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As many as 2000 IEQs (islet equivalent) of encapsu-
lated human islets are required to normalize glucose
levels in diabetic mice. To reduce this number, encap-
sulated islets were exposed to 100 lM desferrioxamine
(DFO) prior to transplantation. Cell viability, glucose-
induced insulin secretion, VEGF (Vascular endothelial
growth factor), HIF-1a (Hypoxia inducible factor-1 al-
pha), caspase-3 and caspase-8 levels were assessed
after exposure to DFO for 12, 24 or 72 h. Subsequently,
1000, 750 or 500 encapsulated IEQs were infused into
peritoneal cavity of diabetic mice after 24 h exposure
to DFO. Neither viability nor function in vitro was af-
fected by DFO, and levels of caspase-3 and caspase-
8 were unchanged. DFO significantly enhanced VEGF
secretion by 1.6- and 2.5-fold at 24 and 72 h, respec-
tively, with a concomitant increase in HIF-1a levels.
Euglycemia was achieved in 100% mice receiving 1000
preconditioned IEQs, as compared to only 36% receiv-
ing unconditioned IEQs (p < 0.001). Similarly, with 750
IEQ, euglycemia was achieved in 50% mice receiving
preconditioned islets as compared to 10% receiving
unconditioned islets (p = 0.049). Mice receiving pre-
conditioned islets had lower glucose levels than those
receiving unconditioned islets. In summary, DFO treat-
ment enhances HIF-1a and VEGF expression in encap-
sulated human islets and improves their ability to func-
tion when transplanted.
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Introduction

Microencapsulating human islets is a means being ex-
plored to overcome the immune mediated rejection of the
graft without toxic immunosuppression. Recently, phase 1
clinical trials using calcium alginate-poly-L-ornithine (1) and
barium alginate microcapsules (2) showed that allografting
of microencapsulated human islets is safe although only
a minor clinical benefit was observed. Many factors in-
fluence the survival and function of encapsulated human
islets, with hypoxia representing one of the major limiting
factors for graft survival (3).

Native human islets reside in a microenvironment supplied
with a dense network of capillaries thereby enjoying ample
blood supply, oxygen (pO2 of 40 mmHg) and abundant nu-
trients (4). However, the capillary networks are destroyed
during the isolation process and the islets suffer from posti-
solation hypoxic stress (5). Further, transplanted islets suf-
fer from hypoxia in the immediate posttransplantation pe-
riod (with mean pO2 of 5–10 mmHg) until revascularization
occurs during the next fortnight, leading to reperfusion in-
jury and cell death (5). Furthermore, microcapsules prevent
the revascularization process thereby subjecting the islets
to further hypoxic stress. This hampers the ability of the
microencapsulated islets to function. To improve their ef-
ficiency, novel strategies are required to protect the islets
from hypoxia induced oxidative stress.

Several strategies have been explored to enhance vascular-
ization and minimize hypoxic stress to prevent apoptosis in
the immediate posttransplantation period with both encap-
sulated and nonencapsulated human islets. These include
prevascularization (6,7), heat shock (8), ischaemic precon-
ditioning (9), stimulation of Bcl-2/Bcl-xl complex (10,11), X-
linked inhibitor of apoptosis protein (XIAP) overexpression
(12), inhibition of cellular FLICE inhibitory protein (cFLIP)
(13) and A20 activation (14,15). None of the above strate-
gies has been tried with microencapsulated human islets.
We hypothesized that a combination of the above strate-
gies, particularly ischemic preconditioning and enhanced
VEGF expression would be beneficial.

Desferrioxamine (DFO), an iron chelator, induces VEGF
expression in ß (16) and non-b cells, and protects them
against oxidative stress and activated macrophages (17–
19). Preconditioning with DFO stabilizes HIF-1a and pro-
tects neuronal cells against cytokine mediated cell death
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(20). In vivo DFO also has benefits and treatment of dia-
betic mice allografted with islets results in less graft rejec-
tion (21,22). Further, preconditioning of human islets with
DFO reduces the number of islets needed to achieve nor-
moglycemia in diabetic immunodeficient mice (23). How-
ever, there are no reports investigating the effect of DFO
on encapsulated human islets. Therefore, the aim of this
study was to investigate the effects of DFO on microen-
capsulated human islets both in vitro and in vivo.

Materials and Methods

Human islet isolation and shipment

Human islets were isolated from pancreases of brain dead cadaveric mul-
tiorgan donors (n = 3) at the Cell Isolation laboratory of the University of
Illinois at Chicago, USA. Briefly, the human islets were isolated by diges-
tion with SERVA Collagenase NB 1 (Nordmark, Germany) using the method
described previously (24). The isolated islets were then cultured in sup-
plemented CMRL-1066 media (Mediatech, Herndon, VA) containing 1.5%
human albumin for 1–2 days before being shipped to Sydney using a com-
mercial courier service. The islets were then cultured for a day before being
encapsulated. All the procedures regarding obtaining human islets were
approved by the Institution’s Human Research Ethics Committee.

Encapsulation

The cultured human islets were pooled together and washed in 0.9% NaCl.
The human islets were then suspended in highly purified 2.2% alginate
(60:40 guluronic: mannuronic acid, UPMVG PRONOVA, FMC Biopolymer)
solution in 1:8 ratio. The microcapsule formation was carried out in an air-
driven droplet generator (Steinau, Berlin, Germany) as described previously
(25). The microencapsulated human islets were then cultured for a day in
CMRL-1066 media prior to in vitro or transplantation studies.

DFO treatment

For all the in vitro studies, 1000 IEQs of encapsulated human islets were
cultured in CMRL-1066 media containing 100 lM DFO for 12, 24 or 72 h.
For the in vivo studies different IEQs of encapsulated human islets were
preconditioned with 100 lM DFO for 24 h and subsequently transplanted
the following day into the peritoneal cavity of diabetic NOD/SCID (Nonobese
Diabetic/Severe Combined Immunodeficiency) mice.

Viability

Viability of encapsulated human islets cultured in CMRL-1066 media
with/without 100 lM DFO was assessed using the fluorescent dyes 6-
carboxyfluorescein diacetate (6-CFDA; Sigma, St. Louis, MO) and propidium
iodide (PI; Sigma). The percentage of green (live cells) to red (dead cells)
fluorescence was assessed to evaluate the viability (n = 100, for each time
point and preparation). Samples were analyzed under a Zeiss-Axioskop 2
microscope using Axiovision LE software.

Insulin secretion and content

Aliquots of encapsulated human islets from each preparation treated
with/without DFO for 24 and 72 h were exposed to either 2.8 mM glu-
cose (basal, n = 3) or 20 mM glucose (stimulus, n = 3) for one hour at
37◦C with gentle agitation. After 1 h, the supernatant was collected and hu-
man insulin measured by radioimmunoassay (RIA; Linco, St. Charles, MO).
The remaining pellet was washed in Hanks Balanced Salt solution (HBSS)
solution followed by addition of cold acid ethanol and vortexed vigorously
to enhance cell lysis. The cell extract was kept at 4◦C overnight and the
supernatant collected the following day for measuring insulin content by
RIA.

Intracellular ATP measurement

Aliquots of encapsulated human islets from each preparation treated
with/without DFO for 24 h were exposed to either 2.8 mM glucose (basal,
n = 3) or 20 mM glucose (stimulus, n = 3) for one hour at 37◦C with gentle
agitation. Thereafter the encapsulated islets were decapsulated (50 mM
EDTA and 10 mM HEPES in PBS) and immediately placed on ice. The cells
were then washed twice with ice-cold PBS and lysed. ATP was measured
using the luminescence ATP detection assay system (ATPlite, PerkinElmer,
Norwalk, CT) following the manufacturer’s protocol.

Gene expression

For the gene expression studies 1000 IEQs of encapsulated human islets
were cultured with/without DFO for 12, 24 and 72 h. At each time point, the
encapsulated islets were decapsulated and RNA was extracted using the
RNeasy mini kits (Qiagen, Hilden, Germany). The cDNA was prepared using
the SuperScript III First-Strand Synthesis System and random hexamers
(Invitrogen Corporation). Gene expression was determined by real time
PCR as described previously (26). Briefly, for each reaction 2 lL of diluted
cDNA, 10 lL of SYBR green master mix, 0.15 lL of 10 lM forward and
reverse primers and 7.7 lL of nuclease-free water was used making a total
volume of 20 lL. Q-PCR was carried out using the Mx3500P Real-Time
PCR system (Stratagene, NSW, Australia). The relative expression levels of
HIF-1a and VEGF were calculated using a mathematical model (27) based
on the individual Q-PCR primer efficiencies and the quantified values were
normalized against the housekeeping gene 18S. The primer sequences
were:

18S: 5’-GTTCCGACCATAAACGATGC-3’ (forward),
5’-AACCAGACAAATCGCTCCAC-3’ (reverse),
HIF-1a: 5’-TCCAGTTACGTTCCTTCGATCA-3’ (forward)
5’-TTTGAGGACTTGCGCTTTCA-3’ (reverse),
VEGF: 5’-GCCTTGCTGCTCTACCTCCA-3’ (forward),
5’-CAAGGCCCACAGGGATTTT-3’ (reverse)

Enzyme linked immunosorbent assay (ELISA)

1000 IEQs of encapsulated human islets treated with/without DFO were
cultured for 12, 24 and 72 h. VEGF ELISA was performed on culture su-
pernatant in duplicates using a Quantikine VEGF ELSIA kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instructions. Briefly, 200
lL of the culture supernatants was added to the wells and incubated for 2
h at 37◦C. The plate was washed with 400 lL wash buffer twice and 200
lL VEGF conjugate added followed by incubation for 2 h. After the addition
of substrate and stop solution, the optical density was determined using a
microplate reader (Bio Rad 680 XR, Australia) at 450 nm with wavelength
correction of 570 nm.

Western blots

2000 IEQs of encapsulated human islets treated with/without DFO for 12,
24 and 72 h were decapsulated and the human islets lysed using the cold
lysis buffer (10 mM Tris, 10 mM NaH2PO4/Na2HPO4, 130 mM NaCl, 1%
Triton-X100, and 10 mM sodium pyrophosphate) supplemented with pro-
tease inhibitors. The protein concentrations were determined using the
Bradford method (Bio-Rad, Alfred Nobel Drive, Hercules, CA). Equal amount
of protein were then loaded on 10% Ready Gel TrisHCl gels (Bio-Rad, Aus-
tralia), separated and then transferred to a nitrocellulose membrane (Bio-
Rad). The membrane was then blocked for 1 h and then incubated with
primary antibodies overnight at 4◦C. The membranes were then washed
with Tris-buffered saline containing tween [10 mmol/L Tris, 140 mmol/L
NaCl, 0.02% Tween 20 (pH 7.6)] and probed with corresponding secondary
antibody (1:500) for 1 h at room temperature. Proteins were detected using
an ECL Plus western blotting detection system (Amersham Biosciences,
Piscataway, NJ). The primary antibodies used in this study were the rabbit
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anti-HIF-1a antibody (1:1000, Novus biologicals, USA), rabbit anti-Caspase-8
(1:2000, Millipore, Billerica, MA), mouse anti-Caspase-3 (1:1000, Cell Signal-
ing, Danvers, MA) and rabbit anti-human actin (1:5000, Sigma Aldrich). The
secondary antibodies were polyclonal goat anti-rabbit Ig/HRP and polyclonal
goat anti-mouse Ig/HRP (1:5000, both from Dako).

Transplantation of microencapsulated human islets

Male NOD/SCID mice (6–8 weeks) were made diabetic by three consecu-
tive intraperitoneal injections of streptozotocin (70 mg/kg) (Alexis Biochem-
icals, Australia). Animals with three consecutive blood glucose levels >12
mmol/L were considered diabetic and used for the study. Briefly, the mice
were anaesthetized with pentobarbitone (65 mg/kg) and the encapsulated
human islets preconditioned with/without 100 lM DFO were injected into
the peritoneal cavity using a 20-gauge catheter. Mice were transplanted
with 10 000, 5000, 3000, 2000, 1000, 750 or 500 encapsulated IEQs. All
the procedures involving the mice were approved by the Institution’s Animal
Care and Ethics Committee.

Oral glucose tolerance test

Animals were considered normoglycemic if three consecutive random
BGLs (blood glucose levels) were <6 mmol/L. Once normoglycemia was
achieved, an oral glucose tolerance test (OGTT) was performed. For this,
the mice were fasted overnight followed by an oral glucose gavage (3 mg/g
of 300 mg/mL glucose solution) and BGLs were measured at 0, 20, 40, 60
and 120 min after glucose administration. OGTTs also were carried out on
diabetic and nondiabetic control NOD/SCID mice.

Immunohistochemistry

The encapsulated human islets pretreated with/without DFO were retrieved
from diabetic NOD/SCID mice, which became normoglycemic at 60 days
posttransplantation. The retrieved capsules were washed twice in PBS,
fixed in buffered formalin and embedded in paraffin blocks. The blocks
were sectioned at 5 lm intervals and examined by hematoxylin-eosin (H&E)
staining to assess graft vascularization.

Statistical analysis

All values were expressed as mean ± SEM. The statistical software NCSS97
was used to perform the analysis of data. One-way analysis of variance and
Duncan’s multiple comparison tests were used to compare data among
groups, and Student’s t-test between the groups. Kaplan–Meier analysis
was used to compare the survival curves between the treated and non-
treated groups. The results were considered significant when p-values were
<0.05.

Results

DFO did not affect the viability of encapsulated islets

To study the effect of DFO on islet survival, human islets
were treated with DFO and the viability assessed. Treat-
ment with 100 lM DFO for 12, 24 and 72 h did not affect
the viability of encapsulated human islets. As seen in Fig-
ure 1 the islet viability in the DFO treatment and control
groups was similar at 12, 24 and 72 h. On the other hand,
treatment with a higher concentration of DFO, 1000 lM,
was toxic to the islets with a significant decrease in the
viability by 24 h (data not shown).

DFO treatment did not activate the apoptotic cascade

Caspases or cysteine-aspartic proteases (cysteine pro-
teases) are essential in cells for apoptosis or programmed

Figure 1: Viability of encapsulated human islets was not af-

fected by treatment with DFO as measured by CFDA and PI

staining; DFO treatment vs. Control: after 12 h (72.8 ± 1.1 vs.
74.1 ± 0.8%), 24 h (72.9 ± 1.1 vs. 73.3 ± 0.8%) and 72 h (71.9 ±
1.2 vs. 69.9 ± 1.1%), Values are mean ± SEM, p > 0.05, (n = 3).

cell death, necrosis and inflammation. The caspases are
regulated at the posttranslational level and are synthe-
sized as inactive procaspases or initiator caspases which
then activate the effector caspases thereby triggering the
apoptotic process (28). To investigate whether DFO (100
lM) treatment triggered the apoptotic pathway in encap-
sulated human islets; we measured the levels of initiator
caspase (Caspase-8) and also the levels of effector cas-
pase (Caspase-3) by Western blot at 12, 24 and 72 h. As
seen from Figure 2A and B, there was no significant up-
regulation in the levels of either caspase-8 or caspase-3
in the DFO treated groups compared to the controls. This

Figure 2: DFO treatment did not activate the apoptotic cas-

cade. DFO treatment of encapsulated islets for 12, 24 and 72 h in-
creased neither the proapoptotic nor apoptotic markers caspase-8
(A) and caspase-3 (B) levels, respectively as measured by Western
blots. Representative of three independent experiments (n = 3).
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Figure 3: DFO treatment increased VEGF expression. (A) DFO
treatment significantly enhanced VEGF protein expression at 24 h
(1.6-fold, ∗p < 0.05) and 72 h (2.5-fold, ∗∗p < 0.01) and gene
expression at 24 h (2.4-fold, ∗p < 0.05) and 72 h (3-fold, ∗∗p <

0.01); but not at 12 h. Protein expression was measured by ELISA,
and gene expression by real-time PCR. Values are mean ± SEM
(n = 3).

suggests that DFO treatment was not toxic to the islets at
the dosage used in this study.

DFO treatment increased VEGF expression

DFO treatment enhances VEGF secretion in the Rinm5F
cell line and in rat pancreatic islets (16), but there are no
reports on its effect on human islets. Accordingly, encap-
sulated human islets were treated with DFO for 12, 24
and 72 h and the VEGF gene and protein expression mea-
sured. As shown in Figure 3A, DFO treatment significantly
enhanced VEGF secretion at 24 h by 1.6-fold: DFO 1.28 ±
0.16 versus control 0.78 ± 0.14 pg/IEQ (p < 0.05) and at
72 h by 2.5-fold: DFO 1.40 ± 0.13 versus control 0.57 ±
0.04 pg/IEQ (p < 0.01) respectively. However there was
no significant increase in VEGF expression after 12 h of
treatment: DFO 0.81 ± 0.11 versus control 0.63 ± 0.16
pg/IEQ (p > 0.05). Consistent with the increase in levels
of protein there was a significant increase in VEGF mRNA
levels at 24 h and 72 h after DFO treatment by 2.4-fold
(DFO 1.95 ± 0.22 vs. control 0.8 ± 0.18, p < 0.05) and
3-fold (DFO 2.45 ± 0.28 vs. control 0.81 ± 0.2, p < 0.01),
respectively but not at 12 h, Figure 3B.

DFO enhanced HIF-1a expression

DFO has been shown to increase HIF-1a levels (23) and
reduce free radical mediated cell injury in insulin produc-
ing cells (17–19). This beneficial effect of DFO can be
attributed to its ischemic preconditioning properties as a

Figure 4: DFO enhanced HIF-1a expression. (A) Nuclear ex-
tracts of encapsulated human islets treated with/without DFO
for 12, 24 and 72 h. DFO treatment significantly enhanced HIF-1a
protein at all time points as measured by Western blots. Rep-
resentative of three independent experiments (n = 3). B) DFO
treatment for 12, 24 and 72 h did not enhance the expression of
the HIF-1a gene levels as quantified by real-time PCR. Values are
mean ± SEM, p > 0.05, (n = 3).

hypoxic mimetic pharmacological agent. So, to determine
whether DFO treatment affected HIF-1a expression in en-
capsulated human islets, they were treated with 100 lM
DFO for 12, 24 and 72 h and the HIF-1a gene and protein
levels measured by real-time PCR and western blots re-
spectively. As shown in Figure 4A, DFO treatment for 12,
24 and 72 h significantly induced HIF-1a expression in the
encapsulated human islets. However, there was no corre-
sponding increase in gene expression levels (Figure 4B),
a phenomenon described previously (29). DFO is acting
to stabilize expression of HIF-1a, rather than increasing its
transcription or translation.

DFO enhanced insulin secretion

Based on the above data, it seemed DFO pretreatment be-
gan to exert its full effect on encapsulated islets only from
24 h. Accordingly, glucose-induced insulin secretion was
examined from this time. At 24 h but not 72 h, DFO pre-
treatment significantly enhanced both basal and glucose-
induced insulin secretion compared to controls by 1.3- and
1.4-fold respectively (Figure 5). At both times, the treated
islets remained responsive to glucose. The increase in both
the basal and glucose-induced insulin secretion at 24 h was
accompanied by a corresponding increase in the intracel-
lular ATP concentration by 1.7- and 2.1-fold, respectively
(Figure 6).

Minimal number of encapsulated islets required to

achieve normoglycemia

Transplantation of large number of encapsulated untreated
human islets was performed initially to determine the
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Figure 5: DFO treatment enhanced insulin secretion. Effect of
DFO treatment for 24 (A) and 72 h (B) on basal (2.8 mM) and
glucose-stimulated (20 mM) insulin secretion as measured by ra-
dioimmunoassay. Values are mean ± SEM, ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, (n = 3).

minimum number of islets required to normalize blood glu-
cose levels. Accordingly diabetic mice were transplanted
with 10 000, 5000, 3000, 2000 and 1000 IEQs, respec-
tively. All the mice transplanted with 2000–10 000, but
not 1000 IEQs became normoglycemic 3.6 ± 0.8 days
posttransplantation (range 2–5 days). Blood glucose levels

Figure 6: DFO treatment increased intracellular ATP content.

DFO treatment for 24 h increased the intracellular ATP concentra-
tion at both low (2.8 mM) and high glucose (20 mM) concentra-
tions, as measured by luminescence. Values are mean ± SEM,
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, (n = 3).

declined from 21.3 ± 0.6 to 4.2 ± 0.5 mmol/L. All these
animals remained euglycemic till the end of the study at 60
days posttransplantation (Figure 7A). However, transplan-
tation of 1000 IEQ resulted in normoglycemia only in 1 of
7 mice, and that was 27 days postsurgery. To assess graft
function further, an OGTT was carried out at 30 days post-
transplantation (Figure 7B). All the mice transplanted with
≥2000 IEQs handled glucose normally; whereas those that
received 1000 IEQs did not. From these data, we con-
cluded that the minimal number of IEQs required to consis-
tently normalize blood glucose levels in diabetic NOD/SCID
mice was 2000. So, to investigate the effect of DFO, fur-
ther studies were carried out using fewer than this number,
namely 1000, 750 and 500 IEQs.

Pretreatment with DFO reduced number of IEQs

required for normoglycemia

Normalization of blood glucose levels was achieved in all
14 mice receiving 1000 DFO preconditioned islets. Eug-
lycemia was achieved in 86% (n = 12) of the mice by 5.3 ±
0.6 days (range 3–7 days) posttransplantation, with the re-
maining mice achieving this at 27 days. In contrast, only
36% (n = 5/14) of mice receiving unconditioned encap-
sulated islets became normoglycemic. The time required
to achieve this was longer than in the DFO group, 16.2 ±
1.9 days (range 13–21 days). To be certain that these re-
sults were not due to a difference in the batch of islets
used, other mice were transplanted with 2000 uncondi-
tioned encapsulated islets prepared from the same batch
used for the 1000 IEQ experiment. All six control mice
given 2000 IEQs became normoglycemic within 3 days of
being transplanted (Figure 8A).

To analyze graft function further, an OGTT was carried out
at day 30 posttransplantation. Animals transplanted with
DFO preconditioned islets had lower blood glucose lev-
els compared to mice that received unconditioned islets
(Figure 8B).

Transplantation with 750 IEQs of DFO treated encapsu-
lated islets resulted in normoglycemia only in 50% of mice
(n = 5/10) and by 9.8 ± 2.1 days (range 3–13 days) post-
transplantation. In contrast, only 10% (n = 1/10) of mice
receiving unconditioned islets became normoglycemic
(Figure 9A). OGTTs of normalized mice receiving 750 IEQs
treated islets exhibited lower blood glucose levels simi-
lar to nondiabteic controls compared to diabetic controls
(Figure 9B).

No diabetic mouse grafted with 500 encapsulated IEQs
became normoglycemic. However, DFO pretreatment was
beneficial, with mice receiving treated islets as compared
to untreated islets having lower blood glucose levels (data
not shown).

In all mice transplanted with encapsulated islets pretreated
with/without DFO, almost all capsules were freely floating,
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Figure 7: Minimal number of en-

capsulated human islets required

to normalize blood glucose lev-

els. 1000–10 000 IEQs of encap-
sulated human islets were trans-
planted into peritoneal cavity of
male NOD/SCID mice rendered dia-
betic by streptozotocin (70 mg/kg).
(A) Normoglycemia was achieved in
100% mice receiving 2000–10 000
IEQs by 3.6 ± 0.8 days post-
transplantation. However, normo-
glycemia was achieved in only 1 of
7 mice receiving 1000 IEQs, at day
27 posttransplantation. (B) Oral glu-
cose tolerance test at 30 days post-
transplantation. Values are mean ±
SEM. 2000–10 000 IEQs and non-
diabetic control <1000 IEQs #; and
< diabetic control ∗; 1000 IEQs <

diabetic control $ (ANOVA and Dun-
can’s multiple comparison test).

Figure 8: DFO preconditioned

islets normalized blood glucose

levels with minimal islet mass of

1000 IEQs. 1000 IEQs of encapsu-
lated human islets were precondi-
tioned with/without 100 EM DFO
for 24 h and subsequently trans-
planted into the peritoneal cavity
of diabetic male NOD/SCID mice.
(A) Normoglycemia was achieved
in 100% (n = 14/14) mice receiv-
ing 1000 DFO preconditioned islets
as compared to only 36% (n =
5/14) mice receiving unconditioned
islets. All controls mice, which were
transplanted with 2000 IEQ un-
conditioned islet, became normo-
glycaemic. ∗DFO treated islets >
untreated islets (1000 IEQs) p <

0.001 (Log-Rank test). (B) OGTTs
performed at 30 days posttransplan-
tation. Values are mean ± SEM.
DFO treated, untreated and nondi-
abetic control < diabetic control ∗,
DFO treated < untreated # (ANOVA
and Duncan’s multiple comparison
test).
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Figure 9: DFO preconditioned

islets normalized blood glucose

levels with minimal islet mass of

750 IEQs. 750 IEQs of encapsu-
lated human islets were precondi-
tioned with/without 100 EM DFO
for 24 h and subsequently trans-
planted into the peritoneal cavity
of diabetic male NOD/SCID mice.
(A) Normoglycemia was achieved
in 50% (n = 5/10) mice receiv-
ing 750 DFO preconditioned islets
against only 10% (n = 1/10) mice
receiving unconditioned islets by
day 60. Controls were mice trans-
planted with 2000 IEQ uncondi-
tioned islets (100% normoglycemic
by day 3). DFO treated islets >
untreated islets (750 IEQs) ∗p =
0.049 (Log-Rank test). (B) OGTTs
performed at 30 days posttransplan-
tation. Values are mean ± SEM.
DFO treated and nondiabetic con-
trols < diabetic controls ∗ (ANOVA
and Duncan’s multiple comparison
test).

with <1% attached to abdominal organs. Histological ex-
amination of the capsules showed them to be smooth
with no cells or blood vessels attached to their surface
(Figure 10).

Discussion

Human islets are subjected to both immunological and
nonimmunological insults in the immediate posttransplan-
tation period leading to islet cell death and graft failure
(30–33). VEGF is an angiogenic factor that is known to
enhance survival of both endothelial and other cell types.

Figure 10: H&E staining of retrieved encapsulated human

islets transplanted into diabetic NOD/SCID mice. Examination
of encapsulated islets from transplanted mice showed that most
of the capsules were free floating with <1% attached to abdominal
organs. There was no evidence of vascularization of the floating
capsules, regardless of whether the islets had been pretreated
with DFO. Arrows indicate the smooth capsule surface.

It can act in an autocrine manner (34,35) and exerting its
effects by inducing PI3K/Akt signalling and expression of
antiapoptotic proteins (36,37). Recent studies have shown
that isolated human islets express VEGF and its receptors
suggesting that VEGF may play a role in enhancing both the
survival and function of b cells (38,39). We hypothesized
that upregulating VEGF expression would be beneficial to
both the survival and functioning of encapsulated human
islets that were transplanted into diabetic recipients. In
this study we used a clinically recommended iron-chelating
agent DFO to induce VEGF secretion in microencapsulated
human islets. We have shown that treating encapsulated
human islets for 24 h with DFO increased VEGF secre-
tion 1.6-fold. We also showed that VEGF induction by DFO
preconditioning improved the outcome of microencapsu-
lated human islets and normoglycemia could be achieved
completely with a minimal islet mass of 1000 IEQs and
partially with marginal islet mass of 750 IEQs. Glycemic
control improved as early as 3 days posttransplantation in
mice receiving DFO preconditioned islets, suggesting that
VEGF may have a protective effect on the islet cell viability
other than by enhancing vascularization, which takes up to
2 weeks to occur (40). Further support for accepting that
vascularization was not the means for the beneficial ef-
fect of VEGF was the lack of blood vessels on the surface
of the grafted capsules, almost all of which were freely
floating in the peritoneal cavity (Figure 10). Others have
previously shown a beneficial effect of VEGF on human
(39,41), mouse (42), rat islets (43) and beta-cell lines (44),
but without the use of DFO. As might be expected, the
lack of VEGF, as occurs in VEGF-A null mice, results in
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impaired insulin secretion (45,46). In conclusion, our study
is the first to show a beneficial effect of enhancing VEGF
in encapsulated human islets; it supplements a previous
study showing a similar effect with encapsulated rat islets
(43).

The beneficial effect of DFO on encapsulated human islets
also might be attributed to an increase in expression of
HIF-1a, independent of the stimulation of VEGF by this
protein. Adaptive responses to stress including hypoxia-
induced tolerance to ischemia are mediated by HIF-1a,
thereby enhancing cell survival (47–50). It is quite feasi-
ble, therefore, that the enhanced expression of this pro-
tein which we and others (23) observed in encapsulated
and nonencapsulated human islets respectively, after ex-
posure to DFO may have conditioned the islets to bet-
ter survive the hypoxic conditions of the peritoneal cavity
where they were transplanted. The beneficial effects of en-
hancing expression of HIF-1a in ß cells have been shown
previously. Insulin secretion in MIN6 cells has been en-
hanced (51) and the number of human islets needed for
normalization of blood glucose levels in recipient immun-
odeficient diabetic mice reduced (23) by increasing levels
of HIF-1a. Conversely, reduction in expression of HIF-1a in
ß cells results in an impaired insulin secretion and HIF-1a
knockout mice have abnormal glucose tolerance (52). Also
islets isolated from patients with type 2 diabetes had re-
duced levels of HIF-1a (52), suggesting a possible role of
this protein in b-cell survival and function. The mechanism
for the beneficial effect of enhancing expression of HIF-1a
appears to be through stimulation of the classical pathway
for insulin secretion. In a b cell, glucose causes an increase
in levels of ATP, which initiate the signal cascade that re-
sults in insulin secretion. In DFO-treated islets, levels of
ATP increased both in the basal state and when exposed
to high concentrations of glucose (Figure 6).

In summary our data show that treating microencapsulated
human islets with DFO for 24 h induces HIF-1a protein and
increased VEGF expression, one of the downstream genes
regulated by HIF-1a. The data also show that precondi-
tioning microencapsulated human islets with DFO prior to
transplantation improves their functional efficiency, reduc-
ing the number of islets needed to normalize blood glucose
levels to as few as 750 IEQs. The benefit obtained in vivo
can be explained by the effects observed in vitro. Our re-
sults support the use of DFO in preparing encapsulated
insulin-producing cells for transplantation into humans.
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