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Maternal diabetes during pregnancy is associated with
an increased rate of congenital malformations in the
offspring. The exact molecular etiology of the disturbed
embryogenesis is unknown, but an involvement of rad-
ical oxygen species in the teratological process has been
suggested. Oxidative damage presupposes an imbal-
ancebetween the activity of the free oxygen radicalsand
the antioxidant defence mechanisms on the cellular
level. The aim of the present study was to investigate if
maternal diabetes in vivo, or high glucose in vitro alters
the expression of the free oxygen radical scavenging
enzymes superoxide dismutase (CuZnSOD and
MnSOD), catalase and glutathione peroxidase in rat
embryos during late organogenesis. We studied off-
spring of normal and diabetic rats on gestational days
11 and 12, and also evaluated day-11 embryos after a 48
hour culture period in 10 mM or 50 mM glucose concen-
tration. Both maternal diabetes and high glucose culture
caused growth retardation and increased rate of con-
genital malformations in the embryos. The CuZnSOD
and MnSOD enzymes were expressed on gestational
day 11 and both CuZnSOD, MnSOD and catalase were
expressed on day 12 with increased concentrations of
MnSOD transcripts when challenged by a diabetic mi-
lieu. There was a good correlation between mRNA,
protein, and activity levels, suggesting that the regula-
tion of these enzymes occurs primarily at the pre-
translational level. Maternal diabetes in vivo and high

glucose concentration in vitro induced increased
MnSOD expression, concomitant with increased total
SOD activity, and a tentative decrease in catalase ex-
pression and activity in the embryos. These findings
support the notion of enhanced oxidative stress in the
embryo as an etiologic agent in diabetic teratogenesis.

Key words: scavenging enzyme, free oxygen radical, rat
embryo, diabetes, malformation, gene expression

Abbreviations: MnSOD, superoxide dismutase localized to the
mitochondria containing manganese; CuZnSOD, superoxide
dismutase localized to the cytoplasm containing copper and
zing; N, and MD, normal, and {manifestly) diabetic rats; N11,
N12, offspring of N rats on gestational day 11, and 12; MD11,
MD12, offspring of MD rats on gestational day 11, and 12.

INTRODUCTION

Diabetic pregnancy is despite major im-
provements in medical and obstetrical care, still
associated with a 2-3 fold increased incidence of
major malformations in the offspring."” The exact
cellular and molecular mechanisms are largely
unknown. A diabetes-like environment in vitro or
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maternal diabetes in vivo have been shown to
produce both growth retardation and congenital
malformations in experimental animals.’> The
search for teratological agents in various experi-
mental models of diabetic pregnancy, both in vivo
and in vitro, has identified a handful of possible
compounds and mechanisms. Thus, metabolites
which are elevated in a diabetic milieu, such as
glucose, B-hydroxybutyrate, triglycerides, and
branched chain amino acids have shown an asso-
ciation with compromised embryonic develop-
ment in vivo.! Furthermore, addition of excess
glucose,” B-hydroxybutyrate, and a metabolite of
leucine, a-ketoisocaproate,” to rodent embryo cul-
ture in vitro have demonstrated that these agents
have strong teratogenic activity. Notably, these
compounds are all oxidizable substrates and are
likely to be metabolized by the embryo.

Recently it has been suggested that the embry-
onic oxidative metabolismis directly coupled to the
teratogenic process via excess of free oxygen radi-
cals in the embryo.”” Free oxygen radicals are
known to generate disturbed in vitro development
per se,” and exogenous supplementation of the free
oxygenradical scavenging enzyme superoxidedis-
mutase to embryo culture with high concentration
of glucose, B-hydroxybutyrate and a-ketoisocapro-
ate protects against malformations.”® Therefore, it
seems plausible that oxidative stress constitutes a
link between the diabetes-like environment in vitro
and embryonic dysmorphogenesis.

The scavenging enzymes — catalase, gluta-
thione peroxidase and superoxide dismutase —are
prominent members of the cellular antioxidant
defence which metabolizes the reactive oxygen
derivatives such as hydrogen peroxide (catalase
and glutathione peroxidase) and the superoxide
ion (superoxide dismutase). In addition, there are
two intracellular isoenzymes of superoxide dis-
mutase — CuZnSOD and MnSOD. The former en-
zyme is localized in the cytoplasm and the latter
in the mitochondria of the cell.”

The possibility that a diabetic environment in-
duces congenital malformations in the offspring
via increased oxygen radical activity prompted us

toinvestigate whether maternal diabetes and high
glucose in vitro may alter the expression and/or
activity of CuZnSOD, MnSOD, catalase and gluta-
thione peroxidase in rat embryos during the criti-
cal period of organogenesis. In a previous study
we found marked changes in gene expression of
the two extracellular matrix proteins laminin and
fibronectin in embryos subjected to a diabetic or
hyperglycemic environment."! The aim of this
study was to identify effects on the cellular
antioxidant defence mechanisms exerted by a
diabetes-like milieu.

MATERIALS AND METHODS

Animals and Embryo Culture

Female Sprague-Dawley rats from a malforma-
tion prone U substrain were made diabetic by a
single i.v. injection of streptozotocin at a dose of
40 mg/kg body weight. Two to three weeks after
the injection diabetic females (>20 mM serum glu-
cose) were caged overnight with non-diabetic
male Sprague-Dawley rats. The following morn-
ing was denoted gestational day 0 if a positive
vaginal smear was found. Rat embryos from nor-
mal and diabetic mothers were excised on day 11
and 12, examined under a stereo microscope and
stored at — 80°C for subsequent RNA and protein
studies. Day-9 embryos from normal mothers
were explanted and cultured for 48 hours in 10 or
50 mM glucose as outlined in earlier reports.”®
After culture, morphological analysis was per-
formed as previously described.”

RNA Studies

Total RNA was extracted with the guanidine
isothiocyanate method'? and poly (A)* RNA iso-
lated by oligo-dT affinity chromatography (Fast
Track mRNA Isolation Kit; Invitrogen, San Diego,
CA, USA). The RNA samples, either total or
poly-A* RNA fraction, were subjected to electro-
phoresis on 1% agarose gel containing 2.2 M form-
aldehyde, transferred to a nylon membrane and
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hybridized to **P-labelled cDNA probes coding
for human CuZnSOD,” human MnSOD," rat
catalase,” mouse glutathione peroxidase," and
human y-actin.”” Hybridization was performed at
42°C in a solution containing 50% formamide, 5X
SSPE, 2.5X Denhart’s solution, 0.1% SDS and
100 mg/ml denatured salmon sperm DNA. The
membranes were washed in 0.1X SSPE, 0.1% SDS
at 55°C and incubated with Kodak X-Omat AR
film at —80°C. Densitometric analysis of the auto-
radiograms was performed after non-saturating
exposures with a Quick Scan Jr densitometer
(Helena Laboratories, Beaumont, TX, USA). Hy-
bridization to y-actin, a transcript not altered by
maternal diabetes, was used as an internal control
to correct for loading inequalities.

Immunoblot Analysis

Embryos were sonicated and about 30 pg protein
per well were resolved by 14% SDS-poly-
acrylamide gel electrophoresis. The polypeptide
bands were transferred to a nitrocellulose mem-
brane using electroblotting (Bio-Rad Laboratories,
Richmond, CA, USA) and incubated with polyclo-
nal rabbit antibody to rat CuZnSOD and rat
MnSOD." Secondary horseradish peroxidase-
labelled sheep anti-rabbit antibodies were subse-
quently applied and the antigen-antibody com-
plex was visualized by chemiluminescence (ECL
western blotting analysis system, Amersham

TABLE1 Embryo morphology

International, Little Chalfont, Buckinghamshire,
UK), detected by a Kodak X-Omat AR film. The
bands were quantitated densitometrically and
data were expressed as arbitrary densitometric
units per pug protein loaded in each well. The pro-
tein content of the sonicated embryos was deter-
mined by the method of Lowry et al.”” using bovine
serum albumin as a standard.

Enzymatic Activity Studies

Activity measurements was performed as pre-
viously described.’ Briefly, superoxide dis-
mutase activity was measured as inhibition of
xanthine  oxidase-generated  luminol
chemiluminescence.”” Peroxidative activity of
catalase was utilized for spectrophotometric de-
termination by the production of formaldehyde
from methanol.”’ Glutathione peroxidase activity
was established by estimating absorbance
changes due to the hydroperoxide-specific oxi-
dation of NADPH in an enzymatic cycling
assay.”? The DNA content of the embryos was
measured fluorometrically as described by
Kissane and Robins® and Hinegardner.”*

Statistical Analysis

Differences between means were evaluated with
the aid of Student’s two-tailed unpaired ¢-test, or
with X%-statistics with Yates’ correction, which-
ever method was applicable.”

number crown-rump number malformation
of length of score
observations (mm) somites (0-10)
10G 20 41+03 29.3£05 0.2
50 G 31 27+0.2% 22.3+04% 8.9*
N1l 42 45101 291103 0.2
MD 11 55 29+0.1* 25.1+0.2* 4.5*
N12 16 66+0.1 352+03 0.2
MD 12 30 4.7+0.2* 29.7+£0.3* 21

Crown rump length, somite number and malformation score in embryos cultured in 10 mM or 50 mM glucose concentration (10 G,
50 G), and in day-11 and day-12 embryos of normal (N) and diabetic rats (MD).
Significance: * = p < 0.05 versus either 10 G embryos in vitro, or N 11 or N 12 embryos in vivo. Student’s two-tailed unpaired ¢-test,

or X%-statistics (with Yates’ correction) (25).
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TABLE2 Enzymatic activity

TABLE 3 Superoxide dismutase expression

superoxide glutathione

dismutase catalase peroxidase
100G 120£09(12) 3204 122+1.8(9)
50G 165£15* (12) 3.6+0.3(8) 10.9+1.3 (9
N11 144+1.1(4) 11+0.1(6) 7.9+27(3)
MD11 185+11*(3) 08+0.1(6) 72414 (5)
N12  107+06@)  09+01() 57404 (4
MD12 153%16*(3) 1.0+02(2) 6.0+£05 (2

Activities of superoxide dismutase, catalase, and glutathione
peroxidase in embryos cultured in 10 mM or 50 mM glucose
concentration (10 G, 50 G), and in day-11 and day-12 embryos
of normal (N) and diabetic rats (MD). Superoxide dismutase
activity is expressed as mU/ug DNA, catalase and glutathione
peroxidase are expressed as pKat/pg DNA. Number of
observations in parentheses.

Significance: * = p < 0.05 versus either 10 G embryos in vitro,
or N 11 or N 12 embryos in vivo. Student’s two-tailed unpaired
t-test (25).

RESULTS

The morphological analysis of the embryos were
in agreement with previously published
data***; Embryos from diabetic rats were
smaller than offspring from normal rats, culture
in 10 mM glucose produced embryos with a mor-
phology closely corresponding to that occurring
in vivo, while culture in 50 mM glucose had a
profound growth retarding and teratogenic ef-
fect, yielding decreased crown rump length, de-
creased somite number and increased
malformation score (Table 1).

We found a 30-40% increase in the activity of
superoxide dismutase in embryos cultured in
50 mM glucose compared with 10 mM glucose
culture, as well as in embryos from diabetic rats
compared with embryos of normal rats (Table 2).
Exposure to a diabetic environment did not
appear to affect the activity of glutathione per-
oxidase, whereas catalase tended to be decreased
by about 30% in the MD 11 embryos compared to
the N 11 embryos (0.05 < p < 0.1, Table 2).

To determine the relative contribution of
CuZnSOD and MnSOD to the increase in total
SOD activity, and to dissect the mechanisms

mRNA Protein

CuZnSOD MnSOD  CuZnSOD MnSOD

50 G 94+20(6) 134(2) 10967 (13) 124164 (13)
MD11 95+39(7) 164 (2) ND ND
MD12 112+37(6) 121(3) 93451 (12) 138+ 82*(20)

Superoxide dismutase mRNA and protein levels in embryos
cultured in 50 mM glucose concentration (50 G), and in day-11
and day-12 embryos of diabetic rats (MD 11 and MD 12). Data
are expressed as percent of either embryos cultured in 10 mM
glucose in vitro, or day-11 or day-12 embryos from normal rats
in vivo. (mean + SD), “ND” denotes not determined value.
Significance: ¥ = p <0.05 versus either 10 G embryos in vitro, or
N 11 or N 12 embryos in vive. Student’s two-tailed unpaired
t-test (25).

underlying this effect of the diabetic milieu we
measured both mRNA and protein levels of the
CuZnSOD and MnSQOD. Both CuZnSOD mRNA
and protein levels were unchanged in the diabetic
compared to the control conditions, both in vivo
and in vitro (Table 3). In order to detect the rare
message of MnSOD we had to use polyA selected
mRNA from pooled RNA of 10-20 embryos. This
diminished the number of determinations,
thereby precluding statistical comparison. How-
ever, since the results were reproducible in 2-3
Northern blots, each representing 10-20 embryos,
the reported mean values should be regarded as
highly representative of the expression of this
gene (Table 3, Figures 1 and 2). Both MnSOD
mRNA and protein levels were thus increased in
embryos from diabetic rats and in high glucose
culture. The increase in MnSOD mRNA and pro-
tein levels were compatible with the increased
superoxide dismutase activity in the embryos ex-
posed to a diabetic environment. Thus, the
MnSOD protein was significantly increased in
day-12 embryos of diabetic rats, although in the
high-glucose cultured embryos the numerical dif-
ference failed to reach statistical significance
(0.05 <p <0.1, Table 3).

In accordance with the activity data, maternal
diabetes or high glucose culture had no significant
effecton the expression of catalase and glutathione
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FIGURE1 Northemn blot analysis of poly-A* RNA from day-11
rat embryos cultured in vitro for 48 h in 10 and 50 mM glucose.
Hybridization was to ¢cDNAs coding for MnSOD and y-actin.
Lane 1: 50 mM glucose - 0.5 mg RNA, Lane 2: 10 mM glucose -
1 mg RNA, Lane 3: 50 mM glucose — 1 mg RNA, Lane 4: 10 mM
glucase — 2 mg RNA, Lane 5: 50 mM glucose — 2 mg RNA. The
steady state levels of MnSOD transcripts is elevated in high
glucose-cultured embryos when normalized with the mRNA
levels of y-actin, the latter indicating the total amount of RNA.

peroxidase in the embryos (Table 4). The catalase
activity level of 70% seen in MD 11 embryos corre-
sponded to a catalase mRNA level of 76% in these
embryos, however, without statistically signifi-
cance versus the N 11 embryos (Table 4).

DISCUSSION

In this study we observed that a diabetic environ-
ment in vivo and in vitro increases the total superox-
ide dismutase activity by increasing the expression
of the MnSOD gene. Since generation of reactive
oxygen species has been found to enhance the ex-
pression of MnSOD,” this finding supports the
notion of enhanced oxidative stress in diabetic
pregnancy. We found also, however, a trend to-
wards decreased catalase mRNA concentration
and decreased catalase activity in MD 11 embryos.
This tentative change may surpass the increase in
SOD activity, and makes it difficult to predict the
net effect of a diabetic environment on the total
activity of radical scavenging enzymes in the em-
bryo. Since the antioxidative status in the cell is
dependent on the equilibrium of different anti-
oxidant compounds, a rise in SOD activity in com-

Mn SOD
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FIGURE2 Northern blot analysis of poly-A” RNA from day-12
rat embryos from normal (N) and diabetic (D) rats. Hybridization
was to cDNAs coding for MnSOD and y-actin. Lane 1: N -
1.25 mg RNA, Lane 2: D - 1.25 mg RNA, Lane 3: D - 1.25 mg
RNA, Lane4:N-2.5mgRNA, Lane 5:D-2.5mgRNA. Increased
MnSOD mRNA concentrations are evident in embryos from
diabetic rats.

bination with impaired catalase activity may cause
an increased steady state concentration of hydro-
gen peroxide in the embryo, leading to increased
production of hydroxyl radicals via the Fenton re-
action. In high-glucose cultured embryos there was
no decrease in catalase activity despite a tentative
diminution of catalase mRINA. The superoxide dis-
mutase activity was, however, increased in anal-
ogy to the MD 11 embryos.

In previous studies, exogenous supplementa-
tion of the free oxygen radical scavenging en-
zymes superoxide dismutase, catalase and
glutathione peroxidase protected against mal-
formations in 50 mM glucose culture.® Superoxide
dismutase also repressed the teratogenic effects of

TABLE4 Catalase and glutathione peroxidase mRNA

glutathione
catalase peroxidase
50G 84139 (6) ND
MD 11 76 44 (7) ND
MD 12 119+ 42 (6) 134 £ 63 (15)

mRNA levels of catalase and glutathione peroxidase in em-
bryos cultured in 50 mM glucose concentration (50 G), and in
day-11and day-12 embryos of diabetic rats (MD). Data is either
expressed as percent of embryos cultured in 10 mM glucose in
vitro, or day-11 or day-12 embryos from normal rats in vivo
(mean t SD), “ND” denotes not determined value. Number of
observations in parentheses.
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FIGURE 3 Western blot of protein from day-12 rat embryos
from normal (N) and diabetic (D) rats. The antibody used was a
polyclonal rabbit-anti mouse MnSOD and 30 mg protein from
each homogenized embryo was applied to the wells. Lane 1-3: D
embryos, lane 4-6: N embryos. Note the slight upregulation of
MnSOD protein in the D embryos.

excessive concentrations in vitro of the intermedi-
ate metabolites, pyruvate, p-hydroxybutyrate,
and a-ketoisocaproate, all of which are elevated in
diabetes.” It was thus hypothesized that embry-
onic excess of oxidizable metabolites followed by
intramitochondrial overload might result in in-
creased free oxygen radical leakage from the elec-
tron transport chain.’

In a recent series of morphological studies,
high amplitude swelling, reduced number of cris-
tae and ruptured membranes of mitochondria in
neural epithelial cells in embryos from diabetic
rats or exposed to high glucose during culture in
vitro have been demonstrated.”

A transgenic mouse strain containing an in-
creased gene dosage and activity of CuZnSOD®
has recently been shown to be more resistant to
the teratogenic effects of high glucose concentra-
tions in vitro,” as well as to the negative influence
of a diabetic intrauterine milieu in vivo.”’ These
findings suggest that the embryonic antioxida-
tive capacity is of prime importance for modula-
tion of the teratogenic effect of a diabetic
environment.

In view of these studies suggesting an involve-
ment of embryonic free oxygen radicals in the
teratogenic process, we decided to investigate if
the embryonic enzymatic antioxidant defence
would be affected by maternal diabetes at the
mRNA and/or protein levels.

The CuZnSOD in the cytoplasm and the mito-
chondrial MnSOD?® catalyze the same reaction
converting the superoxide ion (O”~) to hydrogen
peroxide (H:O;). Glutathione peroxidase and
catalase metabolize the breakdown of hydrogen

peroxide to water. MnSOD is the main inducible
scavenging enzyme, since MnSOD expression in
adult tissues has been shown to be augmented by
oxidative stress by hydrogen peroxide and super-
oxide ion,* X-ray irradiation,” cytokirms,"""35 and
phorbol esters.*

In experimental animals the CuZnSOD mRNA
levels correlated well with the enzymatic activity,
indicating that regulation of the enzyme was ex-
erted mainly at the transcriptional level.”
CuZnSOD mRNA and glutathione peroxidase
mRNA levels were not linked to oxygen con-
sumption or oxygen tension in fetal or neonatal
rats.® In neonatal lungs, though, the activities of
total SOD, catalase and glutathione peroxidase
were increased after exposure to normobaric
hyperoxia.”

The diabetic state has been shown to affect the
antioxidant status in several tissues. Diabetic chil-
dren exhibited lower serum antioxidant activity,
expressed as lowered capacity to trap peroxylrad-
icals.” In streptozotocin-diabetic rats, the urinary
excretion of thiobarbituric acid positive material
was increased, indicating a high level of oxidative
stress in these animals.” Activities of catalase,
glutathione reductase and CuZnSOD were ele-
vated in the pancreas of streptozotocin-induced
diabetic rats while hepatic enzymatic activities
were downregulated in the same animals. Inter-
estingly, 4 weeks of insulin treatment reversed all
the alterations in enzymatic activities.”” Dobashi
and coworkers reported that in hypertrophied
kidneys from diabetic rats the total CuZnSOD
content was normal, but CuZnSOD was increased
in degenerating tubules. MnSOD levels were ele-
vated in thick ascending limbs of Henle’s loops,
indicating that the cells might adapt to oxidative
stress.”” Another possible mechanism of diabetes
to increase the effect of the oxidative stress was
suggested by Arai and collaborators whoreported
that glycosylated erythrocyte CuZnSOD has
lower activity than non-glycosylated enzyme.* Of
interest are also the findings that connective tissue
stiffening in diabetic patients was shown to be
related to serum lipid peroxide concentration,®
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and that antioxidant treatment of diabetic animals
can diminish the neurological complications of
the disease.”” If the embryonic dysmorpho-
genesis is an analogous process to the induction
of complications, it follows that antioxidant treat-
ment should block also the teratogenic effect of
diabetic pregnancy, and, indeed, there are results
indicating the validity of such an approach.”

Little is known about the antioxidant capacity
of the developing embryo. El-Hage and co-
workers first detected scavenging enzyme mRNA
in gestational day-8 mouse embryos. The in utero
mRNA concentrations were higher than in adult
tissue while the specific enzymatic activities in-
creased with age.” It was speculated that the
mRNAs accumulated in utero and were not trans-
lated until after birth when the fetus adapts to
aerobic respiration, at which time the activities of
the antioxidant enzymes increase consider-
ably.** CuZnSOD and MnSOD protein have pre-
viously been found in day-12 rats embryos, but
only in cardiomyocytes and later in hepatocytes.'®
Recent attempts to determine antioxidant capac-
ity in the offspring have indicated decreased em-
bryonic a-/tocopherol/MDA ratio in day-11
embryos of manifestly diabetic rats, the effect of a
combined decrease in vitamin E levels, and an
increase of MDA concentration in these
embryos.”'

Our data in the present investigation show that
the CuZnSOD and MnSOD enzymes are ex-
pressed on gestational day 11 and both CuZnSOD,
MnSOD and catalase are expressed on day 12 with
increased concentrations of MnSOD transcripts
when challenged by a diabetic milieu. Moreover,
there was a good correlation between mRNA,
protein, and activity levels, suggesting that the
regulation of these enzymes occurs primarily at
the pretranslational level.

The embryos are apparently not able to protect
themselves against the reactive oxygen species at
the levels present in our systems, perhaps due to
the fact that embryos normally are exposed to a
anaerobic milieu, in line with the findings of El-
Hage and coworkers.” The imbalance in activity

levels of superoxide dismutase and catalase in the
embryo observed in the present study could be
interpreted as an indirect evidence of embryonic
oxidant stress exerted by abnormal maternal
metabolism leading to anomalous embryonic
development.

In conclusion, this study has shown a diabetes-
induced increase in MnSOD expression, concom-
itant with increased total SOD activity, and a
tentative decrease in catalase expression and ac-
tivity. These findings support the notion of en-
hanced oxidative stress in the embryo as an
etiologic agent in diabetic teratogenesis.

Acknowledgements

The authors wish to express their gratitude to Ms. Parri
Wentzel for excellent technical assistance. The study was sup-
ported by The Swedish Diabetes Association, The Bank of
Sweden Tercentenary Foundation, The Juvenile Diabetes
Foundation International, The Novo Nordisk Foundation, The
Family Ernfors Fund, and The Swedish Medical Research
Council (Grant No. 12X-7475).

References

1. J.L. Mills (1982) Malformations in infants of diabetic
mothers. Teratology, 25, 385-394.

2. U. Hanson, B. Persson and S. Thunell (1990) Relationship
between hemoglobin Ajc in early type 1 (insulin-
dependent) diabetic pregnancy and the occurrence of
spontaneous abortion and fetal malformation in Sweden.
Diabetologia, 33, 100-104.

3. UJ. Eriksson, L.A.H. Borg, H. Forsberg and ]. Styrud
(1991) Diabetic embryopathy. Studies with animal and in
vitro models. Diabetes, 40, (Suppl 2), 94-98.

4. J. Styrud, L. Thunberg, O. Nybacka and U]. Eriksson
(1995) Correlations between maternal metabolism and
deranged development in the offspring of normal and
diabetic rats. Pediatric Research, 37,343~-353.

5. D.L. Cockroft and P.T. Coppola (1977) Teratogenic effects
of excess glucose on head-fold rat embryos in culture.
Teratology, 16, 141-46,1977.

6. W.E. Horton Jr. and T.W. Sadler (1983) Effects of maternal
diabetes on early embryogenesis. Alterations in morpho-
genesis produced by the ketonebody, B-hydroxybutyrate.
Diabetes, 32, 610-616.

7. UJ.Eriksson and L.A.H. Borg (1993) Diabetes and embry-
onic malformations. Role of substrate-induced free-
oxygen radical production for dysmorphogenesis in cul-
tured rat embryos. Diabetes, 42, 411-419.

8. UJ. Eriksson and L.A.H. Borg (1991) Protection by free
oxygen radical scavenging enzymes against glucose-
induced embryonic malformations in vitro. Diabetologia,
34,325-331.

9. P.C. Jenkinson, D. Anderson and S.D. Gangolli (1986)
Malformations induced in cultured rat embryos by

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/15/11

For personal use only.

458

10.

11,

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

H. FORSBERG ET AL.

enzymatically generated active oxygen species. Terato-
genesis, Carcinogenesis and Mutagenesis, 6, 547-554.

Y. Sun (1990) Free radicals, antioxidant enzymes and
carcinogenesis. Free Radical Biology and Medicine, 8,
583-599.

E. Cagliero, H. Forsberg, R. Sala, M. Lorenzi and
U.J. Eriksson (1993) Maternal diabetes induces increased
expression of extracellular matrix components in rat em-
bryos. Diabetes, 42, 975-980.

J.M. Chirgwin, A.E. Przybyla, R.J. MacDonald and
W.]. Rutter (1979) Isolation of biologically active
ribonucleic acid from sources enriched in ribonuclease.
Biochemistry, 18, 5294-5299.
J. Lieman-Hurwitz, N. Dafni, V. Lavie and Y. Groner
(1982) Human cytoplasmic superoxide dismutase cDNA
clone: A probe for studying the molecular biology of
Downs syndrome. Proceedings of the National Academy of
Sciences, 79, 2808-2811.

K. Xiang, N.J. Cox, RA. Halliwell and G.I. Bell (1987)
Multiple Taq I RFLPs at the human manganese super-
oxide dismutase (SOD 2) locus on chromosome 6. Nucleic
Acids Research, 15, 7654.

H. Nakashima, M. Yamamoto, K. Goto, T. Osumi,
T. Hashimoto and H. Endo (1989) Isolation and
characterization of the rat catalase-encoding gene. Gere,
79, 279-288.

G.T. Mullenbach, A. Tabrizi, B.D. Irvine, G 1. Bell, J.A. Tainer
and R.A. Halliwell (1988) Selenocysteine’s mechanism of
incorporation and evolution revealed in cDNAs of three
glutathione peroxidases. Protein, 2, 239-246.

P. Gunning, P. Ponte, H. Okayama, J. Engel, H. Blau and
L. Kedes (1983) Isolation and characterization of full-
length ¢cDNA clones for human a-, f- and y-Actin
mRNAs: Skeletal but not cytoplasmic actins have an
amino-terminal cystine that is subsequently removed.
Molecular and Cellular Biology, 3, 787 -795.

A.Munim, K. Asayama, K. Dobashi, K. Suzuki, A. Kawaoi
and K. Kato (1992) Inmunohistochemical localization of
superoxide dismutases in fetal and neonatal rat tissues.
Journal of Histochemistry and Cytochemistry, 40,1705-1713.
O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall
(1951) Protein measurement with the folin phenol reagent.
Journal of Biological Chemistry, 193, 265-275.

K. Puget and A.M. Michelson (1974) Iron containing
superoxide dismutases from luminous bacteria. Biochimie,
56, 1255-1267.

L.H. Johansson and L.A.H. Borg (1988) A spectrophoto-
metric method for determination of catalase activity in
small tissue samples. Analytical Biochemistry, 174, 331-336.
DE. Paglia and W.N. Valentine (1967) Studies on the
quantitative and qualitative characterisation of erythro-
cyte glutathione peroxidase. Journal of Laboratory and Clin-
ical Medicine, 70, 158-169.

J.M. Kissane and E. Robins (1958) The fluorometric
measurement of deoxyribonucleic acid in animal tissues
with special reference to the central nervous system.
Journal of Biological Chemistry, 233, 184-188.

R.T. Hinegardner (1971) An improved fluorometric assay
for DNA. Analytical Biochemistry, 39, 197-201.

B. Ostle (1963) Statistics in research, (2nd Ed) Ames, IA,
Iowa State University Press.

U.J. Eriksson, E. Dahlstrom, K.S. Larsson and
C. Hellerstrém (1982) Increased incidence of congenital
malformations in the offspring of diabetic rats and their
prevention by maternal insulin therapy. Diabetes, 31, 1-6.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

L.W. Oberley, D.K. St. Clair, A.P. Autor and T.D. Oberley
{1987) Increase inmanganese superoxide dismutase activ-
ity in the mouse heart after X-irradiation. Archives of Bio-
chemistry and Biophysics, 254, 69-80.
X. Yang, L.A.-H. Borg and UJ. Eriksson (1995) Altered
mitochondrial morphology of rat embryos in diabetic
pregnancy. Anatomical Record, 241, 255-267.
C.J. Epstein, K.V. Avraham, M. Lovett, S. Smith, O. Elroy-
Stein, G. Rotman, C. Bry and Y. Groner (1987) Transgenic
mice with increased Cu/Zn-superoxide activity: Animal
model of dosage effects in Downs syndrome. Proceedings
of the National Academy of Sciences, 84, 8044-8048.
U J. Eriksson, L.A .H. Borg, A.Sjoberg, P. Wentzel, Z. Hagy
and Y. Groner (1993) Embryos transgenic for superoxide
dismutase (SOD) show resistance to a teratogenic diabetic
environment in vitrq. Diabetologia, 36, (Suppl 1): A41.
Z.]. Hagay, Y. Weiss, I. Zusman, M. Peled-Kamar,
U.J. Eriksson and Y. Groner (1995} Prevention of hyper-
glycemia-associated embryopathy by embryonic over-
expression of the free radical scavenger copper zinc
superoxide dismutase gene. American Journal of Obstetrics
and Gynecology, 173, 1036-1041.

R.A. Weisiger and 1. Fridovich (1973) Superoxide dis-
mutase. Organelle specificity. Journal of Biological Chemis-
try, 248, 3582-3592.

S. Shull, N.H. Heintz, M. Periasamy, M. Manohar,
Y M.W. Janssen, ].P. Marsh and B.T. Mossman (1991) Dif-
ferential regulation of antioxidant enzymes in response to
oxidants. Journal of Biological Chemistry, 266, 24398-24403.
C.A. Harris (1991) Manganese superoxide dismutase is
induced by IFN-y in multiple cell types. Synergistic induc-
tion by IFN-y and tumor necrosis factor or IL-1. Journal of
Immunology, 147,149-154.
G.A. Visner, S.E. Chesrown, J. Monnier, U.S. Ryan and
H.S. Nick (1992) Regulation of manganese superoxide
dismutase: IL-1 and TNF induction in pulmonary artery
and microvascular endothelial cells. Biochemical and Bio-
physical Research Communications, 188,453-462.
J. Fujii and N. Taniguchi (1991) Phorbol ester induces
manganese-superoxide dismutase in tumor necrosis
factor-resistant cells. Journal of Biological Chemistry, 266,
23142-23146.

J.-M. Delabar, A. Nicole, L. dAuriol, Y. Jacob, M. Meunier-
Rotival, F. Galibert, P.-M. Sinet, and H. Jéréme (1987)
Cloning and sequencing of a rat CuZn superoxide dis-
mutase cDNA. European Journal of Biochemistry, 166,
181-187.
].B. de Haan, M.J]. Tymms, F. Cristiano and I. Kola, (1994)
Expression of Copper/Zinc superoxide dismutase and
glutathione peroxidase in organs of developing mouse
embryos, fetuses and neonates. Pediatric Research, 35,
188-196.
J.B. Hoffman, M. Stevens and A.P. Autor (1980) Adapta-
tion to hyperoxia in the neonatal rat: Kinetic parameters
of the oxygen-mediated induction of lung superoxide
dismutases, catalase and glutathione peroxidase. Toxic-
ology, 16, 215-225,

K. Asayama, N. Uchida, T. Nakane, H. Hayashibe,
K. Dobashi, 5. Amemiya, K. Kato and S. Nakazawa (1993)
Anti-oxidants in serum of children with insulin-
dependent diabetes mellitus. Free Radical Biology and
Medicine, 15, 597-602.

D.D. Gallaher, A.S. Csalany, D.W. Shoeman and
J.M. Olson (1993) Diabetes increases excretion of urinary
malondialdehyde conjugates in rats. Lipids, 28, 663—-666.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/15/11
For personal use only.

42.

43.

44.

45.

46.

EMBRYONIC SUPEROXIDE DISMUTASE IN DIABETES 459

S.A. Wohaieb and D.V. Godin (1987) Alterations in free
radical tissue-defence mechanisms in streptozocin-
induced diabetes in rat. Effects of insulin treatment.
Diabetes, 36, 1014-1018.

K. Dobashi, K. Asayama, H. Hayashibe, N. Uchida,
M. Kobayashi, A. Kawaot and K. Kato (1991) Effects of
diabetes mellitus induced by streptozotocin on renal
superoxide dismutases in the rat. Virchows Archiv B Cell
Pathology, 60, 67-72.

K. Arai, S. lizuka, Y. Tada, K. Oikawa and N. Taniguchi
(1987) Increase in the glycosylated form of erythrocyte
CuZn-superoxide dismutase in diabetes and close
association of the nonenzymatic glycosylation with the
enzyme. Biochimica et Biophysica Acta, 924, 292-296.

Y. Aoki, K. Yazaki, K. Shirotori, Y. Yanagisawa,
H. Oguchi, K. Kiyosawa and S. Furuta (1993) Stiffening
of connective tissue in elderly diabetic patients: Relevance
to diabetic nephropathy and oxidative stress. Diabetologia,
36, 79-83.

B. Bravenboer, A.C. Kappelle, F.P.T. Hamers, T. van
Buren, D.W. Erkelens and W.H. Gispen (1992) Potential
use of glutathione for the prevention and treatment of

47.

48.

49.

50.

51.

diabetic neuropathy in the streptozotocin-induced dia-
betic rat. Diabetologia, 35, 813-817.

N.E. Cotter, N.A. Cameron, V. Archibald, K.C. Dines and
E.K.Maxfield (1994) Anti-oxidant and pro-oxidant effects
onnerve conduction velocity, endoneurial blood flow and
oxygen tension in non-diabetic and streptozotocin-dia-
betic rats. Diabetologia, 37, 449-459.

U.]. Eriksson (1994) Antioxidants protect rat embryos
from diabetes-induced dysmorphogenesis. 15th Inter-
national Diabetes Federation Congress Abstracts, 410.

S. El-Hage and S.M. Singh (1990) Temporal expression of
genes encoding free radical-metabolizing enzymes is as-
sociated with higher mRNA levels during in utero
development in mice. Developmental Genetics, 11, 149-159.
E. Gerdin, O. Tydén and U.]. Eriksson (1985) The develop-
ment of antioxidant enzyme defence in the perinatal rat
lung: Activities of superoxide dismutase, glutathione per-
oxidase and catalase. Pediatric Research, 19, 687—-691.

C.M. Siman, L.A.H. Borg and U.J. Eriksson (1994) Dis-
turbed development, low vitamin E concentration, and
increased lipid peroxidation in embryos of diabetic rats.
Diabetologia, 37, (Suppl 1): A171.

RIGHTS

i,



