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Abbreviations: 

Ahx: 6-aminohexanoic acid 

AUC: Area under the curve 

BCM: β-cell mass 

BnDTPA: Isothiocyanate-benzyl-DTPA 

CT: Computed tomography 

GLP-1: Glucagon-like peptide-1 

GPR: G protein-coupled receptor 

In: Indium 

SPECT: Single-photon emission computed tomography 

 Longitudinal observation of pancreatic β-cell mass (BCM) remains challenging 

because non-invasive techniques for determining BCM in vivo have not been established. 

Such observations would be useful for the monitoring of type 2 diabetes mellitus (T2DM), a 
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progressive disease involving loss of pancreatic BCM and function. An 111Indium (In)-

labeled exendin-4 derivative ([Lys12(111In-BnDTPA-Ahx)]exendin-4) targeting the 

glucagon-like peptide-1 receptor has been developed recently as a promising probe for 

quantifying BCM non-invasively. In this study, we used the 111In-exendin-4 single-photon 

emission computed tomography/computed tomography (SPECT/CT) technique to investigate 

the efficacy of DS-8500a, a novel G protein-coupled receptor 119 agonist currently under 

investigation for T2DM treatment, in prediabetic db/db mice under dietary restriction. During 

the 8-week study, treatment of mice with DS-8500a delayed and attenuated the progression of 

glucose intolerance compared to mice under dietary restriction alone. 111In-exendin-4 

SPECT/CT of db/db mice revealed continuously decreasing RI intensity in the pancreas over 

the 8-week intervention. DS-8500a attenuated this decrease and preserved pancreatic RI 

accumulation compared with dietary restriction alone at the end of the observation period. 

This result was corroborated not only by ex vivo pancreatic analysis using the [Lys12(111In-

BnDTPA-Ahx)]exendin-4 probe but also by conventional histological BCM analysis. These 

results indicate that DS-8500a attenuates the progression of BCM loss beyond that of dietary 

restriction alone in prediabetic db/db mice. 111In-exendin-4 SPECT/CT will be useful for non-

invasive longitudinal investigation of BCM in vivo. 

Introduction 

 Type 2 diabetes mellitus (T2DM) is a progressive disease presenting with loss of 

pancreatic β-cell mass (BCM) and/or function (1). Therefore, the elucidation of the effects of 

anti-diabetic agents on BCM is of significant value to clinical treatment strategies for 

diabetes.  

 The longitudinal changes in BCM that occur over the lifetime of a T2DM patient 

remain unknown because of the lack of a practical, non-invasive technique for assessing 

BCM in vivo (2). The conventional histological method of BCM analysis requires 

invasiveness and is limited to cross-sectional observations (2). In addition, the sampling area 

is restricted and may not represent the accurate changes of BCM. We have recently 

developed 111Indium (In)-labeled exendin-4 derivative ([Lys12(111In-BnDTPA-

Ahx)]exendin-4) as a promising tool for β-cell imaging (3) and quantification using single-

photon emission computed tomography/computed tomography (SPECT/CT) (4, 5). 

 The G protein-coupled receptor 119 (GPR119) is a novel receptor that recognizes 

oleoylethanolamide and structurally related lipids. High-level expression of GPR119 has 

been shown in small intestinal L cells and pancreatic β cells (6, 7). Activation of GPR119 

leads to increased secretion of insulin directly from β cells and indirectly through the 
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stimulation of incretin secretions (6, 8). Some GPR119 agonists may stimulate β-cell 

replication in the pancreas of diabetic mice and islet grafts (9, 10), suggesting that GPR119 

agonists may have beneficial effects on BCM. However, the development of several GPR119 

agonists has been suspended because their glucose-lowering effects decreased after repeated 

dosing in clinical studies (11, 12). 

DS-8500a is a novel oral GPR119 agonist under current investigation for T2DM 

treatment. DS-8500a increases glucose-stimulated insulin secretion and promotes glucagon-

like peptide-1 (GLP-1) secretion in rodent models of T2DM (13, 14). In a clinical study, DS-

8500a was well tolerated and significantly improved glycemic control in T2DM patients over 

28 days of administration (14). Therefore, DS-8500a might be useful for investigating the 

effects of GPR119 stimulation on BCM in diabetic models. However, the effects of DS-

8500a treatment on BCM and longitudinal BCM changes remain unclear. 

This study investigates the longitudinal changes in BCM in response to treatment with the 

GPR119 agonist DS-8500a in diabetic mice using the 111In-exendin-4 SPECT/CT technique. 

Materials and Methods 

Animals:  

Male C57BLKS/J Iar-+Leprdb/+Leprdb mice (db/db) were purchased from Charles River 

(Tokyo, Japan). All mice were housed in a temperature-maintained environment under 

conditions of 14:10 light-dark cycles with free access to water and food unless otherwise 

stated. This animal study was approved by the animal care and use committee, Kyoto 

University Graduate School of Medicine (Med kyo 17534). 

Diet and study design:  

The mice were divided into three groups at 5 weeks old: mice fed with normal chow without 

dietary restriction (DR-C), mice fed with normal chow with dietary restriction (DR+C), and 

mice given DS-8500a under dietary restriction (DR+DS). Standard rodent chow (FR-2; 

Funabashi Farm, Chiba, Japan) was given as the normal chow diet. DS-8500a was 

administered in the form of 0.03% mixed with the normal chow diet. In mice under dietary 

restriction (DR+C and DR+DS groups), the daily diet was restricted to 5 g per day. The 

interventions started at the age of 5 weeks and implemented for 8 weeks. The weekly dietary 

consumption and bodyweight were recorded as well as the non-fasting blood glucose levels, 

determined by the glucose oxidase method (GT-1670; Arkray, Kyoto, Japan). The main 

comparisons in this study were conducted between the two diet-restricted groups (DR+C vs. 

DR+DS mice). 

A
D

V
A

N
C

E
 A

R
T

IC
LE

:
En

d
o

cr
in

o
lo

g
y

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/advance-article-abstract/doi/10.1210/en.2019-00556/5586238 by KYO

TO
 U

N
IVER

SITY M
edical Library user on 23 O

ctober 2019



ADVANCE A
RTIC

LE

Endocrinology; Copyright 2019  DOI: 10.1210/en.2019-00556 
 

 4

Mouse glycohemoglobin and GLP-1 measurements:  

The glycohemoglobin levels were measured using an automated glycohemoglobin analyzer 

(HLC-723G8; Tosoh, Tokyo, Japan) in mice at the ages of 5 and 13 weeks. Blood samples 

were collected from DR+C and DR+DS mice at 13 weeks of age to measure the total plasma 

GLP-1 with no agent washout using the total GLP-1 ELISA kit (Meso Scale Discovery, Cat# 

K150JVC) (15). 

Oral glucose tolerance test:  

Every 4 weeks, oral glucose tolerance tests (OGTT) were performed on mice in all three 

groups after a 16-h fast and agent-washout period. During OGTTs, blood sample collection 

was performed via tail vein at 0, 15, 30, 60, and 120 min after oral glucose administration (2 

g glucose/kg body weight) by oral gavage. Thereafter, the plasma glucose and insulin levels 

were measured using the Glucose CII Test Wako (Wako Pure Chemical Industries, Ltd., 

Osaka, Japan) and an insulin ELISA kit (Ultra Sensitive Mouse Insulin ELISA Kit; Morinaga 

Institute of Biological Science, Cat# M1104) (16), respectively. 

In vivo 111In-exendin-4 SPECT/CT:  
111In-exendin-4 SPECT/CT was performed in DR+C and DR+DS mice at the ages of 5, 9, 

and 13 weeks. DR-C mice were also examined at 13 weeks of age. The 111In-exendin-4 probe 

[Lys12(111In-BnDTPA-Ahx)]exendin-4 was synthesized through a process involving 

isothiocyanate-benzyl-DTPA (BnDTPA) and 6-aminohexanoic acid (Ahx) attached to an ɛ-

amino group at the lysine-12 residue, as previously reported (3). After an overnight agent-

washout period, [Lys12(111In-BnDTPA-Ahx)]exendin-4 (3.0 MBq/mouse) was injected via 

tail vein, and SPECT/CT imaging was performed using a Triumph LabPET12/SPECT4/CT 

(TriFoil Imaging Inc., Chatsworth, CA, USA), as previously reported (4). The cumulative 

sum of pancreatic SPECT values was analyzed using the Amira software version 5.6.0 (FEI 

Visualization Sciences Group, Düsseldorf, Germany). According to the previous reports (4, 

5), the region of interest (ROI) was analyzed using images ranged from the lower limit of the 

lungs to the upper limit of the bladder, in which each voxel was 0.9 mm cube. The pancreatic 

ROI was determined through comparison with the outline of the kidney on a CT image, and 

then a 2.7 mm region surrounding the kidney was excluded in order to avoid the potential 

huge influence of the kidneys on the pancreas signal intensity (4, 5). The pancreatic uptake 

values per injected dose of the probe (%ID/g) were calculated as described in a previous 

report (4). Blood samples were collected just before the probe injection, and pre-SPECT total 

plasma GLP-1 levels were determined using the total GLP-1 ELISA kit (Meso Scale 

Discovery, Cat# K150JVC) (15). 
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Ex vivo pancreas analysis using the 111In-exendin-4 probe:  

After the 8-week intervention, all three groups of 13-week-old mice were injected via tail 

vein with [Lys12(111In-BnDTPA-Ahx)]exendin-4 (3.0 MBq/mouse) after an overnight agent-

washout period. Mice were sacrificed by cervical dislocation 90 minutes after injection, 

followed by immediate resection of the pancreas and measurement of the radioactivity in the 

resected pancreas using a well ionization chamber, Curiemeter (IGC-7; Hitachi Aloka 

Medical, Ltd., Tokyo, Japan). The energy range of the Curiemeter was 30 – 3,000 keV and it 

could measure both peak energies of 111In decay (171 and 245 keV). The half decay period of 
111In was set as 2.805 days. The radioactivity measurements were decay-corrected to the time 

of injections. 

Histological analysis of BCM:  

After completion of the SPECT/CT procedures, mice were sacrificed by cervical dislocation, 

followed by immediate resection of the pancreas. Tissues were spread on filter paper and 

immediately fixed in 10% formalin at 4 °C. For BCM analysis, ten sets of serial formalin-

fixed paraffin-embedded sections (4 µm per section; 100 µm between each set) were stained 

with an anti-insulin antibody as previously reported (5). The primary antibody was a rabbit 

polyclonal antibody (1:100, Santa Cruz Biotechnology Cat# sc-9168) (17). The secondary 

antibody was Alexa Fluor 488 goat anti-rabbit antibody (1:200, Thermo Fisher Scientific 

Cat# A-11008) (18). The tissue sections were then stained with hematoxylin and eosin. The 

prepared slides were analyzed using a fluorescence microscope (BZ-X700; Keyence, Osaka, 

Japan). The BCM was calculated from histological sections according to the following 

formula: (insulin-positive area/whole pancreas area) × pancreas weight (mg), as previously 

reported (9). 

Immunohistochemical analysis of proliferation and apoptosis:  

After the 8-week intervention, formalin-fixed paraffin-embedded sections from each mouse 

were immunostained with guinea pig anti-insulin antibody (1:100, Abcam Cat# ab7842) (19) 

and rabbit anti-Ki67 antibody (1:100, Abcam Cat# ab15580) (20) as primary antibodies and 

Alexa Fluor 488 goat anti-guinea pig antibody (1:200, Abcam Cat# ab150185) (21) and 

Alexa Fluor 546 goat anti-rabbit antibody (1:200, Thermo Fisher Scientific Cat# A-11035) 

(22). DAPI was used for visualization of nuclei (ProLong Gold antifade reagent with DAPI; 

Invitrogen, Carlsbad, CA, USA). For each sample, the ratio of insulin/Ki67/DAPI co-positive 

cells over total insulin-positive cells was calculated. To detect apoptosis, terminal 

deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining was 

performed using the TMR red in situ cell detection kit (Roche, Mannheim, Germany) 
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according to the manufacturer’s instruction in parallel with the insulin and DAPI 

immunostaining described above. The ratio of insulin/TUNEL/DAPI co-positive cells to total 

insulin-positive cells was calculated for 50 islets in each mouse. 

Statistical analysis:  

All data are expressed as the mean ± SD. Statistical analyses were performed using one-way 

analysis of variance with the Tukey–Kramer post hoc test and Student’s or Welch’s t-test. We 

used Pearson correlation analysis to investigate correlations between two continuous 

variables. P-values < 0.05 were considered statistically significant. 

Results 

DS-8500a with dietary restriction attenuates progression of glucose intolerance in db/db mice 

 During the 8-week intervention, both DR+C and DR+DS mice showed a 20% 

decrease in dietary intake compared with the DR-C mice (Figure 1A). No significant 

differences in body weight were observed between the three groups at baseline (Figure 1B). 

Bodyweight gains of DR+C and DR+DS mice were significantly smaller than those of DR-C 

mice, with no significant difference between DR+C and DR+DS mice (Figure 1B). No 

significant differences in blood glucose levels were observed between the three groups of 

mice at baseline (Figure 1C). During the intervention, the non-fasting blood glucose levels of 

DR-C mice increased significantly more than those of the other groups (Figure 1C). DR+DS 

mice had significantly lower non-fasting blood glucose levels from 10 to 14 weeks of age, 

than did DR+C mice (Figure 1C). No significant differences in glycohemoglobin levels were 

observed between the three groups of mice at baseline (Figure 1D). In 13-week-old mice, the 

glycohemoglobin levels of DR+DS mice were significantly lower than those of DR-C and 

DR+C mice, with DR+C mice having significantly lower glycohemoglobin levels than DR-C 

mice (Figure 1D). GPR119 agonists are reported to stimulate GLP-1 secretion, but their long-

term efficacy is unclear (11,12). Thus, we also examined total plasma GLP-1 levels at the end 

of our intervention. At 13 weeks of age, DR+DS mice showed significantly higher total 

plasma GLP-1 levels than DR+C mice (DR+DS vs. DR+C, 25.2 ± 8.3 vs. 10.4 ± 8.5 pg/mL; 

n = 5 vs. 4; P = 0.03). In addition, OGTTs after agent washout were performed on all three 

groups at 5, 9, and 13 weeks of age. While no significant differences in plasma glucose and 

insulin levels were observed between the three groups at any sampling time point at 5 weeks 

of age (Figure 2A), the plasma glucose levels tended to be higher in DR-C mice than in 

DR+C and DR+DS mice. The area under the curve (AUC)-glucose was significantly higher 

in DR-C mice than in DR+DS mice at 9 weeks of age (Figure 2A and 2B). The plasma 
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insulin levels and AUC-insulin tended to be higher in DR+DS mice than in the other groups. 

At 13 weeks, DR+DS mice showed significantly lower levels of plasma glucose at 15, 30, 

and 120 min after oral glucose administration than DR-C mice, while AUC-glucose was 

significantly lower in DR+DS mice than in DR-C and DR+C mice (Figure 2A and 2B). 

Plasma insulin levels at 30 and 60 min and AUC-insulin were significantly higher in DR+DS 

mice than in DR-C mice. AUC-insulin in DR+DS mice also tended to be higher than in 

DR+C mice (Figure 2A and 2B). 

DS-8500a attenuates BCM loss in db/db mice as assessed by non-invasive longitudinal BCM 

analysis using 111In-exendin-4 SPECT/CT 
 111In-exendin-4 SPECT/CT was performed on mice at ages 5 (baseline), 9, and 13 

weeks. Because GPR119 agonists increase plasma levels of GLP-1 (6, 8) and the possibility 

of interference with our probe remained, we examined pre-SPECT total plasma GLP-1 

concentrations. Throughout the observation period, no significant differences in the pre-

SPECT total plasma GLP-1 levels were observed between the DR+C and DR+DS mice 

(DR+DS vs. DR+C, 31.0 ± 8.1 vs. 35.7 ± 11.6 pg/mL at 5 weeks of age; P = 0.58, 27.8 ± 5.4 

vs. 25.7 ± 14.8 pg/mL at 9 weeks of age; P = 0.83, 16.0 ± 7.7 vs. 15.7 ± 5.8 pg/mL at 13 

weeks of age; P = 0.95). Representative SPECT/CT images for each group of db/db mice at 

13 weeks of age are shown in Figure 3. Baseline pancreatic uptake values at 5 weeks of age 

did not differ significantly between the DR+C and DR+DS mice (Figure 4A). Although the 

pancreatic uptake values of both groups decreased at the age of 9 weeks compared to 

baseline, those of DR+DS mice decreased more gradually. In addition, the pancreatic uptake 

values were significantly higher in DR+DS than in DR+C mice (Figure 4A). Furthermore, at 

13 weeks of age, the pancreatic uptake values were significantly higher in DR+DS mice than 

in DR-C and DR+C mice (Figure 4B). Also, the pancreatic uptake values were significantly 

higher in DR+C mice than in DR-C mice (Figure 4B). 

Ex vivo pancreas analysis corroborates 111In-exendin-4 SPECT/CT results indicating 

preservation of BCM in db/db mice treated with DS-8500a and dietary restriction 

 To corroborate the BCM results of 111In-exendin-4 SPECT/CT analysis, ex vivo 

pancreas analysis using [Lys12(111In-BnDTPA-Ahx)]exendin-4 was performed after the 8-

week intervention. RI counts of resected pancreas per injected dose of the probe were 

significantly higher in DR+DS mice than in DR-C and DR+C mice (Figure 4C), supporting 

the in vivo SPECT/CT results (Figure 4B). 

Histological analysis corroborates 111In-exendin-4 SPECT/CT results indicating preservation of 

BCM in db/db mice treated with DS-8500a and dietary restriction 
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 To further corroborate the BCM results of 111In-exendin-4 SPECT/CT analysis, 

conventional histological analysis of BCM (5) was also performed at 13 weeks of age. The 

results demonstrated that the BCM was significantly larger in DR+DS mice than in DR-C and 

DR+C mice (Figure 5A). DR+C mice tended to have a larger BCM than DR-C mice, 

although the difference was not statistically significant (Figure 5A). Moreover, there was a 

significant correlation between the pancreatic uptake values measured from the 111In-exendin-

4 SPECT/CT scans and histologically calculated BCM in 13-week-old db/db mice (r = 0.93, 

P < 0.01; Fig. 5B). In the immunohistochemical analysis of the pancreas, DR+DS mice 

showed significantly higher ratio of insulin/Ki67/DAPI co-positive cells to total insulin-

positive cells than DR+C mice (Figure 5C). The insulin/TUNEL/DAPI co-positive ratio to 

total insulin-positive cells tended to be lower in DR+DS than in DR+C mice (Figure 5D). 

Discussion 

 This study investigated the effect of GPR119 agonists on the BCM in prediabetic 

db/db mice. During the 8-week intervention, treatment with the GPR119 agonist DS-8500a 

resulted in greater preservation of pancreatic BCM as well as glucose-stimulated insulin 

secretions as compared to those solely under dietary restriction. BCM preservation was 

further confirmed by in vivo 111In-exendin-4 SPECT/CT, ex vivo pancreas analysis, and 

conventional histological analysis. Moreover, 111In-exendin-4 SPECT/CT revealed the 

longitudinal BCM changes non-invasively and indicated the difference in BCM loss between 

diet-restricted db/db mice with and without GPR119 agonist treatment. 

 We observed that treatment with DS-8500a in addition to dietary restriction delayed 

the onset of diabetes and attenuated diabetes progression in prediabetic db/db mice (Figure 

1C, 1D, and 2). At the same time, BCM preservation was greatest in db/db mice treated with 

DS-8500a under dietary restriction, followed by those untreated but dietary restricted, and 

least in those without DS-8500a or dietary restriction (Figure 4 and 5A). It is well established 

that dietary restriction reduces glycohemoglobin levels and body weight and should be 

applied clinically as a first-line treatment option for T2DM. As previously shown in db/db 

mice (15), dietary restriction itself ameliorates β-cell loss through suppression of cellular 

apoptosis and oxidative stress. Our observations of the BCM in mice with and without dietary 

restriction (DR+C and DR-C, respectively) are compatible with these results, although the 

caloric reduction in the previous report was greater than ours (15). Therefore, diet restriction 

should have played an important role in delaying the onset of diabetes and attenuating 

diabetes progression in db/db mice treated both with and without DS-8500a. Moreover, it is 
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also noted that the 111In-exendin-4 probe replicated the preservation of BCM with dietary 

restriction in vivo and ex vivo (Figure 4A and 4B). 

 GPR119 contributes to the regulation of glycemic control through increasing the 

secretion of GLP-1 and glucose-dependent insulinotropic peptide (GIP) in intestinal cells (6). 

In addition, the activation of GPR119 in β cells induces glucose-dependent insulin secretion 

via increased intracellular cyclic adenosine monophosphate (8, 13). Several phase II studies 

of GPR119 agonists, including GSK1292263 (23), MBX-2982 (24), PSN821 (25), LEZ763 

(26), and JNJ-38431055 (11, 27), have been conducted, but some evidence of tachyphylaxis 

was observed, and the results are inconsistent (11, 23, 24). However, in a Phase II study, DS-

8500a elicited significant, progressive reductions in blood glucose concentrations 14 to 28 

days after the start of administration, and the glucose-lowering effects did not appear to wane 

or deteriorate with time (14). In our study, DS-8500a demonstrated a significant blood-

glucose-lowering effect, and higher total plasma GLP-1 levels were observed in mice treated 

with DS-8500a (DR+DS) than in those untreated (DR+C), even at the end of the study. Thus, 

this agent might be suitable for analyzing the long-term efficacy of GPR119 stimulation on 

BCM in vivo. 

 Progressive loss of pancreatic BCM is a characteristic feature of T2DM (1). The 

major factors contributing to the progressive loss of BCM include gluco- and lipo-toxicity, 

inflammation, and oxidative stress (28, 29, 30, 31). Even at the time of a diagnosis of 

diabetes, the pancreatic BCM deficit is estimated to be over 40%–50% (32, 33, 34). 

Therefore, preserving or increasing the BCM is a critical strategy for the prevention and long-

term management of the disease. Despite this urgent need, accurate quantification of BCM in 

vivo and in humans has been challenging. However, major progress has been made recently 

in the development of both tracers and detection methods (2). In the search for ideal tracers 

with reasonably high affinities and sensitivities for the specific structure of β cells, GLP-1 

receptor agonists (3, 35) as well as antagonists (36, 37) have been proposed. In particular, the 

use of GLP-1 agonists as radiotracers is highly promising for in vivo β-cell imaging by PET 

or SPECT (35, 38). [Lys12(111In-BnDTPA-Ahx)]exendin-4 yields a reasonable correlation in 

intensity between BCM and SPECT (3, 5, 39). The present study demonstrates that 111In-

exendin-4 SPECT/CT clearly revealed the difference in BCM between the three groups of 

db/db mice (Figure 4B). Therefore, our 111In-exendin-4 SPECT/CT technique might be useful 

for the in vivo comparison of BCM in the evaluation of the efficacy of diabetes therapies. 

 The chronic effects of GPR119 agonists on BCM have not been fully examined. 

Panaro BL et al. reported that β-cell specific inactivation of GPR119 didn’t affect glucose-

stimulated insulin secretion (40). On the other hand, Ansarullah et al. reported that the 
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GPR119 agonist PSN632408 stimulated β-cell replication, improved islet graft functions, and 

increased the pancreatic BCM in mice with STZ-induced diabetes (9, 10), suggesting that β-

cell replication is mediated through GPR119 (9). Furthermore, as GPR119 agonists stimulate 

GLP-1 secretion from intestinal L cells, they could induce β-cell replication and neogenesis 

in addition to protecting against cellular apoptosis through GLP-1 action (41, 42). In our 

study, the β-cell replication ratio in mice treated with DS-8500a under dietary restriction was 

significantly higher than that of mice treated with dietary restriction alone (Figure 5C). On 

the other hand, the β-cell apoptosis ratio in mice treated with DS-8500a under dietary 

restriction tended to be lower than that of mice treated with dietary restriction alone although 

no significant difference between the two groups (Figure 5D). Therefore, BCM preservation 

by DS-8500a might be explained in part by the stimulation of β-cell proliferation, as in the 

previous study of PSN632408 (9, 10). Unfortunately, it remains unclear to what extent 

GPR119 on pancreatic β cells and GLP-1 contribute to the observed BCM preservation by 

GPR119 agonists. Further studies of mice with GLP-1 receptor knockout or β-cell-specific 

GPR119 knockout are warranted to address this issue. 

 We demonstrated the longitudinal changes in in vivo pancreatic RI intensities of all 

groups of mice using 111In-exendin-4 SPECT/CT (Figure 4A). The trends in BCM changes 

suggested here are consistent with those of previous report (43), although no longitudinal data 

have been reported previously. Moreover, the difference in pancreatic RI intensity between 

the DR+C and DR+DS mice seems to be reasonable in light of the results of glucose 

intolerance during the observation (Figure 2A and 2B) and histological findings at 13 weeks 

of age (Figure 5A). These results suggest that the longitudinal changes in pancreatic RI 

intensity shown by 111In-exendin-4 SPECT/CT analysis reasonably reflect the real-time BCM 

changes. 

 Finally, we also note that the relatively small number of mice for the imaging analysis 

in this study might prevent more robust conclusions about how well 111In-exendin-4 

SPECT/CT can follow BCM changes. In addition, a possible increase in GLP-1 receptor 

expression followed by GPR119 agonism might be considered as another possibility for the 

apparent increase of pancreatic uptake values on 111In-exendin-4 SPECT/CT in DR+DS mice. 

Although the relationship between the expression level of GLP-1 receptor and GPR119 

stimulation has not been examined, pancreatic uptake values on 111In-exendin-4 SPECT/CT 

in this study are not likely to be affected since all groups of mice showed the linear 

correlation between pancreatic uptake values on 111In-exendin-4 SPECT/CT and histological 

BCM (Figure 5B). Moreover, transcriptomic analyses of purified α cells showed high 

expression levels of GPR119 (44, 45); an increase in cells double positive for insulin and 
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glucagon could plausibly increase pancreatic uptake values on 111In-exendin-4 SPECT/CT. 

However, the robust changes of double positive cells for insulin and glucagon in mice with 

GPR119 agonist treatment and/or GPR119 knock out mice have not been clarified (9, 32). In 

addition, pancreatic uptake values on 111In-exendin SPECT/CT were not affected by α-cell 

mass itself (46). The further accumulation of BCM data with longitudinal observations in 

vivo is needed. 

 In conclusion, the GPR119 agonist DS-8500a attenuated the progression of BCM loss 

in prediabetic db/db mice beyond that of dietary restriction alone. This result was also 

demonstrated using 111In-exendin-4 SPECT/CT in vivo. 
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Figure 1. Dietary consumption, bodyweight, non-fasting blood glucose, and mouse 

glycohemoglobin levels during observation. Weekly dietary consumption (A), bodyweight 

(B), non-fasting blood glucose (C), and db/db mouse glycohemoglobin (D) levels during the 

observation period. Db/db mice were treated as follows: without dietary restriction (DR-C), 

green triangles and bars (n = 4); with dietary restriction alone (DR+C), blue rhombi and bars 

(n = 7); with DS-8500a and dietary restriction (DR+DS), red squares and bars (n = 8). The 

data are expressed as the mean ± SD. DR-C vs. DR+C, #P < 0.05, ##P < 0.01; DR+C vs. 

DR+DS, *P < 0.05; DR-C vs. DR+DS, †P < 0.05, ††P < 0.01; N.S., not significant.  

Figure 2. Blood glucose and insulin levels during OGTT. Blood glucose and insulin levels 

(A), and AUC-glucose and -insulin (B) during OGTT at 5 (baseline), 9, and 13 weeks of age. 

DR-C, green triangles and bars (n = 4); DR+C, blue rhombi and bars (n = 7); DR+DS, red 

squares and bars (n = 8). The data are expressed as the mean ± SD. DR-C vs. DR+C, ##P < 

0.01; DR+C vs. DR+DS, *P < 0.05; DR-C vs. DR+DS; †P < 0.05; N.S., not significant.  

Figure 3. Representative images of in vivo 111In-exendin-4 SPECT/CT. Representative 
111In-exendin-4 SPECT/CT images of 13-week-old db/db mice. Coronal and axial images are 

shown in upper and lower panels, respectively. Maximum to minimum intensity: red > orange 

> yellow > green > blue > black. Signals from the pancreas, blue arrows and circles; Signals 

from the kidney, yellow brown arrows and circles. L, left; R, right; V, ventral.  

Figure 4. In vivo SPECT/CT and ex vivo pancreas analysis using 111In-exendin-4 probe. 

Longitudinal changes in the pancreatic uptake values (%ID/g) demonstrated by in vivo 111In-

exendin-4 SPECT/CT in DR+C and DR+DS mice during the 8-week observation period (A). 

Cross-sectional analysis of the pancreatic uptake values (B) and ex vivo RI counts of pancreas 

per injected dose of the probe (%ID/g tissue) (C) in 13-week-old db/db mice under three 

different interventions: DR-C, green triangles and bars (n = 3); DR+C, blue rhombi and bars 

(n = 3); DR+DS, red squares and bars (n = 3). The data are expressed as the mean ± SD. DR-

C vs. DR+C, #P < 0.05, ##P < 0.01; DR+C vs. DR+DS, *P < 0.05, ** P < 0.01; DR-C vs. 

DR+DS, ††P < 0.01.  
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Figure 5. Histological quantification of BCM and immunohistochemical analysis of 

proliferation and apoptosis of β cells in db/db mice. (A) BCM calculated by histological 

analysis in DR-C (n = 3), DR+C (n = 3), and DR+DS (n = 3) mice (left column). 

Representative images of insulin-positive area of pancreas in each group (right column). (B) 

Significant correlation between pancreatic uptake values on 111In-exendin-4 SPECT/CT 

(%ID/g) and BCM calculated by histological analysis in 13-week-old db/db mice (n=9). (C) 

Ratio of insulin/Ki67/DAPI co-positive cells to total insulin-positive cells in 13-week-old 

mice of DR+C (n = 7) and DR+DS (n = 8) groups. (D) Ratio of insulin/TUNEL/DAPI co-

positive cells to total insulin-positive cells in 13-week-old mice of DR+C (n = 7) and DR+DS 

(n = 8) groups. DR-C, DR+C, and DR+DS mice are represented by green, blue, and red bars, 

respectively. The data are expressed as the mean ± SD. Scale bar indicates 300 µm. DR+C vs. 

DR+DS, *P < 0.05; DR-C vs. DR+DS, ††P < 0.01; N.S., not significant. 
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