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Abstract. Pancreatic superoxide dismutase (SOD) and glutathione peroxidase
(GSHPx) activities were measured during the development of diabetes in diabetes-
prone BB rats (BBdp) prior to insulin dependence. The pancreata from seven to eight
BBdp rats of each sex were examined at ages 5, 7, 10, and 18 weeks and compared
with age-matched control BB rats (BBc). At Week 18, BBdp rats had moderate to high
insulitis but normal levels of blood glucose and insulin. Pancreatic CuZnSOD activity
in BBdp rats was two times higher than the activity seen in BBc rats at age 5-10 weeks
but then declined to the same level as seen in BBc rats at 18 weeks of age. MnSOD
activity increased over time in the BBdp rats but remained very low in BBc rats. These
changes in CuZnSOD and MnSOD activity resulted in BBdp rats having twice the
pancreatic total SOD activity compared with BBc rats (P < 0.0001). Total GSHPx
activity was significantly reduced in the pancreata from both male and female BBdp
rats compared with their respective controls (P < 0.01 and P < 0.0001, respectively).
The lower total GSHPx activity was due to reduced selenium-dependent GSHPx
(SeGSHPXx) activity. Erythrocyte and plasma activity of these enzymes was not differ-
ent between rats with or without insulitis, indicating that differences in enzyme activ-
ities were confined to the pancreas. Thus, changes in pancreatic antioxidant enzyme
activities occur prior to the development of diabetes symptoms in BBdp rats and may
be related to the destruction of the pancreatic B cells and ultimate development of

diabetes.

[P.S.E.B.M. 1994, Vol 207]

uperoxide dismutase (SOD, superoxide oxi-
doreductase, EC 1.15.1.1), along with glutathi-
one peroxidase (GSHPX, glutathione:hydrogen
peroxide oxidoreductase, EC 1.11.1.9) and catalase
(EC 1.11.1.6), form the primary intracellular defenses
against toxic, reactive oxygen metabolites (1). SOD
functions to remove superoxide radicals by reducing
them to hydrogen peroxide, which is then removed by
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GSHPx or catalase. SeGSHPx requires selenium (Se)
for activity and varies with dietary intakes of Se (2),
although there is also peroxidase activity that is inde-
pendent of Se, referred to as non-Se-dependent
GSHPx (non-SeGSHPx). There are two forms of
SOD: a mitochondrial enzyme which requires manga-
nese for activity (MnSOD) and another containing
copper and zinc (CuZnSOD) which is located in the
cytosol. CuZnSOD activity is dependent on copper for
activity and blood and tissue activity reflect dietary
intakes of copper (3). SOD activity is also found in
plasma in the form of extracellular SOD (EC-SOD),
enzymatically similar to CuZnSOD, but with a higher
molecular weight due to attached carbohydrate (1).
Pancreatic tissue has been reported to contain rel-
atively little activity of the protective enzymes SOD
and GSHPx compared with other tissues, and this has
been suggested to be a factor in the development of



insulin-dependent diabetes mellitus (IDDM) (4, 5). The
metabolism of the diabetogenic agents streptozotocin
(STZ) and alloxan both result in the production of
toxic oxygen reduction produces which damage islet B-
cells. The reason for the high susceptibility of B-cells
to these agents is unknown but has been suggested to
be due to the low activity of antioxidant protective
enzymes. STZ treatment has been shown to decrease
pancreatic CuZnSOD (6) and GSHPx activities (7),
and the induction of diabetes has been prevented by
exogenous administration of SOD, catalase, or hy-
droxyl radical scavengers in STZ-induced (8, 9) and
alloxan-induced diabetes (10, 11). However, failure of
CuZnSOD to protect against STZ-induced diabetes
has also been reported (12).

In Type I diabetes, the destruction of the pancre-
atic B-cells is associated with an autoimmune process
resulting from infiltration of inflammatory cells into
the islets, a process termed ‘insulitis.”” The spontane-
ously diabetic BB rat is an excellent animal model of
insulin-dependent diabetes mellitus (IDDM) and cell
mediated autoimmunity (13). Activated inflammatory
cells such as polymorphonucleated neutrophils and
macrophages produce large quantities of reactive ox-
ygen species such as 0,7, OH-, H,0,-~ and NO-
which are normally used to destroy invading patho-
gens but during autoimmune disease, inflict damage on
the host organism (14, 15). In the diabetes-prone BB
rat (BBdp), the insulitis is characterized by a wide-
spread lymphocytic infiltration of the pancreatic islets
which can be histologically quantitated. This destruc-
tive process is initiated prior to overt diabetes symp-
toms and is in evidence during the asymptomatic pe-
riod in BBdp rats with normal levels of blood glucose
and insulin. Thus with insulitis, the pancreas of the BB
rat is subjected to an environment with high levels of
free radicals and reactive oxygen species.

The purpose of the present study was to determine
if the increased susceptibility of the BB rat to diabetes
is related to a deficit in the activity of protective en-
zymes in the pancreas. The endogenous activities of
SOD (both the cytosolic CuZnSOD and the mitochon-
drial MnSOD) and GSHPx (SeGSHPx and non-
SeGSHPx) were determined in the pancreata from di-
abetes-prone BB rats (BBdp) and compared with that
from control BB rats (BBc¢) derived from the same
colony. Enzyme activities were determined at various
time intervals prior to insulin-dependence, during the
development of insulitis, the earliest symptom of dia-
betes. The activities of SOD and GSHPx were also
examined in erythrocytes and plasma of BBdp rats to
determine if the presence or absence of insulitis had
any effect on blood enzyme activity, which would dis-
tinguish an overall change in antioxidant defenses or
trace element status from changes that were confined
to the pancreas.

Materials and Methods

Animals. Spontaneously diabetes-prone BB
(BBdp) and control BB (BBc) rats were obtained from
the colony maintained at the Health Protection
Branch, Health Canada (Ottawa, Ontario) and fed a
standardized rat diet (NIH-07), containing the Ameri-
can Institute of Nutrition (AIN-76A) recommended
amounts of vitamins and minerals. The composition of
this diet has been described elsewhere (16) and con-
tained the following levels of minerals: Se, 0.1; Cu, 6;
and Mn, 54 mg/kg diet. Seven to eight rats of each sex
were sacrificed at 32, 47, 74, and 124 * 3 days of age,
along with an equal number of age-matched control
BB rats. Pancreata were removed, and one half was
examined histologically for insulitis and the other haif
used for determination of enzyme activities and pro-
tein. In the second study, 41 BBdp animals (22 males
and 19 females) were sacrificed at 18 weeks of age, and
a blood sample and pancreata were removed. Pancre-
ata were examined for insulitis and blood (erythro-
cytes and plasma) analyzed for antioxidant enzyme
activities.

Pancreas Preparation. The pancreas was re-
moved, dissected free of extraneous fat and lympbh tis-
sue and divided into two parts: one for light micro-
scopic examination for insulitis according to methods
described by Hoorfar et al. (16), and the other half was
stored at —70°C until used for enzyme determinations.
Reagents were purchased from Sigma Chemical Co.
(St. Louis, MO), unless indicated otherwise, and all
reagents and samples were maintained at 4°C through-
out the preparative steps. On the day of analysis, tis-
sues were thawed at 4°C and homogenized in 10 vol-
umes of cold Triton X100 (0.2%, v/v). A portion of the
homogenate was used for the determination of total
SOD, SeGSHPx, non-SeGSHPx, total GSHPx activi-
ties, and total protein. Another portion of the homoge-
nate was extracted with 0.4 X volumes of a mixture of
chloroform/ethanol (15/25, v/v) and used for the deter-
mination of CuZnSOD.

Blood Preparation. Rats were fasted overnight
and a 75 pl blood sample was removed from the tail
vein into a microhematocrit tube containing ammo-
nium heparin (Travenol Lab Inc., McGaw Park, IL).
Tubes were centrifuged at 13,700g at 4°C, and the
plasma and erythrocyte portions were used for the de-
termination of GSHPx and SOD activities. The eryth-
rocyte portion was washed with isotonic saline (0.9%),
lysed with 1.0 ml of demineralized water and used for
erythrocyte GSHPx and hemoglobin determinations.
A portion of the erythrocyte lysate was extracted with
0.4 X volumes of a mixture of chloroform/ethanol (15/
25, v/v) and used for the determination of CuZnSOD.
The portion of tube containing plasma was washed out
with 400 pl of saline and used for determination of
plasma enzyme activities and protein.
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Biochemical Methods. SOD activity was mea-
sured using an automated modification of the xan-
thine-xanthine oxidase cytochrome ¢ method de-
scribed previously (17) using an Abbott-VP discrete
analyzer (Abbott Laboratories, Mississauga, Ontario).
The assay cuvette contained 250 ul of a fresh mixture
of: 20 mM potassium phosphate buffer (pH 7.8), 0.1
mM EDTA, 0.2 pM ferricytochrome c, 50 uM xan-
thine, and 10 pM fresh potassium cyanide. The reac-
tion was initiated with sufficient xanthine oxidase to
give a reaction rate, in the absence of sample, of 0.025
A/min at 30°C using a 550/650 filter. SOD activity was
determined using 2.5 pl of sample. Total SOD was
determined on the tissue homogenate, CuZnSOD on
the chloroform/ethanol extracts, and MnSOD deter-
mined by difference. One unit of SOD activity is de-
fined as that amount of enzyme which causes a 50%
inhibition of the reaction, under these standardized
conditions. SOD activity was expressed per mg pro-
tein or per mg hemoglobin.

GSHPx activity was determined by an automated
modification of the coupled assay of Paglia and Val-
entine (18). The assay mixture was prepared fresh
daily and contained: 150 mM potassium phosphate
buffer (pH 7.0), 5 mM EDTA (disodium salt), 0.5 mM
sodium azide, 2 mM glutathione (reduced, crystalline
free acid), 0.24 mM NADPH, and 1 U/ml glutathione
reductase. Reactions were carried out at 37°C using an
Abbott-VP discrete analyzer with a 340/380 nm filter.
The sample cuvette contained 250 pl of assay mixture
and 1.25 pl of homogenate. The reaction was initiated
by the addition of substrate. SeGSHPx activity was
determined using 0.3 mM t-butylperoxide as substrate,
as blank activity was significantly lower than with hy-
drogen peroxide. Total GSHPx activity was deter-
mined using 1.2 mM t-butylperoxide as substrate and
non-SeGSHPx determined by difference. One unit of
activity catalyzes the oxidation of 1.0 umol of reduced
NADPH per min and was expressed per mg protein or
mg hemoglobin.

Hemoglobin was determined on the erythrocyte
lysate using an automated cyanomethemoglobin assay
(19) and total protein in plasma and pancreas homoge-
nates by a dye binding method (A-Gent kits, Abbott
Laboratories, Mississauga, Ontario).

Statistics. All results are reported as means
SEM. Pancreatic enzyme activities were examined us-
ing analysis of variance to determine significant effects
due to diabetes, sex and time; and blood activities for
insulitis and sex effects. Where no significant differ-
ences between males and females were seen, data
were pooled for both sexes. Significant differences be-
tween means at the same time point were determined
by the least significant difference method at the P <
0.05 level. All statistical procedures were done using

-+
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the CSS/3 statistical software package (StatSoft,
Tulsa, OK).

Results

On microscopic examination of the pancreata
from both male and female BBc and BBdp rats, no
evidence of insulitis was seen in the BBc rats or in the
BBdp rats during Weeks 5-10. At Week 18, the BBdp
animals had a moderate to high degree of insulitis
(grade 3—4 on a scale of 4).

The changes in SOD activity in pancreata obtained
from both BBdp and age-matched control BBc rats are
shown in Figure 1. As there were no significant differ-
ences in pancreas SOD activity between male and fe-
male rats, data were pooled for both sexes. CuZnSOD
activity was much higher in the pancreas of the BBdp
rats compared to BBc rats during Weeks 5-10; how-
ever, by Week 18, the activity in the BBdp rats had
declined to that seen in the BBc rats. MnSOD activity
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Figure 1. Changes over time in Cu,Zn-superoxide dismutase
(CuZnSOD, top), Mn-superoxide dismutase (MnSOD, center),
and total superoxide dismutase (total SOD, lower) activities (U/
mg protein) in the pancreata of prediabetic diabetes-prone BB
rats (BBdp) and age-matched control BB rats (BBc) derived
from the same colony. At Week 18, BBdp rats had grade 3—4
insulitis, on a scale of 1-4; no insulitis was evident during Weeks
5-10 or in BBc rats.
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was almost negligible in the pancreata of BBc rats
throughout the study, while the activity was signifi-
cantly elevated in the BBdp rats during Weeks 10-18
compared with the BBc rats (P < 0.01). Together,
these changes were reflected in total SOD that was
150%-210% higher in the pancreata from BBdp rats
compared with the BBc rats (P < 0.0001). It is note-
worthy that in the BBc rats, both forms of SOD activ-
ity remained constant throughout the prediabetic pe-
riod, while in the BBdp rats (with higher total SOD
activity), there was a dramatic increase in MnSOD
activity (11-fold), as CuZnSOD activity declined.
SeGSHPx activity was significantly lower in the
pancreas from BBdp rats compared with BBc rats (P
< 0.00001) (Fig. 2). This difference was significant in
both males and females from Week 7 on, although
SeGSHPx activity was higher in the pancreas of fe-
male rats compared to male rats (P < 0.02) (data not
shown). Non-SeGSHPx activity was very low in all
groups (<20% of total activity) and was not signifi-
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Figure 2. Changes over time in Se-dependent glutathione per-
oxidase (SeGSHPx, top), non-Se-dependent glutathione perox-
idase (non-SeGSHPx, centre) and total glutathione peroxidase
(Total GSHPx, lower) activities (mU/mg protein) in the pancreata
of prediabetic diabetes-prone BB rats (BBdp) and age-matched
control BB rats (BBc) derived from the same colony. At Week 18,
BBdp rats had grade 3—4 insulitis, on a scale of 1-4; no insulitis
was evident during Weeks 5-10 or in BBc rats.

cantly different between BBc and BBdp rats. Pancre-
atic total GSHPx activity was also significantly lower
in the BBdp rats compared with the BBc¢ rats at each
time point during the prediabetic period.

The presence or absence of insulitis had no effect
on SOD or GSHPxX activities in either plasma or eryth-
rocytes obtained from BBdp rats (Table I). Erythro-
cyte and plasma SeGSHPx activities, however, were
significantly lower in the female rats compared to male
animals (P < 0.0001, P < 0.01 respectively), while
there were no significant sex differences in blood SOD
activity (Table I).

Discussion

The present study was undertaken to determine if
the increased susceptibility of the BBdp rat to diabetes
was related to a deficit in pancreatic antioxidant en-
zyme activities compared with the nonsusceptible BBc
rat. Pancreas has been reported to have relatively little
activity of the antioxidant defensive enzymes SOD
and GSHPx compared with other tissues (4, 5). Using
immunofluorescent staining, however, Gandy et al.
(20) found that human islet B-cells are rich in
CuZnSOD, while the enzyme was not detectable in
acinar tissue. In this study, we have also found that
pancreas CuZnSOD activity was not abnormally low
compared with the activity seen in numerous other
tissues from control Wistar rats of the same age that
we have examined in our laboratory. CuZnSOD activ-
ity was 8-18 U/mg in pancreas compared with 3, 4, 11,
and 28 U/mg protein for aorta, spleen, heart, and liver
respectively (unpublished data and from Ref. 21). In
fact, BBdp rat pancreas was found to be particularly
high in MnSOD activity (8 = 1 U/mg protein at Week
18), next only to that seen in heart (29 U/mg), and to
have significantly more activity than numerous other
tissues (21). SeGSHPx activity in the BBdp rat pan-
creas (50-100 mU/mg) was lower than aorta, spleen,
kidney, heart, and liver activities, but was still well
above the detection limit and much higher than mus-
cle, plasma, and platelet activity. It is also noteworthy
that in pancreas, females had more SeGSHPx activity
than males, a difference that we have observed previ-
ously in liver (21). In a recent study by Cornelius et al.
(1993) (22), diabetes-prone NOD mice were not defi-
cient in protective enzymes compared with BALB/c
mice, although there were significant changes in en-
zyme activities over time. Thus, like the NOD mouse,
the pancreas of the BBdp rat does not appear to have
any obvious deficiencies in antioxidant enzyme activ-
ity compared with other tissues.

Several groups have investigated the pancreatic
activity of antioxidant enzymes in BB rats and its re-
lationship with diabetes. In the 6- to 7-month-old in-
sulin-dependent BB rat (on insulin therapy), pancreas
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Table I. Effects of Insulitis on Blood Enzyme Activities in Diabetes-prone BB Rats

Insulitis
Enzyme Sex
Present Absent
Erythrocyte
SeGSHPx (mU/mg Hb) M 2607 (n =13) 284+x8(n=29)
F 242 £ 8 (n = 5) 231 = 4 (n = 14)
non-SeGSHPx (mU/mg Hb) M+ F 148+ 9 150 + 7
Total GSHPx (mU/mg Hb) M 414 = 11 433 = 20
F 374 = 20 3816
CuZnSOD (U/mg Hb) M+ F 1192 1133
Plasma
SeGSHPx (mU/mg prot) M 47 £ 4 (n = 13) 56 x3(n=29)
F 41x4(n=4) 42 = 3 (n = 14)
non-SeGSHPx (mU/mg prot) M+ F 16 £ 2 16 =1
Total GSHPx (mU/mg prot) M 655 74 £ 4
F 54 + 6 56 + 4
EC-SOD (U/mg prot) M+ F 6.3 05 55=*0.2

Note. Mean age 126 = 3 days. Values are Mean = SEM (n) and are given for males and females separately where there was a
significant (P < 0.05) sex difference by two-way ANOVA. SeGSHPx = Selenium-dependent glutathione peroxidase; non-SeGSHPx =
non-Selenium-dependent glutathione peroxidase; CuZnSOD = Copper, Zinc-dependent superoxide dismutase; MnSOD = Manga-
nese-dependent superoxide dismutase; and EC-SOD = Extracellular superoxide dismutase.

CuZnSOD, GSHPx, and glutathione reductase
(GSHR) activities were increased compared with non-
diabetic littermates (23). In addition, the severity of
antioxidant alterations paralleled the degree of hypo-
insulinemia in these animals. These animals, however,
were already diabetic and receiving insulin therapy.
Thus, the alterations observed in their study may have
been related to suboptimal insulin therapy, and no in-
formation was given concerning changes occurring
during the prediabetic period. In another study, predi-
abetic BBdp rats were found to have lower islet total
SOD activity compared with control Wistar rats (24).
However, BBdp rats were compared with commercial
Wistar rats rather than BBc rats, so these differences
cannot be attributed directly to the development of
diabetes in the BB rat. In addition, no attempt was
made to distinguish between the two forms of SOD,
which, as can be seen from the present study, do not
respond in a similar manner. Thus, from previous
studies it is not clear which changes in the BB rat
pancreas are associated with the development of dia-
betes, with the diabetic state, or with suboptimal in-
sulin therapy during diabetes.

In the present study, we observed significantly
higher CuZnSOD and total SOD activity in BBdp rats
compared with BBc animals, long before the appear-
ance of insulitis or clinical diabetic symptoms.
CuZnSOD activity was almost twice as high in the
BBdp rats compared with the BBc rats early in the
prediabetic period (Weeks 5, 7, 10), while from Week
10, CuZnSOD activity began to decline, so that at 18
weeks, we found no difference in CuZnSOD activity
between BBdp and BBc rats, although total SOD ac-
tivity remained significantly higher in the BBdp rats.
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The marked reduction in pancreatic CuZnSOD activ-
ity in the BBdp rat coincided with the development
of insulitis seen at Week 18. A similar decline in
CuZnSOD activity (as a % of total activity) was also
noted in the diabetes-prone NOD mouse, although the
absolute amounts of the two forms of SOD were not
indicated (22).

There are several possible explanations for the fall
in pancreatic CuZnSOD activity seen in the BBdp rats
compared with the BBc rats in this study. The reduc-
tion may be due to the lower GSHPx activity in the
pancreas of BBdp rats; or due to a response to auto-
immune inflammation; or due to glucosylation of
CuZnSOD, all of which have been shown to reduce
SOD activity (13, 14, 25, 27, 28). Inhibition of islet
SOD activity has been suggested as the mechanism
whereby diabetogenic chemicals damage B-cells (25).
Enzymatic CuZnSOD activity, but not immunoreac-
tive SOD levels or MnSOD activity, was decreased by
50% in alloxan exposed islets, and CuZnSOD, but not
MnSOD injection prevented or reduced STZ-induced
diabetes. SOD activity is also inhibited by high levels
of its product, H,0, (26). In the present study, BBdp
rats had less pancreatic GSHPx activity than age-
matched BBc rats, throughout the prediabetic period
(from Week 7 on). This suggests that with lowered
GSHPx activity there may be elevated H,O, levels,
which could be inhibiting CuZnSOD activity, as
CuZnSOD activity rapidly dropped from Week 7 on,
the time at which SeGSHPx activity was also signifi-
cantly reduced. The decrease in CuZnSOD activity
may also be related to inflammation, as turpentine (a
potent inflammatory agent), reduced liver CuZnSOD
activity (27). A final possible mechanism may be due



to autooxidative glucosylation of proteins, as in-
creased glucosylation of CuZnSOD has been seen in
diabetics and shown to reduce enzyme activity (28).

MnSOD activity increased over time (Week 10—
18) in the pancreas of BBdp rats, while the activity
remained almost negligible in the pancreas of BBc
rats. This rise in MnSOD activity in the BBdp rats
during the development of insulitis may be a compen-
satory mechanism for the declining CuZnSOD activity
seen during the same time period. These results are
also consistent with in vitro studies which have shown
that CuZnSOD activity, but not MnSOD activity, is
inhibited by H,0, (26). Alternatively, MnSOD activity
may be rising in response to increased production of
v-interferon by the insulitis lesion (22, 29). Regardless
of the possible mechanism, the pancreas of the BBdp
rat had twice the total SOD activity compared with the
pancreas from BBc rats, with a dramatic shift in the
relative amounts of the CuZnSOD and MnSOD forms.
A similar shift has also been observed in the diabetes-
prone NOD mouse (22).

There are no obvious explanations for the reduced
SeGSHPx and total GSHPx activities observed in the
pancreas of BBdp rats compared with BBc animals;
however, this reduction was significant very early in
the prediabetic period (by Week 7), long before any
clinical or histological symptoms. STZ treatment was
shown to decrease pancreatic GSHPx activity in one
study (7), while another group of researchers found
elevated SeGSHPx activity in diabetic rat pancreas
(23, 30). In another study, no differences in SeGSHPx
activity were seen in the pancreas of the diabetes-
prone NOD mouse compared with the BALB/c strain
(22). Thus, there does not appear to be any consistent
changes in SeGSHPx activity in other diabetes stud-
ies; although in the present study, SeGSHPx activity
was consistently 35%-45% lower in the pancreas of
the BBdp rat compared with BBc rats from Week 7 on.

No differences in plasma or erythrocyte antioxi-
dant enzyme activities were seen in BBdp rats with or
without insulitis, indicating that it is unlikely that there
were any changes in the copper or selenium status of
the BBdp rat with the development of insulitis. Failla
and Gardell (31) found that pancreatic Cu content was
not altered in the diabetic BB rat compared with non-
diabetic or control animals, although they observed
decreased plasma Cu in diabetic animals which was
increased with insulin treatment. These discrepancies
in copper status are probably a consequence of the
diabetic state and not related to the development of the
disease, as the hypocupremia of diabetes could be re-
versed by insulin therapy (31), further suggesting that
the low blood Cu seen in their study was related to
insulin deficiency rather than related to the develop-
ment of diabetes. Thus, since blood antioxidant en-

zyme activities did not vary with insulitis in the
present study, yet pancreatic activities did, these re-
sults suggest that the alterations in antioxidant enzyme
activities are specific to the pancreas during the devel-
opment of diabetes rather than being indicative of
overall changes in antioxidant status or a trace element
deficiency.

In conclusion, the data from the present experi-
ments indicate that the activities of pancreatic antiox-
idant enzymes change very early during the develop-
ment of diabetes in the spontaneously diabetes-prone
BB rat and that these changes are demonstrable long
before any pancreatic insulitis can be seen. The initial
hypothesis that low antioxidant enzyme activity might
be associated with the development of diabetes in the
BBdp rat appears to be an oversimplification. The
relatively low SeGSHPx activity and declining
CuZnSOD activity are consistent with this hypothesis,
however total SOD activity remained high in the BBdp
rat. In addition, there appears to be dramatic shifts in
enzyme activities as well as a possible imbalance be-
tween GSHPx and SOD activities. These alterations in
protective enzyme activities may play a role in the
pathogenesis of insulin-dependent diabetes and may
affect the susceptibility of the pancreas of the BBdp
rat to oxidative stress. The role these changes in en-
zyme systems play in the protection against viral,
chemical, or autoimmune oxidative assaults needs to
be further examined.

This work is Publication 411 of the Bureau of Nutritional Sci-
ences.
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1. Halliwell B, Gutteridge JM. Free Radicals in Biology and Med-
icine (2nd ed). New York: Oxford University Press, 1989.

2. L’Abbé MR, Fischer PWF, Campbell JS, Chavez ER. Effects of
dietary selenium on DMBA-induced carcinogenesis in rats fed a
diet high in mixed fats. J Nutr 119:757-765, 1989.

3. L’Abbé MR, Fischer PWF. The effects of high dietary zinc and
copper deficiency on the activity of copper-requiring metalloen-
zymes in the growing rat. J Nutr 114:813-822, 1984.

4. Grankvist K, Marklund S, Tiljedal I-B. CuZn-superoxide dis-
mutase, Mn-superoxide dismutase, catalase and glutathione
peroxidase in pancreatic islets and other tissues in the mouse.
Biochem J 199:393-398, 1981.

5. Asayama K, English D, Slonim AE, Burr IM. Chemilumines-
cence as an index of drug-induced free radical production in
pancreatic islets. Diabetes 33:160-163, 1984,

6. Crouch RK, Gandy SE, Kimsey G, Galbraith RA, Galbraith
GMP, Buse MG. The inhibition of islet superoxide dismutase by
diabetogenic drugs. Diabetes 30:235-241, 1981.

7. Dohi T, Kawamura K, Morita K, Okamoto H, Tsujimoto A.
Alterations of the plasma selenium concentrations and the ac-

ANTIOXIDANT ENZYMES IN PREDIABETIC RATS 211



10.

11.

20.

212

tivities of tissue peroxide metabolism enzymes in streptozoto-
cin-induced diabetic rats. Horm Metab Res 20:671-675, 1988.

. Gandy SE, Buse MG, Crouch RK. Protective role of superoxide

dismutase against diabetogenic drugs. J Clin Invest 70:650-658,
1982.

. Robbins MJ, Sharp RA, Slonim AE, Burr IM. Protection

against streptozotocin-induced diabetes by superoxide dismu-
tase. Diabetologia 18:55-58, 1980.

Grankvist K, Marklund S, Téljedal I-B. Superoxide dismutase is
a prophylactic against alloxan diabetes. Nature 294:158-160,
1981.

Fischer LJ, Hamburger SA. Inhibition of alloxan action in iso-
lated pancreatic islets by superoxide dismutaste, catalase, and a
metal chelator. Diabetes 29:213-216, 1980.

. Gold G, Manning M, Heldt A, Nowlain R, Pettit JR, Grodsky

GM. Diabetes induced with multiple subdiabetogenic doses of
streptozotocin—Lack of protection by exogenous superoxide
dismutase. Diabetes 30:634-638, 1981.

. Crisd L, Mordes JP, Rossini AA. Autoimmune diabetes mellitus

in the BB rat. Diabetes/Metab Rev 8:9-37, 1992,

. Bendich A. Antioxidant nutrients and immune functions—

Introduction. Adv Exp Med Biol 262:1-12, 1990.

. Kolb H, Kolb-Bachofen V. Nitric oxide: A pathogenic factor in

autoimmunity. Immunology Today 13:157-160, 1992.

. Hoorfar J, Scott FW, Cloutier HE. Dietary plant materials and

development of diabetes in the BB rat. J Nutr 121:908-916,
1991.

. L’Abbé MR, Fischer PWF, Trick KD, Campbell JS, Chavez

ER. Dietary Se and tumor glutathione peroxidase and superox-
ide dismutase activities. J Nutr Biochem 2:430-436, 1991.

. Paglia DE, Valentine WN. Studies on the quantitative and qual-

itative characterization of erythrocyte glutathione peroxidase. J
Lab Clin Med 70:158-169, 1967.

. Beutler E. Red Cell Metabolism. A Manual of Biochemical

Methods (2nd ed). New York: Grune and Stratton, ppl1-12,
1975s.
Gandy SE, Galbraith RA, Crouch RK, Buse MG, Galbraith

ANTIOXIDANT ENZYMES IN PREDIABETIC RATS

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

GMP. Superoxide dismutase in human islets of langerhans. N
Engl J Med 304:1547-1548, 1981.

L’Abbé MR, Trick KD, Beare-Rogers JL. Dietary (n-3) fatty
acids affect rat heart, liver and aorta protective enzyme activi-
ties and lipid peroxidation. J Nutr 121:1331-1340, 1991.
Cornelius JG, Luttge BG, Peck AB. Antioxidant enzyme activ-
ities in IDD-prone and IDD-resistant mice: A comparative
study. Free Radic Biol Med 14:409—420, 1993.

Wohaieb SA, Godin DV. Alterations in tissue antioxidant sys-
tems in the spontaneously diabetic (BB Wistar) rat. Can J Phys-
iol Pharmacol 65:2191-2195, 1987.

Pisanti FA, Frascatore S, Papaccio G. Superoxide dismutase
activity in the BB rat: A dynamic time-course study. Life Sci
43:1625-1632, 1988.

Prowse SJ, Lafferty J, Nomikos IN, Carotenuto P. The patho-
genesis of spontaneous diabetes. Ann Inst Pasteur/Immunol
137D:459-462, 1986.

Bray RC, Cockle SA, Fielden EM, Roberts PB, Rotilio G, Cala-
brese L. Reduction and inactivation of superoxide dismutase by
hydrogen peroxide. Biochem J 139:43-48, 1974.

DiSilvestro RA, Marten JT. Effects of inflammation and copper
intake on rat liver and erythrocyte Cu-Zn superoxide dismutase
activity levels. J Nutr 120:1223-1227, 1990.

Arai K, lizuka S, Tada Y, Oikawa K, Taniguchi N. Increase in
the glucosylated form of erythrocyte Cu-Zn-superoxide dismu-
tase in diabetes and close association of the nonenzymatic glu-
cosylation with the enzyme activity. Biochim Biophys Acta
924:292-296, 1987.

Harris CA, Derbin KS, Hunte-McDonough B, et al. Manganese
superoxide dismutase is induced by IFN-y in multiple cell types.
J Immunol 147:149-154, 1991.

Wohaieb SA, Godin DV. Alterations in free radical tissue-
defense mechanisms in streptozocin-induced diabetes in rat—
Effects of insulin treatment. Diabetes 36:1014-1018, 1987.
Failla ML, Gardell CYR. Influence of spontaneous diabetes on
tissue status of zinc, copper, and manganese in the BB Wistar
rat. Proc Soc Exp Biol Med 180:317-322, 1985.



