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Comparison of the Effects of Liraglutide
on Islet Graft Survival Between Local and
Systemic Delivery

Song Mi Lee1,2,*, Donghee Kim2,*, Kyung Min Kwak2, Phyu Phyu Khin1,2,
Oh Kyung Lim3, Kwang-Won Kim4, Byung-Joon Kim4, and Hee-Sook Jun1,2,5

Abstract
Islet transplantation has emerged as a promising treatment for type 1 diabetes mellitus. Liraglutide, a glucagon-like peptide-1
(GLP-1) receptor agonist, protects beta cells after islet transplantation by improving glycemic control through several
mechanisms. In this study, we compared the effects of local pretreatment and systemic treatment with liraglutide on islet
transplantation in a diabetic mouse model. Streptozotocin (STZ)-induced diabetic C57BL/6 mice were transplanted with
syngeneic islets under the kidney capsule. Isolated islets were either locally treated with liraglutide before transplantation or
mice were treated systemically by intraperitoneal injection after islet transplantation. Local pretreatment of islets with
liraglutide was more effective in increasing body weight, decreasing hemoglobin A1c levels, and lowering blood glucose levels
in STZ-diabetic mice transplanted with islets. Local pretreatment was also more effective in increasing insulin secretion and
islet survival in STZ-diabetic mice. Histological analysis of the transplantation site revealed fewer apoptotic cells following local
pretreatment compared with systemic injection of liraglutide. These findings indicate that liraglutide administered once locally
before transplantation might have superior effects on islet preservation than systemic administration.
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Introduction

Type 1 diabetes mellitus (T1DM) is caused by the

autoimmune-mediated destruction of insulin-producing pan-

creatic beta (b)-cells, which leads to insulin deficiency and

finally the development of hyperglycemia1. Insulin injection

has been clinically used to treat T1DM; however, it can

cause hypoglycemic side effects and does not completely

prevent chronic complications, such as kidney failure, cor-

onary heart disease, retinopathy, and neuropathy2.

Islet transplantation has emerged as a promising treatment

for T1DM. It is a safe and relatively less invasive method that

can normalize glycometabolic control3,4. However, the lack

of pancreatic islet donors limits the successful use of allo-

genic islet transplantation as a clinical therapy for T1DM.

Xenogeneic islets5, stem cell-derived insulin-producing

cells6,7, and three-dimensionally assembled artificial islets8,9

have been investigated as sources of islets for transplantation;

however, they are still far from clinical application. Unfortu-

nately, even though immunosuppression can be effectively

achieved in diabetic patients, many transplanted islets are lost

in the first 10 to 14 days after transplantation10,11. Loss of

transplanted syngeneic islets soon after transplantation has

also been observed in an experimental animal model, indicat-

ing the sensitivity of islet transplants to early damage12.

Treatment with preserving and supportive agents in the early

1 College of Pharmacy and Gachon Institute Pharmaceutical Science,

Gachon University, Yeonsu-gu, Incheon, Korea
2 Lee Gil Ya Cancer and Diabetes Institute, Gachon University, Yeonsu-gu,

Incheon, Korea
3 Department of Rehabilitation Medicine, Gachon University Gil Medical

Center, Namdong-gu, Incheon, Korea
4 Department of Internal Medicine, Gachon University Gil Medical Center,

Namdong-gu, Incheon, Korea
5 Gil Medical Research Institute, Gil Hospital, Namdong-gu, Incheon, Korea

* Both the authors contributed equally to this article

Submitted: January 23, 2020. Revised: October 7, 2020. Accepted: October

15, 2020.

Corresponding Author:

Hee-Sook Jun, College of Pharmacy and Gachon Institute Pharmaceutical

Science, Gachon University, 191 Hambakmoero, Yeonsu-gu, Incheon

21936, Korea.

Email: hsjun@gachon.ac.kr

Cell Transplantation
Volume 29: 1–11
ª The Author(s) 2020
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0963689720971245
journals.sagepub.com/home/cll

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0
License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further
permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://orcid.org/0000-0002-1166-4932
https://orcid.org/0000-0002-1166-4932
mailto:hsjun@gachon.ac.kr
https://sagepub.com/journals-permissions
https://doi.org/10.1177/0963689720971245
http://journals.sagepub.com/home/cll
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage


stages following transplantation may improve the function

and survival of transplanted islets, and increase metabolic

control in T1DM13.

Glucagon-like peptide-1 (GLP-1) is an incretin hormone

secreted from intestinal L cells. It stimulates insulin secre-

tion in b-cells and suppresses glucagon secretion in

a-cells14,15. GLP-1 also protects b-cells from apoptosis and

induces b-cell proliferation16. Analogs of GLP-1, such as

exendin-4 or liraglutide, have beneficial effects on islet

transplantation. Liraglutide is a long-acting GLP-1 analog.

Daily subcutaneous injections of liraglutide from the early

stage of transplantation can improve the success of islet

transplantation in diabetic animal models17,18. Recent stud-

ies by Langlois et al. demonstrated that culturing islets with

liraglutide for 24 h prior to transplantation resulted in

improved glycemic control, which was attributed to

anti-inflammatory and antioxidant activities17,19. In addi-

tion, islets co-encapsulated with microspheres containing

exenatide (extendin-4) showed improved islet viability and

function through local exenatide delivery20. Although

GLP-1 analogs have a beneficial effect on islet transplanta-

tion outcomes, the effects may vary depending on the treat-

ment conditions.

In this study, we compared the effects of systemic and

local administration of liraglutide on islet transplantation in

a streptozotocin (STZ)-induced diabetic mouse model.

Materials and Methods

Animals

Eight-week-old male C57BL/6J and C57BL/6-Tg(Ins2-luc/

EGFP/TK)300Kauf/J (Ins2; stock #012943) mice were pur-

chased from Orient Bio Inc. (Seongnam, Gyeonggi-do,

Korea) and the Jackson Laboratory (Bar Harbor, ME, USA),

respectively. Mice were housed under specific pathogen-free

conditions and maintained under a 12 h/12 h light/dark cycle

at the animal facility of Lee Gil Ya Cancer and Diabetes

Institute (CACU, Gachon University, Incheon, Korea). All

mice were fed a normal chow diet ad libitum, with free

access to drinking water at all times. All experiments were

performed in accordance with the “Guidelines for Animal

for Users” (LCDI-2016-0035, LCDI-2018-0101). Diabetes

was induced by a single intraperitoneal (i.p.) injection of

180 mg/kg STZ (Sigma-Aldrich, St. Louis, MO, USA).

Blood was subsequently obtained from the tail, and blood

glucose levels were measured using a glucometer (One-

Touch Ultra, LifeScan). Mice with stable blood glucose lev-

els above 300 mg/dl after STZ treatment were used as

recipients for transplantation.

Islet Isolation

Islets from C57BL/6 J or Ins2 mice were isolated by intra-

ductal liberase digestion (Liberase, 0.3 mg/ml; Roche, India-

napolis, IN, USA) and purified by Ficoll gradient

centrifugation (Sigma-Aldrich), as previously described21.

Briefly, after injection of liberase into the bile duct, the

swollen pancreas was excised and incubated for 10 min at

37 �C. The islets were then separated by Ficoll gradient

centrifugation at 2000�g for 10 min at 4 �C. Islets were

collected from the second and fourth layers and washed with

Hank’s balanced salt solution (HBSS; 114 mmol/L sodium

chloride, 4.7 mmol/L potassium chloride, 1.2 mmol/L mono-

potassium phosphate, 1.16 mmol/L magnesium sulphate,

20 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid, 2.5 mmol/L calcium chloride, 25 mmol/L sodium

bicarbonate, and 0.2% bovine serum albumin). The isolated

islets were cultured overnight in Roswell Park Memorial

Institute (RPMI) 1640 medium (Gibco, Grand Island,

NY, USA) containing 5.5 mM glucose and supplemented

with 10% fetal bovine serum, 2-mercaptoethanol (50 mM),

penicillin (100 U/ml), and streptomycin (100 mg/ml).

Size-matched healthy islets were handpicked under a

stereomicroscope.

Insulin Secretion Assay

To examine glucose-stimulated insulin secretion in vitro,

10 isolated islets per well were plated in 24-well plates and

incubated with HBSS for 2 h followed by stimulation with 3 or

17 mM glucose. Insulin secreted into the solution was mea-

sured22. To examine serum insulin levels, mice were fasted for

4 h, and blood samples were collected 7 and 35 days after islet

transplantation. To measure glucose-stimulated insulin secre-

tion in vivo, blood samples were collected from the mouse tail

tip 30 min after the i.p. injection of glucose (2 g/kg). The blood

was centrifuged at 3000�g for 20 min at 4 �C, and the serum

was collected. The insulin released into the HBSS or serum was

quantified using an insulin ELISA kit (Alpco Diagnostics,

Salem, NH, USA) according to the manufacturer’s instructions

and was normalized to the amount of protein.

Islet Transplantation

Diabetic mice were randomly divided into five groups

(Fig. 1A): sham-operated group (n ¼ 6, sham), 300 islets-

transplanted group (n ¼ 6, I300), 200 islets-transplanted

group (n ¼ 8, I200), 200 islets with local liraglutide group

(n ¼ 8, I200-local), and 200 islets with systemic liraglutide

(n¼ 8, I200-systemic). As previously described23, 200 islets

were considered the marginal islet mass for normal blood

glucose restoration. Islet transplantation was performed as

previously described24. Purified islets were cultured overnight

in RPMI 1640 medium and suspended in phosphate-buffered

saline (PBS). For local treatment with liraglutide, islets were

incubated with liraglutide (0.5mg/10ml PBS; VICTOZA, Novo

Nordisk, Denmark) for 10 min. Islets were then transplanted

under the capsule of the right kidney using a 1-ml syringe

connected to a single lumen polyethylene tube (inner diameter,

0.58 mm; outer diameter, 0.96 mm). For systemic treatment,

mice were injected intraperitoneally with liraglutide

(0.5 mg/200 ml PBS/mouse) after islet transplantation.
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Age-matched and sex-matched nondiabetic normal C57BL/6 J

mice were used as controls (n¼ 5, Control). Nonfasting blood

glucose levels and body weights were measured regularly.

Intraperitoneal Glucose Tolerance Test (IPGTT)

IPGTT was performed in the different groups of mice 28 days

after transplantation as well as in the sham group. Following

an overnight fast, mice were injected intraperitoneally with

glucose (2 g/kg body weight). A glucometer was used to

measure glucose in the tail vein blood at 0, 15, 30, 60, 90,

and 120 min after glucose injection.

Analysis of Hemoglobin A1c (HbA1c)

Mice were fasted for 4 h, and blood samples were collected

35 days after transplantation. HbA1c levels from whole

blood were measured using a DCA 200 Vantage Analyzer

(Siemens Healthcare Diagnostics, Tarrytown, NY, USA)

and DCA Systems HbA1c Reagent Kit (Siemens Healthcare

Diagnostics).

In Vivo Bioluminescence Imaging

For in vivo assessment of islet survival, islets isolated from

Ins2-luc transgenic mice were used for transplantation. Bio-

luminescent images were obtained 7 days after transplanta-

tion. The mice were anesthetized by gas anesthesia with 3%
isoflurane (Hana Pharm Co. Ltd., Hwaseong, Korea) and

injected intraperitoneally with 150 mg/kg D-luciferin

(15 mg/ml in PBS; Sigma-Aldrich). After 15 min, the mice

were scanned using a Caliper-IVIS CCD device (Caliper

Life Sciences, Hopkinton, MA, USA). Imaging signals were

Figure 1. Local pretreatment of islets with liraglutide is more effective in increasing body weight and decreasing HbA1c levels in STZ-
diabetic mice transplanted with islets. STZ-induced diabetic mice were randomly divided into five groups: sham-operated group (n ¼ 6,
Sham), 300 islets-transplanted group (n ¼ 6, I300), 200 islets-transplanted group (n ¼ 8, I200), 200 islets with local liraglutide (n ¼ 8, I200-
local), and 200 islets with systemic liraglutide (n ¼ 8, I200-systemic). Age-matched and sex-matched C57BL/6 J mice were used as a
nondiabetic control group (n ¼ 5, control). (A) The time frame of the experimental design. (B) Insulin secretion of isolated islets was
measured by glucose-stimulated insulin secretion assays. The insulin concentration in the culture medium was measured using a commercial
insulin ELISA kit as detailed in the Materials and Methods section. The data are presented as mean + SD. ***P < 0.005. (C) Body weight
changes were monitored for 40 days. Diabetes was induced in 10-week-old C57BL6 mice by injection of STZ (180 mg/kg). The pretransplant
blood glucose levels were >400 mg/dl and isolated islets were transplanted under the mouse kidney capsule. The normalized mice under-
went nephrectomy 35 days after transplantation. The data are presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.005 versus sham. (D)
HbA1c levels in whole blood were measured on day 35 following transplantation. The data are presented as mean + SD. ***P < 0.005 versus
control; #P < 0.05, ###P < 0.005 versus sham; §P < 0.05 versus I300; yP < 0.05 versus I200. HbA1c: glycated hemoglobin; STZ: streptozotocin.
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quantified as maximum photons per second per square cen-

timeter per steradian (p/s/cm2/sr).

Histological Analysis

Tissues were fixed in 10% neutral buffered formalin and

embedded in paraffin. Tissue sections (4 to 6 mm thick) were

stained with hematoxylin and eosin and examined using a

light microscope.

Apoptosis Assay

Islet-containing kidney tissues were embedded in optimum

cutting temperature (OCT) compound (Tissue-Tek, CA, USA),

and beta-cell apoptosis was examined in cryosections (5-mm

thick) using an in situ cell death detection kit (Roche Applied

Science, Indianapolis, IN, USA) according to the manufactur-

er’s protocol. Briefly, the tissue sections were permeabilized

with 1% proteinase K for 15 min, rinsed with PBS, incubated

with terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) reagents for 1 h at 37 �C, and washed in

PBS for 5 min. Then, tissues were stained with an anti-insulin

antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA,

USA), a fluorescein isothiocyanate-conjugated secondary anti-

body, and 40-6-diamidino-2-phenylindole (Life Technologies,

Carlsbad, CA, USA). Images were captured using a laser scan-

ning confocal microscope (Carl Zeiss).

Statistical Analyses

All data are presented as the mean + SD. Statistical analyses

were performed using an unpaired Student’s t-test for com-

parison between two groups or one-way analysis of variance

with Tukey’s multiple comparison test for multiple groups.

Statistical analyses were performed using the GraphPad

Prism version 5 software (GraphPad Software Inc, La Jolla,

CA, USA). A P value < 0.05 was considered statistically

significant.

Results

Local Pretreatment of Islets With Liraglutide is
More Effective for Increase in Body Weight
and Decrease in HbA1c Levels in STZ-Diabetic
Mice Transplanted With Islets

In our preliminary experiments, we measured the blood glu-

cose levels for 1 to 2 weeks in STZ-induced diabetic mice

transplanted with different number of islets and found that

most of the recipients (approximately 70% to 80%), trans-

planted with 300 islets, reached normoglycemia. Therefore,

to compare the effects of local pretreatment and systemic

treatment with liraglutide on islet graft survival, we trans-

planted a marginal number of islets (200 islet equivalents

[IEQ]), which did not show normoglycemia in the recipients,

into STZ-induced diabetic mice. The six study groups

comprised the control, sham, I300, I200, I200-local, and

I200-systemic groups (Fig. 1A). Before transplantation, the

quality of isolated islets was checked by measuring

glucose-stimulated insulin secretion. Insulin secretion of iso-

lated islets normally increased in response to high glucose

(17 mM; Fig. 1B). After islet transplantation, body weights

and blood glucose levels were monitored for 5 weeks. As

expected, the body weight of all diabetic mice was signifi-

cantly reduced after STZ treatment compared with that in the

nondiabetic control group (Fig. 1C). The body weight of the

sham group decreased steadily, while that of the I200 group

remained unchanged, that of the I200-systemic group

increased slightly, and that of the I200-local group increased

steadily, similar to the I300 group (Fig. 1C). The average

body weights for the final 2 weeks after islet transplantation

were 23.67 + 0.84 g for I300, 23.52 + 1.01 g for I200-local,

22.16 + 0.82 g for I200-systemic, 20.36 + 0.96 g for I200,

and 15.14 + 0.57 g for the sham group, and 28.08 + 0.91 g

for the non-diabetic control group. At day 35 after islet

transplantation, HbA1c levels in the I300, I200-local, and

I200-systemic groups were also significantly reduced com-

pared with the I200 group, similar to that in the nondiabetic

control group (Fig. 1D). The HbA1c levels in the I200-local

pretreatment group also appeared to be lower than that in the

I200-systemic group, although they were not significantly

different (Fig. 1D).

Local Pretreatment of Islets With Liraglutide is More
Effective in Lowering Blood Glucose Levels in
STZ-Diabetic Mice Transplanted with Islets

Corresponding with the body weight changes, blood glucose

levels in the sham group continuously increased. After islet

transplantation, the average blood glucose levels in the I300

and I200 local groups appeared to be higher than those in the

nondiabetic control group, although not significant, while

the blood glucose levels in the I200-systemic and

I200 groups indicated mild and severe hyperglycemia,

respectively (Fig. 2A). The average blood glucose levels for

the final 2 weeks after islet transplantation were 257.05 +
210.91 mg/dl for I300, 284.80 + 144.14 mg/dl for

I200-local, 421.63 + 128.99 mg/dl for I200-systemic,

561.57 + 125.28 mg/dl for I200, and 1107.14 + 106.97

mg/dl for the sham group. The average blood glucose level

in the nondiabetic control group was 147.71 + 13.36 mg/dl

(Fig. 2A). The area under the curve (AUC) for blood glucose

levels was significantly reduced in all the islet transplanted

groups compared with that in the sham group (Fig. 2B). The

AUC of the I300 and I200-local groups was significantly

decreased compared with that of the I200 group, but not the

I200-systemic group, and showed comparable levels to that

of the non-diabetic control group (Fig. 2B). After nephrect-

omy, hyperglycemia was observed in all recipient mice,

indicating that the transplanted islets were responsible for

lowering blood glucose levels. To examine the effect of the

transplanted islets on the control of blood glucose levels in
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islet transplanted mice, IPGTT was performed 28 days after

transplantation. Blood glucose levels peaked at 15 and

30 min after the glucose injection and significantly

decreased at all time points in all islet transplantation groups

compared with that in the sham control group. The

I200-local pretreatment group showed the lowest blood glu-

cose levels at all time points after glucose injection among

the groups with transplantation. In addition, the AUC for

blood glucose levels was also more substantially decreased

in the I200-local group, which was comparable to that in the

nondiabetic control group (Fig. 2C, D). These results suggest

that a single, local pretreatment of islets with liraglutide was

more effective in lowering blood glucose levels than in

STZ-diabetic mice transplanted with islets systemic treat-

ment with liraglutide.

Local Pretreatment of Islets With Liraglutide More
Effectively Increases Insulin Secretion than Systemic
Injection of Liraglutide in STZ-Diabetic Mice
Transplanted With Islets

Blood glucose levels were more effectively decreased in

mice transplanted with islets pretreated with liraglutide than

in mice systemically injected with liraglutide. Therefore, we

further checked whether there was a difference in serum

insulin levels. Serum insulin levels on days 7 and 35 after

transplantation were significantly increased in all islet trans-

planted groups compared with those in the sham group

(Fig. 3A, B). The serum insulin levels of the I300,

I200-local, and I200-systemic groups were significantly

increased compared with that of the I200 group and showed

comparable levels to that of the nondiabetic control group

(Fig. 3A, B). In particular, the serum insulin levels of the

I200-local and I200-systemic groups were significantly

higher than those of the I300 group (Fig. 3A, B). There was

no significant difference between the I200-local and

I200-systemic groups on day 7 after islet transplantation.

On day 35 after islet transplantation, however, the insulin

levels in the I200-local group were significantly higher than

those in the I200-systemic group (Fig. 3B). To examine

glucose-stimulated insulin secretion in vivo, serum insulin

levels were measured at 0 min and 30 min after glucose injec-

tion on day 28 after islet transplantation. Glucose-stimulated

insulin secretion was significantly increased in the I300,

I200-local, and I200-systemic groups compared with that in

the sham group (Fig. 3C). In addition, the fold increase in

insulin secretion in the I300, I200-local, and I200-systemic

Figure 2. Local pretreatment of islets with liraglutide is more effective for lowering blood glucose levels in STZ-diabetic mice transplanted
with islets. STZ-induced diabetic mice were randomly divided into five groups: sham-operated group (n ¼ 6, Sham), 300 islets-transplanted
group (n ¼ 6, I300), 200 islets-transplanted group (n ¼ 8, I200), 200 islets with local liraglutide (n ¼ 8, I200-local), and 200 islets with
systemic liraglutide (n ¼ 8, I200-systemic). The normalized mice underwent nephrectomy 35 days after transplantation. Age-matched and
sex-matched C57BL/6 J mice were used as a nondiabetic control group (n¼ 5, control). (A) Nonfasting blood glucose levels were monitored
for 40 days. (B) The AUC for blood glucose levels was measured up to 35 days prior to nephrectomy. (C) The glucose tolerance test was
performed 28 days after islet transplantation. (D) AUC for blood glucose levels was measured during glucose tolerance testing. The data are
presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.005 versus control; #P < 0.05, ##P < 0.01 versus sham; §§P < 0.01 versus I300;
yyP < 0.01 versus I200. AUC: area under the curve; STZ: streptozotocin.
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groups was significantly higher than that in the I200 group. In

particular, the fold change in secreted insulin was signifi-

cantly increased in the I200-local group compared with that

in the I200-systemic group (Fig. 3C). These results suggest

that single, local pretreatment with liraglutide was more

effective for the preservation of transplanted islet function.

Local Pretreatment of Islets With Liraglutide
is More Effective on Islet Survival than Systemic
Injection of Liraglutide in STZ-Diabetic Mice
Transplanted With Islets

Changes in the mass of transplanted islets in the experimen-

tal groups were assessed by in vivo imaging. Islets were

isolated from transgenic mice expressing luciferase under

the control of the mouse insulin promoter25 and used for

transplantation. Bioluminescence imaging on 7 days after

transplantation revealed luciferase activity at the sites of

transplanted islets. Transplanted islets in the I200-local pre-

treatment and I300 groups showed significantly higher luci-

ferase activity than those in the I200 group (Fig. 4A, B). The

luciferase activity in the I200-local pretreatment group

appeared to be higher than that in the I200-systemic group

(Fig. 4B). These results suggest that local pretreatment with

liraglutide more effectively preserved islet mass than sys-

temic treatment.

Local Pretreatment of Islets With Liraglutide Results
in Less Apoptosis Than Systemic Injection of Liraglutide
in STZ-Diabetic Mice Transplanted With Islets

To evaluate the apoptotic b-cells in transplanted islets in

STZ-diabetic mice, kidney sections containing islets were

stained with an anti-insulin antibody, and a TUNEL assay

Figure 3. Serum insulin level and glucose-stimulated insulin secretion are higher in STZ-diabetic mice transplanted with islets locally
pretreated with liraglutide than systemically injected with liraglutide. STZ-induced diabetic mice were randomly divided into five groups:
sham-operated group (n ¼ 6, Sham), 300 islets-transplanted group (n ¼ 6, I300), 200 islets-transplanted group (n ¼ 8, I200), 200 islets with
local liraglutide (n ¼ 8, I200-local), and 200 islets with systemic liraglutide (n ¼ 8, I200-systemic). Age-matched and sex-matched C57BL/6 J
mice were used as a nondiabetic control group (n¼ 5, control). (A and B) Blood samples were collected from the tails of experimental mice
on days 7 and 35 after islet transplantation. Serum insulin was measured using a commercial insulin ELISA kit on day 7 (A) and day 35 (B).
(C) Glucose-stimulated insulin secretion was measured 28 days after islet transplantation. Blood samples were collected at 0 and 30 min
after glucose injection. Fold change in insulin secretion was expressed as a ratio of insulin levels at 30 min and those at 0 min after glucose
injection. The data are presented as mean + SD, n¼ 5 to 8/group. *P < 0.05, **P < 0.01, ***P < 0.005 versus control; #P < 0.05, ###P < 0.005
versus sham; §P < 0.05, §§§P < 0.005 versus I300; yyP < 0.01, yyyP < 0.005 versus I200; zP < 0.05, zzP < 0.01 versus I200-local. STZ:
streptozotocin.
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was performed. Insulin expression was observed in the islets

of kidney subcapsules on day 35 after transplantation. Unlike

the low expression in the islets of the I200 group, the islets of

the I200-local pretreatment or I200-systemic groups highly

expressed insulin, similar to the islets of the I300 group

(Fig. 5). Many TUNEL-positive cells were observed in the

I200 and I200-systemic groups. However, TUNEL-positive

cells were rarely detected in the I200-local pretreatment

group (Fig. 5). When we analyzed TUNELþInsulinþ apop-

totic beta cells, the ratio of TUNELþInsulinþ cells among

insulinþ cells was 4.6%, 28.6%, 6.6%, and 20.5% in the

I300, I200, I200-local, and I200-systemic groups, respec-

tively. TUNELþInsulinþ apoptotic beta cells were signifi-

cantly reduced in the I200-local group compared with the

I200 and I200-systemic groups (Fig. 5E). These results sug-

gest that local pretreatment with liraglutide more effectively

protected the transplanted islets.

Discussion

Pancreatic islet transplantation is considered a useful thera-

peutic approach for T1DM; however, it is hindered by the

loss of most of the transplanted islets in the early stage of

transplantation26. Various approaches have been explored to

improve the efficacy and survival of transplanted islets,

including the application of supplements prior to transplan-

tation27,28, surface modification29,30, encapsulation31, and

the use of delivery vehicles, such as liposomal clodronate

in Matrigel and curcumin-loaded polymeric micro-

spheres32,33. GLP-1 receptor agonists, including exendin-4

and liraglutide, enhance islet transplantation efficiency by

stimulating insulin secretion, upregulating insulin gene tran-

scription, regulating b-cell proliferation and survival, and

modulating immune reaction34.

Early treatment with liraglutide after islet transplantation

can protect transplanted islets by enhancing angiogenic19,

anti-inflammatory17, antioxidative17, and antiapoptotic

effects35. Pretreatment of islets with liraglutide prior to trans-

plantation protected the islets from damage17,36. It has also

been reported that multiple injections of liraglutide after trans-

plantation or injection starting 2 days before the transplanta-

tion, followed by continuous injection after transplantation

increased transplantation efficiency17,35,36. However, the

transplantation efficacy may vary depending on the strategy

used for treatment with liraglutide during islet transplantation.

Figure 4. Local pretreatment of islets with liraglutide is more effective for islet survival than systemic injection of liraglutide in
streptozotocin-diabetic mice transplanted with islets. (A) Representative bioluminescence images on 7 days after transplantation of
Ins2-luc islets. (B) Bioluminescence intensity was measured for each mouse from (A). The data are presented as mean + SD, n ¼ 3/group,
*P < 0.05, **P < 0.01 versus I200.
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In this study, we compared the effects of local pretreat-

ment and systemic treatment with liraglutide on islet trans-

plantation in STZ-induced diabetic mice. For systemic

treatment, we injected liraglutide just after transplantation,

considering the maximum effect of liraglutide on the trans-

planted islets. We used a marginal mass of islets for trans-

plantation and found that local pretreatment with liraglutide

more effectively improved glycemic control compared with

systemic treatment. The benefit of local pretreatment

seemed to be mainly attributed to increased graft survival

and insulin secretion as a result of the reduced apoptosis of

islet b-cells. The islet marginal mass model has been used to

evaluate islet function, survival, or engraftment by compar-

ing simple conditions such as islet size37 or transplant site38

in syngeneic transplantations36. Similar to previous stud-

ies37,38, our study using 200 IEQ as a marginal mass did not

Figure 5. Apoptosis is reduced by local pretreatment of islets with liraglutide as compared to systemic injection of liraglutide in
STZ-diabetic mice transplanted with islet. (A–D) TUNEL (red), insulin (green), 40-6-diamidino-2-phenylindole (blue) and hematoxylin/eosin
(H&E) staining of kidney section. Representative images are shown (A) I300, (B) I200, (C) I200-local, and (D) I200-systemic groups on
35 days after islet transplantation (Scale bars, 10 mm). White arrows indicate TUNELþinsulinþ cells. (E) Quantification of TUNELþinsulinþ

apoptotic beta cells in the transplanted islets. Percentile of apoptotic b cells was calculated as the number of TUNELþinsulinþ cells divided by
the number of insulinþ cells in islet grafts; n ¼3 mice/group. The data are presented as mean + SD, *P < 0.05, **P < 0.01. STZ:
streptozotocin; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling.
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completely regulate blood glucose levels, and hyperglyce-

mia was delayed compared with the sham group. However,

as shown in Fig. 1, treatment with a single dose of liraglu-

tide, either locally or systemically, maintained blood glucose

at a significantly lower level than in the I200 group. In

particular, local treatment with liraglutide was more effec-

tive in regulating blood glucose levels than systemic treat-

ment. The direct action of liraglutide on the transplanted

islets may increase islet survival and insulin secretion. In

addition to blood glucose levels, insulin levels and HbA1c

levels are used as indicators of glycemic control in islet

transplants39. These levels were also more effectively

improved by local pretreatment with liraglutide compared

with systemic treatment, indicating that local liraglutide

treatment may effectively protect the transplanted islets and

maintain islet survival and function.

Transplanted islets from transgenic mice expressing luci-

ferase under the control of the insulin promoter, including

the Ins2 mice used in this study, can be evaluated for graft

survival and efficacy through noninvasive monitoring of

islet grafts in living recipients25,40,41. Our results showed that

the luciferase activity in islet transplants was correlated with

the blood glucose levels of the islet transplanted groups and

was significantly higher in the I200-local pretreatment group

than in the I200-systemic treatment group. In addition, the

condition of transplanted islet cells is typically assessed by

measuring apoptosis via the TUNEL assay18,35,42. Similar to

previous reports35, we observed many TUNELþInsulinþ

cells in the marginal mass islet transplantation group. How-

ever, TUNELþInsulinþ cells were significantly reduced in

the I200-local pretreatment group compared to that in the

I200 and I200-systemic treatment groups. These results indi-

cate that local pretreatment with liraglutide may effectively

protect islet cells and maintain islet function and glycemic

control.

In summary, topical treatment with liraglutide prior to

transplantation may help restore normoglycemia following

the transplantation of a small number of islets. These find-

ings could be useful for improved treatment of diabetes,

given the shortage of islet donors for transplantation.
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