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Abstract Although the two anti-diabetic drugs, dipep-
tidyl peptidase-4 inhibitors (DPP4is) and glucagon-like
peptide-1 (GLP-1) receptor agonists (GLP1RAs), have
distinct effects on the dynamics of circulating incretins,
little is known of the difference in their consequences on
morphology and function of pancreatic islets. We exam-
ined these in a mouse model of B cell injury/regeneration.
The model mice were generated so as to express diphtheria
toxin (DT) receptor and a fluorescent protein (Tomato)
specifically in B cells. The mice were treated with a DPP4i
(MK-0626) and a GLP1RA (liraglutide), singly or doubly,
and the morphology and function of the islets were com-
pared. Prior administration of MK-0626 and/or liraglutide
similarly protected B cells from DT-induced cell death,
indicating that enhanced GLP-1 signaling can account for
the cytoprotection. However, 2-week intervention of MK-
0626 and/or liraglutide in DT-injected mice resulted in
different islet morphology and function: j cell proliferation
and glucose-stimulated insulin secretion (GSIS) were
increased by MK-0626 but not by liraglutide; o cell mass
was decreased by liraglutide but not by MK-0626.
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Although liraglutide administration nullified MK-0626-in-
duced B cell proliferation, their co-administration resulted
in increased GSIS, decreased o cell mass, and improved
glucose tolerance. The pro-proliferative effect of MK-0626
was lost by co-administration of the GLP-1 receptor
antagonist exendin-(9-39), indicating that GLP-1 signaling
is required for this effect. Comparison of the effects of
DPP4is and/or GLP1RAs treatment in a single mouse
model shows that the two anti-diabetic drugs have distinct
consequences on islet morphology and function.
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Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder
characterized by chronic hyperglycemia. Defective insulin
secretion from pancreatic B cells and/or defective insulin
action in peripheral tissues contributes to its development
[1]. Numerous insulin secretagogues (such as sulfonylureas
and glinides) and insulin sensitizers (such as biguanides
and thiazolidinediones) have been used for the treatment of
T2DM [1]. However, several large human clinical trials
have revealed that none of these oral anti-diabetic drugs
can afford long-lasting, glycemic control [2, 3]. In most
patients with T2DM, glycemic control usually deteriorates
over time, together with a progressive decline in B cell
function [4].

Beta cell mass of T2DM patients has also been shown to
be decreased compared with that of normal subjects, as
assessed by cadaveric or operatively extracted specimen
[5-8]. Notably, B cell mass is known to decline
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progressively along with duration of the disease [8].
Indeed, such decline begins before the onset of T2DM [6],
indicating that decreased B cell mass is not secondary to
chronic hyperglycemia. Accordingly, strategies that restore
B cell mass as well as function may be a novel treatment
for T2DM.

Recently, incretin-based therapies have become widely
used in the treatment of T2DM [9]. These drugs are the
glucagon-like peptide-1 (GLP-1) receptor agonists
(GLPIRAs) and the dipeptidyl peptidase-4 (DPP-4) inhi-
bitors (DPP4is); the former mimic the major incretin GLP-
1 and show robust stability in vivo, and the latter inhibit
inactivation of various endogenous DPP-4 substrates,
including incretins [GLP-1 and glucose-dependent insuli-
notropic polypeptide (GIP)], neuropeptides, cytokines, and
chemokines [9]. Incretins are secreted from enteroen-
docrine cells in response to meal ingestion and potentiate
insulin secretion in a glucose-dose-dependent manner [10].
This strict glucose dependency makes incretins ideal sec-
retagogues applicable in the treatment of T2DM. In addi-
tion, incretins have been reported to be capable of
inhibiting B cell death and promoting proliferation [10].
Accordingly, both GLP1RAs and DPP4is may prevent
progressive decrease in § cells of T2DM patients.

The effects of GLPIRAs and DPP4is on [ cell mass as
well as function have been studied extensively in experi-
mental animal models. However, the difference in phar-
macological consequences of GLP1RAs and DPP4is on
islets remains unclear, although the two drugs differ greatly
in terms of incretin dynamics [9]. GLP1RAs administration
induces continuous and marked increase of GLP-1 in whole
systemic circulation, while DPP4is mildly but significantly
increase various bioactive peptides (as well as GLP-1) and
retain normal temporal (high in postprandial state) and
spatial (concentrated in portal vein) distribution of the
substrates. Results from differing experimental conditions
including animal models, dose and duration of treatments,
and outcome measures (i.e., methodologies of § cell mass
quantification) are confounding. In the present study, we
compared the consequences of treatments with either a
GLPI1RA, a DPP4i or both together in a single mouse
model of B cell injury/regeneration.

Materials and methods

Reagents

Diphtheria toxin (DT) from Corynebacterium diphtheriae
was purchased from Merck Millipore (Darmstadt, Ger-
many). A DPP4i, MK-0626, was provided by Merck & Co.,

Inc. (Kenilworth, NJ, USA) and a GLP1RA, liraglutide,
was purchased from Novo Nordisk (Bagsvaerd, Denmark).
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Exendin-(9-39) was from Abcam (Cambridge, UK).
5-Bromo-2’-deoxyuridine (BrdU) was from Wako (Osaka,
Japan). Caspase-3 inhibitor (Ac-DEVD-CHO), LY294002,
and PD98059 were from Merck Millipore. Caspase-9
inhibitor (Z-LEHD-FMK) was from R&D Systems (Min-
neapolis, MN, USA).

Animals and in vivo experiments

We developed a mouse model expressing DT receptor
(DTR) and a fluorescent protein (Tomato) specifically in B
cells using toxin receptor-mediated cell ablation system
[11]. Rosa26®™* mice and Rosa26™7°"“* were pur-
chased from The Jackson Laboratory (Bar Harbor, ME,
USA). Rat insulin promoter-Cre (Rip-Cre) transgenic mice
[12] were crossbred with Rosa26P°™* mice and
Rosa26™7°m4+ mice to generate Rip-Cre; Rosa26”™
idTomato yhice (Fig. la). Mice were housed in a climate-
controlled room with a temperature of 23 £ 3 °C,
humidity of 55 & 15 %, and a 12 h light/12 h dark cycle
and fed standard laboratory chow (CRF-1; Charles River
Japan, Yokohama, Japan) ad libitum. All animal experi-
ments were approved by the Animal Care Committee of
Chiba University.

For B cell ablation, mice were singly intraperitoneally
injected with 20 pg/kg DT (10:00-17:00), and pancreata
were excised after 6 or 14 days and subjected to
immunohistochemical analyses. For administration of MK-
0626, mice were placed on a normal chow diet (D10001;
Research Diets Inc., New Brunswick, NJ, USA) containing
0.0025 % MK-0626. Daily intake of MK-0626 calculated
from daily chow intake (2.9 g/mouse/day) was estimated to
be approximately 3.8 mg/kg, which exceeds the dose
(~3 mg/kg) reported to increase plasma active GLP-1
concentrations significantly in ob/ob mice [13]. For
administration of liraglutide, mice were injected subcuta-
neously with 100 pg/kg liraglutide twice daily (10:00 and
22:00) [14] to raise its concentration continuously to a
supra-physiological level. For exendin-(9-39) administra-
tion, an Alzet osmotic pump (model 1002, for 14 days,
0.25 pl/h; Alza, Cupertino, CA, USA) containing 77 nmol/
100 pl of exendin-(9-39) was implanted subcutaneously to
deliver at an estimated rate of 276 nmol/kg/day [15]. For
BrdU incorporation analysis, mice were labeled continu-
ously with 1 mg/ml BrdU dissolved in drinking water for
14 days. Blood glucose levels at indicated time points were
measured using Glutestmint (Sanwa Chemical Co.,
Nagoya, Japan). For oral glucose tolerance tests (OGTTs),
mice were fasted for 16 h and then administered 1 g/kg
glucose. For assessment of insulin secretory capacity
in vivo, serum insulin levels in fasted (14 h) or refed (3 h)
mice were measured using an ELISA kit (Morinaga Insti-
tute of Biological Science, Yokohama, Japan).
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Fig. 1 Pancreatic  cell injury/regeneration mice. a Scheme of Rip-
Cre;Rosa26PTRdTomato ice. b Immunofluorescence of insulin
(green), tomato (red), and Hoechst (blue) in pancreatic islets of
Rip—Cre;RosaZ(SDTR/ tdTomato phice ¢ Insulin and tomato staining of
islets in mice at 6 and 14 days after DT injection. d Quantification of
B and tomato-positive cell mass in mice at 6 and 14 days after DT
injection (n = 4). e Immunofluorescence of insulin (green), Ki67

Immunohistochemistry

Extracted pancreata were fixed and embedded in paraffin,
and 4 pm sections were cut. For quantitative analysis of
each cell mass, we examined all sections, spaced 160 pm
apart from each other, prepared from the whole pancreas.
Eleven to 14 sections of each pancreas were stained with
hematoxylin—eosin (HE) or immunostained as previously
described [16]. Primary antibodies used were anti-RFP
(1:500) (BML, Tokyo, Japan), anti-insulin (1:200) (Life
Technologies, Gaithersburg, MD, USA), and anti-glucagon
(1:400) (Cell Signaling Technology, Danvers, MA, USA).
Secondary antibodies used were immunoglobulins/HRP
(1:200) (Dako, Glostrup, Denmark), and the bound anti-
bodies were visualized by DAB. Ratios of Tomato-positive
area-, insulin-positive area-, and glucagon-positive area-to-

30 60 90 120
Min

(red) and Hoechst (blue) in islets of mice at 6 and 14 days after DT
injection. An arrowhead indicates a Ki67-positive  cell and enlarged
image is also shown. f Quantification of Ki67-positive cells in B cells
of mice at 6 and 14 days after DT injection (n = 3). The cells of
thirty random islets were analyzed. g Blood glucose levels after 1 g/
kg oral glucose in mice at 14 days after DT injection (n = 4). Scale
bar 50 pm. *P < 0.05 and **P < 0.01 versus DT-untreated mice

total pancreas area in all sections were calculated through
the 4 x objective using BZ-II Analyzer software (Keyence,
Osaka, Japan). Total masses of tomato-positive, B and o
cells were determined by multiplying the ratios of positive-
area-to-total pancreas area by total weight of the pancreas.

For immunofluorescence staining, primary antibodies
used were anti-RFP, anti-insulin, anti-glucagon (1:200),
anti-somatostatin (1:200) (Merck Millipore), anti-pancre-
atic polypeptide (PP) (1:100), anti-chromogranin A (1:50)
(Merck Millipore), anti-Ki67 (1:50) (Abcam), and anti-
BrdU (1:150) (Abcam). Secondary antibodies used were
anti-IgG antibodies conjugated with Alexa Fluor 405, 488
and 555 (Life Technologies). TUNEL staining was per-
formed using an ApopTag in situ apoptosis detection kit
(Merck Millipore). The nuclei were counterstained with
Hoechst 33342 (Sigma, St. Louis, MO, USA). The slides
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were analyzed in an FV10i confocal microscope (Olympus,
Tokyo, Japan). Thirty randomly selected islets (amounting
to 30007000 cells in total) per each mouse were subjected
to quantification.

Islet isolation and insulin release

Isolated pancreatic islets were prepared from mice by
collagenase digestion technique as previously described
[17], with slight modifications. Isolated islets were incu-
bated at 37 °C in RPMI 1640 medium containing 10 %
FBS and 5.5 mM glucose for 4 h. Islets were preincubated
at 37 °C in Krebs—Ringer bicarbonate buffer supplemented
with 0.2 % BSA and 10 mM HEPES (incubation medium)
containing 2.8 mM glucose for 30 min and then incubated
in the incubation medium containing 2.8 or 16.7 mM
glucose for 60 min. Aliquots of supernatant of the incu-
bation medium were subjected to ELISA (Mesacup insulin
test; MBL, Tokyo, Japan).

In vitro experiments using MING cells
overexpressing DTR

A pancreatic B cell line, MING6 cells [18], was cultured in
Dulbecco’s modified Eagle medium containing 10 % FBS
and 71 pmol/l 2-mercaptoethanol (Sigma) at 37 °C. MIN6
cells stably overexpressing DTR (MIN6-DTR) were gen-
erated using the retrovirus vector, the MSCV-IRES-EGFP
vector, as previously reported [19]. After transduction,
EGFP-positive MIN6 cells were subcloned by limiting
dilution.

MIN6-DTR were seeded in 96-well-plates (1.5 x 10* -
cells/well) at 2 days before the experiment and treated with
DT in the presence or absence of MK-0626, liraglutide,
caspase-3 inhibitor, or caspase-9 inhibitor for 24 h. Effects
of LY294002 and PD98059 were evaluated in MIN6-DTR
by adding either of them at 30 min prior to the initiation of
24 h treatment with DT plus liraglutide. Cell viability was
determined with Cell Counting Kit-8 (Dojindo Laborato-
ries, Kumamoto, Japan). Experiments using the same pro-
tocol were repeated twice or three times to ascertain
reproducibility.

To evaluate the anti-apoptotic effect of liraglutide,
MIN6-DTR was incubated with DT and/or liraglutide for
16 h. To confirm the efficacy of LY294002 and PD98059,
inhibition of Akt phosphorylation or Erk1/2 phosphoryla-
tion was assessed in cells pretreated for 5 min with
LY294002 or PD98059, followed by add-on incubation
with liraglutide for 3 min. Cells were lysed and subjected
to immunoblotting, as previously described [20]. Primary
antibody used was anti-cleaved caspase-3, anti-f actin,
anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-Erk1/2,
and anti-Erk1/2 (Cell Signaling Technology). Secondary
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antibody used was HRP-conjugated anti-rabbit IgG (GE
Healthcare, Buckinghamshire, UK).

Statistical analysis

Data are expressed as mean £ SEM. Statistical signifi-
cance of difference was evaluated by Student’s ¢ test or by
analysis of variance followed by the Dunnett multiple
comparison test. P < 0.05 was considered significant.

Results
Pancreatic p cell injury/regeneration mice

The model mice were established by introducing DTR and
a red fluorescent protein (Tomato) in P cells (Rip-Cre;R-
0sa26PTRdTomato hice) (Fig. 1a). Tomato protein was
expressed in about 80 % of insulin-positive cells (Fig. 1b),
in accord with the Cre recombinase efficiency in B cells of
Rip-Cre mice [21]. Single DT injection to the mice elim-
inated most Tomato-positive cells at day 6 (Fig. 1c), which
resulted in a marked decrease in Tomato-positive cell mass
to only 7 % of that in DT-untreated mice (Fig. 1d), sug-
gesting co-expression of DTR in Tomato-positive P cells.
Quantitative measurement revealed that B cell mass, i.e.,
the sum of Tomato-positive and -negative cell mass,
decreased to 34 % by DT administration at day 6. The 3
cell mass then increased up to 55 % at day 14, but Tomato-
positive cell mass did not (Fig. 1d), indicating that an
increase in Tomato-negative P cell mass exclusively con-
tributes to the increase in total B cell mass. We also
detected P cell proliferation in these mice, frequently at
6 days after DT ablation, but rarely at day 14, as assessed
by Ki67 immunostaining (Fig. le, f), indicating a vigorous
but transient regeneration of B cells in the mice. After
cell ablation, the mice retained normoglycemia (Tables 1,
2) but exhibited significantly impaired glucose tolerance as
assessed by OGTTs (Fig. 1g).

Cytoprotective effects of DPP4is and/or GLP1RAs
against f cell injury

To analyze cytoprotective effects of DPP4is and/or
GLPIRAs on B cells, 7-week-old mice were administered
MK-0626 and/or liraglutide for 7 days, followed by a
single administration of DT. Six days after B cell ablation,
pancreata were excised and subjected to immunohisto-
chemical examination (Fig. 2a). MK-0626 administration
did not affect body weight, pancreas weight, and blood
glucose levels (Table 1). On the other hand, liraglutide
administration induced a mild but significant decrease in
body weight, irrespective of co-administration of MK0626.
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Table 1 Body weight, blood ) MK LI MK/LI
glucose levels, and pancreas
weight in mice treated with Body weight (g)
MK-0626, liraglutide, or MK-
0626 plus liraglutide after DT Day —7 17.9 £ 0.7 18.6 £ 0.8 17.6 £ 0.2 185 £ 0.8
injection in cytoprotective Day 0 19.0 £ 1.8 18.6 + 0.7 15.6 £ 1.0 154+ 19
protocol (n = 3-4) Day 6 205 £ 1.1 185 £ 1.2 15.7 £ 0.7* 15.8 £ 1.2%
Blood glucose (mg/dl)
Day —7 125 £ 11 119 £ 6 152 + 13 151 £ 12
Day 0 143 + 16 161 + 21 130 + 15 143 £ 19
Day 6 218 £+ 67 188 + 53 123 £ 3 212 +£ 37
Pancreas weight (mg) 157 £ 20 173 £ 8 133 £6 156 £ 4
* P < 0.05 versus untreated
Table 2 Body weight, blood ©) MK LI MEKJ/LI Ex9 MK/Ex9
glucose levels, and pancreas
weight in mice treated with DT(-)
MK-0626, liraglutide, or MK- .
0626 plus liraglutide after DT Body weight (g)
injection in proliferative Day 0 174 £ 06 172+£0.6 167+02 183 +0.5
protocol (n = 4-5) Day 14 1704+07 181 +£12 157403 159+ 04
Blood glucose (mg/dl)
Day 0 133+£19 135+£16 173 £ 11 162 + 13
Day 14 124 £ 13 115+24 155£18 171 £ 17
Pancreas weight (mg) 164 £16 173 £10 155+ 12 175+ 10
DT(+)
Body weight (g)
Day 0 185+£09 185+£06 189+12 200+08 179+04 182=+0.38
Day 14 182 £08 18910 17013 16706 17.0+03 173 £ 1.1
Blood glucose (mg/dl)
Day 0 143 +13 164+12 165+16 159 £ 11 163 £ 15 155+ 14
Day 14 188 +£25 174+ 16 154+ 13 188+ 14 198 +27 203+ 13
Pancreas weight (mg) 152 + 18 148 £ 7 167 +£7 185 + 8 122 + 4 117 £ 8

Not significance among all groups

Immunohistochemical analysis revealed that the number
of Tomato-positive cells that survived after B cell ablation
was significantly increased by MK-0626 and also by
liraglutide, but was not further increased by co-adminis-
tration of MK-0626 plus liraglutide (Fig. 2b, c). Although
treatment with MK-0626 and/or liraglutide almost doubled
the number of surviving Tomato-positive B cells (Fig. 2c),
the increase (~0.05 mg) was too small to show statisti-
cally significant difference in total (Tomato-positive plus-
negative) B cell mass (0.4-0.5 mg) (Fig. 2d).

We then investigated whether increased survival of
Tomato-positive cells by MK-0626 and/or liraglutide is
attributable to suppression of apoptotic B cell death by
DT administration. The number of apoptotic cells was
suppressed similarly by MK-0626 treatment and liraglu-
tide treatment, but no further suppression was observed by

their co-treatment (Fig. 2e, f), in accord with the results
of the mass of Tomato-positive cells surviving after DT
ablation. These results indicate that potentiation of GLP-
1, but not that of other DPP-4 substrates, plays a major
role in suppressing DT-induced apoptosis by MK-0626 in
these mice.

Molecular mechanisms of cytoprotection of GLP-1
in B cells

The mechanism of B cell cytoprotection by GLP-1 was

examined in MIN6-DTR in vitro. DT administration
reduced cell viability in a dose-dependent manner
(Fig. 3a), while liraglutide co-treatment significantly

increased viability (Fig. 3b). Since DPP-4 is found to be
expressed in MING cells as well as in pancreatic islets (data
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Fig. 2 Cytoprotective effects of DPP4is and/or GLP1RAs against 3
cell injury. a Experimental protocol to examine cytoprotective effects
of DPP4is and/or GLP1RAs on 3 cells. b Tomato and insulin staining
of islets in mice treated with MK-0626, liraglutide, or MK-0626 plus
liraglutide at 6 days after DT injection. ¢, d Tomato-positive cell
mass ¢ and B cell mass d in the treated mice at 6 days after DT

not shown), DPP4is may exert cytoprotection through
inhibiting DPP-4 released from or expressed in MING cells.
However, this possibility was not supported by the exper-
iment of MK-0626 administration to MIN6-DTR, since
MKO0626 failed to rescue MIN6-DTR from DT ablation
(Fig. 3c). Considering that DT-induced cell death might be
mediated by activated caspase signaling [22], we attempted
to protect MIN6-DTR from DT by inhibitors of caspase-3
and -9; both of these inhibitors were found to increase the
cell viability impaired by DT (Fig. 3d, e). Cleaved caspase-
3, a critical player in apoptosis [23], was induced by DT
but was completely inhibited by co-administration of
liraglutide (Fig. 3f).

We also examined whether the cytoprotective effect of
liraglutide is mediated by phosphatidylinositol 3 (PI3)
kinase and mitogen-activated protein (MAP) kinase sig-
naling [10]. Phosphorylation of Akt and Erk by liraglutide
was suppressed by inhibitors of PI3 kinase (LY294002)
and MEK (PD098059), respectively (Fig. 3g, h), and both
inhibitors attenuated cytoprotection by liraglutide, although
their co-treatment evoked no additional decline in cell
viability (Fig. 3i).
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injection (n = 3—4). e TUNEL staining with insulin in islets of the
treated mice at 4 days after DT injection. f Quantification of apoptotic
cells in B cells of the treated mice at 4 days after DT injection
(n = 3-4). The cells of thirty random islets were analyzed. Scale bar
50 um. *P < 0.05; **P < 0.01

Effects of DPP4is and/or GLP1RAs on  cell
proliferation during regeneration

Potentiating effects of DPP4is and/or GLP1RAs on f cell
proliferation were evaluated by quantifying changes in
cell mass and BrdU incorporation during 14 days of
regeneration. After an injection of DT, 8-week-old mice
were administered MK-0626 and/or liraglutide for 14 days
before pancreas excision (Fig. 4a). With or without DT
injection, treatments with MK-0626, liraglutide, or MK-
0626 plus liraglutide did not affect body weight, pancreas
weight, or blood glucose levels (Table 2). MK-0626
treatment induced a significantly larger increase in mass of
B cells (mostly Tomato-negative cells) after DT ablation
compared with untreated group (Fig. 4b, c¢). By contrast, 8
cell mass was not increased by treatment with either
liraglutide alone or MK-0626 plus liraglutide. Quantifica-
tion of cell division by continuous labeling with BrdU
revealed that B cell proliferation was increased signifi-
cantly by MK-0626, but not by liraglutide or MK-0626
plus liraglutide (Fig. 4d, e). These results indicate that MK-
0626 but not liraglutide increases B cell mass by promoting
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Fig. 3 Molecular mechanisms of cytoprotection of GLP-1 in 3 cells.
a Cell viability of MIN6-DTR incubated with various concentrations
of DT for 24 h. b Cell viability of MIN6-DTR incubated with various
concentrations of liraglutide and 10 pg/ml DT for 24 h. ¢ Cell
viability of MIN6-DTR incubated with various concentrations of MK-
0626 and 10 pg/ml DT for 24 h. d, e Cell viability of MIN6-DTR
incubated with various concentrations of caspase-3 inhibitor d or
caspase-9 inhibitor e and 10 pg/ml DT for 24 h. f Western blot
analysis for cleaved caspase-3 (upper panel) and P actin (lower panel)
of MIN6-DTR incubated with 10 pg/ml DT and/or 100 nM liraglu-
tide for 16 h. g Western blot analysis for phospho-Akt (upper panel)
and Akt (lower panel) of MIN6-DTR preincubated with 5 uM

B cell proliferation. In addition, co-administration of
liraglutide nullified the potentiating effect of MK-0626.

We next examined involvement of GLP-1 signaling on
the effect of MK-0626. Co-administration of exendin-(9-
39), a selective GLP-1 receptor antagonist, significantly
suppressed the pro-proliferative effect of MK0626 judging
from a lack of both B cell mass increase and BrdU incor-
poration (Fig. 4c, e), which indicates the involvement of
GLP-1 signaling.

We also found that liraglutide treatment evoked a sig-
nificant reduction in glucagon-positive o cells (Fig. 4b, f).
Neither preceding DT administration nor co-administration
of MK-0626 affected the o cell reduction by liraglutide.
The mechanism of the reduction of a cell mass was eval-
uated by quantifying apoptotic o cells; the number of
TUNEL-positive o cells was not increased by liraglutide
treatment (Fig. 4g). On the other hand, we detected several
endocrine cells stained negative to either insulin, glucagon,
somatostatin, or PP in liraglutide-treated mice (Fig. 4h),
suggesting that a loss of glucagon expression of o cells
may explain the reduction of o cell number. We also
compared the numbers of glucagon-positive cells and
glucagon/somatostatin/PP-positive (positive for any of the

LY294002 for 5 min and then incubated with 100 nM liraglutide in
the presence of LY294002 for 3 min. h Western blot analysis for
phospho-Erk1/2 (upper panel) and Erk (lower panel) of MIN6-DTR
preincubated with 10 pM PD98059 for 5 min and then incubated with
100 nM liraglutide in the presence of PD98059 for 3 min. i Cell
viability of MIN6-DTR preincubated with 2 pM LY294002 and/or
10 M PD098059 for 30 min and then incubated with 10 pg/ml DT
and 10 nM liraglutide in the presence of LY294002 and/or PD098059
for 24 h. Data are mean £ SEM of four or five observations in the
same experiment. Experiments using the same protocol were repeated
twice or three times to ascertain reproducibility. *P < 0.05;
**P < 0.01

three) cells. The number of glucagon-positive cells and that
of glucagon/somatostatin/PP-positive cells were signifi-
cantly decreased by liraglutide treatment (5.8 and 6.6 %,
respectively), suggesting that pancreatic o cells are unli-
kely to transdifferentiate to other types of non-f§ endocrine
cells.

Effects of DPP4is and/or GLP1RAs on islet function
in vitro and glucose tolerance in vivo

We then evaluated the effects of MK-0626 and/or liraglu-
tide on insulin secretory function of B cells and glucose
tolerance in vivo. Insulin secretion of size-matched isolated
islets under basal glucose level (G2.8) was not different
among all groups (Fig. 5a), indicating basal insulin secre-
tory capacity of B cells was not affected by these phar-
macological interventions. High glucose-stimulated insulin
secretion (GSIS) of islets isolated from MK-0626-treated
mice was significantly increased, indicating that MK-0626
improves insulin secretory capacity of P cells as well as
their volume. By contrast, liraglutide treatment failed to
increase secretory capacity. Co-treatment of liraglutide did
not attenuate the improvement in GSIS by MK-0626. In

@ Springer



436 Endocrine (2016) 51:429-439
A B (-) MK LI MKI/LI
DT Sampling Insulin "@
i
i£ X q 1
1
Day 0 14 o P i
MK-0626 § o3y Feorrn .
- - Glucagon ) i fa a3
Liraglutide | Tas o3 " Y
MK-0626 + Liraglutide ' Yo Mot 0
D
C : + E :
5 DT(-) ' DT(+) s, :SVI)K
— 33 ol v S
S . s SX | aMKLI
E 15 NS. o 01 uexe NS
8 o5 £8 , | sMKEo E=
3~
E ' E% ot
] s
0.5 =32 201
=
0 M 0
() MK LI MKLI () MK LI MKLI  Ex9 MK/EX9 DT(-) DT(+)
F - + G I GISIPP
0.4 DT() 04 DT(+) ) 40 wo
« o8 o 3
) — . £ 3 .0 | .
£ * = 53 2 =0
2 - 54 @
é 0.2 02 S 3 20+
= Q8 3
8 8 10+
3 o= =
4 Q 7
0! > g o
() MK LI MKLI O MK L MKL F G u ¢ u

Fig. 4 Effects of DPP4is and/or GLP1RAs on f cell proliferation
during regeneration. a Experimental protocol to examine potentiating
effects of DPP4ia and/or GLP1RAs on B cell proliferation. b Insulin
and glucagon staining of islets in mice treated with MK-0626,
liraglutide, or MK-0626 plus liraglutide at 14 days after DT injection.
Scale bar 50 pm. ¢ B cell mass in the treated mice at 14 days after DT
injection (n = 4-5). Left graph DT-uninjected group; right graph
DT-injected group. d Immunofluorescence of insulin (green), BrdU
(red), and Hoechst (blue) in islets of the treated mice at 14 days after
DT injection. e Quantification of BrdU-positive cells in B cells of the
treated mice at 14 days after DT injection (n = 4-5). The cells of

OGTTs, there was no significant difference in glucose
excursion among the groups in DT-untreated mice
(Fig. 5b). By contrast, in DT-treated mice, blood glucose
levels of mice treated with MK-0626 plus liraglutide were
significantly lower than those of the other three groups.
Insulin secretory response to glucose was reported to be
barely seen in Rip-Cre mice [24]; there was no significant
increase in serum insulin levels in all our experimental
groups (data not shown). To evaluate insulin secretory
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thirty random islets were analyzed. f o cell mass in the treated mice at
14 days after DT injection (n = 4-5). g Quantification of apoptotic
cells in o cells of liraglutide-treated mice at 14 days (n = 3). The
cells of thirty random islets were analyzed. h Immunofluorescence of
chromogranin A (green), insulin (red), and glucagon/somatostatin/PP
(blue) in islets of liraglutide-treated mice at 14 days. Arrowheads
indicate cells positive only for chromogranin A. i Quantification of
glucagon-positive and glucagon/somatostatin/PP-positive cells in islet
cells of liraglutide-treated mice at 14 days (n = 4). The cells of thirty
random islets were analyzed. Scale bar 15 um. *P < 0.05;
**P < 0.01

capacity under physiological conditions in vivo, serum
insulin levels in fasted and refed conditions were measured
in mice treated with MK-0626 and/or liraglutide. Refeed-
ing substantially increased serum insulin levels in all ani-
mal groups (Fig. 5c). The insulin levels in refed mice
treated with MK-0626 plus liraglutide were significantly
higher than those of untreated mice, suggesting that con-
comitant administration might improve insulin secretory
capacity in vivo.
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Fig. 5 Effects of DPP4is and/or GLP1RAs on islet function in vitro
and glucose tolerance in vivo. a GSIS of islets isolated from mice
treated with MK-0626, liraglutide, or MK-0626 plus liraglutide at
14 days after DT injection (n = 6-7). Isolated islets were incubated
in RPMI medium containing 10 % FBS and 5.5 mM glucose for 4 h.
Islets were preincubated in the incubation medium (described in
“Materials and methods” section) containing 2.8 mM glucose for
30 min and then incubated in the incubation medium containing 2.8
or 16.7 mM glucose for 60 min. Fold increases are shown in inset.
b Blood glucose levels after 1 g/kg oral glucose loading to the mice at
14 days after DT injection (n = 4). Left graph DT-uninjected group;
right graph DT-injected group. ¢ Serum insulin levels after 14 h-
fasting and 3 h-refeeding at 14 days after DT injection (n = 4).
*P < 0.05; P <0.05 and *P < 0.01 versus untreated; P < 0.01
versus MK-0626-treated; #p < 0.05 versus liraglutide-treated

Discussion

Quantification of B cell mass, its temporal changes, and the
effectiveness of therapeutic intervention have been studied
in animal models of B cell regeneration. These models
include naturally occurring rodent diabetes models, p cell
ablation models using streptozotocin or alloxan, partially
pancreatectomized animal models, and genetically engi-
neered mouse models [25]. In the present study, we gen-
erated a novel mouse model, Rip-Cre;Rosa26°™ tdTomato
mice. In these mice, since we can induce cell death

specifically in ~80 % f cells (i.e., B cells expressing DTR
plus Tomato) at any desired time point, the precise time-
course of subsequent regeneration can be observed. In fact,
we detected vigorous B cell regeneration after cell ablation
with DT. Our present study revealed that increased B cell
mass in the mice was implemented by an increase in
Tomato-negative P cell mass. These results indicate that
cell regeneration is mediated by proliferation of the 3 cells
that remain unaffected by DT ablation, and not those
formed by neogenesis or transdifferentiation from non-[3
cells. In the case of neogenesis and transdifferentiation, 3
cells generated de novo start to express Tomato and DTR
for the first time in their cell lineage history, at the moment
of differentiation to insulin-expressing B cells, as previ-
ously reported in similar mouse models specialized for cell
lineage tracing experiments [26, 27]. In Rip-Cre;R-
0sa26PTRdTomato ice therefore, cytotoxic events and cell
regeneration can be independently analyzed by focusing on
Tomato-positive cells and -negative cells, respectively. In
addition, a lack of hyperglycemia during regeneration
enables assessment of direct actions of anti-diabetic drugs
on B cells independently of their anti-hyperglycemic effect.
Using this mouse model, we compared the effects of
GLPI1RA (liraglutide) and DPP4i (MK-0626) by quanti-
fying several types of cells and analyzing B cell function.

Regarding B cell protection from DT ablation, MK-0626
and liraglutide have a similar effect without any additive or
synergistic effect on each other, indicating that enhanced
GLP-1 signaling accounts for this effect, although the
possibility of involvement of DPP-4 substrates other than
GLP-1 cannot be eliminated. In addition, in vitro study
using MIN6-DTR revealed that B cell cytoprotection by
GLP-1 is elicited via suppression of caspase-3/-9 signaling
in PI3 kinase- and MAP kinase-dependent manners. Con-
sidering that activated caspase-3 signaling is involved in
cell apoptosis in islets of animals and humans with T2DM
[28, 29], B cell injury by DT may well reflect the patho-
physiology of T2DM.

In the present study, we found that  cell proliferation
was accelerated by MK-0626, but not by liraglutide in Rip-
Cre;Rosa26P R/ dTomato e, which differs from several
previous reports [10]. Since liraglutide increased prolifer-
ation of MING6 cells in vitro (data not shown), the lack of
increase in 3 cell proliferation by liraglutide in vivo may be
a consequence secondary to its action on the cells other
than [ cells. In recent study of non-diabetic mice, GLP1RA
treatment was reported to lower B cell proliferation and
result in reduced P cell mass [14]. Accordingly, the dif-
ference in glycemic levels during proliferation may explain
the distinct effect of GLP1RAs. The present study shows
that MK-0626 and liraglutide have distinct consequences in
B cell proliferation. However, since co-treatment with
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exendin-(9-39) nullified the potentiation of B cell prolif-
eration by MK-0626, GLP-1 signaling is considered to be
required for the pro-proliferative effect of MK-0626.

Since o cell mass was significantly decreased by
liraglutide both with and without DT administration,
reduction in o cell mass is likely to be the event indepen-
dent to B cell regeneration. In addition, o cell mass was not
affected by co-administration of MK-0626, indicating that
the effect of liraglutide on o cell mass dominates that of
MK-0626. It has been reported recently that B cell ablation
failed to induce hyperglycemia in glucagon receptor defi-
cient mice [30], suggesting that insulin might lose its
physiological importance under glucagon deficiency. In the
present study, B cell ablation in our mice triggered active
cell proliferation, which terminated after 3 cell recovery. In
addition, ectopic islet transplantation to our mice markedly
suppressed B cell proliferation (unpublished data), as pre-
viously reported [31]. These findings suggest that B cell
proliferation is likely to be induced when more B cells are
required. Taking these findings together, the reduction in o
cell mass by liraglutide may lessen the need for B cell
proliferation in our mice.

Considering (1) the lack of increase in apoptotic o cells
by liraglutide treatment, (2) the very low frequency of cell
proliferation under static condition (data not shown), (3) no
transdifferentiation to o or to PP cells, and (4) the existence
of hormone negative endocrine cells, the reduction in o
cells by liraglutide treatment may well be due to a loss of
glucagon expression in o cells. Recently, dedifferentiation
of endocrine cells has been reported in diabetic conditions
[31]. Thus, o cells may lose glucagon expression under
potent GLP-1 signaling.

We found that GSIS of islets isolated from MK-0626
treated mice was significantly improved. Since insulin
secretion under basal glucose level was not affected by
MK-0626, the improved GSIS is unlikely to be caused by
increased B cell mass. Unexpectedly, liraglutide treatment
was found not to improve GSIS in our experiments, and
improvement in GSIS by MK-0626 also was observed in
co-treatment with liraglutide. Therefore, although the
mechanism of improved GSIS by MK-0626 is not clarified
in the present study, substrates of DPP-4 other than GLP-1,
such as GIP [32] and pituitary adenylate cyclase-activating
polypeptide [33], may be involved in the favorable effects
of MK-0626 on GSIS.

OGTTs showed that glucose tolerance was improved
only by co-administration of MK-0626 and liraglutide.
Serum insulin levels in fasted and refed mice treated with
MK-0626 plus liraglutide were significantly higher than
those of untreated mice. The trends of the insulin levels on
refeeding among the four animal groups were similar to
those during OGTT (data not shown). This raises the
possibility that residual MK-0626 and liraglutide

@ Springer

remaining in the body after 16 h (wash-out time for MK-
0626) food deprivation and 24 h (wash-out time for
liraglutide) interval from the last injection of liraglutide
could have influenced glucose tolerance during OGTT.
This might also explain the difference in insulin secretory
function between in vitro and in vivo experiments. Our
present study shows that MK-0626 increased P cell mass
by accelerating B cell proliferation and improving insulin
secretory function, while liraglutide reduces o cell mass.
Improved secretory function by MK-0626 and reduced o
cell mass by liraglutide was well retained in co-adminis-
tered mice. Accordingly, o cell mass reduction by
liraglutide may also contribute to improved glucose toler-
ance in conjunction with the beneficial effect of MK-0626
on B cells. Since beneficial effects of combination therapy
have been reported in patients with T2DM [34], combi-
nation therapy with DPP4is and GLP-1RAs may well be a
useful approach to obtain better glycemic control.
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