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Glucagon-like peptide-1 (GLP-1) controls glucose
homeostasis by regulating secretion of insulin and
glucagon through a single GLP-1 receptor (GLP-1R).
GLP-1R agonists also increase pancreatic weight in
some preclinical studies through poorly understood
mechanisms. Here we demonstrate that the increase
in pancreatic weight following activation of GLP-1R
signaling in mice reflects an increase in acinar cell mass,
without changes in ductal compartments or -cell mass.
GLP-1R agonists did not increase pancreatic DNA con-
tent or the number of Ki67* cells in the exocrine compart-
ment; however, pancreatic protein content was increased
in mice treated with exendin-4 or liraglutide. The in-
creased pancreatic mass and protein content was inde-
pendent of cholecystokinin receptors, associated with
a rapid increase in S6 phosphorylation, and mediated
through the GLP-1R. Rapamycin abrogated the GLP-
1R-dependent increase in pancreatic mass but had no
effect on the robust induction of Reg3a and Reg3p gene
expression. Mass spectrometry analysis identified GLP-
1R-dependent upregulation of Reg family members, as
well as proteins important for translation and export, in-
cluding Fam129a, elF4a1, Wars, and Dmbt1. Hence, phar-
macological GLP-1R activation induces protein synthesis,
leading to increased pancreatic mass, independent of
changes in DNA content or cell proliferation in mice.

Gut hormones secreted from specialized endocrine cells
subserve multiple functions integrating control of food
ingestion, gut motility, and the digestion, absorption, and
assimilation of nutrients. The actions of enteroendocrine
peptides to control lipid metabolism, body weight, and

glucose homeostasis have engendered considerable trans-
lational interest given the increasing incidence of dyslipid-
emia, obesity, and diabetes. Glucagon-like peptide-1
(GLP-1), secreted from enteroendocrine L cells, reduces
food intake, inhibits gastric emptying, and produces
weight loss. GLP-1 also inhibits chylomicron secretion
from enterocytes and lowers triglyceride levels in both
predlinical and clinical studies (1). The most extensively
studied action of GLP-1 is that of an incretin hormone,
augmenting insulin and inhibiting glucagon secretion fol-
lowing meal ingestion, through actions targeting endocrine
cells in the pancreas. Collectively, the glucoregulatory
actions of incretin hormones led to the development of
two distinct drug classes that lower glucose by potentiation
of incretin action, dipeptidyl peptidase-4 (DPP-4) inhibi-
tors and GLP-1 receptor (GLP-1R) agonists (2).

Although classical glucoregulatory actions of incretin-
based therapies target the endocrine pancreas, the non-
glycemic actions of GLP-1R agonists and DPP-4 inhibitors
on the exocrine pancreas have received considerable
attention (3). Spontaneous reports of pancreatitis in di-
abetic patients treated with incretin-based therapies stim-
ulated interest in whether GLP-1R agonists affect the
exocrine pancreas (4). Although results of preclinical stud-
ies are conflicting, the majority of experiments do not link
activation of GLP-1R signaling to enhanced susceptibility
to pancreatitis in rodents (4,5). Furthermore studies of
transgenic reporter gene expression under the control of
the endogenous murine Glplr promoter (6) have not dem-
onstrated GLP-1R expression in pancreatic acinarpt cells.
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Despite lack of evidence for GLP-1R expression in
acinar cells of the rodent pancreas, several preclinical
studies have demonstrated that GLP-1R agonists increase
the mass of the pancreas, predominantly in mice (7,8) and
in a subset of male nonhuman primates (9). Nevertheless,
the increase in pancreatic weight following treatment
with GLP-1R agonists has not been associated with histo-
logical abnormalities in the pancreas (3,9,10), and mech-
anistic explanations for changes in pancreatic mass have
not been forthcoming. We show here that exendin-4 (Ex-
4) and liraglutide increase pancreatic weight via induction
of protein synthesis, without changes in acinar cell pro-
liferation or DNA content. These actions were indepen-
dent of receptors for cholecystokinin (CCK), required the
classical Glplr, and were abrogated by inhibition of the
mammalian target of rapamycin (mTOR). Our findings
provide an explanation for changes in pancreatic mass
observed following treatment with GLP-1R agonists.

RESEARCH DESIGN AND METHODS

Reagents, Animals, and Treatments

Ex-4 was from CHI Scientific (Maynard, MA), liraglutide
was from Novo Nordisk (Bagsvaerd, Denmark), and rapa-
mycin (Rapamune) was from Wyeth (Montreal, Quebec).
Peptides were dissolved in PBS (vehicle) and administered
to mice by intraperitoneal injection (Ex-4, 10 nmol/kg, b.i.d;
or liraglutide, 75 g/kg, b.i.d.). Rapamycin was diluted in
0.5% carboxymethacellulose (C4888; Sigma-Aldrich),
2.5% Tween-80. C57BL/6, Cckar ', and Cckbr '~ mice
were from The Jackson Laboratory (Bar Harbor, ME).
Whole-body Glplr /" mice in the C57BL/6 background
(11,12) and wild-type (WT) littermate control mice were
generated by crossing Glplr” ™ mice. Cckar '~ :Cckbr ™'~
(DKO) and WT littermate control mice were generated by
crossing Cckar” ™ and Cckbr"'~ mice. Animal experiments
were approved by the Animal Care Committee of the
Mount Sinai Hospital.

Pancreatic Growth

Male C57BL/6 mice (8-10 weeks old) were administered ex-
ogenous Ex-4 or vehicle (PBS) for 7 days or 4 weeks. Male
(not shown) and female Cckbr™’~, Cckar™’~ (7-12 weeks
old), Cckar:Cckbr /~ (DKO) (8-13 weeks old), and WT
littermate control mice were administered exogenous
Ex-4 or vehicle for 10 days. Nonfasted mice were killed
by CO, inhalation in the morning (~12 h after the last
injection) unless otherwise indicated.

Time Course

Male C57BL/6 mice (11 weeks old) were injected with Ex-
4 or vehicle every 12 h and pancreata were obtained at 4 h,
12 h, or 24 h to 7 days. For the 24-h to 7-day time points,
mice were killed in the morning (~12 h after the last
injection).

Rapamycin Study
Male C57BL/6 mice (8-10 weeks old) were administered
vehide (0.5% carboxymethacellulose, 2.5% Tween-80) or
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rapamycin (2 mg/kg 1 X daily i.p.) 30 min prior to the first
(morning) injection of exogenous Ex-4 or PBS for 3 or 7 days.

High-Protein Diet Study

High-protein diet (HPD) (AIN-93M modified to contain
75% casein; D1206504) and control diet (CD) AIN-93M
(D10012M) were from Research Diets (New Brunswick,
NJ). Glpl ¥/~ and WT littermate control female mice (8-
11 weeks old) were acclimatized to the CD for 1 week
prior to being fed the HPD or CD ad libitum for 7 days.

Tissue Collection, Immunohistochemistry, and DNA/
Protein and Water Content

Following euthanasia, mice were weighed, blood samples
collected by cardiac puncture, and serum was stored at
—80°C. The pancreas was removed, weighed, and cut in
half lengthwise; one-half was fixed in 10% formalin for
24 h, the other half was cut into four equal sections from
tail (attached to spleen) to head for RNA, protein, DNA/
protein content, and water content. Immunohistochemis-
try and morphometry were done on 5-pm histological sec-
tions stained with hematoxylin and eosin or Ki67 (1:2,000,
RM9106-S1; Thermo Scientific) by standard procedures.
Sections were scanned and analyzed using the ScanScope
CS system (Aperio Technologies) at 20X magnification.
Immunohistochemistry for phospho-S6 ribosomal protein
(Ser240/244, D68F8 XP; Cell Signaling) was performed
according to the manufacturer’s instructions. Immunobhis-
tochemistry for Reg3 (antisera, 1:200 dilution, Dr. Rolf
Graf, University Hospital Zurich, Zurich, Switzerland)
was performed using sodium citrate buffer pH 6.0 for an-
tigen unmasking and overnight incubation with the Reg3
antibody. Edema was calculated following desiccation for
72 h and expressed as a percentage of wet weight (wet
weight — dry weight/wet weight X 100). For analysis of
DNA and protein content, pancreas samples were weighed,
homogenized in a lysis buffer containing 0.1% Tx-100 and
5 mmol/L MgCl,, and sonicated for 15 s. Protein content
was measured using Bradford assay (Bio-Rad) and a Pierce
BCA protein assay kit (Thermo Scientific), and DNA con-
tent was measured using a DNA quantification kit
(DNAQF; Sigma-Aldrich).

Serum Amylase and Lipase Levels

Serum amylase activity was measured using the Phadebas
Amylase Test (Magle Life Sciences, Cambridge, MA), and
serum lipase activity was analyzed with the Lipase Color
Assay (905-B; Sekisui Diagnostics, Charlottetown, PE, Can-
ada). Serum amylase and lipase activity levels were also
measured in serum samples from mice with secretagogue-
induced pancreatitis induced by administration of five
sequential hourly intraperitoneal injections of caerulein,

50 wg/kg body weight (8).

Quantitative Histological Analyses of Pancreas Mass

Stereological quantification of pancreas mass was carried
out in collaboration with Gubra (Gubra ApS, Hgrsholm,
Denmark). Male C57BL/6 mice (12-13 weeks old) were
administered exogenous Ex-4 (10 nmol/kg, b.id., ip.),
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liraglutide (75 pg/kg, b.id., i.p.), or vehicle for 14 days. Male
Glp1r** and Glplr /" littermate controls (8-12 weeks old)
were administered Ex-4 or vehicle for 14 days. Pancreata
were removed en bloc in 4% formaldehyde and processed
for stereological analyses as previously described (13). Ductal
epithelial cells were detected with a rat anti-cytokeratin
19 antibody (ck19, 1:100; Hybridoma Bank, TROMA-III,
University of Iowa, lowa City, IA) and visualized with
3,3'-diaminobenzidine. B-Cells were detected with a guinea
pig anti-insulin antibody (1:5,000, A0564; Dako) and visual-
ized with NovaRED (Vector Laboratories). Non—-cells were
detected with an antibody cocktail consisting of rabbit
anti-glucagon (1:5,000, H-028-02; Phoenix), rabbit anti-
somatostatin (1:7,500, 0566; Dako), and rabbit anti-pancreatic
polypeptide (1:5,000, B32-1; EuroProxima) and visualized
with 3,3’-diaminobenzidine-nickel. Endocrine mass includes
the combined mass of B-cells (mass of insulin immunoreac-
tivity) and non—-cells (mass of glucagon, somatostatin, and
pancreatic polypeptide immunoreactivity) inside the islets.

Islet Isolation, RNA Extraction, and Quantitative
Real-Time RT-PCR

Pancreatic islets were isolated as described previously (14)
and incubated overnight in fresh RPMI (10% FBS, 100
units/mL penicillin, and 100 pg/mL streptomycin). The
next morning, islets were handpicked for size and viability
into 1.5-mL tubes. Total RNA from whole pancreatic tissue
or islets was extracted using TRI Reagent (Sigma-Aldrich)
and cDNA synthesis performed with random hexamers and
SuperScript III (Invitrogen Canada). Quantitative real-time
PCR was performed on an ABI PRISM 7900HT Sequence
Detection System (Applied Biosystems, Foster City, CA) as
previously described (8,14). Relative values for mRNA tran-
scripts were normalized to the levels of cyclophilin (Ppia).

Western Blot Analysis

Whole-tissue extracts were prepared by homogenization in
ice-cold RIPA buffer (1% nonidet P-40, 0.5% sodium
deoxycholate, and 0.1% SDS in Tris-buffered saline)
supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich), 5 mmol/L sodium fluoride, 5 mmol/L
B-glycerophosphate, and 200 pwmol/L sodium orthovana-
date. The rabbit polyclonal antibodies phospho-p70 S6K
(Thr389, 9205), phospho-elF2a (Ser51, 9721), and
phospho-S6 (Ser240/244, 2215) were from Cell Signal-
ing Technologies (Beverly, MA) and used at a 1:1,000
dilution. 4EBP1 (BL895) was from Bethyl Laboratories
Inc. (Montgomery, TX) and used at a 1:1,000 dilution, or
HSP90 (610418; BD Biosciences) at a 1:2,000 dilution.
Images were scanned using a Kodak Imager (4000 MM
PRO; Kodak Imaging Station), and quantification was
performed using Carestream Molecular Imaging software
(standard edition V.5.0.2.30).

Proteomics

Preparation of pancreas samples for proteomics was
performed as previously described using the filter-aided
sample preparations II protocol (15). In brief, male C57BL/6
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mice (8-10 weeks old) were administered exogenous Ex-4 or
vehicle for 7 days (n = 5), and the pancreas was removed and
homogenized in 4% SDS lysis buffer (4% SDS, 100 mmol/L
Tris/HCl pH 7.6, 0.1 mol/L dithiothreitol) and incubated
at 98°C for 3 min, followed by brief sonication and cen-
trifugation (5 min, 16,000g). Equal protein (250 ng) was
mixed with 200 wL UA buffer (8 mol/L urea in 0.1 mol/L
Tris/HCl pH 8.5) and loaded onto Micron YM-30 filter units
(Millipore), washed, and incubated with trypsin (V5111;
Promega) overnight in a humidified chamber. The following
day, the filters were eluted and spun, and eluted samples
were mixed with formic acid (final 5%) and dried (speed-
vac). Samples were analyzed on the TripleTOF 5600 System
by data-dependent acquisition (Supplementary Table 1).

Statistical Analysis

Results are expressed as means * SE. Statistical signifi-
cance was assessed by one-way or two-way ANOVA using
Bonferroni multiple comparison post-test or by unpaired
Student t test using GraphPad Prism 5.02 (GraphPad
Software, San Diego, CA). A P value <0.05 was considered
to be statistically significant.

RESULTS

To identify mechanisms linking GLP-1R signaling to
increases in pancreatic mass, we analyzed pancreata
from WT normoglycemic mice treated with Ex-4 for 1
week. Ex-4 increased absolute pancreas weight and
pancreas weight normalized to body weight without
significantly affecting body weight (Fig. 14, Supplemen-
tary Fig. 1A-C, and Supplementary Fig. 2B and C) or lung
weight (Supplementary Fig. 1C). As some gastrointestinal
actions of GLP-1R agonists exhibit tachyphylaxis with
sustained activation of GLP-1R signaling (16), we treated
mice with Ex-4 for 4 weeks. Pancreatic weight remained
significantly increased after 4 weeks of Ex-4 administration,
at levels comparable to those observed in Ex-4—treated mice
after 1 week (Fig. 1B and (). The increase in pancreas weight
was not due to increased water content (edema), as wet-dry
pancreatic weights were comparable in control versus Ex-4-
treated mice (Fig. 1D). Surprisingly, DNA content was lower,
despite increased pancreatic mass, after Ex-4 administration
(Fig. 1D). Furthermore, no significant differences in pro-
liferating (Ki67") cells were detected at 4, 12, 24, or 96 h
following administration of Ex-4 (Fig. 1E). Additionally,
levels of mRNA transcripts for genes regulating cell cycle
progression, including c-myc, cyclin D1, cyclin D2, or the
cyclin-dependent kinase inhibitor p21cip (Supplementary
Fig. 2E and F), were significantly lower (c-myc, cyclin D2,
and p21cip) or unchanged (cyclin D1) following Ex-4 admin-
istration. In contrast, protein content and the protein-
to-DNA ratio were significantly increased in the pancreas
of Ex-4—treated mice (Fig. 1D and Supplementary Fig. 2D).
An increase in pancreatic mass was also detected following
administration of the GLP-1R agonist liraglutide (Fig. 1F).
Although acinar cells in the murine exocrine pancreas
do not express the Glplr (6), stereological quantification
revealed that the increase in pancreas mass following Ex-4
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Figure 1—GLP-1R agonists increase pancreas weight. A-C: C57BL/6 mice were administered exogenous Ex-4 (10 nmol/kg, b.i.d.) or vehicle
(PBS) for 7 days (A) or 4 weeks (B). Pancreas weight is shown as absolute weight (left panels) or as a percent of the final body weight (right
panels). C: Pancreas weight in Ex-4—treated mice is shown as a fold increase relative to pancreas weight in PBS-treated mice treated after 7
days (left panel) or 4 weeks (right panel) of treatment. n = 9 (7 days) or n = 10 (4 weeks) in each group. Data are means + SE. **P < 0.01 and
**P < 0.001, Ex-4 vs. PBS. D: Water content (edema), DNA, and protein content in the pancreas of mice treated with Ex-4 or PBS for 4 weeks.
Edema was calculated following desiccation and is expressed as a percentage of wet weight (wet weight — dry weight/wet weight X 100).
DNA and protein content are expressed per milligram of pancreatic tissue. n = 10 in each group. Data are means + SE. *P < 0.01 and **P <
0.001, Ex-4 vs. PBS. E: Quantification of Ki67* cells in the exocrine pancreas of C57BL/6 mice treated with Ex-4 or PBS for 4-96 h. Shown is
the number of Ki67* cells per exocrine area analyzed. F-G: Stereological quantification of pancreatic exocrine mass of C57BL/6 mice
administered exogenous Ex-4, liraglutide (Lira), or PBS for 14 days (n = 10 in each group) (F) or Glp7r*’* and Glp1r /" littermate controls
administered exogenous Ex-4 or PBS for 14 days (n = 10-12 in each group) (G). The total pancreas mass and total exocrine pancreas mass
were quantified using manual point-counting using newCAST software (Visiopharm). Corrected pancreas mass excludes nonpancreatic tissue
elements, e.g., lymph and fat. The exocrine mass was determined as the corrected pancreas mass with the endocrine mass excluded. The
total mass of ductal epithelial cells was quantified by manual point-counting of ck19-labeled duct cells. Quantification of g-cell and non—-3-cell
masses was done by automatic image analysis of immunohistochemically labeled sections using Visiomorph software (Visiopharm). Shown is
the corrected pancreas mass (pancreas mass excluding nonpancreatic tissue elements, e.g., lymph and fat) and exocrine mass (corrected
pancreas mass—endocrine mass). Data are means = SE. *P < 0.01 and **P < 0.001 vs. control.

or liraglutide was due to an increase in the mass of the receptors. Ex-4 administration augmented pancreas
exocrine pancreas (Fig. 1F). In contrast, no significant weight similarly in mice lacking either Cckar /™ or
changes in relative proportions of endocrine, 3-cell, ductal, Cckbr™"~ or in Cckar™"":Cckbr™’™ mice lacking both CCK
or non—PB-cell compartments were detected in mice treated receptors (Fig. 2A and B). We next queried whether endog-
with Ex-4 or liraglutide (Supplementary Fig. 1D). Consis- enous GLP-1R signaling was required for the adaptive in-
tent with the essential role for the canonical GLP-1R in crease in pancreatic mass in response to an HPD (20);
transducing the metabolic and glucoregulatory actions of however, pancreas weight was increased to a similar extent
GLP-1R agonists in mice (12,17), Ex-4 had no effect on in HPD-fed Glpr"* versus Glplr /" mice (Fig. 20).
pancreatic or exocrine mass in Glplr /" mice (Fig. 1G Analysis of key proteins controlling the initiation of
and Supplementary Fig. 1E). protein synthesis (Fig. 3A-C) revealed that Ex-4 initially
As recent studies have linked nutrient-stimulated CCK  reduced the phosphorylation of the 40S ribosomal sub-
release to activation of GLP-1 secretion (18), and CCK unit S6; however, a significant increase in S6 phosphory-
potently increases pancreatic protein synthesis (19), we lation was detected by 12 h after Ex-4 treatment (Fig. 34
assessed whether the actions of GLP-1R agonists to in- and C), with further robust increases evident in pancreata
crease pancreatic mass (and protein) required CCK from mice treated with Ex-4 from 2-7 days (Fig. 3B and
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Figure 2—A and B: Cckbr™'~, Cckar™'~, Cckar™’'~:Cckbr~/~ (DKO), and WT littermate control mice were administered exogenous Ex-4 or
vehicle (PBS) for 10 days. Pancreas weight is shown as a percent of the final body weight (BW) (A) or as a fold increase relative to PBS-
treated mice (normalized to BW) (B). Results are expressed as means = SE. **P < 0.01 and **P < 0.001, Ex-4 vs. PBS. n = 6-10 female
mice in each group. C: Pancreas weight shown as a percent of final body weight in Glp7r*"* and Glp7r~’~ mice maintained on CD or HPD
for 7 days. Results are expressed as means *+ SE. *P < 0.05 and ***P < 0.001, HPD vs. CD. n = 4-6 in each group. Panc, pancreas.

C). Similar results were seen for the <y isoform of the
translational repressor 4EBP1 (Fig. 3A-C). The induction
of S6 phosphorylation required the canonical GLP-1R, as
S6 phosphorylation was not observed in the pancreas of
Ex-4-treated Glplr '~ mice (Fig. 3D). Moreover, cyto-
plasmic staining of phosphorylated S6 was observed in
acinar cells (Supplementary Fig. 5B).

As the mTOR pathway plays a pivotal role in the
regulation of protein synthesis (21), we examined the re-
quirement for this pathway in the GLP-1R-mediated in-
crease in pancreas weight. Treatment with the mTOR
complex 1 (mTORC1) inhibitor rapamycin had no signifi-
cant effect on body weight (Supplementary Fig. 3A) but
completely abolished the Ex-4-induced increase in pancreas
weight (Fig. 3E) and S6 phosphorylation (Fig. 3G). However,
the actions of Ex-4 to increase small bowel mass (22) were
not diminished in rapamycin-treated mice (Fig. 3F). More-
over, rapamycin did not attenuate the Ex-4 induction of
Slc3al, Reg3B, or Reg3a nor the suppression of p2Icip in
the pancreas from the same experiments (Fig. 3H).

We next assessed whether activation of GLP-1R signaling
regulated expression of genes encoding pancreatic enzymes,
as plasma levels of amylase and lipase are modestly
increased in some human subjects treated with GLP-1R

agonists (3). Lipase mRNA levels were lower in the pan-
creas of Ex-4-treated mice, whereas levels of amylase
were not significantly different (Fig. 4A and C). Consistent
with these findings, serum lipase levels were reduced and
amylase levels were unchanged in Ex-4-treated mice;
however, both lipase and amylase levels were markedly
induced after caerulein administration (Fig. 4D). Ex-4
also rapidly increased levels of pancreatic mRNA tran-
scripts for the anti-inflammatory genes socs3 and Reg33
(Fig. 4B). Socs3 mRNA transcripts returned to normal by
24 h despite ongoing Ex-4 administration; however,
Reg3B mRNA transcripts remained elevated in the pan-
creas of mice treated with Ex-4 (Fig. 4B and C). Further-
more, the induction of both Reg3a and Reg3f by Ex-4 or
liraglutide requires the GLP-1R, as neither of these tran-
scripts were upregulated in the pancreas of Glplr ™ mice
treated with GLP-1R agonists (8,14). Ex-4 reduced levels
of lipase and increased Reg3 mRNA transcripts in pan-
creata of rapamycin-treated mice (Fig. 4E and Fig. 3H),
indicating divergent mechanisms for GLP-1R-dependent
control of pancreatic protein synthesis versus gene ex-
pression. In contrast, Ex-4 did not alter levels of mRNA
transcripts encoding the cationic amino acid transporter
slc7al, the glucose transporter glut2, pyruvate dehydrogenase
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kinase isozyme 4 (pdk4), the exocrine transcription factor
mist1, or Cckar and Cckbr in the murine pancreas (Supple-
mentary Fig. 3B).

To further characterize changes in the pancreatic
proteome following activation of GLP-1R signaling, we
performed a proteomics analysis on whole pancreas tissue
after 1 week of Ex-4 administration. Spectral counting
analysis was performed to identify proteins that were
specifically regulated by Ex-4. The majority of proteins in
the pancreas were proportionately increased to a similar
extent by Ex-4 treatment (Supplementary Table 1); how-
ever, some proteins were preferentially increased or
underrepresented following Ex-4 administration. A sum-
mary of the most striking differences in relative protein
abundance following Ex-4 treatment is shown in Table 1,
including Reg3[ and Reg2, which were not detected in the
pancreas of vehicle-treated mice (Table 1 and Supplemen-
tary Table 1). Similarly, fatty acid binding protein 5 (Fabp5)
and P450 cytochrome oxidoreductase (Por), proteins in-
volved in fatty acid uptake and lipid oxidation, were
detected at low levels in the pancreas of vehicle-treated
mice but were abundant following Ex-4 treatment. Other
proteins upregulated by Ex-4 (Table 1 and Supplementary
Table 1) include those involved in protein translation and
secretion, including family with sequence similarity 129
member A (Fam129a), elF4al, tryptophanyl-tRNA synthe-
tase (Wars), and deleted in malignant brain tumors 1
(Dmbt1). Notably, we did not detect preferential upregula-
tion of amylase or lipase proteins after Ex-4 administration
(Supplementary Table 2).

An increase in protein abundance can reflect changes
in both transcription and translation; hence, we examined
levels of mRNA transcripts for proteins preferentially
increased by Ex-4. Ex-4 induced expression of the Reg
genes (Reg3, Reg2, and Regl) and modestly upregulated
dmbtl transcripts after 1 week of treatment (Fig. 3H, Fig.
4B, and Supplementary Fig. 4A), whereas Regl and dmbt1
transcript levels were not different after 1 month of Ex-4
administration (Supplementary Fig. 4B). Ex-4 did not af-
fect levels of mRNA transcripts for many of the other Ex-
4-induced proteins, including por, fabp5, fam129a, wars,
or eif4al (Supplementary Fig. 4A and B), suggesting that
the Ex-4-induced increase of these particular proteins
was regulated at the translational level. The relative
mRNA levels of reg2, reg3B, regl, and dmbtl, as well as
lipase, amylase, and colipase, were 100-1,000 times less
abundant in RNA isolated from islets when compared
with whole pancreas (Supplementary Fig. 4C), suggesting
that these genes are predominantly expressed in the exo-
crine pancreas. These findings are consistent with pre-
dominant localization of Reg3 protein expression to the
exocrine pancreas (Supplementary Fig. 5A). In contrast,
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the differences in relative mRNA levels for por, fabp5,
wars, and eif4al were not as robust in whole pancreas
versus islets, suggesting that these genes are expressed
in both endocrine and exocrine compartments (Supple-
mentary Fig. 4C). As expected, the Geg, Glplr, and Ins2
genes were preferentially expressed in islet RNA (Supple-
mentary Fig. 4C).

DISCUSSION

Although it is often assumed that GLP-1R agonists
increase pancreas weight through stimulation of exocrine
cell proliferation, evidence in support of this hypothesis
has not been forthcoming (3,4). Our findings that Ex-4 or
liraglutide have no effect on total endocrine cell mass,
B-cell mass, or the mass of ductal epithelium in normo-
glycemic mice are consistent with an important role for
hyperglycemia in the GLP-1R-dependent stimulation of
pancreatic islet cell proliferation (7,14,23,24). Indeed,
some studies have reported that GLP-1R agonists reduce
B-cell mass in normoglycemic animals (25), possibly
reflecting weight loss and increased insulin sensitivity.
One study described increased acinar cell proliferation
in chow-fed mice treated with liraglutide; however, acinar
cell proliferation was not increased in high fat-fed mice
treated with liraglutide (25). In contrast, there were no
significant effects of GLP-1R agonists on growth and pro-
liferation of human pancreatic adenocarcinoma cell lines
(26,27). Hence, there is little evidence linking activation
of GLP-1R signaling to the proliferation of normal or neo-
plastic pancreatic acinar cells.

Levels of mRNA transcripts for the cyclin-dependent
kinase inhibitor p2Icip declined following Ex-4 adminis-
tration; however, a reduction in mRNA levels was also
observed for genes promoting cell cycle progression, in-
cluding ¢-myc and cyclin D2, whereas cyclin D1 remained
unchanged. Importantly, rapamycin abolished the Ex-4-
induced increase in pancreas weight but did not attenuate
the suppression of p2lcip by Ex-4, demonstrating that
downregulation of p21cip transcript levels occurs indepen-
dently of changes in pancreas mass. Furthermore, the num-
ber of Ki67" cells in the exocrine compartment and total
DNA content in the pancreas were not induced by Ex-4;
indeed, DNA content was lower after 4 weeks of Ex-4
administration, despite increased pancreatic mass. Taken
together, it seems unlikely that GLP-1R signaling promotes
exocrine cell proliferation within the context of the exper-
imental paradigm presented herein.

GLP-1R agonists increase pancreatic mass and protein
synthesis through mechanisms requiring the known GLP-1
receptor, but it remains unclear how the GLP-1R-dependent
signal is relayed to pancreatic acinar cells. GLP-1R-dependent
stimulation of insulin secretion is a logical candidate for

pancreas of the above treated mice. The levels of the indicated transcripts were determined by real-time PCR, normalized to cyclophilin
(Ppia) mRNA content. Results are expressed as means + SE. *P < 0.05, **P < 0.01, and **P < 0.001, Ex-4 vs. PBS; #P < 0.05, rapamycin
vs. vehicle. n = 5 in each group. E, Ex-4; P, PBS; R, rapamycin; SB, small bowel.
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Figure 4— Quantitative PCR analysis of RNA isolated from the pancreas of mice treated with Ex-4 or PBS for 4 h to 7 days (A and B), Ex-4
or PBS for 4 weeks (C), or Ex-4 or PBS for 7 days with or without coadministration of rapamycin (E). The levels of the indicated transcripts
were determined by real-time PCR, normalized to cyclophilin (Ppia) mRNA content. Results are expressed as a fold difference relative to
PBS and expressed as means = SE. *P < 0.05, **P < 0.01, and **P < 0.001, Ex-4 vs. PBS. n = 5 male C57BL/6 mice (A and B), n = 12
male and female mice (C), or n = 5 male C57BL/6 mice in each group (E). D: Enzymatic lipase and amylase levels in serum from C57BL/6
mice administered Ex-4 or PBS for 1 month (n = 10 in each group) or administered five sequential hourly intraperitoneal injections
of caerulein, 50 png/kg body weight (n = 2) as described in RESEARCH DESIGN AND METHODS. Results are expressed as means + SE. *P < 0.01,

Ex-4 vs. PBS. U, units.

islet-acinar communication (28); hence, we studied normo-
glycemic mice to minimize confounding effects of increased
insulin secretion. Evidence against a role for insulin as an
indirect GLP-1R-dependent stimulator of pancreatic pro-
tein synthesis and mass derives from studies using genetic
selective restoration of hGLP1R expression in murine
B-cells of Glplr /™ mice (14). Although GLP-1R agonists
robustly increased insulin secretion and lowered glycemia
in hGLP1R:Glp1r /™ mice, Ex-4 had no effect on pancreatic
mass or pancreatic expression of Reg3a or Reg3p in
hGLPlR:GIplrf/ " mice (14), indicating that increased

levels of insulin are not sufficient to mediate the effects
of GLP-1R agonists on the exocrine pancreas.

CCK activates GLP-1-containing neurons in the central
nervous system (29,30), and GLP-1 and CCK are colocalized
in and secreted from subsets of enteroendocrine L cells
(31). Pancreatic growth is readily induced by CCK admin-
istration or administration of exogenous protease/trypsin
inhibitors that elevate levels of CCK (32). Nevertheless,
CCK agonists and protease inhibitors simultaneously in-
duce cell proliferation and protein synthesis, whereas
GLP-1R agonists increased pancreatic mass without
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Table 1—Summary of proteomic analysis in whole pancreas tissue of male C57BL/6 mice administered Ex-4 or vehicle for 7 days
Gene ID Gene name Protein name Function Fold change

Expressed in regenerating islets and normal
19693 Reg2 Pancreatic thread/stone protein 2 exocrine pancreas 1,224.62
Stimulates growth of B-cells

Anti-inflammatory

18489 Reg3p Regenerating islet-derived 3 B Secreted protein that contains a C-type lectin 325.09
domain involved in carbohydrate binding
18984 Por P450 (cytochrome) oxidoreductase Required for electron transport from NADP 155.60

to cytochrome P450 in the ER and
mitochondrial membrane (e.g., lipid oxidation)

16592 Fabp5 Fatty acid binding protein 5 Plays a role in fatty acid uptake, transport, 51.05
and metabolism

Regulates phosphorylation of proteins involved
in translation (elF2a, EIF4AEBP1,RPS6KB1) 49.20
May be involved in ER stress response

Family with sequence similarity

63913 Fam129a 129 member A

Enzyme transporter that functions to acidify
intracellular compartments in eukaryotic cells

74915 Atpbvie2 V1-type proton ATPase subunit E 2 Important role in receptor-mediated endocytosis, 12.65

protein degradation, and coupled transport
436523 Gmb5771 Trypsinogen 12 Trypsin 12 precursor (zymogen) 11.27
22073 Prss3 Trypsinogen 3 Mesotrypsin precursor (zymogen) 10.67
103964 Try5 Trypsin 5 Trypsin-like serine protease 8.77
11720 Mat1a Methionine adenosyl-transferase |, «  Catalyzes the transfer of the adenosyl moiety of 6.55

ATP to methionine to form S-adenosyl-methionine

(source of methyl groups for most biological

methylations)
17880 Myh11 Smooth muscle myosin heavy chain 11 Functions as a major contractile protein 6.25
436522 Try10 Trypsinogen 10 Trypsin 10 precursor (zymogen) 4.42

A . Associated with islet cell regeneration
Regenerating islet-derived .
) . Stimulates growth of B-cells
19692 Reg1 1/pancreatic stone protein . I 3.95
Might act as an inhibitor of spontaneous
1 (PSP1) . o

calcium carbonate precipitation

13681 elF4a1 Eukaryotic translation initiation Subunit of the elF4F complex involved in cap 2.90
factor 4A1 recognition and is required for mRNA

binding to ribosomes

Involved in remodeling during exocytosis
12945 Dmbt1 Deleted in malignant brain tumors 1 Interacts with pancreatic zymogens 2.84
Involved in secretion of acinar cells

66473 Ctrb1 Chymotrypsinogen B1 Inactive serine protease precursor (zymogen) 2.32

“Attach” tryptophan to its tRNA
Induced by interferon

16612 Kik1 Glandular kallikrein 1 Cleave Met-Lys and Arg-Ser bonds in kininogen 2.31
to release the vasoactive peptide, Lys-bradykinin
from kininogen

22375 Wars Tryptophanyl-tRNA synthetase 2.32

319188  Hist1h2bp Histone cluster 1, H2bp A member of the histone H2B family 2.24
May be necessary for regulation of stability
Poly(A) binding protein, cytoplasmic 4 of labile mRNA species in activated T cells _

et el inducible poly(A) binding protein Isolated as an activation-induced T-cell mMRNA 2
encoding protein

14118 Fbn1 Fibrillin 1 Structural components of 10-12-nm —4.45
extracellular calcium-binding microfibrils

209027 Pycr1 Pyrroline-5-carboxylate reductase 1 Enzyme that catalyzes the last step in proline —-17.5
biosynthesis

22074 Try4 Trypsin 4 Trypsin 4 precursor —1,023.29

Shown are proteins with fold changes >2 and false discovery rates =0.05 from spectral count analysis of whole pancreas following Ex-
4 administration. False discovery rate is the error rate estimated for a particular z statistic threshold calculated from the replicate data
consistency and degree of change between control (PBS) and experimental (Ex-4) sample. Scale of 0-1, with 1 being random. Z statistic
(log fold change divided by the standard error of log fold change) measures the statistical significance of the change.
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concomitant changes in cell proliferation or DNA content.
Although the overlapping actions of CCK and GLP-1R
agonists raised the possibility that GLP-1R agonists in-
crease pancreas mass through direct or indirect activation
of CCK receptor signaling, the trophic effects of GLP-1R
agonists were preserved in mice with inactivation of one
or both CCK receptors. Hence, CCK signaling is not re-
quired for the effects of GLP-1R agonists to increase pan-
creatic mass.

The results of our proteomic analyses demonstrate that
Ex-4 differentially induces the expression of proteins
involved in aspects of nutrient uptake, protein translation,
protein folding, or exocytosis. An unresolved question is
whether the small increase in serum levels of lipase, and to
a lesser extent, amylase, observed in some patients treated
with GLP-1R agonists (3) reflects the actions of these agents
to increase pancreatic protein synthesis. We did not observe
increases in pancreatic amylase gene expression, and lipase
mRNA transcripts were significantly lower after Ex-4 admin-
istration. Furthermore, studies of pancreatic enzyme levels
in rodents have been inconsistent, demonstrating either no
change or small increases in amylase following administra-
tion of GLP-1R agonists (17,33-35). Our current studies
demonstrate that serum lipase levels were lower, whereas
amylase levels and pancreatic content of amylase and lipase
proteins (Supplementary Table 2) remained similar after
treatment with Ex-4. Hence, nondiabetic mice do not reveal
a putative mechanism linking GLP-1R signaling to the ex-
pression or activity of amylase and lipase.

Although Ex-4 treatment proportionately increased the
majority of proteins in the pancreas to a similar extent,
some proteins, including Reg3, Reg2, and Regl, were
preferentially increased by Ex-4. The Reg proteins are
small secreted proteins belonging to the calcium-dependent
lectin (C-type lectin) superfamily, encoded by four genes
(Regl, -2, -3, and -4). Regl is predominantly localized to
acinar cells; however, it may be upregulated in islets under
pathological conditions, including pancreatic resection or
diabetes (36). Although it is unclear how Ex-4 induces Reg
gene and protein expression, Reg expression is induced by
proinflammatory cytokines, growth factors, and experi-
mental pancreatic injury (36). Some investigators have
inferred that induction of pancreatic Reg3 expression
reflects the presence of mild subclinical pancreatitis
(37); however, Reg proteins, including Reg3, also exert
anti-inflammatory actions (38), and reduction of Reg ex-
pression significantly worsened the severity of experimen-
tal pancreatitis in rats (39). Furthermore, our unbiased
analysis of the entire pancreatic proteome did not reveal
a protein profile suggestive of a proinflammatory state
following Ex-4 administration (Supplementary Table 1).
Hence, the biological significance of the robust GLP-1R-
dependent induction of Reg gene and protein expression
in the exocrine pancreas requires further investigation.

In summary, activation of the GLP-1R rapidly increases
pancreatic gene and protein expression and pancreatic
weight in mice. The cellular site(s) of GLP-1R expression
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important for transduction of these signals to the exocrine
pancreas remains unclear; however, the available evidence
suggests that these effects are indirect and not mediated
through acinar Glplr expression (6). Our data open a new
area of research into understanding how GLP-1R signaling
communicates with the exocrine pancreas and explain pre-
vious observations of increased pancreas weight following
pharmacological administration of GLP-1R agonists in pre-
clinical studies.
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