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Abstract
Islet transplantation (IT) is an effective β-cell replacement therapy for patients 
with type 1 diabetes; however, the lack of methods to detect islet grafts and eval-
uate their β-cell mass (BCM) has limited the further optimization of IT proto-
cols. Therefore, the development of noninvasive β-cell imaging is required. In 
this study, we investigated the utility of the 111Indium-labeled exendin-4 probe 
{[Lys12(111In-BnDTPA-Ahx)] exendin-4} (111In exendin-4) to evaluate islet graft 
BCM after intraportal IT. The probe was cultured with various numbers of iso-
lated islets. Streptozotocin-induced diabetic mice were intraportally transplanted 
with 150 or 400 syngeneic islets. After a 6-week observation following IT, the ex-
vivo liver graft uptake of 111In-exendin-4 was compared with the liver insulin con-
tent. In addition, the in-vivo liver graft uptake of 111In exendin-4 using SPECT/CT 
was compared with that of liver graft BCM measured by a histological method. As 
a result, probe accumulation was significantly correlated with islet numbers. The 
ex-vivo liver graft uptake in the 400-islet-transplanted group was significantly 
higher than that in the control and the 150-islet-transplanted groups, consistent 
with glycemic control and liver insulin content. In conclusion, in-vivo SPECT/
CT displayed liver islet grafts, and uptakes were corroborated by histological liver 
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1   |   INTRODUCTION

Loss of β-cell mass (BCM) is an important factor in the de-
velopment and progression of diabetes mellitus.1 In type 
1 diabetes, a substantial β-cell loss is observed because of 
autoimmune destruction, which results in a constant need 
for insulin replacement therapy.2 β-cell replacement ther-
apy, such as pancreatic islet transplantation (IT) via the 
portal vein, represents a promising method for achieving 
BCM restoration and glycemic stability with or without 
a reduced insulin requirement.3,4 Although the current 
method has yielded favorable outcomes for IT, only 32% 
and 8% of patients remained insulin independent 5 and 
20 years later, respectively.5,6 In addition, repeated ITs are 
required to maintain a certain level of BCM for maintain-
ing an insulin-independent status.7–9 Thus, real-time mon-
itoring of islet graft BCM in patients receiving IT could 
provide useful information for a deeper understanding of 
the fate of islet grafts and will enable the optimization of 
IT protocols to improve the clinical outcomes.3 Current 
practical methods for monitoring viable islet grafts rely on 
functional tests such as measurement of plasma insulin 
or C-peptide levels10; however, these tests do not reflect 
islet graft function or BCM directly but are influenced 
by destruction of islet grafts.11,12 Therefore, developing a 
noninvasive β-cell imaging technology which enables the 
evaluation of islet graft BCM would be advantageous.3,13–15

Various β-cell imaging techniques to assess BCM, in-
cluding islet grafts, have been evaluated over the last 
few decades12–14; however, the clinical application re-
mains challenging. Recently, exendin-based glucagon-
like peptide-1 receptor (GLP-1R)-targeted imaging has 
emerged as a promising noninvasive β-cell imaging 
technique.13–15 In particular, a 111Indium-labeled exen-
din-4 derivative {[Lys12(111In-BnDTPA-Ahx)]exendin-4} 
(111In-exendin-4) has been used for the noninvasive longi-
tudinal evaluation of pancreatic BCM in different mouse 
models.14,16–21 In the 111In-exendin-4 SPECT/CT images, 
the radioactive isotope (RI) uptake into the pancreas is 
significantly correlated with histologically measured 
BCM,17–20 suggesting that 111In-exendin-4 may be useful 
for the assessment of islet graft BCM as well as pancreatic 
BCM. However, the utility of GLP-1R-targeted imaging 
has not been fully evaluated with respect to islet grafts, 

especially in intraportal transplantation, which is cur-
rently the only practical IT method available in clinical 
settings. Therefore, in this study, we investigated the fea-
sibility of 111In-exendin-4 SPECT/CT for the noninvasive 
visualization of islet grafts and evaluated BCM in diabetic 
mice receiving intraportal syngeneic IT.

2   |   MATERIALS AND METHODS

2.1  |  Animals

Male C57BL/6JJmsSlc mice (Japan SLC, Inc., Shizuoka, 
Japan) aged 8–10 weeks served as recipients and donors 
for syngeneic ITs. The mice were given free access to 
standard rodent chow and water and were housed in a 
temperature-controlled environment with a 14:10-h light/
dark cycle. The animal care and protocols were reviewed 
and approved by the Kyoto University Graduate School 
of Medicine Animal Care and Use Committee (approval 
no. MedKyo 21508, 22222, 22227). Recipient animals were 
rendered diabetic by a single intraperitoneal injection of 
streptozotocin (catalog no. 197-15153, FUJIFILM, Wako, 
Osaka, Japan) at a dose of 150 mg/kg body weight.21 The 
mice were considered diabetic when their nonfasting 
blood glucose levels exceeded 350 mg/dL for two consecu-
tive daily readings.22 Mice with nonfasting blood glucose 
levels greater than 600 mg/dL for two consecutive daily 
readings were selected as recipients. Blood glucose con-
centrations were determined using the glucose oxidase 
method (PocketChem BG PG-7320; Arkray, Kyoto, Japan).

2.2  |  111In-exendin-4 synthesis and 111In-
exendin-4 accumulation in isolated islets

111In-exendin-4 probe was synthesized through a process 
involving isothiocyanate-benzyl-DTPA (BnDTPA) and 
6-aminohexanoic acid (Ahx) attached to an ε-amino group 
at the lysine-12 residue, as previously described.16 111In-
exendin-4 accumulation was measured using isolated pan-
creatic islets of 8- to 10-week-old male C57BL/6JJmsSlc 
mice. Islets were isolated as previously described.22,23 The 
islets were handpicked under a dissecting microscope. 

BCM. 111In-exendin-4 SPECT/CT can be used to visualize and evaluate liver islet 
grafts noninvasively after intraportal IT.

K E Y W O R D S
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After isolation, purified islets were cultured overnight in 
RPMI-1640 medium (catalog no. 186-02155; FUJIFILM, 
Wako, Osaka, Japan) containing 10% heat-inactivated fetal 
calf serum, 100 IU/mL penicillin, and 100 μg/mL strepto-
mycin at 37°C in a humidified atmosphere (5% CO2 and 
95% air). After overnight recovery, islets were collected, 
counted, and transferred to tubes (50, 100, 200, 300, or 400 
islets per tube, n = 11). Approximately 0.37 MBq of 111In 
exendin-4 was added, followed by incubation for 30 min 
on ice. The islets were washed using chilled phosphate-
buffered saline, and radioactivity was measured in an 
auto-well γ-counter (Wallac 1480 WIZARD 3″ γ-counter, 
PerkinElmer, Inc., Waltham, MA, USA), as previously 
described.24 The results were expressed as radioisotope 
counts per minute from islets after 30 min of incubation.

2.3  |  Islet transplantation and 
study design

The recipient mice were anesthetized using isoflurane. 
Before intraportal infusion, fresh islets were suspended 
in 500 μL of Hanks balanced salt solution (catalog no. 
H8264; Sigma-Aldrich). Based on previous reports, 
streptozotocin-induced diabetic mice (STZ-diabetic mice) 
were transplanted with 150 and 400 islets via the ileoce-
cal vein.22,23 Nonfasting blood glucose levels and body 
weights were measured every day for the first week after 
transplantation and once a week after that. The mice were 
divided into groups based on the number of transplanted 
islets and the success of engraftment as follows: (i) mice 
untreated with STZ and did not undergo islet transplan-
tation (control), (ii) STZ-diabetic mice transplanted with 
150 islets (150 IT), (iii) STZ-diabetic mice transplanted 
with 400 islets with successful engraftment (400 IT); 
and (iv) STZ-diabetic mice transplanted with 400 islets 
with unsuccessful engraftment (400* IT). The success-
ful engraftment in mice from the 400-islet-transplanted 
groups was defined with nonfasting blood glucose levels 
<200 mg/dL for two consecutive daily readings, which 
were maintained throughout the observation period.25 
The unsuccessful engraftment was considered in mice 
from the 400-islet-transplanted group with nonfasting 
blood glucose levels >350 mg/dL for two consecutive daily 
readings. The main comparisons involved the control, 150 
IT, and 400 IT groups.

2.4  |  Intraperitoneal glucose 
tolerance test

For the intraperitoneal glucose tolerance test (IPGTT), 
mice from the control, 150 IT, and 400 IT groups (n = 4 

for each group) were fasted for 16 h, then intraperitoneally 
administered 20% glucose solution (2 g/kg body weight). 
Blood samples were collected from the tail vein 0, 15, 
30, 60, and 120 min after glucose administration. Insulin 
levels were measured using the Ultra Sensitive Mouse 
Insulin ELISA kit (catalog no. MS-303 (M1104); Morinaga 
Institute of Biological Science, Yokohama, Japan).

2.5  |  Ex-vivo liver islet graft evaluation 
using the 111In-exendin-4 probe

After a 6-week observation period following intrapor-
tal IT, mice from the control (n = 8), 150 IT (n = 9), 400 
IT (n = 13), and 400* IT (n = 3) groups were injected via 
the tail vein with 111In-exendin-4 (3.0 MBq/mouse). The 
mice were sacrificed by cervical dislocation 30 min post-
injection (p.i.), followed by immediate resection, weigh-
ing of the liver, and measurement of the radioactivity in 
the resected organ using an auto-well γ-counter. The liver 
graft uptake values were calculated by dividing the radio-
activity from the organ by that of the total injection of the 
probe (111In exendin-4), normalized by dividing by the 
organ weight (%ID/g).17–20

2.6  |  Liver graft insulin content and ex-
vivo liver graft evaluation using the 111In-
exendin-4 probe

The mice were injected via the tail vein with 111In ex-
endin-4 (3.0  MBq/mouse) and sacrificed at 30 min p.i., 
followed by measurement of radioactivity in the resected 
organs using an auto-well γ-counter. The livers with islet 
grafts were cut and homogenized using the T-PER, Tissue 
Protein Extraction Reagent (catalog no 78510; Thermo 
Fisher Scientific, USA). After homogenization, the sam-
ples were centrifuged at 10 000 rpm for 5 min, and the in-
sulin levels of the supernatant were measured.

2.7  |  In-vivo 111In-exendin-4 
SPECT/CT imaging

111In-exendin-4 SPECT/CT was performed in control 
(n = 4), 150 IT (n = 3), and 400 IT (n = 3) groups 6 weeks 
after observation following intraportal IT. 111In-exendin-4 
(3.0  MBq/mouse) was injected via the tail vein, and 
SPECT/CT scanning was performed using a Triumph Lab 
PET12/SPECT4/CT (TriFoil Imaging Inc., Chatsworth, 
CA, USA) as previously described.17–20,26 The cumulative 
sum of the liver and pancreas SPECT values was analyzed 
using Amira software, version 5.6.0 (FEI Visualization 
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Sciences Group, Düsseldorf, Germany). Based on previ-
ous reports,17–20,26 the region of interest (ROI) was ana-
lyzed using images between the lower limit of the lung 
and the upper limit of the bladder. The pancreatic ROI 
was determined by comparing the outline of the pancreas 
on CT images; following that, a 2.7-mm region surround-
ing the kidney was excluded to avoid the huge potential 
influence of the kidneys on the signal intensity of the 
pancreas.17–20,26 After determining the ROI of the kidneys 
and pancreas, the remaining abdominal signals were de-
termined as the ROI of the liver grafts through compari-
son with the outline of the liver on CT images.

2.8  |  Immunohistochemical 
analysis of BCM

Following SPECT/CT scans, the mice were sacrificed and 
subjected to immediate resection and weighing of the 
harvested livers. Tissues were immediately fixed in 10% 
buffered formalin phosphate at 4°C. For accurate quanti-
fication of BCM, 10 sets of serial formalin-fixed paraffin-
embedded sections (4  μm per section; 100 μm between 
each set) were analyzed for each mouse, as previously 
reported.17–20,26 The slides were incubated in blocking 
buffer supplemented with rabbit polyclonal anti-insulin 
primary antibody (100-fold dilution; catalog no. sc-9168; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), fol-
lowed by a secondary antibody (Alexa Fluor 488 goat anti-
rabbit antibody, 200-fold dilution; catalog no. A-11034; 
Thermo Fisher Scientific, USA). Adjacent sections were 
stained with hematoxylin and eosin. Stained tissue sec-
tions were observed under a fluorescence microscope (BZ-
X700; Keyence, Osaka, Japan). The images were analyzed 
using BZ-II analyzer software (Keyence). The BCM was 
calculated from immunolabeled sections according to the 
formula: (insulin-positive area/whole tissue area) × tissue 
weight (mg).17,18

2.9  |  Autoradiography

The recipient mice (n  =  4) were transplanted with 400 
islets after 30  min of incubation in RPMI-1640 medium 
containing approximately 3.0  MBq 111In exendin-4 via 
the ileocecal vein. The mice were sacrificed 24  h after 
the ITs and livers were immediately resected and frozen 
in liquid nitrogen. The 20-μm-thick fresh-frozen sections 
were immunostained with anti-insulin antibody as de-
scribed above. The radioactivity and fluorescence images 
of the same sections were acquired using an image ana-
lyzer (Typhoon FLA 9500; GE Healthcare Bio-Sciences 
AB, Uppsala, Sweden) and a fluorescence microscope 

(BZ-X700). Subsequently, the autoradiography study was 
performed in mice 2 weeks following intraportal IT. The 
mice were injected via the tail vein with 111In exendin-
4 (3.7  MBq/mouse), and livers were resected 30 min p.i. 
The radioactivity and fluorescence images of the same 
20-μm-thick fresh-frozen liver sections were acquired as 
described above.

2.10  |  Statistical analysis

All data are presented as mean ± SD. Statistical analyses 
were performed using a one-way analysis of variance with 
Turkey's multiple comparisons test and Student's t-test 
or Mann–Whitney U test. The Pearson correlation coef-
ficient (r) was used to analyze the correlations between 
two continuous variables. The level of significance was set 
at p < .05. Statistical analyses were performed using the 
GraphPad Prism 9 software (GraphPad Software, La Jolla, 
CA, USA).

3   |   RESULTS

3.1  |  111In-exendin-4 accumulation in 
isolated pancreatic islets correlated with 
the islet numbers

Isolated islets from C57BL/6JJmsSlc mice (ranging from 
50 to 400 islets per tube) were incubated with 0.37 MBq of 
111In-exendin-4 for 30 min, and the relationship between 
the RI uptake and islet numbers was examined (Figure 1). 
A significant positive linear correlation was observed 

F I G U R E  1   111In-exendin-4 accumulation study in isolated 
pancreatic islets. Isolated islets (50, 100, 200, 300, and 400) from 
C57BL/6J mice were incubated with 111In-exendin-4 for 30 min. A 
significant positive linear correlation was observed between 111In-
exendin-4 uptake values and the number of isolated islets (Pearson 
r = .97, p < .01).
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between 111In-exendin-4 uptake values and the number of 
isolated islets (r = .97, p < .01).

3.2  |  Intraportal transplantation of 400 
islets restores normoglycemia in  
STZ-diabetic mice

The islet-transplanted mice were observed for 6 weeks 
following intraportal transplantation. Sixteen and nine 
STZ-diabetic mice were transplanted with 400 and 150 
islets, respectively. Nonfasting blood glucose levels (600–
800 mg/dL) measured on the day before transplantation 
did not significantly differ among the STZ-diabetic mice 
(Figure 2A). In the mice transplanted with 400 islets, the 
nonfasting blood glucose levels of 13 mice gradually de-
creased the day after transplantation and reached a level 
comparable to that of the control mice without STZ treat-
ment or IT (blood glucose level < 200 mg/dL) within 10–
14 days after the transplantation, which met the criteria 
of successful engraftment (400 IT) (Figure 2A). However, 
three mice remained hyperglycemic throughout the ob-
servation period and met the criteria of unsuccessful en-
graftment (400* IT). In the 150 IT group, the nonfasting 
blood glucose levels did not change significantly following 
transplantation. The body weight of all STZ-diabetic mice 
was not significantly different on the day before trans-
plantation. The body weight gradually increased after IT, 
especially in the 400 IT group, while the body weight did 
not significantly differ among all the STZ-diabetic groups 
during the observation (Figure 2B). In addition, an IPGTT 

was performed on the control, 150 IT, and 400 IT groups 
6 weeks after IT (n  =  4 for each group, Figure  S1). The 
blood glucose levels were not significantly different be-
tween the control and 400 IT groups, whereas the 150 IT 
group showed significantly higher plasma glucose lev-
els at all time points than the control and 400 IT groups 
(p < .05) (Figure  S1A). The 150 IT group exhibited sig-
nificantly lower insulin levels at 15 and 30 min after glu-
cose administration than the control and 400 IT groups 
(p < .05) (Figure S1A). The AUC0–30 min for insulin was sig-
nificantly higher in the 400 IT group compared to the 150 
IT group (p < .01), although the AUC0–30 min in the 400 IT 
group was significantly smaller than that in the control 
group (p < .05) (Figure S1B).

3.3  |  Ex-vivo liver graft uptake of 
111In-exendin-4 was significantly higher 
in 400-islet-transplanted mice than in 
control and 150-islet-transplanted mice

Ex-vivo liver graft evaluation using 111In exendin-4 was 
performed 6 weeks after IT. The 111In-exendin-4 uptake 
in the resected livers from the 400 IT group was the 
highest among the four groups (Figure 2C). Uptake in 
the 400 IT group was significantly higher than in con-
trol and 150 IT groups (p < .0001 and p < .001, respec-
tively). Uptake in the 150 IT group tended to be higher 
than that in the control group, although there were no 
significant differences between the two groups. Notably, 
the ex-vivo liver graft uptake in the 400 IT group, which 

F I G U R E  2   Metabolic measurements after intraportal islet transplantation and ex-vivo liver graft uptake of the 111In-exendin-4 probe. 
(A) Nonfasting blood glucose and (B) body weight during the observation period. (C) Ex-vivo liver graft uptake (%ID/g) using 111In-
exendin-4 probe 6 weeks following islet transplantation. All data are expressed as the mean ± SD. Control is indicated as open circles 
with a dotted line and white bars with solid borders (n = 8), 150 IT are indicated as closed squares with a solid line and checked bars 
with solid borders (n = 9), and 400 IT with successful engraftment are indicated as closed triangles with a solid line, as well as gray bars 
with solid borders (n = 13) and 400* IT with unsuccessful engraftment are indicated as open triangles with a dotted line and dotted bars 
with solid borders (n = 3). 400 IT versus control: ††††p < .0001, 400 IT versus 150 IT: ***p < .001, 400 IT versus 400* IT: §§§p < .001. IT, islet 
transplantation; n.s., not significant.

(A) (B) (C)
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met the criteria for successful engraftment, was sig-
nificantly higher than that in the 400* IT group, which 
did not meet the criteria for successful engraftment 
(p < .001). The uptake in the 400* IT group was not sig-
nificantly different from that in the 150 IT group. The 
ex-vivo liver graft uptake results were consistent with 
the glycemic consequences in STZ-diabetic mice after IT 
(Figure 2A,C).

3.4  |  Ex-vivo liver graft uptake of  
111In-exendin-4 was corroborated by the 
liver graft insulin content

The four control and four 150 IT mice, as well as the 
eight mice that underwent intraportal IT with 400 islets 
and resulted in the six 400 IT and two 400* IT mice, were 
compared with respect to liver graft insulin content and 
ex-vivo liver graft uptake of 111In-exendin-4. As shown 
in Figure  3A, the 400 IT group exhibited the highest 
liver graft insulin levels among the four groups. The liver 
graft insulin levels in the 400 IT group were significantly 
higher than those in the 150 IT group (400 IT vs. 150 
IT, 0.676 ± 0.240 mg/g vs. 0.025 ± 0.025 mg/g p < .001), 
whereas insulin was not detected in the liver of the 
control group (400 IT vs. control, p < .001). Moreover, 
the 400 IT group showed higher insulin levels than the 
400* IT group (400* IT; 0.008 ± 0.003 mg/g), similar to 
the 150 IT group. Consistent with the liver graft insulin 
content, the ex-vivo liver graft uptake of 111In-exendin-4 
in the 400 IT group was the highest among the four 
groups (Figure 3B). Ex-vivo liver graft uptake in the 400 
IT group was significantly higher than that in the 150 

IT (p < .01) and control (p < .001) groups. Moreover, the 
400 IT group showed higher ex-vivo liver graft uptake 
than the 400* IT group, which was similar to that of 
the 150 IT group. The ex-vivo uptake of 111In-exendin-4 
(Figure  3C) in the pancreas of the control group was 
comparable to that observed in previous reports.14,16,19 
The pancreatic uptake in the control group was signifi-
cantly higher than that in the other STZ-diabetic mice, 
including the 150 IT (p < .0001) and 400 IT (p < .0001) 
groups (Figure  3C). These results demonstrated the 
ability to quantify β-cell specific uptake in the pancreas 
using the 111In-exendin-4 probe, as demonstrated in pre-
vious reports.17–21

3.5  |  111In-exendin-4 SPECT/CT 
successfully visualized liver islet grafts 
in-vivo and showed significantly higher 
uptake in liver grafts of the 400 islet-
transplanted mice than in control and 150 
islet-transplanted mice

In-vivo 111In-exendin-4 SPECT/CT scans were per-
formed on mice from the control, 150 IT, and 400 IT 
groups 6 weeks after IT. Representative SPECT/CT 
images for each group of mice are shown in Figure 4A. 
Whereas almost no intense signals in the liver for 
the SPECT/CT images were observed in the control 
group, a few weak-intensity signals in the liver were 
observed in the 150 IT group and a more significant 
number of higher-intensity signals were observed in 
the 400 IT group. With respect to the pancreas, 111In-
exendin-4 SPECT/CT exhibited a higher uptake in the 

F I G U R E  3   Liver graft insulin content and ex-vivo liver graft and pancreas uptake of 111In-exendin-4 6 weeks after islet transplantation. 
(A) Liver graft insulin content, (B) ex-vivo liver uptake, and (C) ex-vivo pancreas uptake (%ID/g) using the 111In-exendin-4 probe. All data 
are expressed as the mean ± SD. Control is indicated as white bars with solid borders (n = 4), 150 IT are indicated as checked bars with solid 
borders (n = 4), and 400 IT with successful engraftment are indicated as gray bars with solid borders (n = 6) and 400* IT with unsuccessful 
engraftment are indicated as dotted bars with solid borders (n = 2). 400 IT versus control: †††p < .001, ††††p < .0001; 400 IT versus 150 IT: 
**p < .01, ***p < .001; 150 IT versus control: ####p < .0001. IT, islet transplantation; n.s., not significant.

(A) (B) (C)
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control group than in the STZ-diabetic 150 IT and 400 
IT groups. The 111In-exendin-4 SPECT/CT images re-
vealed distinct in-vivo liver graft uptake among the 
IT groups. The values for the 400 IT group were sig-
nificantly higher than those for the control (p < .0001) 
and 150 IT (p < .01) groups (Figure  4B), which was 
consistent with the ex-vivo liver graft uptake data 
(Figure 3B).

3.6  |  In-vivo liver graft uptake in 
111In-exendin-4 SPECT/CT images was 
corroborated by and showed a significant 
correlation with the histologically 
analyzed liver graft BCM

Conventional histological analyses of the islet graft BCM 
in the liver samples were performed. The islet grafts were 
found scattered throughout the liver lobes and were lo-
cated mainly around the perivascular areas in the IT 
groups (Figure  5A). More insulin-positive islets were 
observed in the 400 IT group compared with that in the 
150 IT group (Figure 5A). The liver graft BCM was signifi-
cantly larger in the 400 IT group than in control (p < .001) 
and 150 IT (p < .001) groups (Figures  5B), which cor-
roborated the results of the in-vivo liver graft uptake in 
111In-exendin-4 SPECT/CT (Figure 4B). Notably, a statisti-
cally significant correlation was observed between in-vivo 
liver graft uptake in 111In-exendin-4 SPECT/CT and the 
histologically calculated liver graft BCM (r = .95; p < .01; 
Figure 5C).

3.7  |  Autoradiographic signals were 
colocalized with fluorescence signals of 
islet grafts

Autoradiography study demonstrated radioactive sig-
nals colocalized with fluorescence signals of islet grafts 
in the liver of the mice in which intraportal IT was per-
formed after the islet incubation with 111In exendin-4 
(Figure 6A). In addition, colocalization between radio-
active signals and fluorescent images of the islet grafts 
was also confirmed in the liver of the mice in which 
111In exendin-4 was injected via the tail vein following 
intraportal IT (Figure 6B).

4   |   DISCUSSION

In the present study, we evaluated the use of 111In-
exendin-4 SPECT/CT for noninvasive visualization of 
islet grafts and determined the BCM following intraportal 
transplantation. Incubation of isolated mouse islets with 
111In-exendin-4 indicated that 111In-exendin-4 accumu-
lation was significantly correlated with the number of 
isolated islets. Six weeks after intraportal IT, ex-vivo 111In-
exendin-4 liver graft uptake in the 400 IT group was consid-
erably higher than in control and 150 IT groups, consistent 
with the in-vivo glycemic consequences and liver graft in-
sulin levels. Furthermore, in-vivo 111In-exendin-4 SPECT/
CT displayed liver islet grafts and distinguished the con-
trol, 150 IT, and 400 IT mice, in which 111In-exendin-4 
uptake in the liver was significantly correlated with the 

F I G U R E  4   Representative images of in-vivo 111In-exendin-4 SPECT/CT and in-vivo liver graft uptake after islet transplantation. (A) 
In-vivo 111In-exendin-4 SPECT/CT was performed 6 weeks after islet transplantation in control, 150 IT, and 400 IT groups. Signals from the 
graft in the liver, yellow dashed circles; pancreas, white dashed circles; and signals from the kidney, blue arrows. L—left; R—right; V—
ventral. (B) In-vivo liver graft 111In-exendin-4 uptake (%ID/g) detected by SPECT/CT. Data are expressed as the mean ± SD. 400 IT versus 
control: ††††p < .0001; 400 IT versus 150 IT: **p < .01; 150 IT versus control: #p < .05. IT, islet transplantation.

(A) (B)
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histological analysis of liver graft BCM. In addition, the 
autoradiography study showed colocalization of radioac-
tive and fluorescence signals of the islet grafts of the liver 
in IT mice. These findings suggest that 111In-exendin-4 
SPECT/CT may be useful for the noninvasive evaluation 
of islet graft BCM after intraportal transplantation.

Direct assessments of islet graft BCM remain chal-
lenging in current clinical evaluations of transplantation 
efficacies.12,13 Recently, the development of exendin-
based GLP-1R-targeted β-cell imaging has shed light on 
this issue.4,13,14 However, most studies involving such 

imaging have focused on insulinoma or the pancreas 
alone,16,24,27–29 whereas only a limited number of studies 
have examined the possibility of islet graft evaluation for 
IT. Eter et al. reported that 111In-exendin-3 SPECT/CT 
displayed islet grafts in intramuscular IT mice, and the 
uptake in calf muscle correlated with graft volume30,31; 
however, muscle is not favorable in IT and intramuscular 
transplantation remains very uncommon in the clinic. The 
111In-exendin-3 uptake in the background liver is reason-
ably higher compared with those in muscle, and intrapor-
tal islet grafts have not been examined by 111In-exendin-3 

F I G U R E  5   Histological liver graft β-cell mass after islet transplantation and its correlation with in-vivo 111In-exendin-4 SPECT/CT liver 
graft uptake. (A) Representative images of hematoxylin and eosin staining (left panel) and immunohistochemical anti-insulin staining (right 
panel) on the serial liver sections. Scale bars: 1000 μm in the overview images and 50 μm in the high-magnification images. (B) Liver graft 
β-cell mass (BCM) as calculated by histological analysis. Data are expressed as the mean ± SD. Control is indicated as white bars with solid 
borders (n = 4). 150 IT are indicated as checked bars with solid borders (n = 3). 400 IT with successful engraftment are indicated as gray 
bars with solid borders (n = 3). 400 IT versus control: †††p < .001; 400 IT versus 150 IT: ***p < .001; 150 IT versus control: n.s., not significant. 
(C) Significant correlation between liver graft uptake values on 111In-exendin-4 SPECT/CT (percentage of injected dose/1 g, %ID/g) and 
histological quantification of BCM (Pearson r = .95, p < .01). IT, islet transplantation.

(A) (B) (C)

F I G U R E  6   Representative autoradiography and corresponding fluorescent images on the liver islet grafts. (A) Autoradiography (left 
panel) and fluorescence microscopy image with anti-insulin staining (right panel) on the same liver graft section, which was harvested from 
the mice transplanted with islets after incubation with 111In exendin-4. (B) Autoradiography (left panel) and fluorescence microscopy image 
with anti-insulin staining (right panel) on the same liver graft section, harvested from the mice in which 111In exendin-4 was injected via the 
tail vein following intraportal IT. Radioactive signals colocalized with the fluorescence signals of islet grafts (dashed-line boxes). Box: high-
magnification image of the insulin-positive area. Scale bar: 200 μm in the overview images and 50 μm in the high-magnification images.

(A) (B)
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SPECT/CT. Moreover, exendin-3 probes indicate the need 
to improve stability compared with exendin-4.14,29 Thus, 
interpreting the results with 111In-exendin-3 remains diffi-
cult for intraportal IT and clinical applications. Therefore, 
we employed a 111In-exendin-4 probe and SPECT/CT for 
intraportal IT model mice, in which in-vivo liver graft up-
take in 111In-exendin-4 SPECT/CT, as well as ex-vivo liver 
graft uptake, could distinguish mice with different num-
bers of intraportally transplanted islets and glycemic con-
sequences (Figures 2 and 4B).

Other reports regarding exendin-based GLP-1R-
targeted imaging for islet graft evaluation included iron-
oxide-labeled exendin-4 magnetic resonance imaging.32,33 
Although prelabeled islets with superparamagnetic iron 
oxide (SPIO) can be tracked in mice with kidney capsular 
IT and intraportal IT-received patients with type 1 diabe-
tes,34–36 the SPIO signal is not specific to β-cells and shows 
persistent deposition even after loss or destruction of the 
viable islet grafts.12,34–36 While manganese magnetism-
engineered iron oxide nanoparticles with exendin-4 im-
proved β-cell specificity, the need for pre-labeling hampers 
repeated real-time observations of islet grafts and a large 
amount of iron content in the liver results in a low quanti-
tative capability of the probe.32,33 Based on these points, the 
111In-exendin-4 probe avoids pre-labeling graft islets and 
allows repeated intravenous administration for in-vivo ob-
servation.14,17–21 Moreover, 111In-exendin-4 accumulation 
in islet grafts was corroborated by liver insulin content 
(Figure 3A,B), which suggests that 111In-exendin-4 signals 
reflect viable rather than destroyed islets. The quantita-
tive capability of islet graft BCM by 111In-exendin-4 was 
demonstrated in in-vivo and ex-vivo comparisons of liver 
graft uptake in the mice transplanted with different islet 
numbers (Figures 2C and 4B), along with the finding that 
in-vivo liver graft uptake was significantly correlated with 
histological liver graft BCM (Figure 5C).

This study had several limitations. The number of 
mice used for the in-vivo SPECT/CT analysis was rela-
tively small because using the same lot of 111In-exendin-4 
probe limited the number of scanned mice per day, which 
may have prevented a robust conclusion regarding the 
potential of 111In-exendin-4 SPECT/CT in tracking sub-
tle differences of islet graft BCM. Moreover, ex-vivo liver 
graft uptake of the 111In-exendin-4 probe did not show 
a significant difference between the control and 150 IT 
mice, although the uptake in 150 IT mice tended to be 
higher than that in the control mice. It should also be 
noted that histological liver graft BCM did not show sig-
nificant differences between the control and 150 IT mice, 
consistent with the results of ex-vivo liver graft uptakes. 
The scattered islets throughout the whole liver may have 
hampered the counts for full transplant in histological 
samples. Although there were significant differences in 

liver graft uptake in-vivo and ex-vivo between the 400 IT 
and the control/150 IT mice, and the significant correla-
tion between in-vivo liver graft uptake and histological 
liver graft BCM in all groups indicates the potential of the 
111In exendin-4 probe for quantifying islet graft BCM. The 
limited spatial resolution of SPECT may become an ob-
stacle to better quantitation.14,37 Consequently, utilizing 
PET may offer better spatial resolution and improve the 
detection and quantitation of islet grafts.14,24,27 Although 
a recent report using 18F-tetrazine trans-cyclooctene-
Cys(40)-exendin-4 PET showed high background signals 
in the liver and did not yield sufficient specificity for islet 
grafts in intraportal IT mice,38 our exendin-4-based probe 
may be promising due to the reasonably low background 
signals.24,27 In this study, comparisons of 111In exendin-4 
SPECT/CT with other imaging techniques or current clin-
ical methods were not included. Thus, further studies on 
noninvasive techniques for visualizing and quantifying 
transplanted islets are warranted to reveal the merit of 
different imaging approaches and conventional methods 
that assess the clinical outcomes of IT. Finally, longitudi-
nal evaluation of graft BCM should be considered for fur-
ther exploration of the utility of 111In-exendin-4 SPECT/
CT; this study focused on fundamental data of 111In ex-
endin-4 for visualization and quantification of liver graft 
BCM based on cross-sectional comparative observations. 
In-vivo liver graft uptake measurements before and after 
alloxan treatment might be helpful to further validate the 
noninvasive quantification of viable graft BCM by this 
method and provide additional evidence for the utility in 
the field of intraportal islet transplantation.

In summary, we demonstrated that 111In-exendin-4 
SPECT/CT could display islet grafts in the liver noninva-
sively in intraportal IT mice. 111In-exendin-4 uptake in the 
liver was corroborated with glycemic outcome and liver 
insulin content. Furthermore, 111In-exendin-4 uptake in 
the liver correlated with histologically analyzed liver graft 
BCM. Therefore, 111In-exendin-4 SPECT/CT may be use-
ful for quantifying islet graft BCM. These findings open 
new possibilities to provide real-time quantitative infor-
mation on viable islet grafts noninvasively during intra-
portal IT follow-up.
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