
It has been established from numerous studies that
oxygen and nitrogen free radicals can contribute to
the islet beta-cell destruction in Type I (insulin-de-
pendent) diabetes mellitus models [1±2]. The delete-
rious actions of activated mononuclear cells could be
mediated by cytokines through an increase in the in-
tracellular generation of superoxide anions, nitric ox-
ide (NO) and peroxynitrite [3±5]. Islet beta cells ap-
pear to have an exquisite sensitivity to these radicals
because of constitutively low expression of antioxi-
dant enzymes [6±7]. Several reports explained the ra-
tionale of increasing antioxidant enzyme expression

Diabetologia (2000) 43: 625±631

Contribution of adenoviral-mediated superoxide dismutase gene
transfer to the reduction in nitric oxide-induced cytotoxicity
on human islets and INS-1 insulin-secreting cells
C. Moriscot1, F.Pattou2, J. Kerr-Conte2, M. J.Richard3, P.Lemarchand4, P.Y. Benhamou3

1 Institute of Structural Biology, Grenoble, France
2 UPRES 1048, Cell Culture Laboratory, University Hospital, Lille, France
3 Department of Endocrinology, University Hospital, Grenoble, France
4 INSERM U25, Necker School of Medicine, Paris, France

Ó Springer-Verlag 2000

Abstract

Aims/hypothesis. Vulnerability of pancreatic islets to
oxygen free radicals and nitric oxide contributes to is-
let transplantation obstacles. This susceptibility can
be linked to the low expression levels of antioxidant
enzymes in islets. Our aim was to investigate the ef-
fect of overexpressing Cu/Zn superoxide dismutase
in human islets through a simple procedure on the cy-
totoxic effects of two nitric oxide donors: 3-morpholi-
nosydnonimine (SIN-1) and S-Nitroso-N-acetyl-d,l-
penicillamine (SNAP).
Methods. Cultured human islets and INS-1 rat-de-
rived insulin-secreting cells were transfected by an
E1-deleted adenovirus carrying Cu/Zn SOD cDNA
under the control of a cytomegalovirus (CMV) pro-
moter (AdSOD). The viability of the cells was tested
by the WST-1 assay (Roche, Indianapolis, Ind.,
USA).
Results. The AdSOD procedure allowed SOD activi-
ty to increase by twofold to threefold for 2 to 8 days
following transfection. Adenovirus-driven SOD over-
expression was associated with a significant reduction

of SIN-1-induced cytotoxicity on human islets
(69.9 ± 10.5% protection at 200 mmol/l and 40.5 ±
8.9% protection at 400 mmol/l) and INS-1 cells
(82.2 ± 8.8% protection at 200 mmol/l and 31.1 ±
5.8% protection at 400 mmol/l). Protection against in-
creasing doses of SNAP was AdSOD dose-depen-
dent. Transfected islets released significantly more
insulin than control islets in glucose-theophyllin-
stimulated conditions, without or following exposure
to SNAP.
Conclusions/interpretation. We thus established that
adenoviral-induced overexpression of Cu/Zn SOD
can be beneficial to human islet endocrine function
and resistance to nitric oxide cytotoxicity. These data
could be relevant for the development of new strate-
gies aimed at preventing NO-induced beta-cell dam-
age in an islet transplantation setting. [Diabetologia
(2000) 43: 625±631]
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in beta cells to enhance their resistance to a cytotoxic
challenge [8]. Most authors focused on stable overex-
pression of these enzymes, using stable gene transfer
technologies in beta-cell lines, or transgenic ap-
proaches [9±11]. Concordant data were reported
with catalase or glutathione peroxidase as both en-
zymes exhibited a cytoprotective effect on beta cells
[12±13]. Conversely, superoxide dismutase (SOD)
overexpression so far generated conflicting results.
The question addressed in our study is the relevance
of modulating antioxidant enzymes in an islet trans-
plantation setting. We therefore transfected human
islets with recombinant adenovirus vectors, which
are potential candidates for gene transfer trials in hu-
mans. We have established previously that adeno-
viral-driven catalase overexpression reduced the cy-
totoxicity of superoxide donors on human, porcine
and rat islets [14]. This time we examined the effect
of adenoviral-mediated SOD gene transfer in human
islets and rat-derived insulin-secreting INS-1 cells on
the cytotoxicity induced by nitric oxide donors.

Material and methods

Pancreatic human islets and INS-1 cells. Human pancreata
were procured from heart-beating cadaveric donors according
to the French regulations (1994 Bioethic Act allowing pro-
curement with presumed consent). Islets were isolated as re-
ported previously [15] in the Cell Culture Core Laboratory at
the University Hospital of Lille. Within 8 h of hypothermic
conservation after procurement, the pancreas was distended
by intraductal injection of an enzymatic solution (Liberase,
Roche Diagnostics, Meylan, France) and digested at 37 °C for
20 to 30 min according to the automated method of Ricordi. Is-
lets were purified by isopycnic centrifugation in a discontinu-
ous gradient (Histopaque, Sigma Chimie, Saint Quentin Falla-
vier, France) with a cell separator (COBE 2991, Cobe, Lake-
wood, Colo., USA). After overnight culture at 27 °C in
CMRL 1066 (Gibco BRL, Paisley, Scotland) containing 2 %
Ultroser (Gibco), and quality control, islets were shipped with-
in 24 h to Grenoble by express mail in an excess of culture me-
dia at room temperature. The viability of islets was confirmed
upon arrival for each preparation by vital staining using fluo-
rescent probes [15] and functionality as described below.
Upon arrival, islets were cultured in plastic Petri dishes at
37 °C in 95 % air and 5 % CO2. Culture medium was RPMI
1640, containing 10 % fetal bovine serum (FBS), 25 mmol/l
HEPES, 24 mmol/l sodium bicarbonate, and penicillin-strep-
tomycin-amphotericin B solution. Islet number was deter-
mined on a sample after dithizone staining and expressed as
equivalent number of islets (IEQ: number of islets if all were
150 mm in diameter). Preparations used in this study were ob-
tained from 9 donors (mean age 27 ± 3 years) and yielded an
average of 2226 ± 670 IEQ/g and over 70 % purity. Rat insuli-
noma cell line INS-1 (courtesy of W. P. Pralong, Lausanne,
Switzerland) were cultured in RPMI 1640 medium as de-
scribed previously [16].

Adenoviral vectors. We used a E1-deleted, replication-defi-
cient recombinant adenovirus containing human Cu/Zn super-
oxide dismutase cDNA under the control of a cytomegalovirus
(CMV) promoter, AdSOD, constructed as described previous-

ly [17]. Two negative controls consisted of a similar adenovirus
containing no cDNA (AdNull) or the LacZ reporter gene en-
coding for b-galactosidase (AdLaZ). The recombinant aden-
ovirus were propagated in 293 cells and were purified by CsCl
density purification. The preparations were dialysed and
stored in the dialysis buffer (10 mmol/l TRIS-Cl pH 7.8,
15 mmol/l NaCl, 10 mmol/l MgCl2, 10 % glycerol) at ±70 °C un-
til use. The titre of each viral stock was determined by plaque
assay on 293 cells, and the titres consistently ranged between
1±2 ´ 1011 plaque-forming units (pfu)/ml. Absence of replica-
tion-competent particles in adenovirus preparations was
checked by PCR using primers specific for the AdE1A region.
The concentration of recombinant adenovirus was quantified
also by optical absorbance, and the ratio of particles to pfu
consistently ranged between 50 and 80 [17].

Transfection of islets. Islets in suspension in 50 ml polypropyl-
ene tubes were washed once with culture medium and resus-
pended at a concentration of 4000 IEQ in 0.5 ml culture medi-
um. Adenovirus was added at different multiplicity of infec-
tion ratios (MOI) as stated below, and islets were incubated at
37 °C in 95 % air and 5 % CO2 for 1 h, washed once with cul-
ture medium, and cultured in multiwell plates at a density of
20 islets per well. We cultured INS-1 cells in 96-well plates at
an initial density of 3 ´ 104 cells per well for 48 h, then exposed
them to adenovirus in 100 ml culture medium at different MOIs
for 1 h and washed.

Enzymatic activities of SOD. Islets were pelleted by centrifu-
gation and lysed by five freezing and thawing cycles in hypo-
tonic 20 mmol/l TRIS-HCl buffer. Enzyme activites were de-
termined in the supernatant obtained after centrifugation
(10 min, 4000 rev/min, 4 °C) of the islet homogenate. Total su-
peroxide dismutase activity (MnSOD and Cu/ZnSOD) was
measured by monitoring the auto-oxidation of pyrogallol ac-
cording to the procedure of Marklund and Marklund [18].
One unit of SOD activity was defined as the amount of enzyme
required to inhibit the rate of pyrogallol auto-oxidation by
50 %. The specific Cu/ZnSOD inhibition by KCN (9 mmol/l fi-
nal concentration) allows the MnSOD determination in the
same conditions. All results were expressed relative to islet ly-
sate protein content. Data were established from triplicate
samples and from four different batches of islets to control for
interindividual variability.

X-gal staining of transfected islets. Islets were washed twice
with PBS and fixed in PBS containing 0.2 % glutaraldehyde
and 2 % formaldehyde (pH 7.2) for 10 min at 4 °C. After one
wash with PBS, islets were incubated at 30 °C for 3±12 h with
the staining solution (5 mmol/l potassium ferrocyanide,
5 mmol/l potassium ferricyanide, 2 mmol/l MgCl2 and 1 mg/ml
X-gal in DMSO). Islets staining deep blue were regarded as
positive and counted, while nonexpressing islets appear clear.
A further assessment of gene transfer efficiency was made on
islets that were dispersed in single cells following X-gal stain-
ing. Single islet cell suspensions were obtained by brief trypsin
digestion (0.125 mg/ml with 0.1 mmol/l EDTA (Gibco, Grand
Island, N. Y., USA) [19].

Cytotoxic challenge. We used two sources of nitric oxide in
our study [20]. SNAP (S-Nitroso-N-acetyl-d,l-penicillamine)
spontaneously decomposes to release nitric oxide. Both NO
and superoxide are generated by SIN-1 (3-Morpholino-
sydnonimine.HCl) in an equimolar manner resulting in the for-
mation of peroxynitrite. In both cytotoxic challenges, islets
or cells were stressed 72 h after transfection with AdSOD.
We dissolved SIN-1 or SNAP (Alexis, San Diego, Calif.,
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USA) before use in RPMI culture medium. These reagents
were added to the wells containing islets (96-well plates, 20 is-
lets per well) or INS-1 cells in 200 ml at final concentrations
ranging from 100 to 1000 mmol/l. Control wells received medi-
um alone. Stressed islets were then cultured for 16 h before vi-
ability tests.

In vitro islet viability. Islet mitochondrial activity was assessed
by WST-1 assay (Roche, Indianapolis, Ind., USA). This colori-
metric assay is derived from the MTT test that was previously
established as a valid method for islet viability assessment
[21]. It is based on the cleavage of a tetrazolium salt (4-[3-(4-
Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate) to formazan by the mitochondrial succinate-tetra-
zolium reductase. The formazan dye produced by viable cells is
quantified in a multiwell spectrophotometer by measurement
of the optical density (OD) at 440 nm. Each experiment was
carried out with 12 wells per experimental group. Cytotoxicity
of NO donors and protective activity of AdSOD (percentage
of protection) were defined according to the following formu-
la:

Cytotoxicity on control islets C = (ODC±ODCS/ODC) ´ 100
where ODC = OD of control islets and ODCS = OD of control
islets exposed to cytotoxic stress
Cytotoxicity on transfected islets T = (ODT±ODTS/ODT) ´ 100
where ODT = OD of transfected islets and ODTS = OD of
transfected islets exposed to cytotoxic stress
Percentage of protection = (C±T/C) ´ 100

In vitro islet functionality. Glucose-stimulated insulin secre-
tion was determined by static incubation. Aliquots of 200 is-
lets were plated in triplicate on 3 mm Millicell inserts (Milli-
pore, Bedford, Mass., USA) in a 24-well plate and consecu-
tively stimulated for four different 1-h periods in Krebs buff-
er containing 0.5 % BSA and 3.3 mmol/l glucose (period one
and two), 27.5 mmol/l glucose + 10 mmol/l theophylline (pe-
riod three), 3.3 mmol/l glucose (period four). Medium sam-
ples were frozen at ±20 °C for further insulin determination
by RIA (CIS bio, Gif-sur-Yvette, France). A stimulation in-
dex was obtained as the ratio of insulin released during peri-
od three to the average of insulin released during periods
two and four. Tissue insulin content was determined on trip-
licate samples of 200 islets 48 h following transfection with
AdSOD at an MOI of 25:1. Acid alcohol was added to the
cells, vortexed and incubated for 18 h at 4 °C to extract insu-
lin.

Statistical analysis. Comparisons of cytotoxicity levels between
control and AdSOD-treated islets were done with analysis of
variance completed by Tukey-Kramer's test. In addition, sig-
nificance was checked with a nonparametric test (Kruskal-
Wallis). Data are shown as means ± SEM. Significance was set
at p < 0.05.

Results

Enzymatic activities of baseline SOD. Activities were
measured after overnight culture from triplicate sam-
ples of individual preparations of human islets (n = 4)
and INS-1 cells (n = 3). As shown in Table 1, total
SODs activities showed a threefold higher level in hu-
man islets (31.2 ± 4.9 U/mg, range 12.5±47.2, CV
41.4%) than in INS-1 cells (8.7 ± 0.4 U/mg, range

6.7±10.7, CV 15.6%, p < 0.05 vs human). Human is-
let SOD activity was predominantly MnSOD
(65.6 ± 3.4%) as opposed to INS-1 cells which ex-
pressed more Cu/ZnSOD (63.9 ± 2.5%) (Table 1).

Efficiency of transfection. Total SODs and Cu/Zn
SOD activites were raised twofold to threefold fol-
lowing adenovirus-mediated gene transfer in human
islets and INS-1 cells, using an MOI of 10 to 25 pfu/
islet cell, and overexpression was maintained for
8 days, the duration of the monitoring period. Figure
1 shows data established with one human islet prepa-
ration at an MOI of 25:1 (baseline SODs 14.5 ± 2.0
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Table 1. Baseline superoxide dismutase activities in human is-
lets and INS-1 cells

SOD activitya

(U/mg protein)
INS-1 cells Human islets

Total SOD 8.7 ± 0.4 31.2 ± 4.9
MnSOD 3.1 ± 0.8 20.9 ± 3.5
Cu/ZnSOD 5.6 ± 0.9 10.2 ± 1.9
a Results were obtained from triplicate samples taken from dif-
ferent preparations (human: n = 4; INS-1: n = 3). Table shows
means ± SEM from pooled data. Statistical significance was:
p < 0.05 human vs INS-1

Fig. 1. SOD activity in human islets 2 and 8 days after gene
transfer using AdSOD at MOI of 25
Total SODs and Cu/ZnSOD activities achieved by AdSOD
transfection were twofold to threefold higher than in control
islets and stable throughout the monitoring period of 8 days.
Data obtained from one pancreas are shown here (means ±
SEM of triplicate samples). Average total SODs on day 0, 2
and 8 following transfection of three human islet preparations
with MOI 25 were 18.6 ± 4.3, 44.5 ± 7.5, 42.1 ± 1.4 U/mg,
respectively (p < 0.05 control vs AdSOD). Ð&Ð total SODs,
Ð̂ Ð MnSOD, Ð*Ð Cu/ZnSOD



U/mg; transfected 26.2 ± 0.8 U/mg on day 2, 26.3 ± 1.2
U/mg on day 8 ± baseline Cu/ZnSOD 6.70 ± 2.2
U/mg, transfected 22.4 ± 1.2 U/mg on day 2, 20.9 ± 0.9
U/mg on day 8) (Fig.1).

Patterns of transfection. Following X-gal staining of
AdLacZ transfected islets, all islets scored positive,
showing blue cells in the islet cluster. There was, how-
ever, great variability in the intensity of staining, re-
flecting differences in the number of transfected cells
per islet. When transfected islets were dispersed into
single cells, 34 to 45% of cells stained blue with X-
gal at an MOI of 10:1 to 25:1, respectively.

Efficiency of SOD gene transfer on cellular viability.
Exposure of human islets to increasing doses of
SIN-1 resulted in a dose-dependent cytotoxic effect,
shown by WST-1 assay, as illustrated in Fig. 2 and
summarised in Table 2. Doses of SIN-1 of 200 to
800 mmol/l applied to control or AdSOD-transfected
islets resulted in cytotoxicity (p < 0.05 control vs
transfected islets at every SIN-1 dose). Similar data
were obtained from INS-1 cells (Table 2). Thus, in
both cellular models, adenovirus-driven SOD over-
expression was associated with a significant reduction
of SIN-1 induced cytotoxicity, within a window of 200
to 400 mmol/l SIN-1. Table 2 summarises the grade of
protection conferred by AdSOD towards SIN-1 in
human islets (69.9 ± 10.5% protection at 200 mmol/l
and 40.5 ± 8.9% protection at 400 mmol/l) and INS-1
cells (82.2 ± 8.8% protection at 200 mmol/l and
31.1 ± 5.8% protection at 400 mmol/l). At higher dos-
es of SIN-1 the grade of protection was reduced, es-
pecially in INS-1 cells (Table 2). Additional experi-
ments (n = 3) were conducted on INS-1 cells with
SNAP, a pure nitric oxide donor. As illustrated in
Fig.3, a dose-dependent cytotoxic effect of SNAP
was observed on control cells: 22.7 ± 5.7%,
31.7 ± 6.8%, 44.7 ± 9.5% cytotoxicity at 350 mmol/l,
500 mmol/l and 750 mmol/l, respectively. Transfection
of cells with AdSOD at MOI 10:1 conferred a re-
duction of cytotoxicity: 10.7 ± 4.1%, 17.0 ± 4.4%,
29.7 ± 4.4% cytotoxicity, which did not reach statisti-
cal significance. The higher MOI (20:1) resulted in
significantly higher protection than MOI 10:1:
1.7 ± 1.2%, 5.4 ± 1.9%, 17.1 ± 9.7% cytotoxicity
(p < 0.05 AdSOD vs control at 350 and 500 mmol/l,
p = NS at 750 mmol/l). Control experiments were con-
ducted with a similar adenoviral vector containing no
cDNA (AdNull) and did not show any reduction of
SIN-1 or SNAP-induced cytotoxicity (data not
shown).

Effects of SOD gene transfer on islet functionality.
The endocrine function of human islets, aliquoted in
four groups (control and AdSOD-transfected, with
or without stress), was tested by static incubations 24
to 72 h after the induction of oxidative stress by
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Fig. 2. Reduction of SIN-1-induced cytotoxicity on human is-
lets by AdSOD
Human islets cell were transfected at MOI 10, incubated at 20
islets per well for 72 h, stressed by increasing doses of SIN-1,
and assessed for viability by WST-1 assay 16 h later. Data
show means ± SEM of 12 wells per experimental group. Simi-
lar data were obtained from INS-1 cells. Results of a typical ex-
periment are shown here while protection indices computed
from three human islet or INS-1 cell preparations, are summa-
rised in Table 2. Ð&Ð control, Ð̂ Ð AdSOD

Table 2. Effect of SOD gene transfer on human islet and INS-1 cell viability

Dose of
SIN-1a

INS-1 cellsc Human isletsc

% cytotoxicity %
protectionb

% cytotoxicity %
protectionControl AdSOD Control AdSOD

200 mmol/l 9.7 ± 2.9 1.3 ± 0.3d 82.2 ± 8.8 12.0 ± 1.7 3.3 ± 0.8d 69.9 ± 10.5
400 mmol/l 27.2 ± 2.2 18.5 ± 1.4d 31.1 ± 5.9 32.6 ± 2.7 19.2 ± 2.2d 40.5 ± 8.9
800 mmol/l 61.9 ± 3.6 58.6 ± 1.1 5.0 ± 3.6 44.5 ± 1.5 35.9 ± 1.4d 18.9 ± 2.3
a Islets or INS-1 cells were transfected by AdSOD at an MOI
of 10 : 1, 72 h before SIN-1 cytotoxic challenge.
b Protection rate was computed as (C-T/C) � 100, where C and
T were cytotoxicity observed in control and transfected cells,
respectively.

c Data were pooled from three different INS-1 cell or islet pre-
parations.
d p < 0.05 AdSOD vs control. Cytotoxicity levels were com-
pared by analysis of variance completed by Tukey-Kramer's
test. Data are means ± SEM



1000 mmol/l SNAP (n = 3). Control islets released in-
sulin upon a glucose-theophylline stimulation (base-
line 1099 ± 87, stimulated 3929 ± 427 mU/h/100 islets).
AdSOD transfected islets released more insulin than
control islets in basal conditions (1313 ± 76, p = NS
vs control), as well as in stimulated conditions
(6098 ± 668, p < 0.05 vs control). Upon SNAP expo-
sure, insulin release was significantly lower in control
islets than in AdSOD transfected islets, both in basal
conditions (965 ± 92 vs 1473 ± 93, p < 0.05 vs control)
and in stimulated conditions (2068 ± 276 vs
3368 ± 410, p < 0.05 vs control). Insulin content was
significantly increased in AdSOD-transfected islets
(19671 ± 1337 mU/ml) compared to control islets
(10567 ± 571 mU/ml, p < 0.05). In additional experi-
ments (n = 3), AdNull transfected islets did not be-
have differently than control islets before stress
(baseline 722 ± 85 vs 893 ± 146; stimulated
2003 ± 202 vs 2289 ± 201; p = NS) or after SNAP ex-
posure (baseline 592 ± 69 vs 655 ± 93; stimulated
1564 ± 139 vs 1602 ± 141; p = NS) and had similar
insulin contents under non-stressed conditions
(20195 ± 1476 vs 22470 ± 1440, p = NS). Data from a
representative experiment using increasing doses of
SNAP are shown in Fig.4.

Discussion

In our study we established that it is possible to over-
express Cu/ZnSOD in human islets in vitro, using a
simple adenoviral transfection procedure, and there-
by to reduce the cytotoxic effects induced by nitric
oxide donors.

Our results could have implications in future islet
transplantation procedures. If nitric oxide is indeed a
candidate mediator of pancreatic beta-cell damage
in autoimmune diabetes mellitus, it is also implicated
in islet allotransplantation failure as well [22±23]. In-
trahepatic NO production is related to the islet mass
transplanted. Nitric oxide production is higher in re-
cipients of allogeneic rather than syngeneic islets. In-
hibiting NO production in the minimal islet trans-
plant model decreased the delay of islet function. Ni-
tric oxide is produced by the enzyme nitric oxide syn-
thase (NOS), whose inducible form (iNOS) can be
modulated by cytokines in rodent and human pancre-
atic islets [24±25]. Cytokines released by activated
mononuclear cells can induce a stress gene response
which appears to be restricted to beta cells and is not
observed in alpha cells [26]. Genes responding to cy-
tokine exposure include iNOS and MnSOD [27].

Several strategies have been proposed to reduce
islet inflammation and nitric oxide cytotoxicity.
These include giving several inducible nitric oxide
synthase inhibitors, the suppression of poly-(ADP-ri-
bose)-polymerase, the use of interleukin-12 antago-
nist, or the induction of endogenous stress proteins

C. Moriscot et al.: Superoxide dismutase gene transfer and islet viability 629

Fig. 3. Reduction of SNAP-induced cytotoxicity on INS-1 cells
by AdSOD
INS-1 cells were transfected at MOI: 10 or MOI: 20, incubated
at 3 ´ 104 cells per well for 72 h, stressed by increasing doses of
SNAP, and assessed for viability by WST-1 assay 16 h later.
Data show means ± SEM (12 wells per experimental group)
of a representative experiment. Ð&Ð Control, Ð̂ Ð AdSOD
10 : 1, Ð~Ð AdSOD 20 : 1

Fig. 4. AdSOD increases basal-insulin and stimulated-insulin
release, both in basal situation or after a SNAP stress
Human islets were infected with AdSOD (MOI 25), exposed
72 h later to oxidant stress (SNAP), and were successively in-
cubated in basal (glucose 3.3 mmol/l), stimulation (glucose
27.5 mmol/l + theophylline 10 mmol/l), then basal medium
again for three 1-h periods, 72 h after stress. A typical static in-
cubation is shown here and was repeated on three human is-
let preparations. & Basal medium, Stimulation medium,
& Basal medium



[28]. The gene transfer procedure, such as the aden-
oviral vector used in our study, offers the main advan-
tage of being easily applied to cultured islets in vitro
and of being restricted to islets without adverse sys-
temic effects. Therefore it has great potential impli-
cations in islet transplantation. In addition, the level
of SOD overexpression reached in our work in hu-
man islets (twofold to threefold increase) is compara-
ble to those achieved in other studies with transgenic
approaches in cells lines [9, 29]. The pattern of trans-
gene distribution observed is noteworthy when whole
islets were transfected with a reporter gene as one
third of islet cells actually expressed the neogene, as
in previous studies [30±32]. A higher efficiency of
transfection and a better distribution of the transgene
within the core of the islets could be expected with
more recent vectors, namely lentiviral vectors, which
could be interesting to test in our model.

Controversial observations were reported regard-
ing SOD overexpression effects on beta cells. Trans-
genic strains of mice overexpressing Cu/ZnSOD
transgene in their beta-cells showed an enhanced re-
sistance to alloxan-induced or streptozotocin-induced
diabetes [9±10]. Stable overexpression of MnSOD in
INS-1 cells provided a complete protection against
IL-1 beta-mediated cytotoxicity, an effect that seemed
correlated with a sharp reduction in IL-1 beta-induced
nitric oxide production [11]. On the other hand, data
recently established in RINm5F cells showed a com-
plementary effect of catalase plus SOD or catalase
plus glutathione peroxidase on hydrogen peroxide cy-
totoxicity [12]. In these cells, however, as opposed to
single overexpression of catalase or glutathione per-
oxidase, single overexpression of SOD either had no
effect on the toxicity of hydrogen peroxide or in-
creased it [13]. More recently, RINm5F cells stably
overexpressing Cu/ZnSOD were shown to be protect-
ed against the toxicity of SNAP and SIN-1 [29]. Using
an adenoviral vector system, our data confirms the lat-
ter findings on another beta-cell line and established
that primary human islets can also benefit from the
same procedure. We also observed an improvement
in unstressed transfected islet insulin secretory capac-
ities under both basal and stimulated conditions that
persisted after application of stress. If, however, the
absolute insulin secretion was enhanced in transfected
islets, a similar one-third reduction of insulin secretion
was observed after application of stress in both control
and transfected islets thus questioning the nature and
reality of the protection conferred by AdSOD. A
modification in mitochondrial metabolism induced
by SOD overexpression could contribute to the in-
crease in insulin secretion, as increasing evidence out-
lines the pivotal role of mitochondria in insulin secre-
tion [33]. Overexpression of SOD could raise the
threshold for oxidative damage leading to insulin se-
cretion deterioration, that could already be present in
usual culture conditions. The relatively low transgene

expression in whole islets could be insufficient to
counteract additional stress. Alternatively, the in-
crease in insulin content observed in transfected islets
could reflect a better survival of these islets in culture,
i. e. AdSOD could reduce the extent of islet mass de-
crease usually observed in culture and improve islet
survival in culture. Further experiments are needed
to clarify these points.

The exquisite sensitivity of islet beta cells to oxida-
tive stress was linked to the low expression of anti-
oxidant genes in islets, as compared to other tissues
[6±7]. It is noteworthy that human islets express high-
er SOD or catalase activity than rodent or porcine is-
lets [14]. It can be speculated that this plays a part in
the differential susceptibility of human and rodent is-
lets to cytokine cytotoxicity. A similar susceptibility
to an in vitro pharmacological stress does not rule out
a differential sensitivity to in vivo physiological or
pathophysiological oxidative stress. Still, both human
and rat-derived INS-1 cells gain a significant protec-
tion by SOD transfection as it was already shown
with catalase, meaning that shifting the defense sys-
tems may be sufficient. This study strengthens our
previous work in which we established that adeno-
viral-driven catalase overexpression reduced the cyto-
toxicity of superoxide donors on human, porcine and
rat islets [14]. Thus, adenoviral transfection of cata-
lase and Cu/ZnSOD possibly has synergistic effects.

Although similar observations were made with
SIN-1 and SNAP in our study, a trend towards a high-
er protection of AdSOD appeared with SNAP. The
difference between SIN-1 and SNAP is their mecha-
nism of NO production. Superoxide and NO are gen-
erated at similar rates as SIN-1 spontaneously de-
composes, that will rapidly react together to form
peroxynitrite. SNAP spontaneously dissociates to
NO and the thiyl radical, the latter secondarily gener-
ating superoxide [34]. Peroxynitrite is a highly reac-
tive oxidant species produced by the reaction of the
free radicals superoxide and nitric oxide. Recent
studies have established that peroxynitrite was gener-
ated in beta cells of NOD mice and human islets and
contributed to their destruction [3, 35]. More recently
a synergistic toxicity of NO donors and oxygen free
radicals on a beta-cell line was established, that could
be efficiently reduced by overexpressing catalase,
glutathione peroxidase or Cu/ZnSOD [29]. This fur-
ther favours the use of synergistic antioxidant en-
zymes in future islet studies.

In summary, our study established that adeno-
virus-mediated SOD gene transfer can significantly
raise SOD expressions in human islets for prolonged
periods. This procedure allowed a clear reduction of
islet susceptibility to nitric oxide donors and an im-
provement of insulin secretory capacities in vitro.
This approach could be helpful in reducing nonspe-
cific inflammation and promoting islet engraftment
in future transplantation trials.
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