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Abstract—Free radical mechanisms may be involved in the teratogenesis of diabetes. The contribution of oxidative
stress in diabetic complications was investigated from the standpoint of oxidative damage to DNA, lipids, and proteins
in the livers and embryos of pregnant diabetic rats. Diabetes was induced prior to pregnancy by the administration of
streptozotocin (45 mg/kg). Two groups of diabetic rats were studied, one without any supplementation (D) and another
treated during pregnancy with vitamin E (150 mg/d by gavage) (D + E). A control group was also included (C). The
percentage of malformations in D rats were 44%, higher than the values observed in C (7%) and D + E (12%) animals.
D Group rats showed a higher concentration of thiobarbituric acid reactive substances in the mother’s liver, however,
treatment with vitamin E decreased this by 58%. The levels of protein carbonyls in the liver of C, D, and D + E groups
were similar. The “total levels” of the DNA adducts measured, both in liver and embryos C groups were similar to the
D groups. Treatment of D groups with vitamin E reduced the levels by 17% in the liver and by 25% in the embryos.
In terms of the “total levels” of DNA adducts, the embryos in diabetic pregnancy appear to be under less oxidative stress
when compared with the livers of their mothers. Graziewicz et al. (Free Radical Biology & Medicine, 28:75-83, 1999)
suggested “that Fapyadenine is a toxic lesion that moderately arrests DNA synthesis depending on the neighboring
nucleotide sequence and interactions with the active site of DNA polymerase.” Thus the increased levels of Fapyadenine
in the diabetic livers and embryos may similarly arrest DNA polymerase, and in the case of this occurring in the
embryos, contribute to the congenital malformations. It is now critical to probe the molecular mechanisms of the
oxidative stress-associated development of diabetic congenital malformations. © 2000 Elsevier Science Inc.

Keywords—Diabetes, Antioxidants, Vitamin E, Teratogenesis, Free radicals, DNA damage, Lipid peroxidation, Protein

oxidation, Embryonic malformations

INTRODUCTION

In the early stages of diabetic pregnancy, poor metabolic
control has been suggested to be associated with the
increased rate of abortions and fetal malformations
[1-4]. The administration of antioxidants (e.g., vitamin
E or butylated hydroxytoluene) decreases the rate of
embryo malformations and reabsorptions seen in exper-
imental animal models of diabetes mellitus [5—-8]. This
observation intrinsically links free radicals and oxidative
stress as important factors in the teratogenic effects of
diabetes. The complications of diabetes and the role of
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oxidative stress/antioxidant balance in diabetes is a fer-
tile research area [9-11].

Several mechanisms could be involved in the terato-
genesis mediated by free radicals. The products of free
radical-dependent fatty acids oxidation can induce chro-
mosome breakage [12,13]. Thus, the reaction of these
products with the embryo chromosomes could lead to
severe malformations [14]. The free radicals can also
react with DNA bases leading to alterations in their
structure [15,16], such that they are no longer recognized
as the homologous bases (by repair enzymes), leading to
mutations [15-17]. In cell cultures of bacteria, it has
been shown that the addition of products that can gen-
erate free radicals in the media increases the rate of
mutation {18], if the lesions are misrepaired and pro-
cessed by the cell. An increased rate of mutations has
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been shown in embryos from diabetic rats [19]. Such
mutations could lead to malformations. Given that free
radicals can induce alterations in gene expression [20,
21}, it is conceivable that free radical species, through
different mechanisms, could lead to embryo malforma-
tions and be implicated in faulty reproduction and devel-
opment [22].

Previous studies performed in our laboratory [S] and
in others [6] have shown that in diabetic pregnancies the
administration of vitamin E decreases the rate of embryo
malformation. This study investigated whether the ad-
ministration of the dose of vitamin E that decreased the
rate of embryo malformations could affect the levels of
markers of oxidative DNA, and lipid and protein damage
in diabetic rats.

EXPERIMENTAL PROCEDURE

Animals and experimental design

Female virgin Wistar rats from an in-house colony,
weighing 190-220 g, were housed in a temperature-
controlled room (22 * 1°C) with alternating 12 h light
and dark cycles, and fed a Purina Chow diet (containing
60IU of a tocopherol/kg diet) (Rat and Mouse Standard
diet, Beekay Feeds, B.K.: Universal S.L., Barcelona,
Spain). The feeding routine for the animals at best was
the same. The rats were cared for and handled in accor-
dance with the animal care law of the European Com-
munity (Strasburg, March 18, 1986). Diabetes was in-
duced by the administration of a single intravenous dose
of Streptozotocin (45 mg/kg) (Sigma Chemical Com-
pany, St. Louis, MO, USA) in citrate buffer (0.05 M) (pH
4.5). Five days later the state of insulin deficiency was
confirmed by the presence of a positive reaction of urine
chemi-strip for both glucose and ketone bodies, and
insulin replacement was started. The insulin dose was
chosen on the basis of previous laboratory experience
[5,23]. One and one half UI/100 g Body weight of
Insulin Lente MC (90% bovine, 10% porcine) (Novo
Nordisk A/S, Bagsvaerd, Denmark) was administered
subcutaneously, between 9 and 10 AM. The animals
were mated with untreated control animals. The same
day that sperm appeared in vaginal smears (day O of
gestation) they were divided into the following experi-
mental groups: two groups of diabetic animals were
studied, one without any supplementation (D) and an-
other one supplemented with 150 mg/d, [5] of vitamin E,
administered orally by gavage (D + E). This represents
a true supplementation independent of the dietary source
mentioned above. In parallel a group of normal rats were
also studied (C). Rats were decapitated on day 11.5 of
gestation, which corresponds to the end of the embryo
period. Blood was collected on EDTA (1 mg/ml) and

plasma separated and kept at —20°C until processed. A
piece of liver was obtained and placed in liquid N, and
stored at —70°C, until the day of the assays. The two
uterine horns were immediately dissected and immersed
at room temperature in saline contained within a petri
dish (100 mm). Embryos and investing membranes were
teased apart with fine jeweler’s forceps during visualiza-
tion with a dissecting microscope (Carlzeiss Jena 212T
OPM). The yolk sac was isolated from the surrounding
decidua and the embryo removed. In all embryos the
crown-rump length and the number of somites were
determined. All embryos were inspected under the mi-
croscope to determine whether the morphology of brain
spheres, neural tube, optic and otic vesicles, limb buds,
and axial curvature conformed to that expected on day
11.5 of gestation. Embryos not conforming to normal
morphology in any of the above structures were consid-
ered dysmorphic. In the reabsorptions, the decidua was
present but the yolk sacs or embryos were not found.

Determination of plasma glucose and vitamin E

Plasma glucose was determined using a GOD-Pad
Enzymatic Colorimetric Test (Boehringer Mannheim,
Mannheim, Germany) in the different experimental
groups, confirming that the animals remained diabetic at
the time of sacrifice. Vitamin E in plasma and liver were
determined by HPLC following methods previously de-
scribed [24,25].

Measurement of lipid oxidation

Lipid peroxidation was assessed by measuring the
levels of thiobarbituric acid reactive substances
(TBARS) [24]. The method was a modification of a
previously published method [26]. In brief, approxi-
mately 100 mg of liver was homogenized in 1 ml of
phosphate-buffered saline (PBS) and butylated hydroxy-
toluene (BHT, 5 ul of 200 mM solution in ethanol) was
added to the homogenate, to give a final concentration of
1 mM. Two hundred ul of the homogenate was incu-
bated with 1 ml mixture of thiobarbituric acid (26 mM),
tricholoroacetic acid (15% w/v) and HCl (2.5% v/v) and
the solution heated at 95°C for 20 min. The samples were
cooled and equal volumes of butan-1-ol added to extract
the colors. The mixtures were centrifuged at 3000 rpm
for 10 min. The supernatant was measured fluorometri-
cally at excitation wavelength 532 nm and emission
wavelength 553 nm, using a Hitachi fluorimeter (F-
2000). Malondialdehyde (MDA) formed from 1,1,3,3-
tetramethoxy-propane, submitted to the same conditions
as the tissue homogenates, was used as standard. To
determine the TBARS concentration in embryos, 15 of
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them were pooled together, homogenized with 0.5 mi of
PBS and the same procedure as for the liver was fol-
lowed. The TBARS concentration in 100 ul of plasma
was determined.

DNA isolation

The DNA from liver and embryos were isolated using
the method described by Gupta [27], with some modifi-
cation [28]. In brief, either 50 mg of liver or a pool of 10
embryos were homogenized in a solution of Tris buffer 1
M, pH 7.5, containing NaCl 4 M and EDTA 0.5 M.
Proteinase K and SDS were added to the homogenate to
have a final concentration of 0.2 mg/ml and 0.5%, re-
spectively. The mixture was incubated at 60°C for 2 h.
After this period an equal volume of chloroform and
isopropyl alcohol (24:1, v/v) was added to the homoge-
nate and mixed. The mixture was centrifuged at 10,000
rpm for 10 min at 4°C and the supernatant collected. This
solvent washing procedure was repeated twice. NaCl 4
M was then added to the supernatant (final concentration
of 0.2 M) and mixed. The DNA was precipitated by
adding twice the initial volume of 100% ethanol, kept at
—20°C precipitated the DNA. The ethanol was discarded
and the procedure repeated with 70% (v/v) ethanol. The
DNA was stored in 70% (v/v) ethanol until analysis.

Assessment of oxidative DNA damage by GC/MS

The assessment of oxidative DNA damage including
the preparation, hydrolysis, derivatization and analysis of
samples gas chromatography-mass spectrometry were
performed as described previously [29-31].

Measurement of protein carbonyls

Liver samples (200 mg) were homogenized in 2 ml of
homogenizing buffer (100 mM KH,PO,/K,HPO,, pH
7.4, plus 0.1% digitonin). Streptomycin sulfate (final
concentration 1%) was added to the homogenate to elim-
inate nucleic acids. The homogenized tissue was incu-
bated at room temperature for 15 min and then centri-
fuged at 4,000 rpm. The supernatant was removed, and
0.4 ml were placed into eppendorf tubes. Protein carbon-
yls were analyzed essentially as previously described
[32].

Statistical analysis

The means *+ SEM are given. The significance of the
difference between the means of two groups was ob-
tained with the analysis of variance and Tuckey HSD test
for multiple comparisons and by the quadratic trend

Table 1. Levels of Glucose, Vitamin E and Thiobarbituric acid
Reactive Materials in the Plasma of Pregnant Rats

Glucose Vitamin E Tbars
Groups (mg/dl) (mg/dl) (nmol/1)
Cn=29 126.2 = 8.8 1217.5 £ 76.5 0.58 + 0.05

D (n = 10) 612.5*+289a 993.6 =642 0.55 = 0.03
D+E@®=9) 6089 *521a 25499 *2885am 0.57 £ 0.08

Cvs.Dand D+ E:ap < .00l;Dvs. D + E: m: p < .00L.

analysis, using the SPSS 10.0 program. The x* test was
performed to detect differences in the rate of malforma-
tions and reabsorption between the different experimen-
tal groups.

RESULTS

Diabetic rats had higher glucose concentration than
control nondiabetic animals, and the administration of
vitamin E to diabetic rats did not produce any changes in
the plasma glucose levels compared to the nontreated
diabetic rats (Table 1). The plasma concentration of
vitamin E in the D group was 18% lower than the C
group animals. As expected, the D + E group had
plasma levels of vitamin E much higher than in the C and
D animals. Interestingly, the plasma levels of TBARS in
this study did not differ between C and D rats, nor did
vitamin E treatment modify this variable (Table 1).

Embryos of D rats had a significantly lower crown-
rump length, and somites number than the C embryos
(Table 2). When vitamin E was administered to diabetic
rats a slight improvement was observed in both param-
eters, although not reaching the values observed in the
control embryos (Table 2). It was not clear how much of

Table 2A. Morphology of the Embryos

Crown-rump

Groups Mm Somites
C(n=227) 3.8 £0.02 27.5x0.1
D (n = 261) 33+003a 252*x02a

D+E(n=167) 34+003ap 257+02a,p

Table 2B. Rate of Malformations and Reabsorptions

Reabsorptions Malformed
Groups Yolk sacs (%) Embryos (%)
C 243 6.6 227 6.6
D 378 3la 261 44a
D+ E 205 19am 167 12m

The numbers of reabsorbed yolks are (C) 16, (D) 117, and for (D +
E) 38. The number of malformed embryos are (C) 15, (D) 116, and for
(D + E) 20.

Cvs.DandD + E:a:p<.001;Dvs. D + E: m: p < .001: D vs.
D + E: p: p < 0.05.
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Table 3. Levels of Thiobarbituric Acid Reactive Materials, Protein Carbonyls and Vitamin E in the Liver of Pregnant Rats

Tbars Carbonyl Vitamin E
Groups nmol/g tissue nmol/mg lipid nmol/mg protein nmol/g tissue
Cn=9 58+08 0.09 +0.01 213+ 07 752 *17.0
D(n=10) 138+ 15a 026 £0.0a 221 *1.1 97.1 £11.6
D+E@®n=29) 62 +0.6m 0.11 +0.02m 214 09 488.6 *+ 56.8 a, m

Cvs.Dand D + E:a: p < .001; D vs. D + E: m: p < .001.

the administered vitamin E reached the embryo. The

incidence of malformations and reabsorption was, re-
spectively, 6.6 and 6.6% in C animals of our own colony
(Table 2). The rate of both malformations and reabsorp-
tion raised dramatically in the diabetic animals, reaching
values of 44.4 and 30.9%, respectively (Table 2). The
administration of vitamin E decreased both parameters to
12 and 18.5%, respectively.

The liver homogenates of diabetic rats had a TBARS
concentration significantly higher than the homogenates
of C animals (Table 3). The administration of vitamin E
to diabetic rats decreased the concentrations of TBARS
in liver to values similar to that found in C animals and
significantly lower than in the diabetic group (Table 3).
These differences were independent of how the values of
the TBARS are expressed, i.e., “per g of tissue” or “mg

5-OH, Me-Hydantoin

5-OH-Hydantoin

of total lipid content”. Under the experimental conditions
described, the TBARS concentration in homogenates of
15 embryos was not detectable. No difference was ob-
served in the liver protein carbonyl, whereas liver vita-
min E concentration was much higher in the D + E
group than in the C + D animals (Table 3).

Using GC/MS, a wide range of different DNA ad-
ducts were determined, in DNA obtained from both
embryos and livers of the experimental animals. Figures
1 and 2 show the levels of the different products mea-
sured in the liver and embryo of the diabetic rats. The
products measured are 5-OH-Me-hydantoin, 5-OH-hy-
dantoin, 5-OH-uracil, 5-OH,Me-uracil, 5-OH-cytosine,
FapyAdenine, 8-OH-Adenine, 2-OH-Adenine, FapyGua-
nine, and 8-OH-Guanine. Majority of the individual base
products measured showed a trend toward higher levels

5-OH-Uracil

5-OH, Me-Uracil
] 0.04
0.03
0.02
0.01 | | l
0 L
C D
8-.OH-Adenine
0.04
0.03
0.02
0.01
1]
(o} D
8-OH-Guanine
0.06
0.05
0.04

0.03
0.02
=l
0 L
C D

Fig. 1. Embryo DNA damaged bases, including 5-OH-Me-hydantoin, 5-OH-hydantoin, 5-OH-uracil, 5-OH-Me-uracil, 5-OH-cytosine,
FapyAdenine, 8-OH-Adenine, 2-OH-Adenine, FapyGuanine, and 8-OH-Guanine are shown in this figure. The bases were determined
in DNA embryos isolated from 12 different pools of DNA, as described in the Methods section and analyzed by gas chromatography-
mass spectrometry. The differences between the bases isolated from embryos of the D group and the C or D + E groups were analysis
both by using the analysis of the variance and the quadratic trend analysis. *p < .0S.
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5-OH, Me-Hydantoin

$-OH-Uracil 5-OH, Me-Uracil

0.02

0.01

8-OH-Guanine

Fig. 2. Liver DNA damaged bases. Both the analysis of the bases and the differences between the three experimental groups were

performed as described in Fig. 1.

in the livers (Fig. 2) and embryos (Fig. 1) of diabetic rats.
Under our experimental conditions, only the lesions Fa-
pyadenine and 5-OH-uracil reached statistical signifi-
cance when the diabetic rat embryos were compared with
the control or the D + E group. For the liver, only the
Fapyadenine reached a statistical significance when the
same groups were compared.

DISCUSSION

In diabetic rats there was a tendency towards an
increased concentration of aitered DNA bases in liver
and embryos, when compared to nondiabetic animals.
(Figs. 1 and 2). Although embryos are under more hy-
poxic states compared with their pregnant mothers, this
is the first report of oxidative DNA damage in the dia-
betic rat embryos and we are currently extending the
studies to other antioxidant supplements. Presently, with
the administration of vitamin E, the DNA adduct levels
in the embryos were reduced but the oxidative DNA
damage in the liver of their mothers were unaffected. The
high rate of embryo malformations and reabsorptions
observed in diabetic rats decreases to values close to
nondiabetic animals with the administration of vitamin
E. Thus, the protection by vitamin E of the teratogenic
effects of diabetes may be secondary to the reduction in
the extent of liver lipid oxidation and of oxidative DNA
damage. The apparent increases in DNA base lesions in

the diabetic embryos may have mutagenic implications.
In a transgenic mouse model, diabetes is associated with
a higher rate of embryo mutations [19]. These mutations
could lead to malformations if they affected genes in-
volved in the development of the embryo. This finding
would be in agreement with the fact that vitamin E
administration to pregnant diabetic rats decreases both
the concentration of altered DNA bases and the rate of
embryo malformations. Deletions or rearrangements of
human chromosome 22q11.2 lead to a variety of related
clinical syndromes such as DiGeorge syndrome and ve-
locardiofacial syndrome [33,34]. The malformations
found in the fetus from diabetic rats have some similarity
with the malformations found in DiGeorge syndrome.
The malformations found in diabetic embryos are prob-
ably constant and affect the mesencephalo and the bra-
chial arcs and may be secondary to chromosomal dam-
age.

The levels of 8-OH Guanine, one of the most common
markers used to study oxidative DNA damage, were
almost identical in the three experimental groups, both in
liver and embryos. Present results emphasize the impor-
tance of measuring a range of DNA adducts. Indeed, the
technique of GC/MS provides the measure of a broad
range of DNA adducts [35]. Interestingly, Collins et al.
[36] studied 10 patients with insulin-dependent diabetes
and matched controls using a modified comet assay and
found that FAPy glycosylase-sensitive sites are elevated
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in lymphocytes of diabetes compared with the normal,
implicating an increase of 8-OH Guanine or FAPyGua-
nine.

One feature of this study centers on the observation
that in diabetic pregnancy, the embryos appear to be
under less oxidative stress compared with their mothers.
It is conceivable that the small level of lesions might be
related to the malformations observed. Graziewicz et al.
[37] have suggested “that FapyAdenine is a toxic lesion
which moderately arrests DNA synthesis depending on
the neighbouring nucleotide sequence and interactions
with the active site of DNA polymerase.” It was further
suggested that FapyGuanine might possess similar prop-
erties. Thus the increased levels of Fapyadenine in the
diabetic livers and embyos may similarly arrest DNA
polymerase and in the case of this occurring in the
embryo, contribute to the congenital malformations.

The increased lipid peroxidation found in the diabetic
liver (Table 3) may also play a role in the teratogenic
effects of diabetes. In other clinical and experimental
situations, increased production of lipid peroxides in
different tissues induce the generation of clastogenic
factors [9,10,38], which could lead to chromosome al-
terations and malformations if this were to occur in the
embryos. It is possible that there may be increased con-
centrations of clastogenic factors in the plasma of dia-
betic rats as a consequence of the oxidative stress sec-
ondary to the diabetes. It is interesting to note that the
teratogenic effects of the plasma from diabetic subjects is
associated to different factors, other than glucose and
ketone bodies [39,40]. Even more relevant is the fact that
the teratogenicity of these factors is prevented with the
administration of antioxidants [40].

Gopaul et al. [42] have shown that the levels of
isoprostanes are increased in the plasma of individuals
with non-insulin-dependent diabetes mellitus. In this
study, levels of TBARS were used as markers of the lipid
oxidative stress in plasma. This assay is probably either
not sensitive enough to detect differences in plasma lipid
peroxidation between diabetic and control animals, or the
products of the lipid peroxidation are rapidly cleared by
glomerular filtration. Nevertheless, the liver of pregnant
diabetic rats (Table 3), showing an increased concentra-
tion of TBARS, is in agreement with the view that
oxidative lipid damage is involved in diabetes [42—44].
Again, the administration of vitamin E decreased both
the concentration of TBARS in liver and the rate of
embryo malformations. This could be associated with the
fact that, in states of increased formation of clastogenic
factors, the administration of antioxidants decreases the
plasma concentration of these factors as well as the
incidence of chromosome alterations [38]. In a study that
examined the human antioxidant status and lipid peroxi-
dation in diabetic pregnancy, there was no evidence of

greater lipid peroxidation in the serum of diabetic pa-
tients and total antioxidant capacity, as these were sim-
ilar in diabetic mothers and matched control subjects
before 12 weeks of gestation [45]. In view of the data in
Table 1, it is suggested that plasma measures of lipid
peroxidation is not a good index of lipid peroxidation in
diabetes. Nevertheless, it is interesting to speculate that
an increased production of lipid aldehydes in the liver
could increase the release of clastogenic factors into the
circulation, and if they reach the embryo, could cause
chromosomal damage and malformations. Ongoing work
in our laboratory is addressing whether the administra-
tion of thermally stressed oils to pregnant rats can in-
crease the rate of malformations.

In summary, this is the first time that an oxidative
DNA damage in the embryos of diabetic rats has been
documented. The results presented link oxidative lipid
and DNA damage as the two mechanisms associated
with the free radical-induced teratogenic effects of dia-
betes. Thus the increased levels of Fapyadenine in the
diabetic livers and embryos may similarly arrest DNA
polymerase and, in the case of this occurring in the
embryos, contribute to the congenital malformations. It
is now critical to probe the molecular mechanisms of the
oxidative stress-associated development of diabetic con-
genital malformations, and by so doing, establish the
basis for antioxidant therapy in diabetic pregnancy that
might help reduce free radical-induced incidence of em-
bryo malformations.

Acknowledgements — We thank Ministerio de Salud (FIS 94-0398),
Spain, and the University of San Pablo-CEU (6/96) for research sup-
port. O.1LA. was Professor Collaborador at the Faculty of Pharmaceu-
tical Sciences, University of Sao Paulo-Ribeirdo Preto, Brazil (1998 —
1999). We also wish to thank Dr. G. Rodriguez for his help in the
statistical analysis.

REFERENCES

[1] Lucas, M. J.; Leveno, K. J.; Williams, M. L.; Raskin, P.; Whalley,
P. J. Early pregnancy glycosylated hemoglobin, severity of dia-
betes, and fetal malformations. Am. J. Obstet.. Gynecol. 16:426—
431; 1989.

[2] Mills, J. L.; Knopp, R. H.; Simpson, J. L.; Janovic-Peterson, L.;

Metzger, B. E.; Holmes, L. B.; Aarons, J. H.; Brown, Z.; Reed,

G. F.; Bieber, F. R.; Allen, M. V.; Holzman, 1.; Ober, C.; Peter-

son, C. M.; Withiam, M. J.; Duckles, A.; Mueller-Heubach, E.;

Polk, B. F.; National Institute of Child Health and Human De-

velopment Diabetes in Early Pregnancy. Lack of relation of

increased malformation rates in infants of diabetic mothers to

glycemic control during organogenesis. New Engl. J. Med. 318:

671-676; 1988.

Miller, E.; Hare, J. W_; Cloherty, J. P.; Dunn, P. J.; Gleason, R. E.;

Soeldner, J. S.; Kitzmiller, L. J. Elevated maternal hemoglobin a

in early pregnancy and major congenital anomalies in infants of

diabetic mothers. New Engl. J. Med. 304:1331-1334; 1981.

[4] Greene, M. F. Prevention and diagnosis of congenital anomalies
in diabetic pregnancies. Clin. Perinatol. 20:533-547; 1993.

[5] Viana, M.; Herrera, E.; Bonet, B. Teratogenic effects of diabetes
mellitus in the rat. Prevention by vitamin E. Diabetologia 39:
1041-1046; 1996.

[3

—



Diabetic teratogenesis and free radicals 1121

[6] Simén, C. M.; Eriksson, U. J. Vitamin E decreases the occurrence
of malformations in the offspring of diabetic rats. Diabetes 46:
1054-1061; 1997.

[7] Sivan, E.; Reece, E. A.; Wu, Y.-K.; Homko, C. J.; Polansky, M.;
Borenstein, M. Dietary vitamin E prophylaxis and diabetic em-
bryopathy: morphologic and biochemical analysis. Am. J. Obstet.
Gnycol. 175:793-799; 1996.

[8] Eriksson, U. J.; Simdn, M. C. Pregnant diabetic rats fed the
antioxidant bytilated hydroxytoluene show decreased occurence
of malformations in offspring. Diabetes 45:1497-1502; 1996.

[9] Packer, L. Oxidative stress, the antioxidant network, and preven-
tion of diabetes complications by a-lipoic acid. Environ. Nutr.
Interact. 3:47-76; 1999.

[10] Porte, D. Jr.; Seely, R. J.; Woods, S. C.; Basken, D. G.; Figlewicz,
D. P; Schwartz, M. W, Obesity, diabetes and the central nervous
system. Diabetologia 41:863—881; 1998.

[11] Stamler, J.; Vaccaro, O.; Neaton, J. D.; Wentworth, D. Diabetes,
other risk factors, and 12 yr cardiovascular mortality for men
screened in the Muitiple Risk Factor Intervention Trial. Diabetes
Care 16:434-444; 1993.

[12] Emerit, I. Reactive oxygen species, chromosome mutation, and
cancer: possible role of clastogenic factors in carcinogenesis. Free
Radic. Biol. Med. 16:99~109; 1994,

[13] Emerit, I. Clastogenic factors: detection and assay. Methods En-
zymol. 186:554-564; 1990.

[14] Young, L. D. Congenital maiformations. Incidence and genetics of
congenital malformations. In: Brock, D. J. H.; Rodeck, C. H;;
Ferguson-Smith, M. A., eds. Prenatal diagnosis and screening.
London: Churchill Livingstone; 1992:171-188.

[15] Breen, A. P.; Murphy, J. A. Reaction of oxyl radicals with DNA.
Free Radic. Biol. Med. 18:1033-1077; 1995.

[16] Friedberg, E.; Walker, G. C.; Seide, W. DNA repair and mutagen-
esis. Washington, DC: ASM Press; 1995.

[17] Newcombe, T. G.; Loeb, L. A. Mechanism of mutagenicity of
oxidatively-modified bases. In: Aruoma, O. L; Halliwell, B., eds.
Molecular biology of free radicals in human disease. Saint Lucia:
OICA International; 1998:139-166.

[18] De Flora, S.; Izzotti, A.; D’ Agostini, F.; Cesarone, C. F. Antiox-
idant activity and other mechanism of thiols involved in chemo-
prevention of mutation and cancer. Am. J. Med. 91(Suppl):122S~
130S; 1991.

[19] Lee, A. T.; Plump, A.; DeSimine, C.; Cerami, A.; Bucala, R. A
role for DNA mutations in diabetes-associated teratogenesis in
transgenic embryos. Diabetes 44:20-24; 1995.

[20] Storz, G.; Rosner, J. L. Regulation of bacterial gene expression.
In: Aruoma, O. L; Halliwell, B., eds. Molecular biology of free
radicals in human disease. Saint Lucia: OICA International;
1998:167-182.

[21] Arrigo, A.-P.; Kretz-Remy, C. Regulation of mammalian gene
expression by free radicals. In: Aruoma, O. L; Halliwell, B., eds.
Molecular biology of free radicals in human disease. Saint Lucia:
OICA International; 1998:183-222,

[22] Johnson, M. H.; Burton, G. J. Free radicals in reproduction and
development. In: Aruoma, O. L; Halliwell, B., eds. Molecular
biology of free radicals in human disease. Saint Lucia: OICA
International; 1998:57-77.

[23] Martin, A.; Herrera, E. Different responses to maternal diabetes
during the first and second half of gestation in the streptozotocin-
treated rat. Isr. J. Med. Sci. 27:442-448; 1991.

[24} Viana, M.; Barbas, C.; Bonet, B.; Bonet, M. V.; Castro, M.;
Fraile, M. V.; Herrera, E. In vitro effects of a flavonoid-rich
extract on LDL oxidation. Atherosclerosis 123:83-91; 1996.

[25] Barbas, C.; Castro, M.; Bonet, B.; Viana, M.; Herrera, E. Simul-
taneous determination of vitamin A and E in the rat tissues by
HPLC. J. Chromatogr. A 778:415-420; 1997.

[26] Yagi, K. Assay for blood plasma or serum. Methods Enzymol.
105:328-331; 1984.

[27] Gupta, R. C. Non-random binding of the carcinogen N-hydroxy-
2-acetylaminofluorene to repetitive sequences of rat liver DNA in
vivo. Proc. Natl. Acad. Sci. USA 81:6943-6947; 1984.

[28] Muiiiz, P.; Valls, V.; Perez-Broseta, C.; Iradi, A.; Climent, J. V.;
Oliva, M. R.; Saez, G. T. The role of 8-hydrovy-2'-deox-
yguanosine in rifamycin-induced DNA damage. Free Radic. Biol.
Med. 18:747-755; 1995.

[29] Aruoma, O. L; Halliwell, B.; Dizdaroglu, M. Iron ion-dependent
modification of bases in DNA by the superoxide radical generat-
ing system hypoxanthine/xanthine oxidase. J. Biol. Chem. 264:
13024-13028; 1989.

[30] England, T. G.; Jenner, A.; Aruoma, O. L; Halliwell, B. Deter-
mination of oxidative DNA base damage by gas chromatography-
mass spectrometry. Effect of derivatization conditions on artifac-
tual formation of certain base oxidation products. Free Radic.
Res. 29:321-330; 1998.

[31] Jenner, A.; England, T. G.; Jenner, A.; Aruoma, O. I.; Halliwell,
B. Measurement of oxidative DNA damage by gas chromatogra-
phy-mass spectrometry. Ethanethiol prevents artifactual genera-
tion of oxidized DNA bases. Biochem. J. 331:365-369; 1998.

[32] Lyras, L.; Cairns, N. J.; Jenner, A.; Jenner, P.; Halliwell, B. An
assessment of oxidative damage to proteins, lipids, and DNA in
brain from patients with Alzheimer’s disease. J. Neurochem.
68:2061-2069; 1997.

[33] Takahishi, K.; Kuwahara, T.; Nagatsu, M. Interruption of the
aortic arch at the isthmus with DiGeorge syndrome and 22q11.2
deletions. Cardiol. Young 9:516-518; 1999.

[34] Ravassard, P.; Cote, F.; Grondin, B.; Bozinet, M.; Mallet, J.;
Aubry, M. ZNF74, a gene deleted in DiGeorge syndrome is
expressed in human neural crest-derived tissues and foregut
endoderm epithelium. Genomics 62:82-85; 1999.

[35] Aruoma, O. L; Halliwell, B. DNA and free radicals: techniques,
mechanisms and applications. Saint Lucia: OICA International;
1998.

[36] Collins, A. R.; Roslova, K.; Somorovska, M.; Petrovska, H.;
Ondrusova, A.; Vohnout, B.; Fabry, R.; Dusinska, M. DNA
damage in diabetes: correlation with a clinical marker. Free
Radic. Biol. Med. 25:373-377; 1998.

[37] Graziewicz, M. A.; Zastawny, T. H.; Olinski, R.; Speina, E;
Siedlecki, J.; Tudek, B. Fapyadenine is a moderately efficient
chain terminator for prokaryotic DNA polymerases. Free Radic.
Biol. Med. 28:75-83; 2000.

[38] Fuchs, J.; Emerit, I.; Levy, A.; Cernajvski, L.; Schofer, H.;
Milbrad, R. Clastogenic factors in plasma of HIV-1 infected
patients. Free Radic. Biol. Med. 19:843—848; 1995.

[39] Wentzel, P.; Thumberg, L.; Eriksson, U. J. Teratogenic effect of
diabetic serum is prevented by supplementation of superoxide
dismutase and N-acetylcysteine in rat embryo culture. Diabeto-
logia 40:7—14; 1997.

[40] Buchanam, T. A.; Denno, K. L.; Sipos, G. F.; Sadler, T. W.
Diabetic teratogenesis. In vitro evidence for a multifactorial eti-
ology with little contribution from glucose per se. Diabetes 43:
656-660; 1994.

[41] Fantel, A. G.; Mackler, B.; Stamps, L. D.; Tran, T. T.; Person,
R. E. Reactive oxygen species and DNA oxidation in fetal rat
tissues. Free Radic. Biol. Med. 25:95-103; 1998.

[42] Gopaul, N. K.; Anggard, E. E.; Betteridge, D. J.; Wolff, S. P.;
Nourooz-Zadeh, J. Plasma 8-epi PGF,a levels are elevated in
individuals with non-insulin dependent diabetes mellitus. FEBS
Lert. 368:225-229; 1995.

[43] Santini, S. A.; Marra, G.; Giardina, B.; Cotroneo, P.; Mordente,
A.; Martorana, G. E.; Manto, A.; Ghirlanda, G. Defective plasma
antioxidant defenses and enhanced susceptibility to lipid peroxi-
dation in uncomplicated IDDM. Diabetes 46:1853-1858; 1997.

[44] Griesmacher, A.; Kindhauser, M.; Andert, S. E.; Schreiner, W.;
Toma, C.; Knoebl, P.; Pietschmann, P.; Prager, R.; Schnack, C.;
Schernthaner, G.; Mueller, M. M. Enhanced serum levels of
thiobarbituric-acid-reactive substances in diabetes mellitus.
Am. J. Med. 98:469-475; 1995.

[45] Bates, J. H.; Young, I. S.; Galway, L.; Traub, A. I.; Hadden, D. R.
Antioxidant status and lipid peroxidation in diabetic pregnancy.
Br. J. Nutr. 78:523-532; 1997.





