is evoked by 
PKA activation.

Effects of MARCKS‑related peptide 
on GLP‑1‑induced amylase release

MANS peptide is a useful inhibitor of the function of 
MARCKS because it suppresses secretory function in intact 

cells [11, 12], cultured cells [14], and in vivo [15]. There-
fore, we employed the MANS peptide to examine whether 
inhibition of the function of MARCKS would suppress 
the GLP-1-induced pancreatic amylase release. Pancreatic 
acini were preincubated with the MANS peptide (50 μM) 
for 15 min and then stimulated with GLP-1 (25 nM) for 
15 min. As shown in Fig. 4, the MANS peptide suppressed 
the GLP-1-induced amylase release. In contrast, the control 
peptide, RNS (50 μM), had no effect on the release. These 
peptides had no effect on amylase release in the absence of 
GLP-1. These results suggest that MARCKS is involved in 
the GLP-1-induced amylase release in isolated pancreatic 
acini.

Discussion

In this study we demonstrated that (1) GLP-1 induces 
amylase release and MARCKS phosphorylation, (2) these 
effects of GLP-1 are inhibited by PKA inhibitors, and (3) 
MANS peptide inhibits GLP-1-induced amylase release. 
Consequently, it is likely that MARCKS is involved in 
cAMP-dependent amylase release in acini isolated from rat 
pancreas.

GLP-1R was expressed in rodent pancreatic aci-
nar cells [6, 8, 21]. Here, we demonstrated that GLP-1 
induces amylase release in rat pancreatic acini (Fig. 1a). 
Furthermore, that release was inhibited by PKA inhibi-
tors (Fig. 1c, d). GLP-1 binds to GLP-1R, leading to G 
protein-mediated elevation of intracellular cAMP lev-
els and activation of PKA [2]. In mouse parotid acinar 
cells, intracellular cAMP levels were increased by GLP-1 
[8, 21]. Moreover, Hou et al. demonstrated that GLP-1 
induces amylase release in mouse pancreatic acinar cells 
[21]. Our results are in line with those earlier observations. 
On the other hand, Wewer Albrechtsen et al. demonstrated 
that GLP-1, not directly, but indirectly induced pancreatic 
amylase release in dispersed acinar cells using an isolation 
system capable of sustaining long-term culture for more 
than 1 week [8]. This system includes a cooling step in 
which cells are put on ice [23]. In contrast, in our present 
study, cells are maintained at a constant 37 °C during iso-
lation, suggesting that the condition of isolated pancreatic 
acinar cells may differ between the two systems. In fact, 
exocytosis occurs in PC12 cells when the temperature is 
lowered from 37 to 4 °C [24]. Furthermore, cold tempera-
ture induced mucin hypersecretion via MARCKS function 
in NHBE cells [25]. Therefore, in isolated pancreatic acini, 
it is likely that GLP-1 induces amylase release through 
PKA activation. However, pancreatic amylase release is 
induced mainly via a  Ca2+-pathway, rather than a cAMP-
pathway [9]. CCK-induced signal transduction, which has 
been most studied, involves coupling of CCK receptors 

Fig. 4  Inhibition of GLP-1-induced amylase release by MARCKS-
related peptide (MANS). After pretreatment with RNS (50  μM) or 
MANS (50  μM) for 15  min, acini were incubated with or without 
GLP-1 (25  nM) for 15  min. Amylase release was expressed as the 
percentage of the total amylase activity. Values show the means ± SE 
from three independent experiments. The asterisk indicates a signif-
icant difference (P < 0.05) compared with the control in absence of 
GLP-1
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with heterotrimeric G proteins of the Gq family to acti-
vate phospholipase C, leading to increased inositol tris-
phosphate and  Ca2+ levels [9]. Subsequently, an increase 
in diacylglycerol (DAG) activates PKC, and then this 
pathway stimulates amylase release [22]. We previously 
reported CCK-induced amylase release via PKC activation 
in rat pancreatic acini [11]. Thus, the signal transduction 
of amylase release might consist of crosstalk between the 
 Ca2+- and cAMP-pathways.

We also reported that CCK induced MARCKS phos-
phorylation via PKC activation in rat pancreatic acini [11]. 
In the present study, we demonstrated that GLP-1 induced 
MARCKS phosphorylation in rat pancreatic acini (Fig. 2a). 
Interestingly, that protein phosphorylation was inhibited by 
PKA inhibitors (Fig. 3). In rat parotid acinar cells, MARCKS 
phosphorylation was inhibited by both PKA and PKC inhibi-
tors [12]. Thus, it is likely that MARCKS can be phosphoryl-
ated by PKC via both  Ca2+- and cAMP-dependent pathways. 
We hypothesize that an indirect mechanism may underlie 
PKC activation by PKA. In a rat insulinoma cell line (INS-1 
cells), GLP-1 induced MARCKS phosphorylation via PKC 
activation [26]. An adenylate cyclase activator activated 
PKC by elevating DAG. Phospholipase D (PLD), a regulator 
of DAG production, was activated via a  Ca2+-independent 
pathway in rat parotid acinar cells [27]. It was reported that 
PLD activation was involved in the cAMP-dependent path-
way in rat parotid acinar cells [28, 29]. Furthermore, PLD 
activation was suppressed by PKA inhibitors in a rat mast 
cell line (RBL-2H3 cells) [30]. Taken together, PKC appears 
to be activated by DAG, which is induced by PLD via PKA 
activation. In a separate experiment, we found that a PLD 
inhibitor suppressed GLP-1-induced amylase release in rat 
pancreatic acini [31]. That observation strongly supports our 
above hypothesis.

The MANS peptide is a myristoylated, cell-perme-
able peptide corresponding to the first 24 amino acids of 
MARCKS, which inhibit MARCKS function [14]. We dem-
onstrated that GLP-1-induced amylase release was inhib-
ited in isolated pancreatic acini that had been preincubated 
with the MANS peptide (Fig. 4). The peptide had no effect 
on non-stimulated secretion, suggesting that MARCKS is 
involved in GLP-1-induced amylase release. We previously 
reported that MARCKS is involved in PKA-dependent and 
PKC-dependent amylase release in rat parotid [12] and pan-
creatic [11] acinar cells, respectively. p-MARCKS is trans-
located from the cell membrane to the cytosol [13]. We pre-
viously showed that, in rat pancreatic acini, PKC-mediated 
MARCKS phosphorylation induces MARCKS transloca-
tion from lipid rafts of the cell membrane to the cytosol 
[11]. Taken together, MARCKS translocation is involved in 
membrane trafficking, such as exocytosis. These observa-
tions suggest that MARCKS plays a role in GLP-1-induced 
exocytotic amylase release in isolated pancreatic acini.

In conclusion, these findings suggest that MARCKS is 
involved in GLP-1-induced amylase release via activation 
of PKA in isolated pancreatic acini.
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