
The vulnerability of pancreatic beta cells to the cyto-
toxicity induced by reactive oxygen species (ROS)
and nitric oxide has been largely documented [1±3].
The deleterious role of oxygen and nitrogen radicals
contributes to both spontaneous autoimmune diabe-
tes [4±7] and failure of islet transplantation [8]. This
susceptibility is generally attributed to the relatively
low levels of antioxidant enzymes in pancreatic islets
[9±10]. There are, however, major differences be-
tween rodents and humans in both scavenger enzyme
expression and susceptibility to beta-cell injury. Hu-
man beta cells were found to express higher levels of
superoxide dismutase and catalase [11] and to be
more resistant than rodent cells to sodium nitroprus-
side, streptozotocin or alloxan [12]. In this respect, lit-
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Summary Susceptibility of pancreatic islets to oxi-
dant stress may affect islet viability and contribute to
primary non function of allo- or xenogenic grafts.
We investigated the influence of overexpression of
catalase (CAT) on the viability of human, porcine
and rat islets, as well as INS-1 beta-cell line. Islets
were transfected with a replication-deficient adenovi-
rus vector containing human CAT cDNA under the
control of the adenovirus major late promoter (Ad-
CAT) or a vector containing no foreign gene (Ad-
Null) and used as a control. Oxidant stress was in-
duced 48 h later by xanthine oxidase-hypoxanthine
(XO 25 mU/ml, HX 0.5 mmol/l) or hydrogen perox-
ide (100 or 250 mmol/l). Islet cell viability was as-
sessed 72 h after CAT transfer by 4-[3-(4-Idophe-
nyl)-2-(4 nitrophenyl)-2H-5-tetrazolio]-1,2,benzene
disulphonate (WST-1) test. Baseline catalase activity
was three to fourfold lower in porcine than in human
islets. CAT activity was reproducibly increased 2.5-
to 7-fold in AdCAT infected islets, at least for

13 days. Overall, AdCAT conferred on human and
pig islets a protection of 26.1 ± 6.1 and 21.2 ± 9.8%
on XOHX injury and 35.4 ± 4.2 and 57.9 ± 10.5% on
H2O2 stress. Similarly, rat islet cells and INS-1 cells
were protected on XOHX stress by 17.8 ± 2.3 and
30.8 ± 8.7%, respectively. AdNull had no effect. Bas-
al and stimulated insulin secretion was preserved in
AdCAT-transfected human islets despite a XOHX
challenge. This study validates adenovirus-mediated
catalase gene transfer as a realistic approach to re-
duce non specific inflammation effects on human or
porcine islet grafts. Moreover the relevance of de-
fense mechanisms, previously suggested in human is-
lets, is here illustrated in porcine islets. [Diabetologia
(1998) 41: 1093±1100]
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tle is known about porcine beta cells which are likely
to be used in future xenotransplantation trials in hu-
mans. The role of oxygen free radicals in beta-cell de-
struction is also supported by studies of the protective
effects of antioxidants against cytokine- or ROS-me-
diated beta-cell destruction [13]. These studies were
conducted mostly in vitro and usually did not use ge-
netic approaches, with the exception of the report of
transgenic expression of CuZn superoxide dismutase
in mice that enhanced the tolerance of pancreatic
beta cells to two models of oxidative stress-induced
diabetogenesis, alloxan- and streptozotocin-induced
diabetes [14]. The application of these findings to
the field of islet transplantation requires a feasible
approach aiming at increasing repair or defense
mechanisms of beta cells with a stable, simple and
non-toxic method. Adenovirus vectors can transfer
genes into pancreatic islets very efficiently [15±16].
In this study, using an adenoviral vector coding for
human catalase, we report that a partial protection
against the cytotoxic effects of oxygen free radicals
can be conferred on human islets. We also show that
porcine islets express lower concentrations of free
radical scavenging enzymes than human islets and
show that they can also be partially protected against
ROS by adenoviral-mediated catalase gene transfer.

Material and methods

Pancreatic human, porcine and rat islets. Human pancreases
were obtained from brain-dead donors during multiple organ
procurement procedures and islets were isolated as described
previously [17]. Briefly, islets were isolated by ductal disten-
sion of the organs and digestion of the tissue with collagenase
P (Boehringer Mannheim, Indianapolis, Ind., USA) followed
by a Euro-Ficoll density-gradient centrifugation using a
COBE cell processor (Denver, Colo., USA). Islets were cul-
tured in plastic Petri dishes at 37 °C in 95 % air and 5 % CO2.
Culture medium contained 10 % fetal bovine serum (FBS),
25 mmol/l N-2 hydroxyethylpiperazine-N-2-ethanesulphonic
acid (HEPES), 24 mmol/l sodium bicarbonate, and antimy-
cotic-antibiotic solution. Islet number was determined on a
sample after dithizone staining and expressed as equivalent
number of islets (IEQ: number of islets if all were 150 mm in
diameter). Islet viability was assessed by vital staining using
fluorescent probes [17] and functionality as described below.
Preparations used in this study (n = 4) exhibited over 90 %
purity and viability and an average yield of 2598 ± 606 IEQ/
g. A similar procedure was used for the isolation of porcine
pancreatic islets from adult farm pigs, with 90 % purity and
an average yield of 3140 ± 316 IEQ/g (n = 6 preparations). In-
bred Wistar rat islets (Iffa-Credo, L'Arbresle, France) were
also isolated by ductal injection of a collagenase solution fol-
lowed by a purification on a Ficoll density gradient and were
dissociated into single cells by trypsin as described previously
[18]. Culture medium was CMRL 1066 for human islets,
Ham's F12 for porcine islets and RPMI 1640 for rat islets
[19]. Additional experiments were conducted on rat insulino-
ma cell line INS-1 (courtesy of W.P. Pralong, Lausanne, Swit-
zerland), that were cultured in RPMI 1640 medium as de-
scribed previously [20].

Adenoviral vectors. We used a E1-deleted, replication-defi-
cient recombinant adenovirus containing human catalase
cDNA under the control of adenovirus major late promoter
(AdCAT) constructed as described previously [21]. A negative
control consisted of a similar adenovirus containing no cDNA
(AdNull). The recombinant adenovirus 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 until use. The titre of each viral stock
was determined by plaque assay on 293 cells and the titres con-
sistently ranged between 1±2 ´ 1011 plaque forming units (pfu)/
ml. Absence of replication-competent particles in adenovirus
preparations was checked by polymerase chain reaction using
primers specific for the AdE1A region. The concentration of
recombinant adenovirus was quantified also by optical absor-
bance and the ratio particles:pfu consistently ranged between
50 and 80 [22].

Transfection of islets. Islets in suspension in 50-ml polypropy-
lene 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 a multiplicity of infection
(MOI) of 25, except when stated 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. INS-1 cells
were cultured in 96-well plates at an initial density of 3 ´ 104

cells per well for 24 h, then exposed to adenovirus in 100 ml cul-
ture medium at an MOI of 25 for 1 h and washed.

Antioxidant enzyme activities. Islets were pelleted by centrifu-
gation and lysed by five freezing-thawing cycles in hypotonic
20 mmol/l Tris-HCl buffer. Metalloenzymes were determined
in the supernatant obtained after centrifugation (10 min, 4000
g, 4 °C) of the islet homogenate. Catalase activity was quanti-
fied according to the method of Aebi by following the disap-
pearance of H2O2 in the presence of islet lysates supernatants
as recorded spectrophotometrically at a wavelength of 240 nm
[23]. One unit of catalase activity was defined as 1 mmol H2O2
consumed per min. Total superoxide dismutase activity
(MnSOD and CuZnSOD) was determined by monitoring the
auto-oxidation of pyrogallol according to the procedure of
Marklund and Marklund [24]. 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 CuZnSOD
inhibition by KCN (9 mmol/l final concentration) allows the
MnSOD determination in the same conditions. All results
were expressed relative to islet lysate protein content. Data
were established from triplicate samples and from a minimum
of three different batches of islets to control for inter-individu-
al variability.

Oxidative stress. Xanthine oxidase (XO, grade III from butter-
milk) and hypoxanthine (HX, 6-hydroxypurine), obtained
from Sigma (St Louis, Mo., USA) were dissolved freshly be-
fore use in the appropriate culture medium for the islet spe-
cies. These reagents were added to the wells containing islets
(96-well plates, 20 islets per well) or islet single cells (5 ´ 104

cells per well) or INS-1 cells in 200 ml at final concentrations
of 0.5 mmol/l HX, with XO concentrations from 1 to 50 mU/
ml. Control wells received medium, HX or XO alone. Concen-
tration of hydrogen peroxide (Sigma) was checked at 240 nm
shortly before use and it was distributed into the wells to
achieve final concentrations ranging from 10±500 mmol/l. In
both oxidative challenges, islets or cells were stressed 48 h af-
ter transfection with AdCAT at MOI of 25 and then cultured
for 16 h before viability tests.
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In vitro islet viability. Islet mitochondrial activity was assessed
by a colorimetric assay derived and simplified from the more
commonly known 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) test that was previously estab-
lished as a valid method for islet viability assessment [25].
This assay was obtained from Boehringer Mannheim and is
based on the cleavage of a tetrazolium salt 4-[3-(4-Iodophe-
nyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfo-
nate (WST-1) to formazan by the mitochondrial succinate-tet-
razolium reductase. The formazan dye produced by viable
cells is quantified in a multiwell spectrophotometre by mea-
surement of the optical density (OD) at 440 nm. Each experi-
ment was conducted with a minimum of 6 wells per experimen-
tal group. Cytotoxicity of pro-oxidant agents and antioxidant
activity of AdCAT (% protection) were defined according to
the following formula:

± cytotoxicity on control islets C = (ODC±ODCS/ODC) ´ 100

where ODC = OD of control islets and ODCS = OD of control
islets exposed to oxidative stress

± cytotoxicity on transfected islets T = (ODT±ODTS/
ODT) ´ 100

where ODT = OD of transfected islets and ODTS = OD of
transfected islets exposed to oxidative stress

± % protection = (C±T/C) ´ 100

In vitro islet functionality. Glucose-stimulated insulin secretion
was determined by static incubation. Aliquots of 100 islets
were plated in triplicate on 3 mm Millicell inserts (Millipore,
Bedford, Mass., USA) in a 12-well plate and consecutively
stimulated for four different 1-h periods in Krebs buffer con-
taining 0.5 % bovine serum albumin and 3.3 mmol/l glucose
(period 1 and 2), 27.5 mmol/l glucose + 10 mmol/l theophylline
(period 3), 3.3 mmol/l glucose (period 4). Medium samples
were frozen at ±20 °C for further insulin determination by
RIA (CIS bio, Gif-sur-Yvette, France). A stimulation index
was obtained as the ratio insulin released during period 3 per
average of insulin released during period 2 and 4.

Statistical analysis. Comparisons of enzymatic concentrations
between species were performed with analysis of variance
completed by Scheffe's F test. The same test was applied for
the comparisons of cytotoxicity levels between control,
AdNull and AdCAT -treated islets. Data are shown as
means ± SEM.

Results

Baseline antioxidant enzyme activities. Activities
were measured after overnight culture from triplicate
samples of individual batches of islets. The inter-indi-
vidual variability of catalase and SOD activities was
assessed in different pancreases from the same spe-
cies (human: n = 3; porcine: n = 6 ; rat: n = 5). As
shown in Figure 1, catalase activity was significantly
higher in human islets (9.1 ± 2.4 U/mg protein, range
4.2±11.6, coefficient of variation (CV) 46.4%) than
in porcine (3.7 ± 0.6 U/mg, range 2.1±5.9, CV 38.7%,
p = 0.02 vs human) and rat islets (1.3 ± 0.2 U/mg,
range 0.7±1.9, CV 42.3%, p = 0.01 vs human and

p = 0.04 vs porcine). As another key scavenging en-
zyme that has not been explored previously in por-
cine islets, superoxide dismutase was also measured
in our samples. Again, total superoxide dismutase ac-
tivities exhibited an inter-species difference, with a
four to fivefold higher level in human islets
(39.1 ± 6.5 U/mg, range 32.6±45.6, CV 23.5%) than
in porcine (8.6 ± 0.9 U/mg, range 5.7±11.1, CV
24.7%, p = 0.001 vs human) and rat islets (7.7 ± 1.9
U/mg, range 5.8±9.7, CV 36.1%, p = 0.001 vs human
and p = NS vs porcine) (Fig.1). Human islet SOD ac-
tivity was predominantly MnSOD (69.1 ± 4.2 %), as
opposed to porcine islets which expressed more Cu-
ZnSOD (74.5 ± 8.7%). As expected, enzymatic con-
tents of rat insulinoma cell line INS-1 did not signifi-
cantly differ from those of primary rat islets, for cata-
lase (1.0 ± 0.1 U/mg, range 0.6±1.5, CV 31.3%), total
SOD (8.7 ± 0.4 U/mg, range 6.7±10.7, CV 15.6%),
and proportion of CuZnSOD (63.9 ± 2.5 %).

Efficiency of transfection. Following adenovirus-me-
diated catalase gene transfer, enzyme activity in-
creased 2.5- to 7-fold in human islets (baseline
11.50 ± 1.04 U/mg; transfected 28.90 ± 1.40 U/mg),
porcine islets (baseline 3.13 ± 0.34 U/mg; transfected
12.60 ± 1.25 U/mg), rat islets (baseline 1.32 ± 0.33 U/
mg ; transfected 4.06 ± 0.57 U/mg), and INS-1 cells
(baseline 1.0 ± 0.1 U/mg; transfected 7.0 ± 0.6 U/mg)
when measured 48 h after transfer, using an MOI of
25 pfu per islet cell (p < 0.01 control vs AdCAT)
(Fig.2). Efficiency of transfection was slightly higher
in dispersed single rat cells (4.17 ± 0.61 U/mg) than
in intact rat islets, therefore, dispersed rat islet cells
were subsequently used in this study. This increase
was dose-dependent, as judged from data obtained
48 h after gene transfer from human islets transfected
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Fig.1. Baseline catalase and total superoxide dismutase activi-
ties in human, porcine and rat islets. Results were obtained
from triplicate samples taken from individual pancreas (hu-
man: n = 3; porcine: n = 6; rat: n = 5). Mean ± SEM from
pooled data. Statistical significance was: p = 0.021 human vs
porcine, p = 0.01 human vs rat, p = 0.04 porcine vs rat (Cata-
lase) and p = 0.001 human vs porcine, p = 0.001 human vs rat,
p = NS porcine vs rat (tSOD)



at different MOIs (MOI 0 = 11.5 ± 1.0; MOI
10 = 14.2 ± 0.7; MOI 25: 28.9 ± 1.4; MOI 50:
62.8 ± 0.4 U/mg). Catalase activity was monitored
for 7 days in intact porcine islet culture and up to
13 days with dispersed rat islet cells and was found
to be consistently above baseline levels (data not
shown).

Establishment of the oxidative stress model. After ex-
posure of human islets to increasing doses of XO in
the presence of 0.5 mmol/l HX, a dose-dependent cy-
totoxic effect was shown by WST-1 assay and con-
firmed by microscopic examination of islets. As
shown in Figure 3, doses of XO of 1 to 100 mU result-
ed in a cytotoxicity of 7 to 31% respectively. Similar-
ly, H2O2 at doses of 75 to 500 mmol/l progressively de-
creased human islet viability with a cytotoxicity of 5
to 21% respectively (Fig.3). Porcine islets were also
vulnerable to XO in a dose-dependent fashion, how-
ever, a tendency towards a higher susceptibility was
observed as doses of XO of 10, 25 and 50 mU resulted
in a cytotoxicity of 38, 39 and 41%, respectively. Hy-
drogen peroxide at a concentration of 100 mmol/l re-
duced porcine islet viability by 11%. Rat islet cells
were also more vulnerable than human islets to
XOHX stress as an equivalent cytotoxicity appeared
at lower concentrations of XO (% cytotoxicity
23 ± 0.4 at 2.5 mU; 30 ± 0.2 at 5 mU; 31 ± 0.1 at
10 mU ; 30 � 0.4 at 15 mU). Although dose-depen-
dency of stress was consistently observed, the abso-
lute level of cytotoxicity varied between different
batches of islets. Thus, xanthine oxidase at a dose of
25 mU induced an average cytotoxicity of
32.5 ± 4.5% on human islets with a CV of 19.6%. On
the other hand, the same stress on porcine islets re-
sulted in an average cytotoxicity of 40.5 ± 8.2% with
a CV of 40.5%.

Efficiency of catalase gene transfer on islet viability.
Each experiment was conducted with a minimum of
6 wells per experimental group (control, AdCAT
and AdNull ± with or without stress) and were re-
peated with islets from different preparations (hu-
man: n = 4; porcine: n = 6; rat: n = 5; INS-1: n = 3).
As illustrated in Table 1, Table 2 and Figure 4, adeno-
virus-driven catalase overexpression (MOI 25) re-
duced cytotoxicity induced by 25 mU XO on human
and porcine islets resulting in a protection of 26.1
and 21.2%, respectively. A 35.4 and 57.9% protec-
tion was also observed in human and porcine islets
against the cytotoxicity induced by H2O2 (Fig.4). Cy-
totoxicity of increasing doses of XO on dispersed rat
islet cells was also reduced, as shown in Figure 5,
with protection ranging from 12.4±17.8%. This pro-
tection involved beta cells within the islets, as sug-
gested by data obtained with INS-1 cells, showing a
30.8% protection after a XO stress (Table 2).

Effects of catalase gene transfer on islet functionality.
The endocrine function of human islets was tested
by static incubations 72 h after the induction of oxi-
dant stress. Control islets normally responded to a
glucose-theophylline challenge (baseline insulin re-
lease 72 ± 9; stimulated 144 ± 17 mU × h±1 × 100 is-
lets±1). As expected, insulin release was dramatically
reduced after a hypoxanthine-xanthine oxidase chal-
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Fig.2. Catalase activity in human, porcine and rat islets 48 h
following gene transfer using AdCAT at MOI of 25. Results
were obtained from triplicate samples taken from different in-
dividual pancreases (human: n = 3; porcine: n = 6; rat: n = 5).
Mean ± SEM from pooled data. In all three species, catalase
activities achieved by AdCAT transfection were higher
(2.5±4-fold) than in control islets (p < 0.01 control vs AdCAT)
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lenge (baseline: 19 ± 2 mU ; stimulated: 75 ± 24 mU)
(Fig.6). AdCAT transfected islets, however, retained
their responsiveness to glucose + theophylline even
after being stressed by XO-HX (baseline:
88 ± 14 mU, p < 0.05 vs stressed control; stimulated:
267 ± 18 mU, p < 0.05 vs stressed control). In fact, un-
stressed transfected islets exhibited higher insulin
secretory capacities (baseline 98 ± 14 mU, p = NS vs
control; stimulated 370 ± 31 mU, p < 0.05 vs control)
when compared with unstressed control islets.

Discussion

The results of our study demonstrate: 1) pancreatic is-
lets from three different species (human, porcine and
rat) express different levels of catalase activity; 2) the
three categories of islets are susceptible to lysis by
oxidant stress; 3) adenovirus-mediated catalase gene
transfer can significantly raise catalase in islets for
prolonged periods; 4) catalase gene transfer allows a
partial reduction of islet susceptibility to oxidant
stress and a preservation of insulin secretory capaci-
ties in vitro.

Previous studies had pointed out the major differ-
ences between humans and rodents in the susceptibil-
ity to beta-cell injury [12]. We established porcine is-

lets, a possible source for human transplants, also ex-
hibit a much lower enzymatic activity of catalase and
superoxide dismutase than human islets. Porcine is-
lets, as human and rodent islets, are susceptible to
lysis induced by reactive oxygen species generated by
XOHX or H2O2. Interestingly, vulnerability to XO of
rat islet cells, and to a lesser degree of porcine islets ap-
peared higher than that of human islets, which could
be related to the different catalase enzymatic activity
that we observed between these species.

H2O2 is a major cytotoxic product of inflammatory
cells. Xanthine oxidase is an endothelial enzyme
known to generate reactive oxygen species (hydrogen
peroxide and superoxide radical O2

±) when convert-
ing hypoxanthine to uric acid [26]. This enzyme may
be particularly involved in tissue damage occurring
after reperfusion/reoxygenation processes and can
also be induced by tumour necrosis factor-alpha
(TNF-a) [27]. Previous studies have shown the cyto-
toxic role of this enzymatic system on rat pancreatic
islet cells [28]. We now establish the dose-dependent
cytotoxicity of XO on human and porcine islets. This
could be relevant to islet transplantation, as XO may
be activated by macrophages or hypoxia after graft
implantation in the portal system. Thus, it is of partic-
ular interest to have a method that can reduce the
deleterious effects of macrophage mediators that are
implicated in islet graft primary non function [29±30]
or in the destruction of microencapsulated islets [31].

The relative susceptibility of the different endo-
crine cell types in islets to oxidant stress and to cata-
lase gene transfer was indirectly addressed in this
study. Thus we observed that the rat beta-cell line
INS-1 exhibited similar baseline catalase levels as pri-
mary rat islets, was susceptible to cytotoxicity in-
duced by xanthine oxidase and was similarly protect-
ed against an oxidant stress by adenoviral-mediated
catalase gene transfer. Recent studies using transgen-
ic expression of superoxide dismutase targeted to is-
let beta cells confirmed the validity of this protective
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Table 1. Effect of catalase gene transfer on human, porcine and rat islet viability

% cytotoxicity XOHXa % cytotoxicity H2O2
a

control AdNull AdCATc control AdNull AdCAT

human 37.0 ± 0.6 34.8 ± 2.1 26.2 ± 2.4d 34.7 ± 2.4 35.9 ± 3.2 21.8 ± 1.6d

porcine 60.1 ± 0.9 61.5 ± 1.3 47.4 ± 2.3d 12.5 ± 3.1 9.2 ± 1.7 5.3 ± 1.3d

rat 30.1 ± 0.4 ND 24.7 ± 0.4d ND ND ND
INS-1b 36.0 ± 1.2 35.3 ± 1.1 25.0 ± 3.2d ND ND ND
a xanthine oxidase was used at 25 mU/ml with human and por-
cine islets, 15 mU with rat islets, 10 mU with INS-1 cells. Hy-
poxanthine was 0.5 mol/l. H2O2 was used at 250 mmol/l with hu-
man islets and 100 mmol/l with porcine islets.
b studies were performed on intact human and porcine islets
(20 islets / well), whereas rat islets were dispersed in single cells
(4 � 105 cells / well), INS-1 cells were plated at 3 � 104 cells /
well.
c AdCAT was used at MOI 25, and islets and cells were cul-
tured 48 h prior to stress.

d due to variability in cytotoxicity levels between batches of is-
lets, this table shows data of typical experiments. Cytotoxicity
levels were compared by analysis of variance and Scheffe's
test between the 3 groups (control, AdNull, AdCAT).
P < 0.05 AdCAT vs control. AdNull and control did not differ
significantly. Similar significant results were obtained when
pooled cytotoxicity data from different pancreas were com-
pared. ND: not determined

Table 2. Effect of catalase gene transfer on human, porcine
and rat islet viability

% protection XOHXa % protection H2O2
a

human (n = 4) 26.1 ± 6.1 35.4 ± 4.2
porcine (n = 6) 21.2 ± 9.8 57.9 ± 10.5
rat (n = 5) 17.8 ± 2.3 ND
INS-1 (n = 3) 30.8 ± 8.7 ND
a Protection rate was computed as (C-T/C) � 100, where C is
cytotoxicity oberved in control islets and T is cytotoxicity mea-
sured in transfected islets. Data were pooled from different is-
let or cell preparations (n )



approach [32], as well as recent data obtained with
catalase gene transfer into insulinoma RINm5F cells
[33].

The concept of protecting islets with antioxidant
systems had already been proposed. Studies have
been reported using the delivery of catalase enzyme

via liposomes in combination with SOD and glu-
tathione peroxidase which showed beneficial effects
on H2O2-induced cytotoxicity on rat islets in vitro
[34]. Delivery of SOD or catalase complexed with
polyethylene-glycol was shown to reduce the severity
of insulitis in the NOD mouse model [6]. Our study
extends this concept to human and porcine islets. Ap-
proaches thus far reported, used pharmacological
agents [34] or physical treatment such as heat shock
[35]. Although these can prove valid in vitro, the
practicability and efficiency in vivo in an islet trans-
plant setting are questionable. Therefore, the use of
a powerful gene transfer vector might be more rele-
vant and this is the first study reporting on such an ap-
proach. With the adenoviral vector, we were able to
raise islet catalase activity for a minimum of 13 days.
This period may be critical for protecting transplant-
ed islets against inflammatory mediators released by
macrophages and for promoting islet engraftment.
Noteworthy, short term procedures used in the clini-
cal transplant setting and believed to reduce primary
non function, such as peritransplant optimal blood
glucose control or pentoxifyllin, did improve clinical
islet transplantation outcome in humans. Thus, the
current gene transfer procedure, despite possible lim-
ited time expression, could positively influence islet
transplantation results.

Inflammatory cytokines are candidate mediators
of islet beta-cell destruction in the course of insulin-
dependent diabetes mellitus as well as during islet re-
jection following transplantation [36±37]. These cyto-
kines, IL-1b, TNF-a and interferon gamma (IFN-g)
individually or in combination, are known to be cyto-
toxic to islet beta cells in vitro. Interestingly, rodent
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are from a typical experiment. Cytotoxicity was compared be-
tween groups by analysis of variance followed by Scheffe's
test (*: p < 0.05 vs control). Protection rate was computed as
(C-T/C) ´ 100, where C is cytotoxicity observed in control is-
lets and T is cytotoxicity measured in transfected islets
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Fig.5. Reduction of xanthine oxidase-induced cytotoxicity on
dispersed rat islet cells by AdCAT. Islet cells were transfected
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cells are more susceptible to these cytotoxic effects
than human islet beta cells. There is strong evidence
for a role of reactive oxygen species as intermediate
mediators for cytokine-induced cytotoxicity [38±40],
although some contradictory data exist showing no
effect of liposomal delivery of CAT, SOD or GPX
on cytokine-induced cytotoxicity in rat islets [34, 41],
as well as no effect on NO-induced cytotoxicity [42].
Some authors have suggested that this inefficiency of
superoxide dismutase or catalase could be attributed
to their inability to penetrate islet cells [41]. There-
fore the protective role of catalase from cytokine-in-
duced cytotoxicity is currently under investigation in
our laboratory, using our gene transfer strategy. In
addition several investigators are now reporting on
the role of protective genes that are expressed during
accommodation of vascularized xenografts and pre-
vent upregulation of proinflammatory genes such as
cytokines [43]. Some of these protective genes, name-
ly heme- oxygenase and bcl-2, are known for their an-
tioxidant properties.

Although significant, the protection conferred to
islets by catalase gene transfer was partial and much
lower than that described with endothelial cells using
the same vector [21]. The reason is unclear, as cata-
lase activities at baseline and after transfection at
the same MOI were very similar in both endothelium
and islets. An heterogenous distribution of the trans-
gene inside the islet may confer a protection to the
peripheral islet cells only, while central core islet cells
remain unaffected [16]. Protection of dispersed single
rat islet cells, however, was not higher. Our study with
rat cells used higher concentrations of hypoxanthine
than that reported by other groups [35], suggesting
that our strategy could be more relevant with a lower
oxidant stress. In addition, it was reported that SOD
and catalase could diminish the reduction of ni-
troblue tetrazolium to monoformazan [44], which
could lead to an underestimation of the beneficial ef-
fect of AdCAT when viability was assessed by WST-1
assay. This also could explain that, while viability data
established with WST-1 assay showed only partial im-
provement, functionality data showed that insulin re-
lease was almost totally preserved by AdCAT treat-
ment. Noteworthy, the stimulation index (stimulat-
ed/basal insulin release) did not differ between con-
trol unstressed and stressed islets, suggesting that
XOHX induced a loss of islets without disturbing
the functionality of surviving islets. The increase in
basal and stimulated insulin secretion in AdCAT
transfected islets is unclear and could be related to
modification in mitochondrial metabolism induced
by catalase overexpression, as mitochondrial activa-
tion can trigger insulin secretion [45]. Finally, other
defense mechanisms, such as SOD or gluthatione per-
oxidase, could prove useful, in combination with cat-
alase, for the removal of reactive oxygen species. In-
deed, we observed that the reduction of SOD activity

in porcine islets compared with human islets was
more pronounced than the reduction of catalase ac-
tivity. It has recently been reported that targeted
transgenic expression of CuZnSOD to islets could
protect them against oxidant stress [32]. The effects
of a double islet transfection with AdCAT and Ad-
CuZnSOD are currently under investigation.

Overall our data validate the concept of modula-
tion of oxidant injury on islets through appropriate
gene transfer and suggest that this method could be
used as an adjuvant therapy to improve the outcome
of islet or beta-cell transplantation. Our study also
shows that investigations on islet defense mecha-
nisms are relevant in the porcine model as well. It fa-
cilitates further investigations using scavenging en-
zyme gene transfer, aiming at reducing the adverse
effects of non specific inflammation on islet engraft-
ment and function in the in vivo transplant setting.
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