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Abstract
Hypoxic damage is one of the major causes of islet 
graft failure and VEGF is known to play a crucial role  
in revascularization. To address the effectiveness of 
a cationic lipid reagent as a VEGF gene carrier, and  
the beneficial effect of VEGF-transfected islets on  
glycemic control, we used effectene lipid reagent in  
a transfection experiment using mouse islets. 
Transfection efficiencies were highest for 4 µg/µL 
cDNA and 25 µL effectene and cell viabilities were also  
satisfactory under this condition, and the over-
production of VEGF mRNA and protein were  
confirmed from conditioned cells. A minimal number 
of VEGF-transfected islets (100 IEQ/animal) were  
transplanted into streptozotocin (STZ)-induced di-
abetic mice. Hyperglycemia was not controlled in the  
islet transplantation (IT)-alone group (0/8) (non- 
diabetic glucose mice number/total recipient mice  
number) or in the IT-pJDK control vector group (0/8). 
However, hyperglycemia was completely abrogated  
in the IT-pJDK-VEGF transduced group (8/8), and  
viable islets and increased VEGF-transfected grafts  
vascularization were observed in renal capsules. 

These studies support the usefulness of VEGF- 
transfected islet delivery using a cationic lipid  
reagent to achieve euglycemia using a minimal 
number of islets.

Keywords: cationic lipid reagent; diabetes mellitus; 
gene therapy; gene transfer techniques; islet of Langer-
hans transplantation; vascular endothelial growth factor

Introduction
Islet transplantation is considered to be a potentially 
effective therapy for insulin deficient diabetes (Kim, 
2004; Robertson, 2004). One of the significant ob-
stacles to successful pancreatic islet transplantation 
is inadequate graft vascularization during the first 
few days after implantation, as this may result in the 
dysfunction and death of the transplanted islet 
tissue. An angiogenic growth factor, VEGF (vascular 
endothelial growth factor) has been widely used in 
vascular diseases, ischemic injuries, and in other 
transplanted areas (Byun et al., 2001; Kim et al., 
2004; Lee et al., 2004, Melo et al., 2004). Moreover, 
VEGF gene therapy was reported to increase islet 
graft revascularization in a mouse model (Zhang et 
al., 2004). However, the gene delivery system used 
was a viral vector, which has some disadvantages, 
because they may affect cellular immunogenicity 
and/or induce the production of various chemokines 
and their receptors (Zhang et al., 2003), and thus 
may be limited in terms of clinical application. 
Moreover, recent developments in gene delivery 
carriers offer higher levels of safety, for example the 
use of non-viral vectors for human cell therapy.
  In this study, we evaluated whether a non-viral 
cationic lipid reagent can be used as a reagent for 
gene delivery in non-dividing islet cells, and whether 
the VEGF transgene in islet grafts can increase islet 
revascularization, and therefore, increase transplan-
ted islet survival rates to achieve effective glycemic 
control in diabetic mouse models. 

Materials and Methods
Islet isolation
Male inbred syngeneic Balb/c mice, aged 10 to 12 

Effective glycemic control achieved by transplanting non-viral 
cationic liposome-mediated VEGF-transfected islets in  
streptozotocin-induced diabetic mice 
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weeks, were purchased from Charles River Tech-
nology (Yokohama, Japan) and fed standard rodent 
chow (PMI Nutrition International, 5L79, St. Louis, 
MO) in sterile cages in a barrier animal facility under 
a 12 h light/dark cycle. Islets were isolated by 
digesting pancreatic tissues with collagenase P 
(Roche, Mannheim, Germany) and purified by Ficoll 
(Sigma, St. Louis, MO) gradient purification and 
cultured free floating in 10 mL of Medium 199 (Gibco, 
Grand Island, NY). Islets were handpicked under an 
inverted microscope under sterile conditions and 
purity was assessed by dithiocarbazone (Sigma, St. 
Louis, MO) staining.

Vector and gene transfection
pJDK control vector and pJDK-hVEGF plasmid
construction
pJDK-control and pJDK-VEGF vector were obtained 
from Dr. D-K Kim (Sungkyunkwan University, Sam-
sung Medical Center) (Byun et al., 2001). The vector 
also contained a hCMV promoter region and the 
kanamycin resistance gene. The size of the pJDK 
control vector was approximately 3.3 kb and the 
hVEGF gene was inserted into a multicloning site 
after digesting pJDK vector with EcoRI restriction 
enzyme. The resulting size of the pJDK-hVEGF pla-
smid was nearly 4 kb. These plasmids were then 
amplified by transformation using DH5α (Yeastern 
Biotech, Taipei, Taiwan) competent cells. Plasmids 
were isolated and amplified using a Plasmid DNA 
purification kit (Qiagen, Valencia, CA).

Reporter gene and transfection efficiency
To evaluate the efficiency of non-viral vectors for 
gene delivery into mouse islets, we used pEGFP-C1 
vector and effectene in combination to transfect mice 
islets. Culture media was then replaced with 1 mL of 
serum free media (OPTI-MEM, Gibco), and  islets 
were transfected with 1 mL of effectene (25 µL)/ 
pEGFP-C1 complexes at 1, 2, 4, 6 and 8 µg DNA 
equivalents, and incubated at 37oC for 12-15 h, and 
analyzed for transfection efficiency by fluorescence 
microscopy. Transfection efficiency was determined 
using enhanced green fluorescent protein (EGFP) 
as a reporter driven by a pEGFP-C1 vector. Trans-
fection efficiency was determined by counting num-
bers of fluorescent and total cells in the same field 
under a light microscope. A minimum of 100 islet 
cells were counted, in triplicate, in each experimental 
group (Young et al., 2002).

Transfection of mice islets with effectene/pJDK
control and effectene/pJDK-hVEGF complexes
Mice islets were then transfected with effectene/ 

pJDK and effectene/pJDK-hVEGF complexes using 
a 4 µg DNA dose equivalent in 1 mL (total 2 mL) of 
modified serum-free medium, and then islets were 
further incubated in a 5% CO2 incubator at 37oC for 
further a minimum of 12 h. 

RNA extraction and RT-PCR for hVEGF-specific  
transgene expression & Northern blot analysis
Total RNA from islet cells transfected for 72 h was 
extracted using Trizol reagent (Invitrogen, CA) ac-
cording to the manufacturer’s instructions. 3 µg of 
extracted RNA was converted to cDNA using M-MLV 
reverse transcriptase reagent and random hexamers 
(Gibco). Approximately, 100 ng of the extracted 
cDNA was amplified by PCR using an universal 
master mix (Bioneer Corporation, Seoul, Korea), 
human VEGF gene specific primers (Forward: 5'- 
cctccaccatgccaagtggt, Reverse: 5'-actccaggccctcg-
tcattg, GI: 19909604) and the primer in pJDK vector 
(Forward: 5'-gctcgtttagtgaaccgtca, Reverse: 5'-atggt-
gatggtgtggtggcg), all were designed using registered 
gene bank sequences.
  Total RNAs (5 µg) were extracted in a single step 
using Trizol reagent (Invitrogen) for Northern blotting, 
as described above. A full-length fragment of human 
VEGF 165 cDNA probe was generated using [α-32P] 
deoxy-cytosine triphosphate (BMS, Seoul, Korea) 
using a random-primed DNA labeling kit (Amersham 
Pharmacia Biotech, Piscataway, NJ). Prehybridi-
zation followed by hybridization was performed at 
42oC for 18 h using 10 mL of the labeled probe in 
hybridization solution in a rotating oven (model MIDI 
Dual 14). Thereafter, the blot was washed 3 × 20 
mins at 50-65oC with 0.2 × sodium chloride-sodium 
citrate containing 5% SDS, and then exposed to a 
film using an intensifying screen at -80oC for 48-72 
h. Lane loading differences were normalized by 
stripping and blots were subsequently rehybridized 
to glyceraldehydes-3-phosphate dehydrogenase 
(GAPDH).

Western blot analysis & ELISA for hVEGF protein  
assay
To verify the production of secreted hVEGF protein, 
mice islets were transduced with VEGF or control 
vector. After transduction for 15 h in 5 mL of serum 
free medium (OPTI-MEM, Gibco), conditioned media 
were replaced with 10 mL of complete medium 
RPMI-1640 (Cambrex, MD). Cells were then cul-
tured for 2 to 3 days in a 5% CO2 incubator at 37oC. 
Cultured medium was then collected and concen-
trated by centrifugation through a membrane con-
centrator. Western blot analysis was performed on 
concentrated media. 1-50 µg of concentrated me-
dium was separated on 10% polyacrylamide gel 
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and blotted onto hybond nitrocellulose membranes 
(Amersham Pharmacia Biotech, Piscataway, NJ), 
which were subsequently probed with human 
anti-VEGF 165 antibody (1:1,000 dilution)(BD Bio-
sciences, San Jose, CA), and then incubated with 
anti-mice IgG conjugated with horseradish pero-
xidase (HRP; 1:2,500 dilution). Protein bands were 
detected using enhanced chemiluminescence West-
ern blotting detection reagents (Amersham Pharm-
acia Biotech). After collecting the supernatants, 
human VEGF protein levels were determined using 
an enzyme-linked immunosorbent assay (R&D Sys-
tems Inc., Minneapolis, MN). Absorbance was mea-
sured at 450 nm using a microplate reader. Each 
sample was tested in duplicate and results represent 
mean values.

In vitro assessments of the viabilities & functions 
of transfected islets
To assess cell viability indirectly, we carried out 
3-[4,5-dimethylthiazol-2-y]-2,5-diphenyltetra-zolium 
bromide (MTT) assays as described previously 
(Bank, 1987) and acridine orange (0.67 µmol/L) and 
propidium iodide (75 µmol/L) (AO/PI) staining to 
visualize living and dead islet cells simultaneously. 
To assess the insulin secretory function of mice 
islets after transfection with effectene/pJDK or ef-
fectene/pJDK-VEGF complexes, transfection media 
were removed by centrifugation at 1,500 rpm and 
isolated islets were re-incubated at 37oC for 1 h in 
KRBB solution containing low (3.33 mmol/L, basal) 
or high (16.65 mmol/L, stimulated) glucose con-
centrations. The supernatants were then collected 
and analyzed by measuring the amount of secreted 
insulin by radioimmunoassay (LINCO, St. Charles, 
MO). Insulin secretion was expressed as µU/mL and 
the insulin stimulation index (ISI) was defined as the 
ratio of the insulin level at 16.65 mmol/L of glucose 
to that at 3.33 mmol/L of glucose.

Islet transplantation and glucose analysis
Male inbred syngeneic Balb/c mice, aged 10 to 12 
weeks, were used as donors and transplantation 
recipients. Diabetes (as defined as a blood glucose
＞ 16.65 mmol/L) was produced by a single in-
traperitoneal (IP) injection of streptozotocin (STZ) 
(200 mg/kg) (Sigma, St. Louis, MO) 3 to 4 days 
before transplantation. And recipient mice were 
classified into three groups, namely, islet trans-
plantation (IT) without any intervention (IT-alone, 
group 1, n = 8), IT with islets transduced with 
pJDK-control vector (IT-pJDK, group 2, n = 8), and 
IT with islets transduced with pJDK-VEGF vector 
(IT-pJDK-VEGF, group 3, n = 8). 100 medium-sized 

islets were implanted beneath the renal capsule of 
the left kidney in a syngeneic recipient Balb/c mouse 
model. Daily monitoring of body weight was per-
formed to assess animal condition and activity, and 
blood sugar levels were used to assess islet graft 
function. Graft failure was defined as a reversal of 
hyperglycemia (＞11.1 mmol/L) by three consecu-
tive measurements. 30 days after IT, animals were 
fasted overnight and injected i.p. with 50% dextrose 
solution (2 g/kg). Blood glucose levels were then 
measured 0, 30, 60, 90, 120 min later by tail 
snipping. The level of hyperglycemia after graft 
removal (nephrectomy) was used as an indication of 
long-term allograft function (38 days after trans-
plantation). Two of eight mice transplanted with 
pJDK-VEGF transfected islets were observed for 
more than 6 months for long-term glucose tolerance 
evaluation.

Immunohistochemical staining
Tissue samples retrieved 38 days after transplan-
tation were fixed in buffered 10% neutral buffered 
formalin (NBF) and embedded in paraffin. Con-
secutive sections (4 µm thick) of paraffin-embedded 
islet grafts were cut, and immunostained with guinea 
pig anti-insulin (1:500 dilution, DAKO cooporation, 
CA), rabbit anti-human glucagons (1:250 dilution, 
DAKO), or rabbit anti-human somatostatin (1:250 
dilution, DAKO), rabbit anti-human vWF (1:400, DAKO) 
and mouse anti-human VEGF 165 (1:100 dilution, BD 
Biosciences, San Jose, CA) antibodies by using the 
streptavidin-biotin complex (SAB) method, as pre-
viously described (Watanabe et al., 2000), respec-
tively. Another four animals were used for immunohis-
tochemistry assays of islet grafts to evaluate VEGF 
expression at 5 days posttransplantation.

Statistical analysis
Values are expressed as means ± SD and statistical 
significance was calculated using the Student's t 
test. A P-value of ＜ 0.05 was considered to be 
statistically significant. All statistical analyses were 
conducted using PRISM (GraphPad Software Inc, 
San Diego, CA).

Results
VEGF transfection efficiency into mice islets
To evaluate the transfection efficiency of lipid com-
plex mediated gene delivery into mice islets, we 
chose pEGFP-C1 as a reporter gene, and the 
commercially available lipofectAMINE and effectene 
reagents as gene carriers. The transfection effi-
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ciency was evaluated using fluorescence micro-
scopy and negligible number of GFP positive cells 
was seen for the islets transfected with 4 µg naked 
pEGFP-C1 without carrier (Figure 1A). At 4 µg DNA 
equivalent per 100 islet cells, 25 µL effectene rea-
gent according to the procedure recommended by 
Qiagen protocol was found to have higher delivery 
efficiency than 20 µL lipofectAMINE (Figure 1B, C) 

and thus, effectene/pEGFP-C1 complexes were used 
to transfect mice islets in vitro. The superior trans-
fection efficiency was not caused by effectene/ 
pEGFP-C1 ratio optimized for effectene but depen-
dent on the amount of gene carrier/plasmid complex 
used for a given number of cells. Highest transfec-
tion efficiency (32.2 ±6.49%, Figure 1D) and func-
tional viability were observed after 12-15 h incuba-
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Figure 1. Fluorescence microscopy of mouse islets trans-
fected with pEGFP-C1 plasmid DNA. (A) Naked DNA 
(pEGFP-C1), mouse islet, (B) LipofectAMINE/pEGFP-C1, 
mouse islet, (C) effectene/pEGFP-C1, mouse islet, (D) 
Transfection efficiency (%) of mouse islet cells transfected 
with 1 mL of effectene/pEGFP-C1 complexes at 1, 2, 4, 6, 
or 8 ug DNA equivalents.

Figure 2. Expression of pJDK-VEGF in mouse islets after 
transfection with pJDK-VEGF. (A) RT-PCR analysis was per-
formed using RNAs obtained from mouse islets. Lane 1: Mock 
(non-transfected) mouse islets, lane 2: pJDK-VEGF transfected 
mouse islets experiments were repeated in triplicate (lane 1-6). 
(B) RT-PCR analysis was performed using RNAs from mouse 
islets. Lane 1: Mock (non-transfected) mouse islets, lane 2: 
pJDK-control transfected mouse islets, lane 3: pJDK-VEGF 
transfected mouse islets. (C) Northern blot analysis was per-
formed using RNAs obtained from mouse islets.
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tion following exposure to a 4 µg/µL-DNA/25 µL effec-
tene mixture (Figure 1D) in three samples of mice islets. 

VEGF production in mice islets
Mouse islets were transduced with pJDK-VEGF 

vector, pJDK-control vector, or mock-treated with a 
vehicle buffer. 12-15 h after transduction the con-
ditioned serum free media were replaced, and the 
transduced cells were cultured for a further day. To 
determine the RNA level of human VEGF 165, we 
employed reverse transcription polymerase chain 
reaction (RT-PCR) and Northern blotting (Figure 2). 
RNA was assayed for VEGF transcription by 
RT-PCR and showed a high level of human VEGF in 
mice islets transduced with pJDK-VEGF vectors 
(Figure 2A, B). Each Northern blotting was repeated 
at least three times, and similar results were ob-
tained; a representative blot from each of these 
experiments was used to produce the figures. The 
transcribed VEGF RNA levels of pJDK-VEGF trans-
fected cells were 3-fold higher than in pJDK- 
transfected cells (Figure 2C).
  hVEGF protein was also overexpressed in pJDK- 
VEGF gene transfected cells (Figure 3A). Cultured 
media were collected to determine VEGF concen-
trations using human VEGF ELISA. The level of 
transfection used, 1.19 ± 0.67 ng/mL of immuno-
reactive VEGF 165 protein was detected in the 
conditioned media of pJDK-VEGF vector transduced 
mice islets in three samples of mice islets. In 
contrast, VEGF 165 was undetectable in the media 
of mock or control vector (pJDK) transduced islets 
(Figure 3B). 

Viability & function of transfected mice islets
Mouse islet cytotoxicities were assessed by MTT 
assay and by acridine orange (0.67 µmol/L) and 
propidium iodide (75 µmol/L) (AO/PI) (Sigma) stain-

Figure 3. Expression of hVEGF 165 in mouse islets transfected with 
pJDK-control or pJDK-VEGF vectors. (A) Western blot analysis of VEGF 
expression in mouse islets. Lane 1: Mock (non-transfected) mouse is-
lets, lane 2: pJDK-VEGF transfected mouse islets; experiments were 
performed in duplicate (lane 1-4). (B) Conditioned media were collected 
from mouse islets, recombinant hVEGF ELISA kits were used to de-
termine secreted VEGF levels. **P＜ 0.01 vs mock and pJDK.
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Figure 4. Cell Viability. (A) Cytotoxicity of mouse islets was assessed by MTT 
assay. ***P＜ 0.001 vs pJDK and pJDK-VEGF, **P＜ 0.01 vs pJDK-VEGF. 
(B) AO/PI stained mouse islets a, mock; b, pJDK-control transfected; c, 
pJDK-VEGF transfected. (C) Glucose-stimulated insulin release. white bar; 
basal (3.3 mmol/L glucose), black bar; stimulated with 16.65 mmol/L of 
glucose.
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ing. The MTT assay results in three samples of mice 
islets showed viabilities of 89.3 ± 0.72, 58.07 ± 
2.55, and 67.77 ± 1.60 (%) for islets transduced with 
mock-treated, pJDK-control vector, and pJDK-VEGF 
vector, respectively. The viabilities of both trans-

duced cells were similarly reduced by approxi-
mately 20-30% (Figure 4A), but the viability of VEGF 
transduced cells tended to be slightly higher than 
that of pJDK control vector transduced cells. As 
shown in Figure 4B, effectene/plasmid complexes 

Figure 5. Islet transplantation and glucose analysis. (A) Mouse body weights over the 42 days following transplantation. (B) 42 days daily glucose test 
results. (C) Long-term glucose monitoring of mice transplanted with pJDK-VEGF transfected islets. (D) Glucose tolerance test; 50% dextrose was in-
jected Intraperitoneal and serum glucose levels were determined at 0, 30, 60, 90, and 120 min.
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were slightly toxic to mice islets. The obtained re-
sults provided supportive evidence of the cytoto-
xicity of effectene/plasmid complexes to islet cells. 
As shown Figure 4C, the basal rate of insulin secre-
tion from mice islets transfected with effectene/ 
pJDK-VEGF complexes starved in low glucose (3.3 
mmol/L) was 4.39 ± 1.74 µU/mL, but this increased 
to 7.58 ± 0.31 µU/mL in high glucose (16.65 mmol/L). 
Similarly, insulin secretion from non-transfected 
control islets and effectene/pJDK transfected islets 
increased from 5.89 ± 1.61 to 13.99 ± 6.75 µU/mL 
and from 3.32 ± 0.34 to 11.07 ± 3.59 µU/mL in 
response to glucose stimulation, respectively. The 
insulin stimulation indexes (ISI, %) defined as the 
ratio % of insulin level at 16.65 mmol/L (stimulated) 
to that at 3.3 mmol/L (basal) were 237.5, 333.4, and 
172.7 (%) for non-transfected mouse control, 
effectene/pJDK transfected, and effectene/pJDK- 
VEGF transfected islets, respectively (Figure 4C). 
As compared with non-transfected control mouse 
islets (5.89 ± 1.61), basal insulin secretion was 
slightly lower in both transfected groups (3.32 ±

0.34 and 4.39 ± 1.74 µU/mL). This results suggests 
that transfection with effectene/pJDK-VEGF 
complexes has a somewhat adverse effect on islet 
cell physiological response to glucose challenge.

Islet transplantation
We divided mice into three experimental groups; the 
IT-alone (group 1, n = 8), the IT-pJDK (group 2, n =
8), and the IT-pJDK-VEGF group (group 3, n = 8). 
To examine the effect of elevated VEGF production 
in islet cells on glycemic control, hand picked 
syngeneic Balb/c 100 IEQ were transplanted into 
STZ-induced diabetic Balb/c mice under the renal 
capsule. The body weights of the IT-pJDK-VEGF 
group were found to recover to the pre-STZ injection 
level after islet transplantation (Figure 5A). Their 
behavioral activities also appeared normal. More-
over, IT-pJDK-VEGF group animals significantly 
showed non-diabetic glucose level from the third day 
after islet transplantation and remained euglycemic 
throughout more than 6-month observation period 
(Figure 5B, C). And the blood glucose level of the 
IT-alone, IT-pJDK, and IT-pJDK-VEGF groups was 
19.43 ± 6.93, 26.45 ± 3.49, and 5.47 ± 0.61 mmol/L 
on 38 days after transplantation, respectively (P ＜
0.0001). In contrast, the IT group and the IT-pJDK 
group showed significantly elevated glucose levels 3 
days after islet transplantation. In addition, glucose 
tolerance tests were performed 30 days after islet 
transplantation. After injecting 50% dextrose by i.p. 
infusion, we observed the glucose metabolisms of 
mice for 2 h and found marked differences between 
the three groups. The pJDK-VEGF group returned to 

normoglycemia within 2 h after a 50% dextrose 
infusion, whereas animals in the other two groups 
maintained a hyperglycemic status throughout the 2 
h experiment (Figure 5D).

Histological analysis of islet grafts function and re-
vascularization
To study the effects of graft revascularization on islet 
survival, grafts were removed (nephrectomy) from 
diabetic recipient mice ac 38 days posttransplanta-
tion, and islet grafts were retrieved and compared 
with respect to islet secretory function and extent of 
islet revascularization. Elevated concentrations of 
vascular vessels, accompanied by intact grafted 
islets were observed in mice transplanted with 
pJDK-VEGF transfected islets underneath the renal 
capsule (Figure 6B). However, islet grafts in the 
IT-alone group failed to induce new vessel formation 
in engrafted sites (Figure 6A). We also used an 
immunochemical technique using insulin, glucagon, 
and somatostatin antibodies to stain islet grafts, and 
found that renal capsules containing the pJDK- 
VEGF-transfected islets displayed significantly high-
er insulin levels than IT-alone renal capsules (Figure 
6C, D). Glucagon (Figure 6E, F) and somatostatin 
(data was not shown) secretion was also active in 
mice that received pJDK-VEGF transfected islets. 
Moreover, this quantitative difference in insulin 
content in kidney capsules between the groups of 
diabetic recipient mice correlated closely with their 
blood glucose profiles by glucose tolerance testing 
(Figure 5D). The revascularization extent of trans-
planted islets was determined by performing im-
munohistochemistry for the endothelial marker von 
Willebrand Factor (vWF). As shown in Figure 7A, B, 
diabetic animals treated by pJDK-VEGF gene 
transfection expressed vWF extensively throughout 
the whole islet graft compared with animals in the 
IT-alone group. To confirm VEGF 165 expression, 
islet grafts from individual diabetic recipient mice 
were examined after immunostaining with mouse 
anti-human VEGF 165 antibody. VEGF expression 
was found to be weakly distributed throughout 
grafted islet tissue retrieved 38 days after trans-
plantation, but no difference was observed between 
the VEGF-treated and non-treated groups. At 5 days 
after IT, more positive immunostaining for VEGF 165 
was found in mice that received pJDK-VEGF islets 
transplantation (Figure 7C, D).

Discussion
Successful islet transplantation is dependent on 
sufficient islet mass, stable engraftment, and on the 
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prevention of rejection (Boker et al., 2001; Steven et 
al., 2001; Kim, 2004; Robertson, 2004). Unlike 
allogenic islet transplantation where islets are trans-
planted from an unrelated individual to a member of 
the same species, and which requires immuno-
suppressive treatment, autologous islet recipients 
transplanted with ＞ 250,000 islets can achieve a 
stable euglycemic state (70-80%) (Boker et al., 
2001; Lee et al., 2005) and thus this is considered to 
be an ideal model type for studying islet engraft-
ment. However, it is likely that no more than 30% of 
the transplanted islet cell mass becomes engrafted 
in type 1 diabetic recipients, though they ultimately 
compose about 50% of the beta cell mass present in 
a normal individual (Davalli et al., 1995). Moreover, 

hypoxic damage and cytokine-mediated nonspecific 
injury to islets may play important roles in inade-
quate islet engraftment (Carlsson et al., 2000; Boker 
et al., 2001; Carlsson et al., 2002; Mattsson et al., 
2002). 
  In order to minimize this hypoxic damage and thus 
achieve clinical applicable islet autotransplantation, 
we designed this study based on the presumption 
that a non-viral vector could be used in islet cells, 
and that a successful islet engraftment rate could be 
achieved in a VEGF-rich microcellular environment. 
Previous studies have demonstrated that islets 
pre-exposed to VEGF protein in vitro before trans-
plantation showed no survival gain, thus indicating 
that VEGF is directly involved and that it must be 

Figure 6. Histologic analysis for hormone secretion of islet grafts. Islet grafts retrieved from mock (non-transfected) treated mice (A, C, E) and from 
pJDK-VEGF transfected mice (B, D, F) were evaluated histologically for evidence of revascularization and hormonal secretory function 38 days after islet 
transplantation. Islet grafts stained with H&E (A and B, × 200), anti-insulin (C and D, × 40), and anti-glucagon (E and F, × 40), respectively. Elevated 
concentrations of new vessels with intact grafted islets and increased insulin and glucagon content were found in the islet grafts of pJDK-VEGF trans-
fected mice.
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secreted continuously during islet engraftment 
(Lakey et al., 1998; Kim et al., 2003; Mahato et al., 
2003). An optimistic in vivo result was obtained by 
transplanting VEGF gene adenovirus-vector trans-
fected islet cells in diabetic mice (Zhang et al., 
2004). However, the use of viral vectors as the 
transfection reagent has some disadvantages in 
terms of clinical applications, i.e., they may induce 
host immunogenicity and permanent chromosomal 
damage. Other non-viral gene delivery system of 
cationic lipid reagents or polymeric carriers has 
disadvantages in terms of lower gene delivery effi-
ciency. The earlier reports (Mahato et al., 2003; 
Narang et al., 2004) using commercially available 
liposomal and polymeric carries, lipofectAMINE and 
superfect respectively, indicated that the much 
higher transfection efficiency was noticed for the 
cells transfected with lipofectAMINE/pCMS-EGFP 

complexes compared to the cells transfected with 
superfect/pCMS-EGFP complexes in dividing Jurkat 
cells. In contrast to the efficient transfection in 
dividing Jurkat cells, transfection efficiency into 
non-dividing human islets was low and dependent 
on the incubation period of the islets with the 
lipofectAMINE/pCMS at 4 µg DNA equivalent. And 
optimal incubation period was approx. 12 h. In this 
study, we chose effectene/pEGFP-C1 complexes to 
accommodate these problems and found that this 
reagent enabled VEGF expression in mice islet cells, 
thus we maximized about 30% efficiency of this 
process by modifying conditions and successfully 
increased VEGF gene expression (Figure 1-3) with 
optimal condition at 4 µg/µL cDNA and 25 µL 
effectene. Though effectene reagent had higher 
delivery efficiency than lipofectAMINE (Figure 1B, 
C), more elegant experimental protocols should be 

Figure 7. Immunohistochemistry for islet revascularization. Islet grafts retrieved from mock (non-transfected) treated mice (A, C) and 
from pJDK-VEGF transfected mice (B, D) were evaluated for revascularization. Extensive vascularization marker (von Willebrand factor) 
was observed in islet grafts from pJDK-VEGF transfected mice at 38 days after islet transplantation (B, × 200). However, VEGF 165 
immunostaining was more intense in the VEGF transfected islet grafts (C and  D, × 200) 5 days after islet transplantation.
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done to verify the superiority of effectene as cationic 
lipid reagent focused on non-dividing mice/human 
islets and vector usage. And attempts should be 
made to improve the trasnfection efficiency of 
lipid/pDNA complexes into human islets. Interes-
tingly, VEGF-gene transfected islets appeared heal-
thier than control vector transfected islets by AO/PI 
staining (Figure 4), suggesting that VEGF not only 
promotes vascularization but also may protect islets 
from the adverse effects of gene transfection. 
Moreover, many angiogenic effects of VEGF have 
been linked to signaling through phosphatidyl- 
inositol 3-kinase (PI3K) and the increased expres-
sion of Bcl-2 (Cai et al., 2003) and several other 
antiapoptotic genes such as survivin and Cox-2 
(Adini et al., 2003). Further studies are needed to 
clarify the islet-protective effect of VEGF. On the 
other hand, the IT-alone and the IT-pJDK groups 
failed to control hyperglycemia, although the mean 
blood glucose level in the IT-pJDK group was higher 
than in the IT-alone group. This may have been due 
to cell injury resulting from the pJDK-control vector 
transfection and probably reflected the in vitro 
viability of islets. Moreover, plasmid DNA has been 
known to elicit immune responses that can be 
enhanced by the liposome-induced induction of 
pro-inflammatory cytokines (Tousignant et al., 2000).
  To determine the minimal islet numbers required to 
overcome hyperglycemia after islet transplantation, 
diabetic Balb/c mice produced by a single intra-
peritoneal injection of streptozotocin (200 mg/kg) 
were transplanted with 300, 200, or 100 IEQ, 
respectively, and 10%, 50%, and 90% of recipients, 
respectively, remained hyperglycemic after islet 
transplantation (data not shown). Thus, we implant-
ed 100 medium-sized islets beneath the renal 
capsule of the left kidney in a syngeneic recipient 
Balb/c mice model. Graft VEGF gene transfected 
animals (100 IEQ + pJDK-VEGF) showed favorable 
effects in terms of body weight and glycemic control. 
A histologic examination of the islet grafts showed 
greater total islet volume, intensity of insulin staining, 
and a greater degree of vascularization in the VEGF 
treated group than in the other two groups. Depend-
ing on the previous data (Watanabe et al., 2000), 
staining with PECAM-1 (CD-31) would be better as a 
microvessel maker due to its lower background 
level. And transplanted islets usually show stronger 
vWF staining than those in the normal pancreas.
  These beneficial effects on hyperglycemia and 
weight gain suggest that the restoration of VEGF 
production in islet grafts enhances islet revas-
cularization that enhances islet early engraftment 
and survival, which in turn improves glycemic control 
in diabetic recipient mice. And another possible 
minor mechanism involves the induction of anti-

apoptotic genes and their effects on islet mass and 
function maintenance (Adini et al., 2003; Cai et al., 
2003).
  Moreover, although we found that the transplan-
tation of non-viral cationic liposome-mediated VEGF- 
transfected islets was highly effective at achieving 
glycemic control in STZ-induced diabetic mice, 
several questions remain to be addressed. One 
concern that should be considered in transfected 
cells in the case of liposome-mediated delivery 
involves the spontaneous integration of plasmid 
DNA due to non-integrative or episomal plasmids. 
Another concern involves the long-term side effects 
of VEGF, which has an important role in the 
pathogenesis of vascular complications in diabetes 
such as retinopathy (Miller et al., 1997). Moreover, 
long-term monitoring for neovascularization is 
required to determine the effect of VEGF levels on 
other tissues especially diabetic retina. However, 
non-viral cationic liposome-mediated transfection 
may have advantages in this regard, as liposomes 
are only able to promote transient gene expression. 
In this study we were unable to find evidence of 
VEGF in the systemic circulation or of it having any 
clinical side effect in the VEGF-treated group.
  In conclusion, we successfully transferred the 
hVEGF gene to non-dividing islets using a non-viral 
cationic lipid reagent. VEGF transfection produced 
the hopes for beneficial effects by controlling hy-
perglycemia via the transplantation of a relatively 
small number of islets.
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