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To investigate the inhibition effects of pancreatic islet transplantation on the progression of obese type 2
diabetes, we analyzed the effects of surface camouflaged islet transplantation on delaying the disease
progression in a db/db diabetic mouse model. Surface camouflaged islets using 6-arm-PEG-catechol were
transplanted in db/db diabetic mice. The fat accumulation and toxicity in the liver, the expansion of islets
in the pancreas, and the size change of abdominal adipocyte were analyzed. In addition, the blood glucose
control, insulin levels and immunohistochemical staining of recovered tissues were analyzed after trans-
plantation. Then co-administration of anti-CD154 monoclonal antibody and Tacrolimus (IT group)
deterred the pathophysiological progression of obese type 2 diabetes. At day 3 of transplantation, the
serum insulin concentration of IT group was increased compared to the db/db diabetic mice group. The
immunohistochemical studies demonstrated that the mass of 6-arm-PEG-catechol grafted islet was pre-
served in the transplantation site for 14 days. Surface modification using 6-arm-PEG-catechol effectively
inhibited the immune cell infiltration and activation of host immune cells when immunosuppressive
drug was given to the db/db type 2 diabetes mice. Therefore, 6-arm-PEG-catechol grafted islets effec-
tively restored the insulin secretion in islet recipients and prevented the disease progression in type 2

diabetes.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Type 2 diabetes is characterized by a decrease in insulin secre-
tion and an increase in insulin resistance [1-4]. Most obese type 2
diabetes show an insulin resistance associated with hyperinsuline-
mia in the early stage of the disease [5]. As the disease progresses,
the functions of pancreatic beta cells are gradually deteriorated, fi-
nally developing severe insulin deficiency [6]. The morphological
damage of the pancreatic islets in obese type 2 diabetes is induced
by compensatory overexpression of insulin and the resultant
exhaustion of beta cells in response to the increased insulin
demand.

In these respects, we expected that additional exogenous insu-
lin administration could compensate for excessive demand for
insulin secretion from the beta cells, and furthermore, deter the
progression of type 2 diabetes. The insulin therapy in early stage
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of obese type 2 diabetes had been found to improve both insulin
action and secretion, thereby overcoming insulin resistance [7].
Thus, basal-bolus insulin therapy is one of the choices for regulat-
ing the blood glucose level of type 2 diabetic patients, offering a
way to closely stimulate natural insulin delivery in the clinic
[8,9]. However, the insulin therapy has shown many concerns with
respect to hypoglycemia, patient willingness, and incompliance.
Therefore, islet transplantation has been shown to be another
alternative by which to properly deliver insulin to diabetic
patients.

Several studies have used islet transplantation for the treatment
of the type 2 diabetes in a mouse model [10-16]. Gates et al. have
ameliorated the abnormalities of obese-hypoglycaemic by alloge-
neic implantation of islets [10,11]. They used a Millipore bag as a
device for preventing graft rejection, but it had limitations in sens-
ing glucose concentration and in maintaining islet viability [17].
Furthermore, it was reported that although MIN-6 cell transplanta-
tion decreased hyperglycemia in db/db mice over 100 days after
transplantation, the transplanted MIN-6 cells had became the
cancerous tissue [18]. Andersson et al. showed that intrasplenic
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islet transplantation was failed to cure obese-hyperglycemic mice
[13]. Barker et al. claimed that islet transplantation was not
suitable as a treatment for db/db mice [15]. Katsuragi et al. exam-
ined that transplanted islet through the portal vein prevented the
diabetic progression in Otsuka Long Evans Tokushima Fatty
(OLEFT) rats. They reported on the possibility of transplanted islets
to prevent the pancreas and mesangial matrix in the renal glome-
ruli from undergoing morphological changes [19]. Collectively,
there were many studies reporting about the advantage of islet
transplantation for deterring pathophysiological progression of
type 2 diabetes.

However, it was hard to effectively deliver the insulin secreted
from transplanted islets to type 2 diabetic patients because the
grafted islets were easily rejected by host immune reaction. If
transplanted islets would be survived for long-term periods
without the immune rejection, transplanted islets would effec-
tively delivery insulin and deter the progression of type 2 diabetes
related with insulin resistance. To ameliorate these limitations in
the treatment regime and to minimize the immune reaction after
transplantation, and based on the previous studies, we introduced
an islet surface modification technology combined with immuno-
suppressive medication as a treatment for type 2 diabetes
[20,21]. In the previous study, surface modification of islet effec-
tively inhibited the immune cell recognition and infiltration [22].
Particularly, the surface camouflage of pancreatic islet using
6-arm-PEG-catechol and the administration of Tacrolimus
(FK506) and anti-CD154 mAb (MR-1) were very effective in
preventing immune reactions against transplanted islets [20].

In this study, 6-arm-PEG-catechol grafted islets were trans-
planted into db/db mice with co-administration of MR-1 and
FK506 to investigate the curing effect of type 2 diabetes. Further-
more, inhibition effects of this protocol on pathophysiological
damage progression in type 2 diabetes were evaluated in a db/db
type 2 diabetic mice model.

2. Materials and methods
2.1. Synthesis of 6-arm-PEG-catechol

Synthesis scheme was followed by previous study [20]. Briefly, six-
arm-PEG-amine (1 g, MW 15 kDa) was dissolved in N-methylpyrroli-
done (NMP, 10 ml) at 60 °C for 10 min. 3,4-Dihydroxyhydrocinnamic
acid (DHCA, 0.8 mmol), bezotriazole-1-yl-oxytris(dimethylamino)-
phosphonium hexafluorophosphate (BOP, 0.8 mmol), 1-hydroxyben-
zotriazole (HOBt, 0.8 mmol) and N,N-diisopropylethylamine (DIPEA,
0.8 mmol) were dissolbed in NMP (5 ml) in separate vials. PEG and
DHCA solutions were reacted at room temperature for 6 h and fol-
lowed by reacting with BOP, HOBt and DIPEA until ninhydrin assay
showed a negative result. The reacted materials were dialyzed
(MWTCO; 8 kDa) in distilled water in acidic condition (pH = 1-2) to pre-
vent oxidation of catechol moieties, followed by lyophilization.

2.2. Surface camouflage of isolated pancreatic islet using 6-arm-PEG-
catechol

Pancreatic islets were isolated from Sprague-Dawley (SD) rats
(male, 8-weeks old, Orient Bio Inc., Seongnam, South Korea). Isolated
islets were cultured in RPMI-1640 (Sigma) medium with 10% fetal
bovine serum (FBS). The 6-arm-PEG-catechol molecules were
chemically immobilized onto the surfaces [20]. After 2 days culture,
HBSS (pH 8.0) containing 0.25% (w/v) 6-arm-PEG-catechol were
added to the islets to chemically immobilize 6-arm-PEG-catechol
onto the islet surfaces (Fig. 1A). To verify of 6-arm-PEG-catechol
coverage, the fluorescein isothiocyanate (FITC) labeled 6-arm-
PEG-catechol was immobilized on the surface of islets, and then,

the coverage was evaluated using a laser scanning confocal micro-
scope (LSM510, Carl Zeiss, Germany). All of the animal experiments
were carried out according to the guidelines of the Institutional
Animal Care & Use Committee, Seoul National University (IACUC
No. SNU-070822-5).

Cell viability of islets was analyzed by Lived/Dead Viability/
Cytotoxicy assay kit (Molecular Probes, Eugen, OR), Cell Counting
Kit-8 (CCK-8) assay and measuring the rate of oxygen consumption
(OCR) after surface modification [20].

2.3. Transplantation of 6-arm-PEG-catechol grafted islets

Six-week-old male db/db C57BL/Ks] mice (db/db group) and
their lean non-diabetic heterozygous littermates, db/m mice (db/
m group), were purchased from Japan SLC Inc. (Hamatsu, Japan).
Spontaneously induced type 2 diabetic db/db mice were anesthe-
tized by intraperitoneal injection of ketamine (80 mg/kg) and xyl-
zine (16 mg/kg) after being housed for 2 weeks. The left kidney
was exposed through a lumbar incision and capsulotomy was car-
ried out at the cadual layer of the left kidney, followed by the
transplantation of 500 IEQ 6-arm-PEG-catechol grafted islets (IT
group). Thus, there were three following groups: db/db, db/m and
IT group. Also, MR-1 (0.2 mg/mouse) was injected at 0, 2, 4, and
6 days of post-transplantation and FK506 (0.2 mg/kg) was daily in-
jected into the recipient intrapertoneally.

2.4. Analysis of blood samples and intraperitoneal glucose tolerance
test (IPGTT)

The non-fasting blood glucose (NBG) levels were measured by
drawing blood from the tail veins using a portable glucometer
(Super glucocoard II, Arkray, Kyoto, Japan) before and after of
transplantation (at day 0, and 3 post transplantation). Insulin con-
centrations in serum were determined using the ELISA (rat/mouse
insulin ELISA kit, Millipore, Billerica, MA). In addition, liver toxicity
(aspartate aminotransferase, AST; alanine aminotransferase, ALT)
was measured using FUJI DRI-CHEM 3500 (FUJIFILM, Tokyo, Japan).

In addition, IPGTT was performed to measure the glucose
responsiveness at day 5 after islet transplantation. Each group
was fasted for 6 h before intraperitoneal injection of 200 mg/ml
glucose (200 pl/mouse) solution. Then, the blood glucose level
was measured from the tail vein using portable glucometer (Super
glucocard II, Arkray, Kyoto, Japan) at 0, 15, 30, 60, and 90 min after
glucose injection.

2.5. Immunohistochemistry

Six-arm-PEG-catechol grafted islets were transplanted in the
kidney capsule of db/db mice. At day 14 of islet transplantation,
the kidney was retrieved and fixed in neutral 4% paraformalde-
hyde-phosphate-buffered saline, and embedded in paraffin. The
tissue slides were stained with hematoxylin and eosin (H&E),
anti-insulin (Abcam, Cambridge, MA), anti-CD4" (Abcam Inc., Cam-
bridge, MA), anti-CD8" (BioLegend, San Diego, CA), and anti-CD20*
(Santa Cruz Biotechnology Inc., Santa Cruz, CA) antibodies, respec-
tively. At day 14 of islets transplantation, the pancreas, kidney, li-
ver, and abdominal adipose tissue were stained with H&E and their
morphological changes were evaluated. The sizes of adipocyte and
pancreatic islet were also measured using the ACT-2U imaging
software (Nikon, Tokyo, Japan). Three slides of each group were
analyzed.

2.6. Statistical analysis

All the data were expressed as mean + SEM. Statistically analy-
sis was carried out using unpaired t-test or ANOVA one-way test. A
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Fig. 1. (A) Illustration of 6-arm-PEG-catechol grafting onto the islet surface. (B) Confocal laser scanning microscopy images of FITC labeled 6-arm-PEG-catechol modified

islets.

P value of less than 0.05 was considered to be statistically
significant.

3. Results
3.1. Surface coverage of 6-arm-PEG-catechol on islets

Catechol conjugation to 6-arm-PEG-amine was monitored by
ninhydrin test. This experiment indicated that all amine moieties
of 6-arm-PEG reacted with 3,4-dihydroxyhydrocinnamic acid and
approximately 20% of amine groups were conjugated to FITC mol-
ecules. The condition of 6-arm-PEG-catechol grafting to surface of
islets was followed as indicated in the previous study [20]. Optimal
6-arm-PEG-catechol concentration was 0.25% (v/v) and this
concentration did not show any cytotoxic effect when islets
were incubated with the polymer for 1h [20]. FITC-labeled
6-arm-PEG-catechol was evenly grafted to the surface of islets,
which was evaluated using confocal laser scanning microscopy
(CLSM). On the other hand, unmodified islets (control islets) did
not emit any fluorescence (Fig. 1B).

3.2. Blood glucose control and IPGTT

The NBG level of db/db mice, which received 6-arm-PEG-cate-
chol grafted islets, was decreased (220 +39.9 mg/dl) after trans-
plantation with the co-administration of MR-1 and FK506
compared to that before transplantation (430.6 +33.6 mg/dl)
(Fig. 2A). In addition, the insulin level of IT group was significantly
increased at day 3 of transplantation; that is, the serum insulin level
of IT group at day 3 (8.4 2.1 ng/ml) was increased by 3.3-fold,
compared to that in db/db group (2.6 + 0.3 ng/ml) (Fig. 2B). Collec-
tively, 6-arm-PEG-catechol grafted islets effectively expressed
insulin, which compensated the insulin resistance and regulated
the blood glucose level in the recipients. To confirm glucose respon-
siveness of transplanted 6-arm-PEG-catechol grafted islets, IPGTTs

were carried out at day 5 of transplantation (Fig. 2C). The blood glu-
cose level of db/db group rapidly increased to 600 mg/dl within
20 min. On the other hand, the blood glucose level of IT group
reached the highest concentration (~400 mg/dl) after 30 min of
glucose injection and then gradually decreased afterwards, showing
that the insulin secreted from transplanted 6-arm-PEG-catechol
grafted islet prevented a hasty increase of blood glucose level upon
administration of high exogenous glucose solution.

3.3. Immunohistochemistry

To verify insulin secretion and immune cell recruitment around
the transplanted 6-arm-PEG-catechol grafted islets at day 14 of
post-transplantation, the left kidney containing transplanted islets
was harvested. At day 14, insulin positive cells were detected
around the transplantation site; however, CD4, CD8a and CD20
positive cells were rarely detected around the islet transplanted
site (Fig. 2D). This result indicated that transplanted 6-arm-PEG-
catechol grafted islets secreted insulin; in other words, islet
functions were preserved even after the islet transplantation.

3.4. Pathophysiological analysis after 6-arm-PEG-catechol grafted
islet transplantation

Photomicrographs of the pancreatic islets in db/db, db/m, and IT
groups at day 14 of their transplantation were illustrated in Fig. 3A.
The pancreatic islets of db/db group appeared much larger than
those of db/m group and became multinodular due to the intrain-
sular proliferation of fibrous connective tissue. On the other hand,
the pancreatic islets of IT group appeared as the normal although
the intensity of insulin immunostaining was less than that of db/
m group. The area quantification of insulin positive cells in db/db
group was 17,920 + 7372 pm?. Contrastively, the area of IT group
was 6379 + 1661 um?, which was 2.8-fold smaller than that of
db/db group (Fig. 3B). This result indicated that islet transplanta-
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Fig. 2. (A) Fasting blood glucose and (B) fasting insulin serum levels at day 0 and 3 after 6-arm-PEG-catechol grafted islet transplantation. Data were expressed as
mean = SEM (db/m; n =6, db/db; n=6, IT; n = 8), (*P < 0.05, **P < 0.01). (C) The intraperitoneal glucose tolerance test (IPGTT) of db/m (black diamond), db/db (black triangle),
and IT (black circle) groups at day 5 of transplantation. Data were expressed as mean + SEM (n = 4), (*P < 0.05, **P < 0.01 vs. IT group). (D) Immunohistochemical analysis of
transplanted 6-arm-PEG-catechol grafted islets after 14 days of transplantation. Asterisk: transplanted islets, Scale bar = 25 pum.

tion could inhibit the enlargement of pancreatic islets and prolifer-
ation of fibrous connective tissue, which are usually induced in
type 2 diabetic mice in order to compensate for hypoglycemia.
Thus, the islet transplantation further delayed the destruction of
pancreatic islets by reducing the size expansion of islet in db/db
mice.

The color of the liver surface in db/db group was white-yellow-
ish as a result of accumulating fat. On the other hand, the color of
the liver surface in IT group was red as the normal, which was sim-
ilar with those of db/m group (Fig. 3C). The hepatocytes in db/db
group contained empty vacuoles in hematoxylin-eosin-stained
sections. The fat was infiltrated into vacuole within the cytosol of
hepatocytes in db/db group; however, the fat infiltration into the
liver was not observed in IT group. To confirm the effect of 6-
arm-PEG-catechol grafted islet transplantation on alleviating the
liver toxicity in db/db mice, both ALT and AST levels in the serum
of db/db, db/m and IT group were analyzed, respectively, using FUJI
DRI-CHEM 3500 (FUJIFILM, Tokyo, Japan) at day 14 after 6-arm-
PEG-catechol grafted islet transplantation (Fig. 3D). ALT and AST
levels in db/db group were 302 +45 U/l and 262 * 12 U/, respec-
tively. On the contrary, ALT and AST levels in IT group were statis-
tically decreased to 151 +22 U/l and 176 £ 22 U/l, respectively.
These results demonstrated that 6-arm-PEG-catechol grafted islet
transplantation in a db/db diabetic mouse model partly recovered
the liver from high fat accumulation and damage.

Adipocytes play an important role in regulating energy expen-
diture, food intake, and glucose metabolism. Therefore, the adipo-
cyte is an important indicator for metabolic alterations related to
the insulin resistance [18]. As shown in Fig. 3E and F, the size of
an adipocyte, which was measured at the same time point of IT
group in db/m and db/db groups, were 1082+ 116, and
3259 + 376.4 um?, respectively. On the other hand, the adipocyte
size of IT group was 1675 =221 um?, which was statistically de-
creased compared to that of db/db group. These findings indicated
that transplanted 6-arm-PEG-catechol grafted islets supplied a
sufficient amount of insulin in place of host beta cells so that there
was no need to compensate for hyperglycemia by enlarging the
size of islet and the size of adipocytes.

4. Discussion

In this study, we investigated the therapeutic effects of surface
camouflaged islets transplantation on the type 2 diabetes and its

related pathophysiological phenomena in a db/db mouse model.
In the previous study, we evaluated that islet surface modification
was effective in inhibiting the immune cell activation and infiltra-
tion in vitro and in vivo [22,23]. PEG conjugation to islet did not eli-
cit any activation of co-cultured immune cells such as
lymphocytes, macrophages and splenocytes. In addition, the syner-
gistic effect of islet PEGylation and administration of immunosup-
pressive drug into the diabetic recipient was observed as well [20].
PEG immobilization prevented the infiltration of immune cells into
the transplanted islets and immunosuppressive drugs alleviated
the immune cell and cytokine activities [22,24]. Thus, the PEG con-
jugation onto the surface of islets helped provide effective therapy
over one year when accompanied with immunosuppressive drugs.
In addition, a few rare T and B cells were observed around the PEG
conjugated islets after the first one year of post-transplantation
[25]. The similar immunoprotection protocol optimized for pro-
longing the graft survival time was applied to type 2 diabetic mice
to evaluate its effects in inhibiting the pathophysiological disease
progression. When 6-arm-PEG-catechol grafted islets were trans-
planted and both MR-1 and FK506 were administered to the mice,
the blood glucose level of islet recipients was effectively decreased
down to 200 mg/dl after transplantation. When the serum insulin
level was high, a normal blood glucose level was observed, indicat-
ing that the insulin secreted from the transplanted islets was
responsible for the regulation of blood glucose level. In addition,
transplanted islets had insulin responsiveness to glucose and their
clearance ability was somewhat increase in IT group. Following the
injection of high exogenous glucose solution, a rapid increase of
blood glucose level was prevented in the recipients transplanted
with islets. On the other hand, a greater amount of insulin was nec-
essary for db/db group to regulate hyperglycemia because of insu-
lin resistance. The amount of secreted insulin from db/db mice was
not enough to regulate the blood glucose level to maintain normal
glycaemia. Moreover, the insulin positive cells were detected the
transplanted site after 14 days of transplantation when 6-arm-
PEG-catechol grafted islet transplanted with administering immu-
nosuppressive drugs.

When morphological expansion and exhaustion of islets were
observed in the type 2 diabetic mice, and the expansion of the islet
size was prominently due to their need to compensate for hyper-
glycemia and the resistance against insulin. However, the trans-
plantation of 6-arm-PEG-catechol grafted islets prevented the
size expansion of islet in the pancreas. The size of adipocytes is
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Fig. 3. (A) Morphology and size changes of islets in the pancreas at day 14 of 6-arm-PEG-catechol grafted islet transplantation in db/m, db/db and IT groups Hematoxylin-
eosin and insulin staining of pancreatic islets, Scale bar =50 pl. (B) The area of insulin-positive cells in the pancreas. Data were expressed as mean * SEM. (C) The gross
appearance and histological findings of the liver in the db/m, db/db, and IT groups at day 14 of 6-arm-PEG-catechol grafted islet transplantation. Scale bar = 100 pl. (D) Alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) level in the serum of db/m, db/db, and IT groups. Data were expressed as mean + SEM (db/m; n=3, db/db; n =3,
IT; n=5). (E) Adipocyte size and morphology changes at day 14 of 6-arm-PEG-catechol grafted islet transplantation. Histology of abdominal adipose tissue in db/m, db/db,
and IT groups. Scale bar = 50 um. (F) Size of adipocyte in the db/m, db/db, and IT groups. Data were expressed as mean = SEM (db/m; n = 3, db/db; n = 3, IT; n = 5; For each slide,
21 adipocytes were measured at random with an image analysis system); (**P < 0.001 vs. db/db group). (G) Illustration of surface camouflaged islets transplantation for

treatment of type 2 diabetes.

an indirect factor indicating the insulin resistance and glucose following the 6-arm-PEG-catechol grafted islet transplantation.
tolerance in the type 2 diabetes. Based on the severity of obesity At day 14, the size of adipocyte in IT group was much smaller than
in db/db mice, the size of adipocyte was also increased; however, that of db/db group. At this point, insulin delivered from the trans-
the expansion of adipocyte was also significantly inhibited planted 6-arm-PEG-catechol grafted islets might have affected the
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diminution of insulin resistance and enhanced lipolysis in db/db
mice. Thus, the enlargement of adipocytes in the 6-arm-PEG-
catechol grafted islet transplanted db/db mice were effectively
inhibited.

The AST and ALT values are sensitive indicators of hepatocellu-
lar injury, and these values are associated with insulin resistance,
obesity and type 2 diabetes [26,27]. The AST and ALT values are
also strongly associated with fat accumulation in the liver and
diminution of these values indicates that the liver had somewhat
recovered from its injured condition. The degree of fat accumula-
tion, AST and ALT values of IT group were significantly decreased,
compared to those of db/db group, indicating that the transplanted
islets could reduce the degree of liver injury. Insulin secreted from
transplanted 6-arm-PEG-catechol grafted islets effectively deliv-
ered glucose inside the cell, thereby decreasing the insulin resis-
tance in the liver. Therefore, the excessive accumulation of fat in
the liver was effectively diminished. Also inflammation was
observed to be significantly decreased in the liver of IT group,
but a strong in db/db group.

The ultimate goal of this study was to demonstrate the feasibil-
ity of islet camouflage technique used in combination with immu-
nosuppressive drugs for the treatment of type 2 diabetes. We have
verified that surface camouflage islets using 6-arm-PEG-catechol
effectively inhibited pathophysiological deterioration of type 2
diabetes during that time by way of reducing islet size expansion
in the pancreas, preventing adipocyte size expansion and fat
accumulation in the liver (Fig. 3G).

Therefore, the present islet transplantation would help to suc-
cessful inhibit progression of type 2 diabetes in various therapeutic
approaches, thwarting complications related type 2 diabetes
progression.
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