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ABSTRACT A growing body of evidence suggests that
active oxygen is an important participant in the destruction of
the pancreatic 13 cell, which, in turn, leads to type I or
insulin-dependent diabetes mellitus. Consequently, genetic fac-
tors predisposing susceptibility to insulin-dependent diabetes
mellitus may include those that determine active oxygen me-
tabolism. A direct test of this hypothesis is provided by a
transgenic model for increased activity of Cu/Zn superoxide
dismutase (EC 1.15.1.1), a principal radical scavenging en-
zyme. Here we demonstrate that elevated levels of this enzyme
provided by a Cu/Zn superoxide dismutase transgene enhance
the tolerance of pancreatic 13 cells to oxidative stress-induced
diabetogenesis. These results show that this transgenic ap-
proach holds promise for revealing the role of reactive oxygen
in autoimmune models of diabetogenesis as well as in other
models of disease pathology in which active oxygen has been
implicated.

The pivotal cellular event in the etiology of type I or insulin-
dependent diabetes mellitus (IDDM) is the loss of function
and ultimately the complete disappearance of the insulin-
producing pancreatic ( cells. The development ofIDDM is a
complex multifactorial process, and environmental, dietary,
viral, genetic, and autoimmune factors have all been impli-
cated as contributing factors (1-4). A growing body of
evidence suggests that active oxygen may be an important
participant in the IDDM-related destruction of the ( cell
(5-7). For example, prediabetic immune infiltration of the
pancreatic islet, a condition known as insulitis, is accompa-
nied by release ofcytotoxic reactive oxygen species including
superoxide (02-), hydroxyl radical ('OH), peroxynitrite
(ONOO-), and hypochlorite (HOCI-). The diabetogenic
drugs alloxan and streptozotocin also elicit (3-cell destruction
via reactive oxygen species (6, 8). Oxygen radical scavengers
reduce the incidence of immune-mediated IDDM in the
nonobese diabetic strain of mice and suppress the diabeto-
genic action of alloxan and streptozotocin (9-15). Collec-
tively these observations suggest that reactive oxygen may be
a common factor in several otherwise apparently disparate
modes of diabetogenesis.
The pancreatic 3 cell appears to be exceptionally vulner-

able to the cytotoxic action of reactive oxygen. Although the
,8 cell appears to have somewhat reduced levels of some
antioxidant enzymes (16-18), its total antioxidant status does
not suggest this plays a significant role in diabetogenesis.
Recent evidence suggests that the role of reactive oxygen in
IDDM may best be understood in terms of another radical
metabolite, nitric oxide (NO-). NO' is generated in (3 cells
from L-arginine by constitutive and inducible isoforms of
nitric oxide synthase (19) and appears to function in both
negative and positive regulation of insulin secretion (20, 21).

However, NO' reacts vigorously with superoxide to yield
cytotoxic peroxynitrite (22, 23). Consequently, intrinsic NO'
metabolism may render (3 cells vulnerable to levels of super-
oxide flux easily tolerated by other cell types. Further
support for this concept comes from the observation that
reduction of NO- levels by pharmacological inhibition of
nitric oxide synthase activity significantly reduces (3cell
cytotoxicity mediated either by cytokines (24, 25) or by
alloxan and streptozotocin (26-28). Thus, the interaction of
NOW and superoxide may be an important factor in the
sensitivity of (3 cells to oxygen stress.
To further elucidate the role of oxygen radical metabolism

in the genesis of IDDM, we asked whether genetic variation
in oxygen radical metabolism can modulate susceptility to
diabetogenesis. A transgenic mouse strain overexpressing
the enzyme Cu/Zn superoxide dismutase (SOD, EC 1.15.1.1)
provides an experimental system to simply and directly
address this question. Cu/Zn SOD plays a pivotal role in
oxygen defense metabolism by intercepting and reducing
superoxide to hydrogen peroxide (H202), which, in mam-
mals, is readily reduced to water principally by catalase or
glutathione peroxidase. Unscavenged superoxide is an im-
minent threat to cells principally through transition metal-
catalyzed reaction with H202 to yield the potent cytotoxic
hydroxyl radical or, as mentioned, with NO' to yield per-
oxynitrite.

MATERIALS AND METHODS
Mice. Transgene heterozygotes and nontransgenic controls

were generated by crossing TgHS-SF218/10 mice (29) with
CD1. Segregating transgenic and nontransgenic animals were
identified by PCR analysis or by SOD assay of tail biopsies
(see below). Animals were maintained under specific patho-
gen-free conditions and fed standard mouse chow ad libitum.
SOD Assay. SOD activity in extracts was determined

following separation of proteins in nondenaturing polyacryl-
amide gels after the method of Beauchamp and Fridovich
(30). Tissues were sonicated in 2 mM EDTA/0.5% Nonidet
P-40 (0.2 mg of tissue wet weight per ml).

Quantitative Assay ofTransgene Transcripts by PCR. Quan-
titative multiplex reverse transcription-PCR was performed
according to the method of Singer-Sam and coworkers (31)
utilizing the ribosomal protein L32 (32) as a standard for
relative expression levels. PCR reactions were performed
with 0.2 pug of tissue-specific RNA isolated according to the
method of Holtzman and coworkers (33). All PCR primers
were between 21 and 24 bp in length and were designed to
yield amplified cDNA fragments ranging in size between 300
and 500 bp. The SOD-MRT primer set amplifies a 452-bp
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fragment from position 66 to position 518 of the mouse
cDNA, the SOD-HRT primer set amplifies 430 bp from
position 85 to position 515 of the human cDNA, and the
SOD-BRT primer set amplifies 386 bp from position 16 to
position 402 common to both cDNA sequences. The L32-
specific primer set amplifies a 305-bp fragment from position
28 to position 333 of the respective cDNA. The final volume
of the amplification cocktail was 25 ,l and contained -20
pmol of each primer. The concentration of each primer was
determined by titration (data not shown). The PCR profiles
were one cycle at 50°C, 8 min, and 95°C, 2 min, for cDNA
synthesis and 21-23 cycles at 90°C, 1 min, 60°C, 2 min, and
73°C, 2.5 min, for cDNA amplification. The reactions were
then continued at 72°C for 10 min and cooled to 4°C. An
aliquot (18 ,ul) of the amplification cocktail was loaded onto
a 2.0%o TBE gel containing 0.45 pg of ethidium bromide per
ml and developed at 4 V/cm for 1 hr and 40 min. The image
was photographed with Polaroid type 55 film and quantitation
of the amount of PCR product was accomplished by densi-
tometry with the aid of a Molecular Dynamics Densitometer,
model 300E.
Drug Administration. After fasting for 8 hr, mice were

anesthetized with methoxyflurane (Pitman-Moore, Washing-
ton Crossing, NJ) and injected via the tail vein with 50 mg of
alloxan per kg ofbody weight (alloxan monohydrate in saline)
or 0.2 ml of streptozotocin (24 mg/ml in 0.1 M citrate buffer).
Control mice received 0.2 ml of saline or buffer as appropri-
ate.
Blood Glucose Determination. Daily blood samples were

analyzed for glucose using an ExacTech glucose monitor
(MediSense, Cambridge, MA).

RESULTS AND DISCUSSION
The Cu/Zn SOD transgenic mouse strain, TgHS-SF218/10,
carries a stable multiple copy insertion of a native human
Cu/Zn SOD gene (29). Expression of this transgene supple-
ments endogenous Cu/Zn SOD activity in a variety oftissues
from 1.5 to 5 times normal levels. Extending this analysis, we
now show that the human Cu/Zn SOD transgene is expressed
in the transgenic pancreas as well. Quantitation of Cu/Zn
SOD mRNA in the pancreas and, for comparison, the brain
of TgHS-SF218/10 mice (Fig. 1; Table 1) demonstrates that
the ratio ofhuman to mouse mRNA in the pancreas is slightly
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Table 1. Cu/Zn SOD mRNA content of TgHS-SF218/10 mouse
pancreas and brain

Relative amount of Cu/Zn SOD mRNA*

Pancreas Brain

Experiment H M H/M H M H/M
1 0.165 0.118 1.40 2.75 1.25 2.20
2 0.295 0.325 0.91 1.97 1.17 1.68

Mean 1.16 1.94

H, human; M, mouse; H/M, human/mouse ratio.
*Determined by densitometric analysis relative to an internal stan-
dard (14).

greater than 1, compared to the brain, where the ratio is
almost 2. Thus the level of total Cu/Zn SOD in the transgenic
pancreas is expected to be about twice normal and in the
transgenic brain about three times normal. Polyacrylamide
gel assay of Cu/Zn SOD enzymatic activity in the pancreas
and brain of transgenic animals (Fig. 2) shows the presence
of the expected human homodimeric enzyme and human/
mouse heterodimeric enzyme in these tissues. This confirms
that the human transcripts are generating functional Cu/Zn
SOD subunits that supplement total Cu/Zn SOD activity in
the pancreas. Whether the transgene is expressed in the (3cell
of the pancreas is not known from these experiments. In any
event, because the ( cell represents only 1-2% ofthe total cell
population of the pancreas, the proportion of (cell-specific
Cu/Zn SOD mRNA or enzyme activity in whole pancreatic
extracts would be quite small.
To examine the capacity of transgenic Cu/Zn SOD to

modulate susceptibility to oxygen radical-mediated diabeto-
genesis, TgHS-SF218/10 transgenic animals and their non-
transgenic siblings, all 20-28 weeks of age, were initially
challenged with the radical-generating diabetogenic drug,
alloxan. Destruction of pancreatic (3 cells by alloxan is
typically manifested by rapidly developing, permanent hy-
perglycemia (6, 8). Thus, hyperglycemia can be used as a
reliable marker of (3cell cytotoxicity. Our nontransgenic
control animals respond to alloxan with a steady rise in blood
glucose for 5 days to a plateau level (-15 mmol/liter) nearly
three times above the steady-state blood glucose levels of
sham-treated controls (-5 mmol/liter) (Fig. 3). In contrast,
the hyperglycemic response ofTgHS-SF218/10 transgenic to
alloxan is significantly suppressed. Blood glucose concen-
tration in alloxan-treated transgenic animals rise to a plateau
value of only 10 mmol/liter, an increase of about one-half of
that of their nontransgenic siblings. Because the genetic
backgrounds of the transgenic and nontransgenic control
animals are identical, this effect can be attributed exclusively
to the human Cu/Zn SOD transgene. Furthermore, all ofour
experiments utilized transgene heterozygotes to preclude any

pancreas brain
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FIG. 1. PCR quantitation of human and mouse Cu/Zn SOD
transcripts in the pancreas and brain of TgHS-SF218/10 transgenic
mice. Primers were designed to amplify human (H), mouse (M), or
human and mouse (H+M) transcripts and the transcript for an
internal standard, ribosomal protein L32. The size of the amplified
fragments is 430 bp for H transcripts, 452 bp for M transcripts, 386
bp for the H+M combined transcripts, and 305 bp for L32. m.w.,
Molecular weight standards.

FIG. 2. Electrophoretic analysis of Cu/Zn SOD enzymatic ac-
tivity in the pancreas and brain of TgHS-SF218/10 transgenic (tg+)
and nontransgenic littermate control (neg) mice. The positions ofthe
various dimeric forms of Cu/Zn SOD are indicated.

Genetics: Kubisch et al.



Proc. Natl. Acad. Sci. USA 91 (1994)

17 -

0E

E
0

00

0

0

en
ao

1 5 -

13 -

11 -

9-

7 -

5-

I I IIII I I I I

0 1 2 3 4 5 6 7 8 9

Day

FIG. 3. Blood glucose levels in TgHS-SF218/10 heterozygotes
(TgHS-SF218/10 x CD1) in response to alloxan administration.
Each group of animals consisted of five males or females 20-28
weeks of age. Nontransgenic controls were segregating littermates.
Data points are means ± SE of determinations on five animals. *,
Alloxan-treated nontransgenic animals; o, saline-treated nontrans-
genic animals; e, alloxan-treated transgenic animals. Statistically
significant blood glucose levels were determined by Student's t test.
*, P < 0.01 vs. treated nontransgenic animals.

possible recessive effects on blood glucose levels arising from
the chromosomal site of transgene insertion.
Whether the suppressed hyperglycemic response ofTgHS-

SF218/10 animals arises from transgene expression specifi-
cally in the pancreas or in other tissues cannot be determined
from these experiments. To resolve this issue, we have
generated mice with transgenic Cu/Zn SOD expression tar-
geted exclusively to the (3 cell via the insulin promoter
(H.M.K. and J.P.P., unpublished results). Regardless of the
focus of transgenic Cu/Zn SOD activity, we believe that the
increased resistance of TgHS-SF218/10 animals to alloxan-
generated superoxide is clear evidence that genetic augmen-
tation ofCu/Zn SOD can suppress the contribution ofoxygen
radicals to diabetogenesis.
To broaden the scope of our investigation, we examined

the hyperglycemic response ofyounger (12-15 weeks) TgHS-
SF218/10 animals to alloxan and to another diabetogenic
drug, streptozotocin (Fig. 4). The diabetogenic effect of
streptozotocin arises at least in part through a poorly under-
stood radical-generating metabolism (see ref. 13 for review).
As with their older counterparts, younger transgenic animals
exhibit a significant suppression of hyperglycemia in re-
sponse to alloxan, attaining blood glucose levels of -8.2
mmol/liter (59% of controls) 4 days after injection compared
to 14 mmol/liter in nontransgenic controls. In response to
streptozotocin, our nontransgenic control animals attained
mean blood glucose levels of 26.4 mmol/liter 4 days after
injection compared to 14 mmol/liter in their alloxan-treated,
nontransgenic counterparts of the same age. Streptozotocin-
treated TgHS-SF218/10 transgenic animals, on the other
hand, attained mean blood glucose levels of only 17.1 mmol/
liter (64% of nontransgenic siblings) during the same time
period. These results demonstrate that the human Cu/Zn
SOD transgene suppresses the hyperglycemic response to
streptozotocin as well as to alloxan and that transgene
expression is effective in younger as well as in older animals.
These findings reinforce the general conclusion that genetic
variation in Cu/Zn SOD expression can confer a broad
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FIG. 4. Blood glucose levels in young TgHS-SF218/10 heterozy-
gotes (TgHS-SF218/10 x CD1) in response to alloxan (Upper) or
streptozotocin (Lower) administration. Each group of animals con-
sisted of five males or females 12-15 weeks of age. Nontransgenic
controls were segregating littermates. Data points are means ± SE
of determinations on five animals. m, Drug-treated nontransgenic
animals; e, drug-treated transgenic animals; o, saline- or buffer-
treated transgenic animals. Note that in this series, saline- or
buffer-treated controls were transgenic animals, whereas in Fig. 3
saline-treated controls were nontransgenic animals. Statistically
significant blood glucose levels were determined by Student's t test.
*, P < 0.01 vs. treated nontransgenic animals.

moderating influence on individual susceptibility to oxygen
radical-mediated diabetogenesis.

Previous work has shown that intravenous administration
of purified preparations of Cu/Zn SOD has a short-term
attenuating effect of the diabetogenic action of both alloxan
and streptozotocin (10, 34). However, such effects are con-
ferred by enzyme that almost certainly remains extracellular
and that, therefore, may act by transiently augmenting the
activity of the known extracellular species of SOD, EC-SOD
(35). In contrast, endogenous Cu/Zn SOD appears to be
exclusively intracellular (36, 37). Consequently, the attenu-
ating effects of transgenic and injected Cu/Zn SOD on
drug-induced hyperglycemia may arise through very different
mechanisms.
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Transgenic Cu/Zn SOD has been shown to confer broad
protection against experimental acute oxidative damage in
the central nervous system (38). This includes attenuation of
focal cerebral ischemic injury (39), protection against cold-
induced brain edema and infarction (40), and protection
against drug-induced, superoxide-mediated neurotoxicity
(41). The results presented in the present study extend the
protective biological domain of transgenic Cu/Zn SOD to
include the endocrine pancreas.
The rationale of the present experiments was to utilize the

established radical-mediated diabetogenic properties of al-
loxan and streptozotocin as a short-term unambiguous assay
for testing the capacity of Cu/Zn SOD transgenes to modulate
oxygen radical-mediated diabetogenesis. Our findings confirm
that both drugs elicit their effects through the generation of
oxygen radicals and demonstrate that the diabetogenic action
of these drugs can be attenuated by transgenic augmentation
ofCu/Zn SOD. Thus, the answer to the question posed at the
outset of whether genetic variation in oxygen radical metab-
olism can modulate susceptibility to diabetogenesis is clearly
yes. This result sets the stage for asking whether genetic
variation in oxygen radical metabolism can be a contributing
factor in other diabetogenetic processes. As pointed out
earlier, active oxygen may be an important participant in
autoimmune or virally mediated diabetogenesis. Because we
now know that transgenic augmentation of Cu/Zn SOD pro-
tects against oxygen radical-mediated diabetogenesis, we can
now use our transgenic system to examine directly the role of
active oxygen in these other diabetogenetic processes. Other
laboratories have demonstrated that 3-cell-targeted transgenic
expression ofthe cytokines, a- and -.interferon, or ofthe viral
antigen, LCMV, elicits autoimmune insulitis leading to (3cell
destruction (42-46). Generation of animals doubly transgenic
for Cu/Zn SOD and autoimmune transgenes by simple Men-
delian crosses can now provide the basis for an elegantly
simple yet powerful system for elucidating the role of oxygen
radical metabolism in these more biologically relevant diabe-
togenetic processes. A similar genetic approach could also be
used to introduce Cu/Zn SOD transgenes into IDDM-
susceptible nonobese diabetic mice (47-49). In principle, this
approach can be used to investigate the role ofreactive oxygen
metabolism in any disease for which there is a mouse model.
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