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Pancreatic islet transplantation has received widespread attention as a promising treatment for type 1 diabetes. 
However, islets for transplantation are subject to damage from a number of sources, including ischemic injury 
during removal and delivery of the donor pancreas, enzymatic digestion during islet isolation, and reperfusion 
injury after transplantation in the recipient. Here we found that protein fractions secreted by mesenchymal stem 
cells (MSCs) were capable of activating preserved islets. A conditioned medium from the supernatant obtained 
by culturing adipose tissue MSCs (derived from wild-type Lewis rats) was prepared for 2 days in serum-free 
medium. Luc-Tg rat islets to which an organ preservation solution was added were then incubated at 4°C with 
fractions of various molecular weights prepared from the conditioned medium. Under the treatment with some 
of the fractions, by 4 days the relative luminescence intensities (representative of the ATP levels of the cold-
preserved islets) had increased to over 150% of their initial values. Our novel system may be able to restore 
isolated islets to the condition they were in before transport, culture, and transplantation.
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have not yet been used in the treatment of diabetes, and 
more studies are needed. In addition, efforts have been 
made to improve islet preservation. To inhibit the gradual 
deterioration of islets during shipment, a gas-permeable 
bag has been developed to maintain a stable temperature 
and stable O

2
 and CO

2
 pressures (13,14). This system 

can be used to carry transplantable islets from a remote 
place over a 48-h period. Moreover, we have developed 
a multiwell, whole-cell, luciferase-based viability assay 
for assessing islet viability (25). Using this assay sys-
tem, we have examined the effects of common organ 
preservation solutions on the viability of preserved islets 
(36) and have found that islet viability is halved after a 
few days.

Previous reports have revealed that transplantation 
of mesenchymal stem cells (MSCs) in mice and rats has 
functional benefits, in part because of these cells’ abil-
ity to produce large numbers and volumes of bioactive 
factors (3,17). MSCs have the capacity for self-renewal 

INTRODUCTION

Implantation of functional islets is a potential cure 
for diabetes, but the availability of high-quality islets for 
transplantation is critical to success. Recent progress in 
clinical islet transplantation has resulted in less diabe-
togenic immunosuppression, and the ability to prepare 
highly viable islets in sufficient quantities makes trans-
plantation an attractive treatment option for selected 
patients with type 1 diabetes mellitus (7,22,29,31,33). 
The yield and quality of isolated islets determine whether 
the donor organ is more suitable for clinical islet trans-
plantation or for research (7,22,29). One major disadvan-
tage of preserving islets is that, in culture, loss of tissue 
mass occurs over time (7). Therefore, the development of 
suitable preservation solutions and systems is essential.

Several approaches have been used in attempts to reverse 
the disease process of type 1 diabetes. For example, the 
generation of insulin-producing cells has been attempted 
(2,4,12,18,23,34). However, these insulin-producing cells  
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and multipotency and can differentiate into bone, fat, and 
cartilage cells (11,28). Cell-based therapy is now viewed 
as an important tool in regenerative medicine (6,30).

Here we identified factors that are secreted from 
MSCs and directly activate preserved islets. This novel 
system will help to elucidate the precise molecular 
mechanisms of pancreatic commitment and could be 
useful in treating diabetes by the transplantation of 
preserved islets.

MATERIALS AND METHODS

Adipose Tissue-Derived MSC Preparation and Culture

Male wild-type LEW rats weighing between 260 and 
310  g  were purchased from Charles River (Breeding 
Laboratories, Kanagawa, Japan). Wild-type LEW rat-de-
rived adipose tissue (AT), obtained from the inguinal region, 
was minced with scissors and scalpels into pieces less than 3 
mm in diameter and then subjected to isolation of AT-MSCs. 
Briefly, after gentle shaking of the minced tissue with an  
equal volume of phosphate-buffered saline (PBS; Takara, 
Kyoto, Japan), the mixture was separated into two phases. 
After being washed with PBS, the upper phase (containing 
stem cells, adipocytes, and blood) was enzymatically dis-
sociated with 0.075% collagenase (type 1) (Wako, Tokyo, 
Japan) in PBS for 1.5 h at 37°C with gentle shaking. The 
dissociated tissue was mixed with an equal volume of 
minimum essential medium a modification (MEMa; 
Gibco-BRL, Tokyo, Japan), supplemented with 10% fetal 
bovine serum (FBS; Gibco), and incubated for 10 min at 
room temperature. The solution was separated into two 
phases. The lower phase was centrifuged at 1,200 rpm 
(rotor size: 7 cm) for 5 min at 20°C. The resulting iso-
lated AT-MSCs were seeded onto 100-mm tissue culture 
dishes (Thermo Scientific, Tokyo, Japan) and cultured 
in MEMa supplemented with 10% FBS, and these cells 
have the same MSC-specific characteristics and mor-
phology as other tissue-derived MSCs (3,17). When the 
cells were 70–80% confluent, they were harvested with 
0.05% trypsin-EDTA (Invitrogen, Tokyo, Japan), replated 
at 2.0 × 104 cells/cm2, and cultured for 5 days. AT-MSCs 
between the fifth and eighth passages were used for  
the experiments.

Making the Conditioned Medium

To analyze the factors secreted by the MSCs, we 
prepared a conditioned medium. AT-MSCs derived from  
wild-type LEW rats were plated onto 30 100-mm dishes.  
When they had reached confluence, the cells were washed 
with PBS and incubated in serum-free MEMa. After  
2 days, the supernatant was collected and then centri-
fuged, filtered, and concentrated at 12,000 rpm (rotor size: 
7 cm) using Amicon Ultra centrifugal filters (Millipore, 
Tokyo, Japan;  molecular weights: 3, 10, 30, 50, and 
100 kDa).

Isolation and Culture of Pancreatic Islets

All experiments were performed in accordance with the 
Jichi Medical University Guide for Laboratory Animals. 
The Luciferase-transgenic rats (Luc-Tg rats) were estab-
lished in our laboratory as described previously (10,35). 
Pancreases were removed when the rats were aged 8 weeks 
and dissected into 2- to 3-mm segments. The islets were  
isolated by collagenase (Wako, Tokyo, Japan) digestion,  
as described previously (21,25). The islets were then 
selected by handpicking under an inverted light micro-
scope. Isolated islets were cultured for 16–24 h in Roswell 
Park Memorial Institute (RPMI) 1640 medium with 10% 
FBS and 1% penicillin–streptomycin solution (all Gibco).

Islet Viability Assay in Preservation Solution

Freshly isolated Luc-Tg rat islets were plated in 
12-well tissue culture plates (20 islets per well, n = 4 
plates; Nunc, Tokyo, Japan) and incubated in preservation 
solution [extracellular-type trehalose-containing Kyoto 
(ET-Kyoto) solution, Otsuka Pharmaceutical Factory, 
Inc., Tokushima, Japan] at 4°C for 24 h. Viable islets 
were detected by the analysis of luciferase gene expres-
sion activity using an in vivo imaging system (IVIS; 
Xenogen, Alameda, CA, USA) with the addition of 22 ml 
(2.29 mg/ml) of a luciferase-based reagent (d-luciferin, 
Wako). In this system, a noninvasive charge-coupled 
device camera is used to detect bioluminescence emitted 
from d-luciferin, which reacts with firefly luciferase in 
living animals and cells. 

To detect islet activation, we used a luciferase-based 
cell viability assay that detects ATP levels in viable 
cells; we previously have described the use of this assay 
to assess the viability of Luc-Tg rat organs or tissues 
(15,25). Serum-free conditioned medium was prepared 
from supernatant derived from the culture of wild-type 
LEW rat-derived AT-MSCs for 2 days. Fresh Luc-Tg rat 
islets were cultured in a CO

2
 incubator for 3 days in RPMI 

1640 medium containing 5% FBS (controls); the condi-
tioned medium was added to two experimental groups, 
one of which received heat treatment at 37°C. During the 
experiment, the media were not refreshed. 

Dithizone (DTZ) Staining

Islets were then tested for their specificity by DTZ stain-
ing. DTZ staining was carried out by adding 10 ml DTZ 
stock solution (Wako) to islets suspended in 1 ml Krebs-
Ringer bicarbonate buffer (pH 7.4) with HEPES (10 mM) 
(KRBH; Wako) and incubated at 37oC for 10–15 min. The 
stained islets appeared bright red under the microscope.

Statistical Analysis

Data are represented as means ± SEM. Results were 
analyzed by using a two-tailed Student’s t test. A value of 
p < 0.05 was considered significant.
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RESULTS

Effect of MSC-Conditioned Medium on Islet Activation 

At the first, we investigated whether or not islet-
activating factors are included in the MSC-conditioned 
medium. The photon intensity emitted from the islets was 
treated with conditioned medium, but no heat treatment 
had increased at 3 days (Fig. 1). In contrast, like the con-
trols, the islets treated with both conditioned medium and 
heat showed an approximately 50% decrease in photon 
intensity at the end of 3 days of culture. This result sug-
gested that a protein or proteins secreted from the MSCs 
acted as an islet-activating factor.

Analysis of Islet Activation Factors From  
MSC-Secreted Fractions

Next, we investigated which fractions derived from 
the MSC-conditioned medium appeared to activate the 
preserved islets (Fig. 2). During the experiment, the pres-
ervation solution was not refreshed. The photon intensity 
of each group receiving a fraction of the conditioned 
medium changed over time at 4°C (Fig. 2A). Photon 

intensity was quantified as color images. By comparison 
with the controls, the fractions were classified into two 
groups in terms of their effects on preserved Luc-Tg rat 
islets: an effective group (>50 and 10–30 kDa) and an 
ineffective group (30–50 and 3–10 kDa) (Fig. 2B). Peak 
activation of islets was found at 4 or 5 days, and photon 
intensity decreased after the peak. At 4 days, the relative 
photon intensities of the preserved samples receiving the 
>50 or 10–30 kDa fractions of the conditioned medium 
had increased to over 150% of their initial values. These 
results suggested that the fractions of >50 and 10–30 kDa 
secreted by the MSCs were superior in their activation of 
the preserved islets.

Characterization of Activated Islets

Finally, under a microscope, we examined the mor-
phology of islets that had been preserved with ET-Kyoto 
solution at 4°C and then treated with the various frac-
tions from the conditioned medium (Fig. 3). There were 
no obvious morphological changes at 4 days. However, 
by day 7, the samples that had received the 3–10 and 
30–50 kDa fractions showed collapse of islet conforma-
tion, as did the controls. Additionally, these fractions’ 
preservation islets were scattered by many islet-derived 
dissolution cells (Fig. 3, arrow). After cultivation, some 
islets were immediately separated and treated with DTZ. 
Before preservation of islets, all the islets stained with 
DTZ became crimson red. No other cell types were 
observed with the islets, indicating that only the islets 
were present in the preparation. However, DTZ staining 
was negative in only the control islets after 7 days (Fig. 
3, right column). Insulin-producing ability was consistent 
with the relative photon intensities of the preserved islets 
(data not shown). The limited fractions secreted by the 
MSCs, therefore, were capable of maintaining the confor-
mation of preserved islets and activating their function. 

DISCUSSION

Pancreatic islet transplantation has received wide-
spread attention as a promising treatment for type 1 
diabetes. In 2000, Shapiro suggested that the use of 
a corticosteroid-free immunosuppression therapy, the 
Edmonton Protocol, would enable insulin independence 
for a median of 11.9 months (32). In the protocol, islets 
are infused into the portal system, where they may embo-
lize in the liver. Successful transplantation normally 
requires 6,000–9,000 islets/kg human body weight, sug-
gesting that one recipient needs 500,000–1,000,000 fresh 
islets; the islet diameter should be >150 mm (5). Although 
a single normal human pancreas may have more than 
1,000,000 islets, the most successful isolation yields only 
400,000 islets. Therefore, a recipient typically requires 
two to four pancreases for islet transplantation, and the 
islets need to be transplanted as soon as possible (19).

Figure 1.  Comparison of changes in luminescence intensity of 
islets under culture conditions after addition of medium condi-
tioned with mesenchymal stem cells. Black bars, day 0; white 
bars, after 3 days of culture.
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Figure 2.  Comparison of changes in luminescence intensity of islets in ET-Kyoto organ preservation solution after addition of medium 
conditioned with various fractions from mesenchymal stem cells (MSCs). (A) Photographs of Luc-Tg rat-derived islets in preserva-
tion solution treated with various fractions from the MSC-conditioned medium. From the left column on the plate, >100 kDa fraction, 
50–100 kDa, 30–50 kDa, 10–30 kDa, 3–10 kDa, and 0 kDa (control). (B) Bioluminescence imaging using an in vivo imaging system 
to assess cell viability in the islets. Samples were exposed to extracellular-type trehalose-containing Kyoto (ET-Kyoto) organ preserva-
tion solution at 4°C. Data are representative of four independent experiments.
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Glucose-sensing and insulin-signaling pathways have 
been shown to play important roles in insulin secretion 
as well as b-cell growth and survival. Glucose plays 
an essential role in control of the secretary activity of 
b-cells. Metabolism of glucose leads to an increase in 
the ATP-to-ADP ratio, membrane depolarization, Ca2+ 
influx, and stimulation of insulin secretion (1). Recently, 
the luciferase-based viability assay described here uti-
lizes firefly luciferase to detect intracellular ATP levels 
in viable cells (25,35,36). We have already established 
that the Luc-Tg rat system with modern optical imag-
ing offers a new platform for a better understanding of 
transplantation (10). 

Islets for transplantation are subject to damage from 
many sources, including ischemic injury during removal 
and delivery of the donor pancreas, enzymatic digestion 
for islet isolation, and reperfusion injury after transplan-
tation into the recipient. Cell culture conditions for islet 

transplantation should provide sufficient oxygen and 
nutrients to allow the islets to recover from the damage 
incurred during isolation and thus minimize islet loss. 
Miki and colleagues and Yamamoto and colleagues have 
reported that medium containing recombinant human 
proteins may be beneficial for pretransplant culture of 
islet cells (24,37). In fact, most islet transplant centers 
transplant cultured islets (8,9,20). In this study, we pre-
sented that persevered islet was activated of function and 
viability using MSC-secreted fractions. We think that 
candidate effectors of degenerate islets are likely to be 
hepatocyte growth factor (HGF), insulin-like growth fac-
tor (IGF), and tumor necrosis factors (TNFs), since these 
cytokines were previously suggested as activating factors 
of pancreas and/or b-cells (16,26,27), and this will be 
confirmed in future studies. To suppress islet deteriora-
tion and thus increase success rates, new approaches to 
islet transplantation will be required in the future.

Figure 3.  Microscopic morphology and dithizone (DTZ) staining of isolated Luc-Tg rat islets in ET-Kyoto organ preservation solution 
after addition of medium conditioned with various fractions from mesenchymal stem cells. DTZ staining was performed on the last 
day. Arrows point out islet-derived dissolution cells. Scale bar: 200 mm. 
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CONCLUSION
We found here that proteins secreted from MSCs were 

able to activate preserved islets. By using these factors, it 
should be possible to restore islets to the condition they 
were in before culture, transport, and transplantation. This 
is important for the shipping of fractions for research and 
is even more important for shipping entire islet clinical 
preparations.
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