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ABSTRACT
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diabetic pregnancy. Acta Universitatis Upsaliensis. Comprehensive Summaries of Uppsala
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Maternal type 1 diabetes is associated with an increased risk for foetal malformations. The mecha-
nism by which diabetes is teratogenic is not fully known. Previous studies have demonstrated that
radical oxygen species can contribute to the teratogenicity of glucose and diabetes. The aim of the
present work was to study different aspects of free radical damage and antioxidant defence in experi-
mental diabetic pregnancy.
  The activity of the antioxidant enzyme catalase and the mRNA levels of antioxidant enzymes in
embryos of normal and diabetic rats of two strains were measured. The catalase activity was higher in
embryos of a malformation-resistant strain than in a malformation-prone strain, the difference in-
creased further when the mother was diabetic. Maternal diabetes increased embryonic mRNA levels of
catalase and manganese superoxide dismutase in the malformation-resistant strain, but not in the mal-
formation-prone strain. Embryos of the malformation-prone rat thus had lower antioxidative defence
than embryos of the malformation-resistant strain.
  Administration of either vitamin E or vitamin C has previously been shown to protect embryos
from maldevelopment in experimental diabetic pregnancy. The vitamins were used together in this
thesis to yield protection in both the lipid and aqueous phase. The protective effect was not higher
than what had been achieved using the vitamins individually. No synergistic effect was thus found
using the two antioxidants together.
  The urinary excretion of the lipid peroxidation marker 8-iso-PGF2α was increased in pregnant dia-
betic rats compared with non-diabetic controls, as was the plasma content of carbonylated proteins.
Carbonylated proteins and TBARS concentrations were increased in foetal livers in diabetic preg-
nancy. However, no increased concentration of 8-iso-PGF2α was found in the amniotic fluid of preg-
nant diabetic rats. Both lipids and proteins were thus oxidatively modified in experimental diabetic
pregnancy. It is concluded that experimental diabetic pregnancy is associated with increased oxidative
stress and that the embryonic antioxidant defence is likely to be of importance for normal develop-
ment in a diabetic environment.
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Om man således ville finna orsaken, varför ett ting uppkommer,
förgås eller är till, borde man söka finna ut,
hur det bäst kan bestå, bäst kan verka och påverkas.

Platon: Skrifter. Faidon. Övers. av Claes Lindskog, 1920.
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1. INTRODUCTION

1.1 Diabetes

Type 1 Diabetes Mellitus is a metabolic disease where the insulin producing β-cells in the pan-

creatic islets of Langerhans are progressively destroyed. When the insulin production is no longer

sufficient to keep the appropriate blood glucose concentration, hyperglycaemia with subsequent

glucosuria occurs. The trigger and mechanism of β-cell death are matters of intense debate and

research, but it appears to be a combination of genetic predisposition and environmental factors

initiating an autoimmune attack. Type 1 diabetic patients require exogenous insulin administration

in order to restore a normal metabolic state. For correct dosing of insulin, the patient usually

measures blood glucose several times per day. For long-term evaluation of treatment HbA1c, a

glycated form of haemoglobin A, is used to estimate the mean blood glucose level during the two

to six weeks preceding sampling.

1.2 Diabetes and pregnancy

1.21 Epidemiology

Diabetes during pregnancy has been a recognised medical problem for more than a century. During

the 19th and early 20th centuries the major concern was for the mother-to-be, who faced a high risk

of death from diabetes during pregnancy.  As early as in 1882, Duncan wrote about the threat to

the foetus during diabetic pregnancy: “Pregnancy is very liable to be interrupted in its course; and

probably always by the death of the foetus”47. Three years later, Lecorché noted that even if ma-

ternal diabetes is not an absolute obtstacle for conception, the disease weakens the foetus and can

cause developmental damage133. In a later review the foetal mortality rate was noted to be be-

tween 27 to 53% in different studies252. In 1937 Priscilla White brought into notice that deaths in

neonates of diabetic mothers were largely due to congenital defects250. Mølsted-Pedersen and co-

workers166 reported fatal malformations in 12.2% of perinatally dead children of diabetic mothers.

In a more recent study from the Joslin Diabetes Center, 58% of the perinatal deaths in infants of

diabetic mothers were due to malformations80. Figure 1 outlines the problems that can occur as a

consequence of diabetes during pregnancy. The reported malformation rate has varied substan-
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tially among investigations, depending on the studied populations, the techniques for investigating

children, data collection and the definitions used for diabetes and for malformations198. In 1952

White reported a malformation rate of 80% compared to the expected 1.8%251. A malformation

rate threefold the normal (6.4% vs. 2.1%) was reported in a large material some ten years later166.

Today, more than 60 years after White’s first report, the possibilities for diabetic patients to

achieve close to normal metabolic control are much greater. Yet there is an increased risk for a

type 1 diabetic mother to have a child with a major malformation than for a non-diabetic mother.

Recent studies report the incidence of malformations in type 1 diabetes to be in the range of 4-

10 %, which is about two- to fourfold the normal incidence24,83,90,105,224,243. Thus, the frequency of

congenital malformations among children of diabetic mothers has decreased during the last century

but remains substantially higher than in non-diabetic pregnancy despite tight glycaemic control.

Moreover, the congenital malformations cause a large portion of the perinatal deaths in offspring

of diabetic mothers.

Maternal diabetes

Macrosomia Neonatal hypoglycaemia Congenital malformations

Perinatal morbidity

Figure 1: Possible negative outcomes of diabetic pregnancy
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The dominating opinion has been that only pre-gestational diabetes is associated with an in-

creased risk for foetal malformations29. Recent studies, however, report that the incidence of ma-

jor malformations is increased also when diabetes is first detected during pregnancy105,123,144,206.

Included in this group are, apart from women with gestational diabetes mellitus (GDM), also a

number of women with latent diabetes and women with not previously diagnosed type 2 diabe-

tes. Offspring of type 2 diabetic women showed malformation rates in the same magnitude, or

even higher, as offspring of type 1 diabetic women14,233 and, similar to type 1 diabetic pregnan-

cies, there was a correlation between HbA1c and the risk for malformations233. Moreover, the pat-

tern of malformations in type 2 and gestational diabetes resembles the pattern of type 1 diabetes-

induced malformations207. The rate of perinatal deaths is also increased in offspring of type 2 dia-

betic mothers, mainly due to late foetal death36. However, the pregnant type 2 diabetic women are

older and more obese than pregnant non-diabetic women, which may contribute to impaired foetal

outcome since age and weight are factors that may also affect perinatal morbidity and mortality

rates. Overall, these studies indicate that not only pre-gestational maternal type 1 diabetes but

also type 2 and perhaps gestational diabetes can induce foetal malformations. The malformation

rate in type 2 diabetic pregnancy and GDM is important to consider, taking into account that

type 2 diabetes was estimated to constitute 8%, and GDM as much as 88% of diabetic pregnan-

cies in the United States during 198850.

1.22 The malformations

1.221 Malformations occurring in diabetic pregnancy

The organs most often affected in offspring of diabetic mothers are the central nervous system

and the heart116,143. The malformations with highest relative risks in diabetic pregnancy are spinal

anomalies (e.g. the caudal regression syndrome), laterality defects and gross skeletal anoma-

lies126,143,218. However, based on the low absolute number of e.g. caudal regression syndromes, the

certainty of the specific patterns of malformations in diabetic pregnancies has been questioned111.

Apart from gross morphological abnormalities, maternal diabetes has been suggested to induce

more subtle long-term effects on the central nervous system. For instance, the metabolic control
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in the third trimester has been reported to correlate with the behaviour of neonates and with men-

tal development of two- to five-year-olds30,194,195. Despite good glycaemic control during gesta-

tion, one-year-old children of diabetic mothers showed lower mental and psychomotor scores

than controls94. Thus, maternal diabetes can specifically cause gross morphological abnormalities

in some organ systems and probably also subtle functional CNS-defects.

 1.222 When are the malformations induced?

Knowledge regarding which organs are affected by malformations in diabetic pregnancy combined

with knowledge on the embryological development of these organs yielded the conclusion that

these malformations are induced before the seventh week of gestation153. In vivo studies on dia-

betic pregnant rats have shown that timed interruption of insulin therapy during day 6-10, i.e.

during organogenesis, causes malformations51. However, at least in rodents, a diabetic environ-

ment affects embryonic development already before implantation e.g. a diabetic environment de-

layed the development of pre-implantation rat embryos in vivo240,44 and development of early

mouse embryos in vitro175. Moreover, after gonadotropin stimulation diabetic mice had fewer

oocytes in the latest stage of maturation compared to control mice45. Maternal diabetes and high

glucose in vitro induced apoptosis in mouse blastocysts159 and increased the expression of the

pro-apoptotic protein Bax. These studies show that malformations can be induced by hypergly-

caemia around day 6-10 in rats but that developmental effects of high glucose / maternal diabetes

can be seen even in the pre-implantation embryo, suggesting a continuous vulnerability to a hy-

perglycaemic environment during early pregnancy rather than a specific time point. However, the

end-gestational morphological outcome of these very early alterations is unknown.

1.223 Why malformations?

The teratogenic factors and the pathogenic mechanisms of diabetic embryopathy are still not fully

understood. However, several important clues have been deduced from human epidemiological

data. A positive correlation between maternal blood glucose concentration during the last 6-7

weeks of pregnancy and the weight of the newborn was observed, leading to the conclusion that
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high maternal blood glucose can affect foetal metabolism and growth in late pregnancy182. Later, a

positive correlation was found between the malformation rate and the maternal blood glucose in

late pregnancy114. At present, the metabolic control during early pregnancy, measured as concen-

tration of HbA1c, is considered to correlate with the risk for congenital malforma-

tions80,81,88,138,151,197,243. A large multi-centre study of women with good metabolic control in early

gestation was, however, unable to confirm this assumption154.  A correlation between disturbed

maternal glucose metabolism and foetal outcome has also been reported in gestational and type 2

diabetes206,207 and indicates a glucose-mediated pathogenesis of diabetic embryopathy. However,

the focus on hyperglycaemia in GDM has been criticised for not taking into account possible un-

derlying factors such as age and maternal body weight106. Apart from carbohydrates, the relative

deficiency of insulin in type 1 diabetes causes altered metabolism of other metabolic variables

such as lipids and proteins. The concept of a general “fuel-mediated teratogenesis” has been sug-

gested69,70, stating that all the disturbed maternal fuels in diabetic pregnancy can affect the devel-

oping embryo and foetus. The number of studies reporting a correlation between glycaemic con-

trol and outcome of pregnancy makes it likely that a deranged metabolic control during the or-

ganogenic period causes increased risk for malformations.

Not all foetuses of diabetic mothers develop major malformations, even in pregnancies with very

poor metabolic control. This fact indicates the presence of an individual teratological susceptibil-

ity. A genetic factor combined with an environmental effect has been reported in rodent experi-

ments; both maternal and paternal genomes influenced the morphology of the offspring of diabetic

rats52 and embryos of Non-Obese Diabetic (NOD) mice displaying malformations had more

chromosomal abnormalities than embryos that appeared normal232. Also, NOD embryos trans-

ferred to ICR dams and ICR embryos transferred to NOD dams showed malformations, whereas

no malformations were seen in ICR embryos transferred to ICR dams177, indicating that both ma-

ternal and foetal genomes influence teratogenic susceptibility. Whether or not the father is diabetic

does not influence the outcome of pregnancy in terms of malformations and spontaneous abor-
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tions29,34. However, paternal type 1 diabetes signals an increased risk for the child to later develop

diabetes244.

1.3 Diabetes and pregnancy; experimental studies

1.31 Teratogenic factors

Experimental researchers have tried to dissect the teratogenic factors in maternal diabetes. Serum

from diabetic rodents and humans is known to be teratogenic in in vitro culture sys-

tems15,175,176,192,199,222,247. One major metabolite with altered concentration in diabetic serum is

glucose. The intracellular glucose concentrations in the embryonic neuroectodermal tissues at day

11 and day 12 approximately equals that of maternal serum at that time,225 indicating that glucose

easily reaches the embryo. The glucose transporter GLUT-1 was not downregulated in rat em-

bryos during neurulation despite maternal diabetes236, which may contribute to an increased intra-

cellular glucose concentration in embryos in a diabetic environment. Lactate production has been

reported to be higher and glucose oxidation rate lower in embryos of diabetic rats compared to

controls227. Thus, glucose is a metabolite with altered embryonic metabolism in experimental dia-

betic pregnancy.

1.311 Glucose

Glucose has been shown to be a teratogen when injected intraamniotically31, in in vitro cul-

ture32,200 and to cause neural tube defects (NTD) in embryos of mice injected with glucose65. The

latter study also suggested that hyperglycaemia is necessary for the induction of NTD in diabetic

mice since no NTD were observed when phlorizin was administered to lower blood glucose.

These results contrast somewhat to data indicating that serum components other than glucose,

e.g. D-β-hydroxybutyrate, triglycerides and branched chain amino acids (valine, leucine and iso-

leucine), can contribute to the teratogenicity of diabetic serum202,211,223. Indeed, the serum from

insulin treated diabetic rats with in vitro added glucose was less teratogenic than serum with a

similar glucose concentration from non insulin-treated diabetic rats in a mouse embryo culture

system15. In addition, in embryo culture, serum of diabetic rats was teratogenic despite insulin
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treatment of the rats176,201,247 and added glucose (ad 30mM) to non-diabetic serum was not terato-

genic in one study192. In contrast to observations in the postimplantation embryos, the preim-

plantation 2-cell embryos and blastocysts seem to have a lower glucose uptake and concentration

together with decreased mRNA levels of GLUT-1, 2 and 3158. This decrease in glucose uptake is

accompanied by Bax-dependent apoptosis in mouse blastocysts27. These data and the clinical

studies reporting a correlation between maternal HbA1c during early pregnancy and risk for mal-

formation, suggest that high glucose is the major teratogen in diabetic pregnancy. However, excess

glucose is not likely to be the exclusive teratogen in this condition.

1.312 Insulin and hypoglycaemia

In type 1 diabetic pregnancy, the mother injects insulin in a rather non-physiological manner, i.e.

large doses several times per day. In addition to a possible risk for insulin teratogenicity, this low-

frequency administration generates a risk for hypoglycaemic periods. Insulin has proven terato-

genic by causing rumplessness131,260 in chick embryo models. A recent study found micrognathia

and malformations similar to the caudal regression syndrome when high doses of insulin were ad-

ministered to early chick embryos110. However, high insulin doses were not directly teratogenic in

the mouse embryo culture system201. Moreover, insulin had no effect on glucose or pyruvate me-

tabolism in day 5 blastocysts46 and maternally administered insulin was not detected in day 10.3

rat embryos238. Insulin-induced hypoglycaemia for a 1 h period in early, but not late, neurulation

induced malformations, whereas insulin infusion with euglycaemia did not16,17. Two-hour periods

of insulin-induced hypoglycaemia at day 10.5 have been reported to reduce the number of ossifi-

cation sites in foetuses of both diabetic and non-diabetic rats229. Hypoglycaemic exposure of em-

bryos for one hour periods has been reported to be teratogenic in embryo culture2, with worsened

effect when the embryos were pre-cultured in hyperglycaemic medium1. Overall, these reports

suggest that severe hypoglycaemia, rather than insulin, is teratogenic during early organogenesis in

the rodent. Also, there seems to be an increased teratogenic effect of hypoglycaemia when it is

transient and interposed in hyperglycaemic periods. However, as there is no clear evidence for the

existence of hypoglycaemia-induced malformations in humans, whether the teratogenic potential
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of hypoglycaemia in rodent models is relevant for human diabetic pregnancy remains to be

shown.

1.313 Sorbitol accumulation

Several of the complications caused by diabetes have been attributed to sorbitol accumulation72,

the notion that this mechanism could be involved in diabetic embryopathy has therefore been in-

vestigated. In a diabetic condition, a high proportion of glucose is metabolised through the

“polyol pathway”, where aldose reductase reduces glucose to sorbitol. Sorbitol may accumulate

in tissue and cause damage through osmotic effects. The increased availability of glucose in ex-

perimental diabetic pregnancy is indeed paralleled by an increase in embryonic sorbitol concentra-

tion58,225. Also, maternal diabetes caused an increase in both sorbitol content and aldose reductase

activity in foetal lenses215. However, even though aldose reductase inhibitors have been shown to

reduce embryonic accumulation of sorbitol, they fail both in vivo58 and in vitro56,96 to inhibit the

teratogenicity of diabetes and high glucose, respectively. Thus, even though increased aldose re-

ductase activity and sorbitol accumulation have been demonstrated in diabetic pregnancy, the lack

of therapeutic effect of inhibition of aldose reductase makes increased flux through the polyol

pathway unlikely to be the key mechanism of diabetic embryopathy.

1.314 Inositol deficiency

The inositol content in embryos cultured in high glucose96 and in day 12 embryos of STZ (strep-

tozotocin)-diabetic rats225 is decreased. High glucose could, in a dose-dependent manner, diminish

the uptake of inositol246 in in vitro cultured embryos. The presence of the inositol uptake inhibi-

tor scyllo-inositol causes similar maldevelopment in embryos as does hyperglycaemia221. Despite

the fact that aldose reductase inhibitors can restore inositol concentrations in nerve tissue of dia-

betic rats, neither embryonic outcome nor the decreased inositol concentration in high glucose

cultured embryos could be improved by aldose reductase inhibition96. The addition of inositol to

the culture medium of embryos cultured in high glucose95 and dietary inositol supplementation to

pregnant diabetic rats115,193 have been reported to protect against embryo dysmorphogenesis.
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These reports indicate that the inositol metabolism is disturbed in embryos of diabetic rats and

that an exogenous restoration of inositol levels can partially inhibit diabetes / high glucose induced

dysmorphogenesis.  

1.315 Arachidonic acid deficiency

A deficiency in arachidonic acid and derived metabolites has been proposed to induce malforma-

tions in diabetic pregnancy since arachidonic acid supplementation both in vivo and in vitro pro-

tects against diabetes / high glucose-induced neural tube fusion defects78. The concentration of

prostaglandin E2 (PGE2) has been reported to be decreased in day 10, but not day 11, rat embryos

both by high glucose and diabetes249. PGE2 is formed from arachidonic acid through the cyclooxy-

genase pathway. Cyclooxygenase inhibitors have been reported to be both teratogenic113,248 and to

protect against hyperglycaemia-induced neural tube defects125. Disturbed arachidonic metabolism

seems therefore to contribute to diabetes-induced embryopathy.

1.32 Altered embryonic gene expression in diabetic pregnancy.

The transcription factor Pax-3 was underexpressed in the neural tubes in embryos of diabetic mice

an underexpression which was accompanied by apoptosis in the unfused portions of the neural

tube185. Increased glucose concentrations were later shown to downregulate Pax-3 both in vivo

and in vitro65. One gene regulated by Pax-3, Dep-1, has been reported to be less expressed in em-

bryos of diabetic mice than in controls22. The expression of the cell cycle control gene cdc-46 was

increased in the unfused parts of the neural tube in embryos of diabetic mice and in embryos of

Pax-3 deficient sp/sp mice92. Further downstream effects of Pax-3 underexpression remain to be

investigated and the function of Dep-1 is unclear, but these reports indicate that the expression of

developmentally important genes can be changed at specific sites in embryos of diabetic mothers.
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1.4 Reactive Oxygen Species (ROS), general introduction

ROS have, as will be discussed in 1.5, been suggested to be important in diabetic embryopathy

and even to be a common mediator of glucose-induced damage. The general properties of these

reactive molecules will therefore be discussed first.

1.41 Oxygen radicals and ROS

A free radical is, according to the definition of Halliwell and Gutteridge ”...any species capable of

independent existence that contains one or more unpaired electrons”87. An unpaired electron oc-

cupies an orbital in a molecule alone. Excess oxygen is toxic, which was half a century ago pro-

posed to be due to the formation of oxygen radicals76. An oxygen radical is an oxygen-centred

radical. In the reduction of oxygen to 0.82 kcal/mol is released122. From the aspect of cellular en-

ergy production, this makes oxygen a very suitable receiver of electrons from NADH and

FADH2. However, the reduction of oxygen does not take place in one single step, but rather as a

sequence of several partial reductions. This yields a risk of partially reduced oxygen molecules

escaping from the electron transport chain in the form of superoxide ions (O.-). Considerable

amounts of superoxide are produced in the mitochondria; a 70 kg resting human will produce ap-

proximately 4.7 g superoxide per day86. The superoxide ion is a free oxygen radical. Other com-

mon oxygen radicals are the hydroxyl radical (OH·), the peroxyl radical (ROO·) and the alkoxyl

radical (RO·). The very reactive hydroxyl radical can be formed when hydrogen peroxide reacts

with metal ions, see Figure 2. The term Reactive Oxygen Species (ROS) also includes some reac-

tive non-radicals such as hydrogen peroxide (H2O2), hypochlorous acid (HOCl) and ozone (O3).

The reactivity of the radicals is based on the unfavourable energetic state of unpaired electrons.

The radical is therefore prone to either take an electron from another molecule (acting as an oxi-

dant), donate its surplus electron (acting as a reductant), or react with another radical or with a

non-radical87.  ROS can react with lipids causing altered cell membrane fluidity4,245, with proteins

thereby rendering enzymes less active61 and with both bases and sugars of DNA100. As will be

further discussed below, these mechanisms have been suggested to be part of the pathogenesis of

diabetic embryopathy.
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1.42 Antioxidant defence

Aerobic organisms have a set of low molecular weight substances (e.g. vitamin C and E) and en-

zymes to protect them from the reactivity of partially reduced oxygen. A schematic drawing of

the actions of the most important antioxidative enzymes can be seen in Figure 2.

Superoxide dismutase (SOD) can catalyse the net reaction:

O2
.- + O2

.- + 2H+� H2O2 + O2

There are two major types of SOD, CuZn-SOD and Mn-SOD, with copper and zinc or manga-

nese ions at the active sites, respectively. Moreover, the enzymes are structurally different; Mn-

SOD has a molecular weight of 40,000 and CuZn-SOD 32,000 dalton. Despite different struc-

tures, the two enzymes catalyse the same reaction. CuZn-SOD is mainly found in the cytosol of

the cell but also to a lesser extent in the lysosomes and the nucleus. Mn-SOD is considered to be

a mitochondrial enzyme only. Limited SOD activity is found extracellularly, the majority of this

H2O2 + Men + Men+1 + + OH- + OH.
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Figure 2: Co-operation of antioxidant enzymes.
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activity is due to a special extracellular SOD (EC-SOD) which contains Cu and Zn but is other-

wise structurally different from the intracellular CuZn-SOD141.  

Catalase catalyses the direct composition of hydrogen peroxide to ground state oxygen:

2H2O2 � 2H2O + O2

One of the hydrogen peroxide molecules is thus reduced to H2O, the other oxidised to O2. Cata-

lase is an oligomer with four 60,000 dalton subunits209. Subcellularly, catalase is mainly localized

to the peroxisomes, as much as 40% of the total protein content of the peroxisomes has been es-

timated to be catalase43. The peroxisomes are cytoplasmic organelles in which several oxidative

processes occur, e.g. the oxidation and detoxification of several toxic compounds resulting in large

amounts of hydrogen peroxide.  

Glutathione peroxidase (GSHPx) is the other main enzyme neutralising hydrogen peroxide, it ca-

talyses the reaction:

H2O2 + 2GSH � GSSG + 2H2O

There is a family of glutathione peroxidases rather than one enzyme, all members of which con-

tain four subunits with one selenium atom at the active site. The enzyme γ-glutamylcysteine syn-

thetase (γ-GCS) is the rate-limiting enzyme in GSH synthesis and glutathione reductase reduces

the oxidised form of glutathione (GSSG) back to GSH.  The different antioxidant systems are

delicately balanced in the organism. The effect of adding or combining antioxidants is therefore

difficult to predict, illustrated by the increase in radical production in renal cells after combining

CuZn-SOD and GSH in a hypoxia / reoxygenation system179.
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1.421 Embryonic antioxidant defence

Maternal mRNAs of γ-GCS, GSHPx, Mn-SOD and CuZn-SOD have been detected in murine and

human oocytes, whereas no catalase transcript was detected until the blastocyst stage i.e. when

the embryo starts to express its own genome48. It has been suggested that species differences in

tolerance to in vitro culture conditions are due to differences in embryonic expression of antioxi-

dant enzymes89, indicating that the antioxidant defence is of importance for the development of

the embryo when subjected to unfavourable environments. In the rat foetus, the antioxidant en-

zyme activity is low and increases markedly towards birth75,165 when the organism is subjected to

increased oxygen pressure and subsequently a higher oxygen radical production. In mouse foetal

livers, the relative mRNA levels of SOD, GSHPx and catalase are high during the last ten days of

pregnancy. The activities of these enzymes, however, remain low until just before birth, suggest-

ing that antioxidant enzyme mRNA is stored in utero for translation when antioxidant activity is

needed when exposed to the atmosphere49. The embryo seems therefore to be protected by anti-

oxidant enzymes derived from maternal mRNA at early preimplantatory stages.  Later, the em-

bryo itself starts to produce antioxidant enzymes, but the enzymes show low activities until just

before birth.

1.43 Measures of oxidative stress

To directly measure free radicals in biological samples is difficult due to their short half-life. The

technique of choice is electron spin resonance which often require previous “trapping” of the

radicals in order to produce more stable molecules that can accumulate in larger amounts. How-

ever, estimations of radical damage are more easily performed. Radicals easily react with macro-

molecules of different classes whereby more stable molecules are formed, which can subsequently

be measured.  

1.431 Lipid peroxidation

One of the most frequently used measures of lipid peroxidation is the thiobarbituric acid reactive

substances (TBARS) method. Malone dialdehyde (MDA) is formed through the decomposition
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of lipid peroxides. One MDA molecule can then react with two molecules of TBA forming a

product that absorbs light at 532 nm and fluoresces at 553 nm. The method suffers from prob-

lems of specificity; most of the MDA is produced during the experimental procedure84 and sub-

stances other than MDA-TBA complexes may fluoresce at 553 nm. The method is, despite these

drawbacks, popular since the procedure is rather easy and can be performed on biological mate-

rial.

Another method to determine oxidative damage to lipids is by measuring isoprostanes.  Iso-

prostanes are formed when arachidonic acid is oxidised by ROS. The yielded molecules are – as

indicated by the name – structural isomers of prostaglandins. The side chains in isoprostanes are

oriented in a cis-position in relation to the cyclopentane ring whereas the enzymatically produced

prostaglandins have their side chains in the trans-position163. Isoprostanes are formed in situ on

phospholipids and are then assumed to be released by phospholipases160.

There are a number of isoprostanes. The isoprostane that has been most extensively studied is 8-

iso-prostaglandin-F2α (8-iso-PGF2α), which is also one of the more abundant in vivo164. Increased

concentrations of 8-iso-PGF2α have been reported e.g. in livers of rats after administration of

CCl4
161, in urine of type 1 and type 2 diabetic patients39, in smokers162 and in pregnant rats fed a

high saturated fat diet73. Dietary supplementation of 2g vitamin E / kg to apoE-/- mice could re-

duce isoprostane production190. 8-iso-PGF2α has been reported to be produced in small amounts

in platelets as a by-product of cyclooxygenase189 and the concentration in serum was decreased

by acetyl salicylic acid (ASA) whereas the urinary concentrations were unaffected by ASA

treatment188.

1.432 Protein carbonylation

Proteins are also targets for oxygen radicals as was shown in the beginning of this century when

Dakin reported that carbonyls, i.e. R-C=O groups, can be formed from amino acids37,38. All amino

acid residues of a protein can be modified by OH., by itself or in combination with O2
-.41. The
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formation of carbonyl groups in proteins increases with increased concentrations of OH. and is

further potentiated by O2
-.40. Carbonyl groups can be introduced into proteins either via non site-

specific or site-specific metal catalysed oxidation of amino acid residues219. The protein carbonyl

content can therefore be used as a measure of radical damage to proteins.  Plasma protein carbonyl

content has been reported to correlate with HbA1c levels in type 2 diabetic patients173 and protein

carbonyls have been detected in the thickened intima of arteries from type 2 diabetic patients

with poor glycaemic control157. Increased protein carbonyl concentrations have been found in

plasma of STZ-diabetic rats23, whereas other studies have not found increased protein carbonyl

content in kidneys and livers of STZ-diabetic rats187 or livers of STZ-diabetic pregnant rats241.

Plasma proteins may therefore be more sensitive to oxidative modifications in a diabetic state than

tissue proteins.

1.433 DNA damage

As ROS can modify DNA structures, these modified molecules may also be used as markers of

oxidative stress. One of the most frequently used methods for estimating radical-modified DNA is

to measure 8-hydroxyguanosine, i.e. hydroxyguanine with a ribose molecule87.

Oxidatively modified groups on lipids, proteins and DNA can thus be used to indirectly measure

the general ROS load in biological samples.

1.5 ROS in diabetic embryopathy

1.51 Supportive evidence

The notion of ROS being involved in diabetic embryopathy arises from three distinct but indirect

types of studies.

1) Experimental diabetic embryopathy is associated with increases in free radical damage on

tissues. In early rat embryos249, foetal livers and in maternal diabetic plasma212,213 signs of

increased lipid peroxidation can be found. An increased frequency of DNA-damage has been
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reported in embryos of diabetic rodents134-136,241. Evidence of increased intracellular free

radical production in embryos cultured in high glucose237 and in embryos from diabetic

rats203 have been generated using dichlorofluorescein fluorescence in flow cytometry of em-

bryonic cells. However, using similar methodology Forsberg and co-workers found no in-

crease in radical production by high glucose68. The GSH content is reported to be decreased

in both high glucose cultured embryos in vitro237, and in embryos of diabetic rat moth-

ers148,203. Also, the embryonic content of low molecular weight antioxidants was decreased

after 28 h culture in a diabetic environment174. Day 11 and day 12 embryos of diabetic rats

exhibited higher SOD activity than control embryos67. Thus, an experimental diabetic envi-

ronment induces oxidative damage and impairs some, but not all, embryonic antioxidant

systems and contradicting findings have been reported regarding the concentration of radi-

cals per se.

2) In vitro, superoxide produced in a xanthine / xanthine oxidase system has been demon-

strated to cause neural tube closure defects and malrotations. This effect was abolished by

the addition of catalase, vitamin C or vitamin E to the culture medium3,107.  

3) The first experiments suggesting ROS to be involved in diabetic embryopathy reported

that malformations induced by high glucose in embryo culture could be partially prevented

by the addition of SOD to the culture medium55. Later, the in vitro teratogenicity of pyru-

vate, β-hydroxybutyrate and α-ketoisocaproate was also reported to be decreased by SOD

addition54. High glucose concentrations in the medium decreased the number of embryos

that developed to the blastocyst stage in bovine embryo culture, a situation improved by

the addition of SOD or allopurinol102,103. Different antioxidants have also proven useful to

improve foetal outcome in in vivo models of diabetic embryopathy; e.g. butylated hydroxy-

toluene59, vitamin E213,217,241,242, vitamin C212 and lipoic acid253. In a genetic approach where

mice transgenic for extra copies of human CuZn-SOD were made diabetic, the outcome on
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day 10 was similar as for non-diabetic controls whereas diabetic non-transgenic animals had

twice as many malformations85.

These three “classes” of experimental studies indicate that 1) maternal diabetes is associated with

increased oxidative stress in the embryo during organogenesis 2) oxidative stress is per se terato-

genic and 3) antioxidants provided in the culture medium in vitro or to the mother in vivo can pro-

tect the embryo from diabetes-induced malformations.

1.52 Production of oxygen radicals in embryos

1.521 Glucose autooxidation

Radicals can be formed through glucose autooxidation. Through one enolisation and two oxidation

reactions the α-hydroxyaldehyde part of glucose forms an α-ketoaldehyde whereby superoxide is

produced in a process requiring oxygen and transition metal ions254. No direct evidence has been

reported suggsting that autooxidation of glucose contributes to ROS production in embryos.

1.522 Glycation of proteins

Superoxide can be formed from glycated proteins, both from rearrangement of ketoamines to di-

carbonyls77,204 and most likely also through the reaction of AGEs (Advanced Glycation End

Products) with an AGE-receptor255. A recent study has suggested that the α-oxoaldehyde 3-de-

oxyglucosone, originating from glycated proteins, is formed in rat embryo culture under hypergly-

caemic conditions and that this molecule is teratogenic through the generation of superoxide ions

possibly by interaction with the receptor for AGE60.

1.523 GSH deficiency

NADPH is used in the polyol pathway where glucose is reduced to sorbitol by aldose reductase.

An increased activity in this pathway causes a depletion of reduced glutathione137, which may

weaken the antioxidant defence.  However, as was discussed in 1.313, inhibition of aldose reduc-

tase and sorbitol accumulation does not protect embryos from malformations.
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1.524 Mitochondrial superoxide production

Several reports support the notion of radical production in the mitochondria. An inhibitor of mi-

tochondrial pyruvate uptake was able to decrease high glucose-induced malformations in embryo

culture54. The mitochondria in the neuroepithelium of embryos of diabetic mothers and embryos

cultured in high glucose displayed condensation66 or large-amplitude swelling256. Mitochondrial

swelling has also been reported after 24h culture of mouse embryos in 32mM β-hydroxybu-

tyrate98 and in rat embryos exposed to low (5%) oxygen concentration for 20h in culture150.  The

hyperglycaemia / diabetes-induced swelling was prevented by an inhibitor of mitochondrial pyru-

vate uptake in vitro and by maternal antioxidant food supplements in vivo, respectively257. High

glucose could result in a “Crabtree-effect” where high glucose concentration inhibits mitochondrial

respiration due to a shortage of ADP35(reviewed in detail by Ibsen99). Indeed, high glucose con-

centrations have been shown to decrease oxygen uptake in preimplantatory hamster embryos and

day 9-12 rat embryos in culture210,257. A high glucose concentration also increased glucose utilisa-

tion and superoxide production in neuroectodermal tissue of rat embryos257.

In bovine aortic endothelial cells, it has been shown that high glucose-induced hydrogen peroxide

production, AGE-formation, PKC-activation and sorbitol accumulation were decreased when the

mitochondrial superoxide production was inhibited170.  As the mitochondria in this study were

not embryonic, it seems as if both mature and immature mitochondria produce oxygen radicals

when exposed to a high glucose concentration. A diabetic environment thus affects the mitochon-

drial structure and function. High glucose concentrations cause free radicals to be produced in the

mitochondria and these radicals seem to be necessary, at least in adult endothelial cells, for other

pathways with proposed roles in the pathogenensis of diabetic complications.

To sum up, it is not known with certainty where in the embryo the oxygen radicals would be

produced in diabetic pregnancy and exactly how this would occur. Moreover, the oxygen tension

in the embryo during early organogenesis is assumed to be low and to rise first in late embryo-
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genesis due to higher energy requirements. This has never been shown directly but is concluded

from indirect observations (reviewed by Fantel62). Low oxygen tension normally means lower

production of oxygen radicals. However, there are signs of altered embryonic mitochondrial func-

tion and superoxide production in diabetic pregnancy.

  

1.6 The animal model

We have worked with a rat model for diabetic embryopathy. Two substrains of the Sprague-

Dawley rat were used, which have different propencity to have malformed foetuses when the

mothers are made diabetic with STZ. The two substrains are denoted H (Hanover) and U (Upp-

sala), respectively. The U rat originates from a population of Sprague-Dawley rats imported to

Anticimex/ALAB (Sollentuna, Sweden) in 1962 from Zentralinstitut für Versuchstiersucht

(Hanover, Germany). In 1982 a new population of rats was imported from Hanover to Sollen-

tuna, the H rat, and the U rat was moved to Uppsala. They both came from the same breeding

colony and the U rat thus developed from the H strain during 20 years. The two strains respond

differently to maternal STZ-diabetes during pregnancy: U X U foetuses display gross malforma-

tions in nearly 20% of viable offspring52,212,213 whereas offspring of H diabetic mothers display

no malformations at all52. Also, the tendency to develop malformations in diabetic pregnancy in

these rats is dependent on the genotype of both the mother and the embryo, i.e. a U X U embryo

is more likely to become malformed than one with a U mother and a H father52. The exact genetic

difference between the two strains is not known, an electrophoretical difference between the

catalase proteins has been reported57 but not further characterised as yet.

The use of animal models for representation of human conditions is always difficult since species-

specific reactions may occur. In diabetic pregnancy, the malformations are induced early in gesta-

tion. The earlier developmental processes occur, the more similarities are there between species.

Thus, early insults should affect different species more similarly than late insults. Therefore, the

developmental disturbances in diabetic pregnancy should be suitable for investigation in animal

models. In our model, foetuses of diabetic rats are notably smaller than control foetuses. In con-
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trast, human neonates of diabetic mothers are generally larger than neonates of non-diabetic moth-

ers. However, it has been shown that there is a population of foetuses in human diabetic pregnan-

cies that in early gestation are smaller than control foetuses184 and that these foetuses are most

likely to display malformations at birth183. Malformed foetuses are also smaller at term24.

1.61 Patterns of malformations.
The most common diabetes-induced gross morphological malformation in the U rat is a very small

or absent mandible, micrognathia and agnathia respectively. Examples of normal and micrognathic

foetuses stained with alizarin red are shown in Figure 3. In all cases of micrognathia, Meckel’s

cartilage has been shown to have an abnormal shape214. Both Meckel’s cartilage and the sur-

rounding bone forming the mandible have recently been directly demonstrated to be populated by

migrating cranial neural crest cells (NCC)25. It has been suggested that the mandibular malforma-

tions in experimental diabetic pregnancy are due to defective formation of Meckel’s cartilage,

which subsequently causes a defective arrangement of the surrounding bone214. Apart from mi-

crognathia, several other malformations have been demonstrated in the U rat in diabetic preg-

nancy. Cardiovascular defects such as abnormalities of the outflow tract of the heart and lack of

brachiocephalic artery have been demonstrated, as well as missing thyroid isthmus and parathy-

roid glands214. All these tissues are assumed to be dependent on NCC for their formation11,25,108.

The heart malformations with strongest association to maternal diabetes in humans are double

outlet right ventricle (DORV) and persistent truncus arteriosus (PTA)64. These malformations

both occur due to a defect in the septation of the truncus arteriosus120, this septum is highly

populated with cranial NCC118. Malformations similar to DORV and PTA could also be

produced by ablation of the neural crest at somite level 1-3119. Moreover, the DiGeorge anomaly,

which is assumed to be a developmental field defect from injury of the cephalic NCC (reviewed

by Lammer and Opitz130), has occasionally been described in offspring of diabetic mothers172. In

addition, unpublished data from our laboratory indicate that maternal diabetes delays the

development of NCC-derived cranial nerve ganglia (see Figure 4) in 25 to 35 somite rat embryos.

These studies indicate a parallelism between the teratogenic insult in diabetic pregnancy and

conditions with defective neural crest cell migration.
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The developmental damage in our model of diabetic pregnancy tends to be rather specific and re-

stricted to tissues formed by the NCC, hence this cell population is likely to be the target for the

teratogenic substances. The NCC are neuroectodermal cells that lie along the crest of each neural

fold, at specific time-points the cells detach and migrate toward their final destinations where

they differentiate into various tissues. High glucose concentrations in vitro inhibited the migration

of rat NCC, which was restored by the addition of N-acetylcystein (NAC), but not SOD, to the

culture medium226. A study performed in chicks reports a lower SOD activity in NCC than in red

blood cells42. These data suggest that the NCC are targets for the teratogenic processes in diabetic

embryopathy and that these cells do not have a strong antioxidative capacity.

In Hirschsprungs disease, the NCC do not properly reach their destination in the intestinal wall

where they are supposed to differentiate into nerve ganglia. The extracellular matrix proteins

laminin, tenascin and fibronectin are more expressed in the basal lamina of affected intestines than

in control specimens180,181. It is suggested that the thickened intestinal basal lamina hampers the

NCC migration rather than a disturbance of the NCC per se. Interestingly, increased mRNA levels

of laminin B1 and fibronectin have been reported in embryos of diabetic rats21. These data open

the possibility that maternal diabetes could, apart from affecting the NCC themselves, cause mal-

formations by affecting the matrix in which the NCC migrate. Such a change in the matrix could

decrease the number of cells that reach their final destination and thereby alter morphology of

NCC-derived structures.

1.62 Streptozotocin

Streptozotocin (STZ) was first discovered as an antibiotic produced by Streptomyces acro-

mogenes239, but was later also shown to cause hyperglycaemia191. STZ is a β-cell toxin, which

causes an irreversible hyperglycaemia within 3-4 days in rodents. The STZ molecule is structur-

ally similar to glucose and is assumed to be internalised into the β-cell via the GLUT-2 trans-

porter208. In vivo administration of STZ to mice caused the β-cell content of NAD to decrease

followed by impaired glucose-induced insulin secretion82. The NAD depletion is considered to be
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due to activation of the poly-ADP-ribose polymerase (PARP) since deficiency of this enzyme

protects islets from NAD-depletion91, also illustrated by the resistance of mice lacking this en-

zyme to STZ-induced diabetes18,145,186. PARP is assumed to be induced by fragments from DNA

damaged by STZ. The β-cell damage from STZ thus seems to be mediated by DNA-damage and

subsequent NAD-depletion.

1.7 Vitamin E and vitamin C

Vitamin E is the commonly used name for all four naturally occurring tocopherols and tocotrienol

derivatives (reviewed by Kamal-Eldin and Appelqvist112). α-tocopherol is the most common

form and therefore often referred to when the term  “vitamin E” is used. Vitamin E is a chain-

breaking antioxidant protecting the lipid phase of the cell from oxidative chain reactions101 and is

the most important lipid-soluble antioxidant in human plasma19,20. The antioxidant effect of toco-

pherols is mainly due to their ability to donate hydrogens from the phenolic ring of the molecule

to lipid radicals112. A tocopheroxyl-radical is then formed that can be reduced back to tocopherol.

The antioxidant action of vitamin E is schematically shown in Figure 5a.

A direct in vivo antioxidant effect was noticed when vitamin E was administered to STZ-diabetic

rats; α-tocopherol administration reduced the diabetes-induced free radical production measured

with electron spin resonance205. Vitamin E was also effective in decreasing ethanol-induced lipid

peroxidation in chick embryo brains152. Furthermore, vitamin E possesses several properties dis-

tinct from the antioxidant function235 that may be of importance in diabetic pregnancy. Specific

binding sites for α-tocopherol have been found on the surface of bovine endothelial cells128 and

the binding affinity was decreased when the cells were cultured in high glucose129. Vitamin E could

decrease protein kinase C activity in vitro140 and increased protein kinase C activity in STZ-dia-

betic rats has been normalised by intraperitoneal α-tocopherol injections127. Vitamin E thus has

several antioxidant effects but also other distinct modes of action that could potentially affect

embryonic development.
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Vitamin E is absorbed from the intestine together with dietary fats and is released into the circula-

tion with chylomicrons (reviewed by Traber234). The α-tocopherol concentration in a human foe-

tal liver is approximately 20 to 40 % of the concentration in adult livers156. The vitamin E concen-

tration in human foetal cord serum is approximately one quarter of that in maternal serum and the

concentration in foetal serum correlated with that in maternal serum155. Oral supplementation of

the mother should therefore be a good means to increase foetal vitamin E concentrations.

Ascorbate (Vitamin C) is synthesised from glucose in plants and in most animals whereas pri-

mates and guinea pigs lack this ability. Ascorbate is an efficient water-soluble antioxidant (re-

viewed by Niki169). Orally administered ascorbate in combination with desferrioxamine has been

reported to decrease protein glycation and lipid peroxidation in STZ-diabetic rats258,259. Ascorbate

in vitro can act as a pro-oxidant in the presence of metal ions producing hydrogen peroxide, how-

ever, pro-oxidant effects are unlikely in vivo where most metals are bound to proteins and other

reductants are present168. The placental syncytiotrophoblasts take up ascorbate in both the re-

duced and oxidised (dehydro-ascorbate) forms where the latter is preferred28. The potentially

toxic dehydro-ascorbate is reduced in the placenta and delivered to the foetus as ascorbate28, the

foetus is thus provided with ascorbate as the maternal circulation is cleared from the toxic me-

tabolite. Vitamin C given as maternal supplementation should therefore reach the foetus. The ac-

tion and regeneration of vitamin C is depicted in Figure 5b.

Vitamin E and vitamin C have been suggested to be able to work synergistically as antioxidants.

The first evidence of an interaction between vitamin E and vitamin C was a report that vitamin C

in itself could not inhibit the autoxidation of fat but could prolong the time before the vitamin E

induced inhibition of autoxidation declined79. This interaction was later suggested to be due to

vitamin C reducing the vitamin E radical back to vitamin E230 and experimental evidence for this

hypothesis has later been provided178. Alpha-tocopherol alone was in one study reported to act

as a prooxidant increasing the production of peroxyl radicals in LDL particles whereas α-toco-

pherol served as an antioxidant when used together with ascorbate13. The authors speculated that
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the peroxyl radical could propagate chain reactions of lipid peroxidation when no substance with

ability to reduce the tocopheroxyl radical was present. In the STZ-diabetic rat, vitamin C was

able to increase plasma α-tocopherol concentration259. The proposed scheme for the vitamin E /

vitamin C interaction can be seen in Figure 5c. In this context, it can be interesting to note that

periconceptional maternal use of multivitamins has been reported to reduce the risk for congenital

cardiac malformation in a population based case-control study12.

Figure 5: Antioxidant actions of a) alpha tocopherol, b) ascorbate and the c) the regeneration of
tocopherol by ascorbate.
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2. AIMS OF THE THESIS

I aimed at investigating different aspects of ROS involvement in diabetic embryopathy.

Based on the knowledge presented in the Introduction, the aim of the present work was to test

the following specific hypotheses:

1) Maternal diabetes influences the embryonic activity of catalase differently in H and U rats (I).

2) Maternal diabetes affects the mRNA levels of genes coding for antioxidant enzymes in rat em-

bryos (II).

3) The catalase gene of the H and U strains display nucleotide sequence difference in the coding

region (II).

4) Dietary supplementation with α-tocopherol in combination with ascorbate can reduce the

malformation and resorption rates in diabetic pregnancy more than the individual antioxidants are

able to (III).

5) Experimentally induced maternal diabetes causes oxidative stress damage to both lipids and

proteins in late gestation (III and IV).

6) Amniotic fluid concentration of 8-iso-PGF2α reflects foetal oxidative stress (IV).

7) The concentrations of maternal and / or foetal markers of oxidative stress damage correlate with

outcome of pregnancy (IV).
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3. METHODOLOGY

3.1 Animals

Two substrains of the Sprague-Dawley rat were used; the H (Hanover) and U (Uppsala) rat, the

origin and characteristics of these strains are explained in the introduction, section 1.6.

The rats were kept at the Laboratory Animal Resources of the Biomedical Centre in Uppsala in a

12 h dark / 12 h light cycle. They had ad libitum access to food and water. We used the commer-

cial food pellet R36 (Lactamin AB, Stockholm, Sweden). In studies III and IV, the pellet was

powdered before use. The powder in study III was used unsupplemented or supplemented with

0.5% or 2% DL-α-tocopherol hydrogen succinate (E. Merck, Darmstadt, Germany) and 1% or

4% Sodium L (+)-ascorbate (Prolabo, Fontenay, France). The rats in study IV spent the last 24h

of the experiment in metabolic cages where 24h-urine samples were collected.

Diabetes was induced by a single injection of 40 mg / kg of streptozotocin (STZ) (Pharmacia and

Upjohn, Kalamazoo, USA) into a tail vein. Blood glucose was measured after one week and rats

with a serum glucose concentration exceeding 20 mmol / litre were termed diabetic. Serum or

plasma glucose was also measured on the day the pregnancy was terminated. Female rats were

mated overnight with males of the same strain. The day that sperm was detected in a vaginal

smear was denoted day 0 of pregnancy.

3.2 Gross morphology

The day 19 and day 20 foetuses were judged as “normal” or “malformed” based on their gross

morphological appearance. The most common gross morphological malformation was the pres-

ence of a very small mandible (micrognathia) or total absence of mandible (agnathia). Apart from

this malformation, a number of foetuses lacking tails were seen and a few cases of exencephaly

were also noted among the malformed. Dead foetuses of any age, with or without malformations,

were termed “resorptions”. In paper IV resorptions were divided into “large” and “small” with a
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cut-off weight of 0.1 g. Embryos, foetal and maternal tissues that were not used directly after

harvest were snap frozen in liquid nitrogen and thereafter stored at –135°C until further analysis.

3.3 Catalase activity assay

A small-sample-volume-method developed by Johansson and Borg109 was used. In brief, catalase

from the sample was allowed to oxidise methanol to formaldehyde. The formaldehyde then re-

acted with 4-amino-3-hydrazino-5mercapto-1,2,4-triazole (Purpald®) yielding a reddish com-

pound, the concentration of which was determined spectrophotometrically (Beckman DU-65

Spectrophotometer, Beckman Instruments Inc., Fullerton, CA, USA) at 550 nm. A standard

curve with different formaldehyde concentrations was used.

3.4 Semi-Quantitative PCR

RNA was prepared from frozen embryos using the Ultraspec total RNA isolation reagent. (Bio-

tecx Laboratories, Houston, Tx, USA) and chloroform. After isopropanol precipitation and etha-

nol washes, the RNA was dissolved in water. cDNA was produced with 1 µg of RNA as tem-

plate. We used Ready-To-Go first-strand beads (Pharmacia Biotech, Uppsala, Sweden) with

buffer, nucleotides and reverse transcriptase from Moloney murine leukaemia-virus (M-Mulv)

and followed the instructions provided by the manufacturer. Oligo d(T) primers were used with

this kit to have a reverse transcription of the mRNA.

Parts of the cDNAs of interest, each 150 - 550 bp, were amplified by PCR using gene-specific

primers. Each reaction mix comprised 50 µl and contained 5 µl 10X buffer, 2.5 mM MgCl2,

0.8 mM dNTP, 0.25 µl of each primer, 1 µl of template cDNA and 0.25 µl AmpliTaq Gold™

polymerase. The primers were purchased from Amersham Pharmacia Biotech (Uppsala, Sweden).

The PCRs were run on a Touch Down Thermal Cycler (Hybaid, Teddington, UK). The PCR-

programs were optimised for each primer pair in order to get a linear proportion between the

amount of template used and the amount of product after the PCR reaction. The PCR products

were run on 1.5% agarose gels (SeaKem® GTG® agarose, FMC BioProducts, Rockland, ME,
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USA). Gels were stained with ethidium bromide or SYBR-Gold, visualised with UV light and

photographed with a digital camera. The bands were identified and quantified by comparing with

a lane of 125 ng of DNA-standard VIII (Boeringer Mannheim, Mannheim, Germany) on each gel,

using the program Kodak Digital Science Electrophoresis, Documentation, and Analysis System

for Macintosh® computers (Kodak AB, Stockholm, Sweden). The amount of PCR product was

then used as a measure of the total amount of initial mRNA. The mRNA levels of the genes of

interest, catalase, GSHPx, γ-GCS, GR, CuZn- and Mn-SOD were then expressed a ratio with the

mRNA amount of β-actin as denominator.

3.5 DNA Sequencing

A 2015 bp fragment comprising the translated portion of the catalase cDNA and 13 and 418 bp

of the 5’ and 3’ UTR (Untranslated Region), respectively, was sequenced. We also sequenced a

fragment reaching 1680 bp 5’ of the catalase start codon. PCR products of the fragments were

produced using the Expand Long Template System (Boeringer Mannheim). The sequencing was

performed using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit and

an ABI PRISM 377 DNA semiautomatic sequencer (PE Biosystems).

3.6 Ascorbate concentration

Ascorbate was determined as described by Jagota and Dani104. In brief, 800 µl trichloroacetic acid

was used to precipitate 200 µl plasma or tissue homogenate. The samples were then centrifuged

at 3000 rpm for five minutes and 500 µl of the supernatant was diluted to 2 ml with distilled wa-

ter. Folin-Ciocalteaus solution (1:10 in distilled water) was mixed with the samples and the ascor-

bate then reduced the Folin-Ciocalteau solution yielding a blue colour, the absorbance of which

was measured at 760 nm in a spectrophotometer.

3.7 α-tocopherol concentration

The same HPLC system with fluorescence detection was used for α-tocopherol measurement as

previously described213. Tissue homogenate or plasma was mixed with 500 µl methanol and 2 ml
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hexane was added. The samples were manually shaken for three minutes and centrifuged at 3000

rpm for ten minutes and thereafter the hexane phase was injected directly into the HPLC. Foetal

liver samples were first concentrated tenfold under a nitrogen stream.

3.8 TBARS concentration

Oxidised lipids react with thiobarbituric acid (TBA) yielding a coloured compound10 consisting of

an MDA(TBA)2-complex. We have used a method using the fluorescence of this compound, the

protocol was modified from that used by Mihara et al149. Thiobarbituric reactive substances were

measured by heating samples (plasma or tissue homogenate) with TBA and then measuring the

fluorescence. 200 µl of each sample was heated for 60 minutes with 750 µl 0.19 mM H3PO4 and

250 µl 42 mM TBA. After precipitation with methanol and 1 M NaOH (91 : 9), samples were

centrifuged at 3000 rpm and the fluorescence of the supernatant was measured with the excitation

wavelength 532 nm and 553 nm as emission wavelength. A Perkin-Elmer LS 5B luminescence

spectrophotometer (Perkin-Elmer/Cetus, Norwalk, CT, USA) was used. Standard samples were

prepared from malondialdehyde-bis(diethylacetal) (Merck, Schuchart, Germany).

3.9 Carbonylated proteins

In paper III we used the OxyblotTM Oxidized Protein Detection Kit (Oncor, Gaithersburg, MD,

USA). Briefly, samples were sonicated in pH 7.2 phosphate buffer and then treated according to

the instructions of the manufacturer. The general principle, first used by Lappin132, is that the

carbonyl groups are derivatised to 2,4-dinitrophenylhydrazone groups (DNP) with 2,4-dinitro-

phenylhydrazine (DNPH). The samples were then separated on a polyacrylamide gel (11%) and

western blots were performed with primary antibodies against DNP. The denominator is the pro-

tein content in each lane as measured intensity in amido-black staining of the nitrocellulose filter.

In study IV, we used a commercial ELISA; the PC-test kit (Zenith Technology Corp. LTD,

Dunedin, New Zealand). This method is based on the same derivatisation procedure as the Oxy-

blot kit, but instead of running a protein gel the primary antibodies are used together with secon-

dary antibodies in an ELISA.
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3.10 Isoprostanes and prostaglandin F2α metabolites

Two RIA (Radioimmunoassay) methods6,7 were used for the determination of 8-iso-PGF2α and

15-K-DH-PGF2α, respectively. Antibodies have previously been produced by the immunization

of rabbits with either substance, coupled to bovine serum albumin. Cross reactivity of the anti-

bodies to structurally similar compounds has been demonstrated to be low6,7. The detection limit

was 23 pmol / l for the 8-iso-PGF2α-RIA and 45 pmol / l for the 15-keto-DH-PGF2α-RIA. Unex-

tracted plasma (500 µl), urine (50 µl) and amniotic fluid (200 µl) were used in the assays.

3.11 DNA measurements

DNA in embryos and membranes was measured by the method described by Kissane and Rob-

ins121 and modified by Hinegardner93. The method is based on the fluorescence obtained from 3,5-

diaminobenzoic acid and the DNA deoxyribose moiety. Salmon sperm DNA was used as a stan-

dard. The samples were pipetted on to 96-well plates and read in a plate reader (Perkin-Elmer LS-

5B Luminescence Spectrophotometer) using the excitation wavelength 415 nm and emission was

measured at 510 nm.  

3.12 Protein measurements

Protein content in plasma was measured using the method of Lowry139. In brief, samples or stan-

dards (bovine serum albumin) were first incubated 10 minutes with an alkaline CuSO4 solution.

This mixture was then incubated with Folin-Ciocalteus solution (1:2 in water) for 1 hour after

which the absorbance at 750 nm was measured.

3.13 Alizarin red staining

Day 19 foetuses of normal and diabetic rats were treated according to Staples and Schnell220 in

order to visualise skeletal malformations. The foetuses were kept in 70% ethanol for approxi-

mately one week, for 12 h in 1% KOH and then 12 h in 30 mg / l alizarin red in 1% KOH. Clear-
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ing was performed in benzyl alcohol / glycerol / 70% ethanol (1 / 1 / 2) for 12h and further storage

was in glycerol / 70% ethanol (1 / 1).

4. ETHICAL CONSIDERATIONS

All experimental procedures had full approval from the animal ethics committee of Uppsala Uni-

versity. Measures were taken to minimise the number of animals used and the suffering of indi-

vidual animals; e.g. STZ-injected animals appearing to be severely ill were immediately killed.
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5. RESULTS AND DISCUSSION

5.1 Effect of diabetes on mothers and foetuses

In the U strain, maternal STZ-diabetes induced resorption of approximately 30-40 % of the im-

plantations that could be detected in late gestation. The resorptions in the diabetic pregnancies

were mainly large resorptions, i.e. weighing ≥ 0.1 g, whereas all resorptions in the non-diabetic

litters in these studies were very small tissue lumps with a weight < 0.1g. This is in line with ear-

lier work dividing resorptions in “early” and “late” based on size212. Maternal diabetes induced

gross morphological malformations in about 20-25 % of the foetuses that were alive at gestational

day 19-20 (I, III, IV).  Day-19 alizarin-red stained foetuses can been seen in Fig 3. The percentage

of normal (alive without malformations) foetuses decreased from approximately 95% in the non-

diabetic groups to 53% in the non-vitamin treated diabetic group (III). Placental weights were

increased in diabetic pregnancy (III, IV) as has been reported previously228.  The weights of STZ-

diabetic mothers in late gestation were lower than the weights of control mothers.

5.2 Catalase activity and catalase gene

In day 11 offspring of non-diabetic rats, the catalase activity was higher in the H embryos than in

the U embryos. The embryonic catalase activity per DNA was not affected in day 11 H embryos

of diabetic mothers compared to embryos of control mothers (I). In contrast, in embryos of the U

strain the catalase activity in embryos of diabetic mothers was decreased by nearly 50 % com-

pared to controls. The catalase activity per DNA was in all groups higher in the surrounding

membranes (yolk sac and amnion) than in the embryos. The membrane catalase activity pattern

between the groups was similar to that of the embryos with a decrease in the U embryos when

subjected to a maternal diabetic environment and no change in the H embryos. Thus, in the mal-

formation resistant H embryos there was no change in catalase activity due to maternal diabetes,

whereas both embryos and membranes of the malformation prone U strain subjected to a diabetic

environment showed decreased catalase activity. Interestingly, an article in the same issue as

study I reported a higher catalase activity in day 12 embryos of diabetic rats compared to con-

trols and a tendency towards a lower activity in embryos with NTD216. Since catalase is an im-
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portant enzyme in neutralising hydrogen peroxide, it could be expected that U embryos and

membranes are more likely to be damaged by excess ROS than H embryos and membranes. Bear-

ing in mind that excess ROS is teratogenic107; the lower catalase activity in embryos of the U

strain could have teratological significance.

We continued by investigating if the difference in catalase activity could be due to different cata-

lase mRNA levels. The catalase mRNA levels, in relation to the β-actin mRNA levels, increased

in H embryos when the mothers were diabetic whereas maternal diabetes did not cause any

change in the U embryos (II). Indeed, the catalase mRNA pattern resembled that of catalase ac-

tivity. The differences in activity between the strains can thus be explained by differences in

mRNA availability. The mRNA levels of Mn-SOD, CuZn-SOD, GSHPx, γ-GCS and GR were

also investigated in study II. The pattern of Mn-SOD mRNA levels was similar to that of cata-

lase mRNA, with an increase in the H embryos and no significant change in the U embryos when

subjected to a diabetic environment. No significant changes due to maternal diabetes were noted

for the mRNA levels of the other investigated enzymes in either H or U embryos.

The catalase cDNA and 1.3 kb of the promoter regions of the H and U strains were sequenced

(II). In the translated part, no difference was found between the strains, and the sequence was the

same as that published earlier71. However, 178 bp downstream from the translation stop-codon in

the 3’ UTR, an A to G substitution was found in the U strain cDNA. Heterozygosity in the H

strain promoter region was also noted, in one of the alleles there was an AA-deletion at position

–910 to –911 in relation to the start codon. Figure 6 highlights the sequence differences between

the H and U catalase promoter region and cDNA. These differences would not be followed by

different amino acid sequences or in gene expression. Thus, no genetic reason for the different

catalase mRNA levels and catalase activities between H and U embryos was found. A speculative

explanation, that remains to be evaluated, is that the stability of the mRNA is altered by the dif-

ference in the 3’ UTR.
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Figure 6. Comparisons between a) catalase promoter regions and b) catalase cDNA sequences,

U/H rat.

Alternatively, there can be differences between the H and U strain with regard to the transcription

factors governing catalase transcription in the embryos.

5.3 Vitamin E and C treatment

The beneficial effect of giving α-tocopherol to the pregnant diabetic rodent has been established

previously213,217,242. Likewise, dietary supplementation of ascorbate to pregnant diabetic rats di-

minished foetal dysmorphogenesis212. One concern has been that although very large doses were

administered, full effects in terms of protection against diabetes-induced malformations were not
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reached. In our study we wanted to evaluate whether the dose could be lowered by a combination

the two antioxidants.

The high-dose (2% vitamin E + 4% vitamin C) antioxidant treatment with the lipid-soluble vita-

min E and the water-soluble vitamin C resulted in an improvement of pregnancy outcome, mani-

fested as decreased rates of malformations and resorptions in the treated group. The low dose

treatment (0.5 % vitamin E + 1% vitamin C) did not significantly improve malformation rates

whereas the number of resorptions was lower in this group compared with the non-treated dia-

betic group. Vitamin treatment of diabetic rat mothers had effect on both large and small resorp-

tions, the resorption rate was decreased by approximately 60% using the high dose. Also, the

foetal weights at day 20 were significantly increased in both the low- and high-dose treated group

compared to the non-treated MD-group, where there was a diabetes-induced decrease in foetal

weight by approximately one third. Maternal weights at day 20 of pregnancy, which were de-

creased 25 % by STZ-diabetes, were shifted towards a normal weight by vitamin supplementa-

tion. Addition of vitamins to the maternal diet caused no significant effect on maternal plasma

glucose concentration in either normal or diabetic rats. The combined treatment of vitamin E and

C thus improved the foetal and maternal status in STZ-diabetic rats without improvement of ma-

ternal glucose homeostasis. However, the effect of the high-dose treatment on morphological out-

come was similar to the results in earlier studies using only vitamin E or vitamin C in a similar

regimen as in this study212,213. No synergistic or even additive anti-teratogenic effect of vitamin E

and vitamin C in diabetic pregnancy was thus found. The reason could be that the malformations

are not fully dependent on excess ROS, other teratogenic pathways may also be induced by ma-

ternal diabetes. Alternatively, the antioxidant supplementation may not have been able to reach

the critical locations at the critical times in sufficient concentrations to provide protection against

radical-induced damages. As previously observed44,53,153, maternal diabetes can induce embryonic

maldevelopment very early in gestation. Even though the α-tocopherol concentration was re-

ported to be increased in day 11 rat embryos of mothers receiving oral vitamin E treatment213, it is
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not known with what efficiency the dietary antioxidants reach the preimplantatory / early im-

planted embryo.

Vitamin treatment of non-diabetic rat mothers caused no sign of disturbed foetal development

with regard to gross morphological malformations, resorption rates or foetal weights (III). This is

in agreement with most studies using vitamin E124,142 or vitamin C33,167 alone. The combination of

vitamin E and vitamin C in moderate doses has been given to pregnant women with high risk for

pre-eclampsia. The antioxidant therapy had no negative effect on the foetuses and was reported

to decrease the rate of pre-eclampsia from an expected 17% to 8%26. However, one report claims

that high doses of vitamin E are potentially teratogenic in mice97 and both vitamin E and C are

lethal when injected into chick eggs9.

Our experimental data indicate that diabetes during pregnancy does not alter the absolute plasma

concentrations of either vitamin E or vitamin C. However, the lipid corrected α-tocopherol con-

centration was lowered by diabetes (IV), which has also been reported in human type 2 diabetic

patients171. One clinical study, in contrast, reported increased concentrations of α-tocopherol, β-

carotene and lycopene in maternal diabetic serum compared with control pregnancies8. Pregnancy

per se decreased the lipid corrected α-tocopherol concentration in both diabetic and non-diabetic

rats. Plasma concentration of ascorbate in non-pregnant rats was decreased by STZ-diabetes,

which is in line with a previous report147, and a similar trend was seen in the pregnant rats.  Die-

tary supplementation with α-tocopherol and ascorbate to pregnant rats increased the concentra-

tions of these vitamins in a dose-dependent manner in maternal plasma and liver (III). Foetal liver

concentration of α-tocopherol increased in a dose-dependent manner by maternal vitamin sup-

plementation whereas the ascorbate concentration seemed to reach a plateau with the low-dose

(III).
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5.4 Oxidative stress damage variables

Carbonylated proteins were estimated in studies III and IV. The content of carbonylated proteins

increased in foetal livers of diabetic rats, an increase that could be prevented in a dose-dependent

manner by supplementation of vitamin E and C to the maternal diet (III). In adult plasma, the

concentration of carbonylated proteins was increased in STZ-diabetic non-pregnant and pregnant

groups as compared with respective non-diabetic controls (IV). The protein carbonyl content in

maternal plasma in the pregnant diabetic rats correlated negatively with the litter mean foetal

weight (Fig. 7).

Figure 7: Mean foetal weight as a function of maternal plasma protein carbonyl content.

TBARS were measured in studies III and IV. The plasma concentration did not differ between the

groups in study III and the only difference in study IV was a higher concentration of TBARS in

plasma from diabetic pregnant rats than from normal non-pregnant rats. These data indicate that

lipid peroxidation in plasma, measured as TBARS concentration, does not differ between non-

diabetic and diabetic pregnant rats. The mean maternal liver TBARS concentration in study III

was higher in the N rats than in any of the other groups, a finding that was not expected. The

reason for this is difficult to explain and did not re-occur in study IV, indicating that this finding

might not be a true phenomenon. No other sign of higher maternal oxidative stress was noted in

the N group compared to the other groups. In foetal livers, the MD TBARS concentration was
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four- to fivefold that in control foetal livers (III and IV). These concentrations were, in the non-

diabetic group, approximately equal to those in maternal livers. The increased TBARS concentra-

tion in the foetal, but not maternal, MD livers could indicate that the foetuses were more affected

by free radicals from a hyperglycaemic environment than their mothers. The TBARS concentra-

tion in foetal livers of diabetic rats was normalised by both low- and high-dose treatment with

vitamin E and vitamin C (III), indicating a high antioxidant potency of this combination in late

gestation foetal rat livers. The discrepancy between the pronounced effect on foetal livers

TBARS concentrations and the effect on outcome of pregnancy could be a) the effect is not as

pronounced during organogenesis b) the liver is not a representative organ c) TBARS is not a sen-

sitive enough measure of lipid peroxidation or d) damage to other macromolecules such as pro-

teins or DNA is more detrimental to morphogenesis. A decreased TBARS concentration in foe-

tal212,213 and in neonatal117 livers in offspring of diabetic rats has been reported when the mothers

were supplemented with vitamin E or C.

Even though the numerical mean of 8-iso-PGF2α concentration in plasma was lower in the non-

diabetic non-pregnant group than in any of the others, the concentration was not significantly

altered by either STZ-diabetes or pregnancy (IV). Similar findings in non-pregnant STZ-diabetic

rats have been reported in one study63 whereas another rodent study reported increased concen-

trations of 8-iso-PGF2α in both maternal and foetal plasma when the mothers were diabetic74.

Measurement on 24h urine samples showed that the isoprostane excretion was higher in diabetic

animals than in controls and that the excretion was even higher in pregnant diabetic rats. These

data are thus in line with the maternal plasma TBARS data discussed above (III and IV). Also the

protein carbonyl content in plasma increased in the diabetic groups compared to their non-dia-

betic controls. A previous report has indicated that human pregnancy in itself may increase the

concentration of 8-iso-PGF2α in plasma, urine and saliva146. We did not find this tendency in

plasma of non-diabetic rats, however, our urinary isoprostane data indicate that lipid peroxidation

is increased by STZ-diabetes and may be further increased by pregnancy.
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A plausible reason for the difference between the plasma and urine values of 8-iso-PGF2α could be

that the short plasma half-life of only a few minutes5 does not permit detection of differences in

oscillating isoprostane concentrations. Urine, on the other hand, provides a sample location with a

cumulative accumulation of isoprostanes. The drawback with urinary sampling is that some of the

isoprostanes measured in urine may have been produced within the urinary tract, e.g. in the blad-

der epithelium231, which could result in an unbalanced measure of total body isoprostane produc-

tion196. However, considering the rapid clearance from plasma5 and the ASA-induced decrease in

plasma concentration of 8-iso-PGF2α
188, urinary measurements of isoprostanes seem superior.

The isoprostane 8-iso-PGF2α and the prostaglandin metabolite 15-K-DH-PGF2α were also meas-

ured in amniotic fluid at day 19 of gestation. The amniotic fluid is formed from foetal urine and

secretion from the lining of the foetal airway epithelium; the fluid is then absorbed in the foetal

gastrointestinal tract. As follows, the amniotic fluid is a compartment that is subjected to con-

tinuous turnover and might in this perspective be regarded as an expanded foetal plasma com-

partment. The amniotic fluid from amniotic sacs containing morphologically normal foetuses con-

tained equal concentrations of 8-iso-PGF2α in normal and STZ-diabetic pregnancies (IV). In the

diabetic group, amniotic sacs from resorbed foetuses tended to have higher concentrations of 8-

iso-PGF2α whereas the concentration in amniotic fluid from malformed foetuses did not differ

from that of normal foetuses. 15-K-DH-PGF2α-concentrations were lower in amniotic fluid from

the malformed foetuses and tended to be higher in fluid from resorbed.
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6. Conclusions and future perspectives

Are the hypotheses in Aims of the thesis true*?

Maternal diabetes lowered the catalase activity in embryos of the malformation-prone U strain

whereas the catalase activity in the malformation-resistant H embryos remained unaffected by

maternal diabetes. Hypothesis no. 1: Maternal diabetes influences the embryonic activity of catalase

differently in H and U rats, is therefore true. Speculatively, the decomposition of hydrogen

peroxide by catalase may therefore be involved in the protection of embryos against a free radical

producing diabetic environment.

The mRNA levels of catalase and Mn-SOD were increased in response to maternal diabetes in the

malformation resistant H strain but not in the malformation prone U strain. Hypothesis no. 2:

Maternal diabetes affects the mRNA levels of genes coding for antioxidant enzymes in rat embryos, is

thus true. These data indicate that an appropriate increase in gene expression of these enzymes in

response to maternal diabetes might be important for normal embryonic development. The in-

creased catalase mRNA level in H embryos could be necessary to accomplish an unchanged em-

bryonic catalase activity in maternal diabetes. No major differences were found in the cDNA or

promoter sequences between the H and U strain and hypothesis no. 3: The catalase gene of the H

and U strains display nucleotide sequence difference in the coding region, is thus false. The differ-

ence reported in previous work57 is therefore not likely to be due to differences in the catalase

gene. It could, however, be worthwhile to investigate if the stability of the two mRNAs differ as a

consequence of the base pair difference in the 3’ UTR.   

A combination of vitamin E and vitamin C does not protect the foetus from malformations further

than has previously been accomplished with the individual vitamins. Hypothesis no. 4: Dietary

supplementation with α-tocopherol in combination with ascorbate can reduce the malformation and

resorption rates in diabetic pregnancy more than the individual antioxidants are able to, is therefore

false, under the conditions tested. This lack of synergism indicates that other protective agents

                                                
*  A “true” hypothesis will henceforth denote a hypothesis that is not falsified by the results in this thesis.
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than antioxidants may have to be used in order to completely abolish diabetic embryopathy.

However, the results in study III confirmed the observations that antioxidants can, without

lowering glucose concentrations, improve outcome in experimental diabetic pregnancy supporting

the reports of Viana, Sivan and Simán212,213,217,242. Further, vitamin E and C were used in

combination in large doses without apparent negative effect on mothers or foetuses.

Figure 8. Possible events in maternal diabetes that
may cause malformations via ROS production. Italics 
denote likely but not demonstrated facts.
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Experimental diabetic pregnancy in the rat was found to be a condition with increased maternal

and foetal oxidative stress damage to both lipids and proteins. Hypothesis no. 5: Experimentally

induced maternal diabetes causes oxidative stress damage to both lipids and proteins in late gesta-

tion, is therefore true. The oxidative damage to lipids in pregnant diabetic animals was, when

measured in urine, not only increased compared to non-diabetic controls but also compared to

non-pregnant diabetic rats. Pregnancy might thus further increase the diabetes-induced lipid per-

oxidation. A schematic picture of how maternal diabetes could cause malformations via ROS pro-

duction is presented in Figure 8.

Measurement of lipid peroxidation in amniotic fluid did not reveal an increased foetal oxidative

stress in diabetic foetuses compared to controls despite increased foetal TBARS and protein car-

bonyl contents. Nor did the amniotic concentration of isoprostanes reflect the foetal morphology.

Hypothesis no. 6: Amniotic fluid concentration of 8-iso-PGF2α reflects foetal oxidative stress, was

thus found to be false.

There was a correlation between lipid peroxidation in amniotic fluid and the rate of resorptions in

individual uterine horns. The concentration of 8-iso-PGF2α in individual amniotic sacs tended to

be higher in sacs of resorbed foetuses. A correlation was also found between protein carbonyla-

tion in maternal plasma and mean foetal weight. Hypothesis no. 7: The concentrations of maternal

and / or foetal markers of oxidative stress damage correlate with outcome of pregnancy, is thus true,

but increased oxidative stress damage in late gestation is not a sign of malformation of the foetus.

Evidence that – not only type 1 diabetic mothers – but also the increasing population of type 2

diabetic women are at risk for having foetuses with diabetes-induced malformations augment the

need for further knowledge in how to decrease this risk. The concept that free oxygen radicals are

involved in the pathogenesis of diabetic embryopathy emerged in the early 1990s and is increas-

ingly investigated and discussed. With the knowledge of today, there are two major paths by

which the field of diabetic embryopathy research can advance. The first is to investigate by which
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mechanisms embryonic cells are disturbed by maternal diabetes and what the effect is on these

cells as well as the consequences for the embryo. As an example of possible future studies, the

fate of the NCC in diabetic pregnancy could be investigated using the developmental biology

techniques that successfully are used for studying this population of cells in normal development.

Advancement along this line should bring a deeper understanding on how embryonic development

can be disturbed by metabolic alterations and indirectly on the prerequisites for normal morpho-

genesis. Another way forward would be to take the knowledge from previous studies, and study

III of this thesis, on how to prevent diabetes-induced malformations with dietary supplementa-

tion, from the animal research to the clinic and perform clinical studies. The aim would then be to

determine if the same explicit effect could be achieved in human diabetic patients. If a significant

effect could be accomplished with antioxidant- and / or other treatments additional to the blood

glucose lowering therapy, this type of treatment could be used to diminish the frequency of dia-

betes-induced foetal malformations.

7. SUMMARY IN SWEDISH

Avhandlingsarbetet har rört de missbildningar som i högre grad än eljest drabbar foster där modern

har typ 1 diabetes. Vi har studerat uppkomstmekanismerna för dessa missbildningar samt hur de

skulle kunna förhindras. En råttmodell för diabetesgraviditet där råttor gjorts diabetiska med intra-

venösa injektioner av β-celltoxinet streptozotocin har därvidlag använts. Vi använde två stammar

av Sprague-Dawley råttan, den ena – U-stammen – uppvisar ofta missbildningar vid diabetesgra-

viditet medan den andra – H-stammen – i sen graviditet nästan inte uppvisar några missbildningar

alls vid maternell diabetes. Fosterskadorna vid diabetesgraviditet antas delvis bero på att fria syre-

radikaler stör embryoutvecklingen. Olika former av det radikalomsättande enzymet katalas har

tidigare visats förekomma i H- och U-råttor. I första delarbetet undersöktes därför aktiviteten av

katalas i embryon och omkringliggande membran från råttor av H- och U-stammarna med och utan

streptozotocininducerad diabetes. Embryon och foster undersöktes på graviditetsdag 11

respektive 20.
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Embryon från U-stammen innehöll på graviditetsdag 11 mindre DNA än H-stammens embryon,

ett tecken på att de innehåller färre celler och alltså är mindre. Dag 20-foster undersöktes med

yttre inspektion. I foster från H-stammen syntes inga missbildningar vare sig med eller utan diabe-

tes, andelen resorptioner (döda embryon eller foster) ökade dock vid diabetesgraviditet. Foster

från U-stammen uppvisade missbildningar i få fall när modern var frisk men i ca 20 % av fallen vid

maternell diabetes. Andelen resorptioner mer än femfaldigades i U-stammen vid diabetesgraviditet.

Katalasaktiviteten dag 11 var i lägre i U- än i H-embryon och omgivande membran. Vid maternell

diabetes sjönk aktiviteten dessutom i embryonal U-vävnad medan detta inte skedde i H-stammen

varvid skillnaden således ökade. Detta kan påverka embryonas antioxidativa försvar och skulle

därför kunna ha betydelse för deras motståndskraft mot missbildningar.

Syftet  med delarbete II var tvåfaldigt, dels ville vi utreda om en skillnad förelåg mellan H- och U-

råttan med avseende på  de kodande delarna av genen för katalas, dels ville vi studera hur de em-

bryonala mRNA-nivåerna för de radikalomsättande enzymerna reagerade på maternell diabetes.

Ingen skillnad i nukleotidsekvens som skulle förorsaka aminosyrautbyte förelåg mellan H- och U-

stammarnas katalas cDNA. mRNA-nivåerna för katalas och det likaledes radikalomsättande en-

zymet Mn-SOD (Superoxid dismutas) ökade i H-embryon vid maternell diabetes, vilket inte var

fallet i U-embryon. Dessa resultat tyder på att U-embryon vid maternell diabetes och följande

trolig radikalökning inte kan svara vederbörligt med ökat uttryck av gener för två viktiga radikal-

omsättande enzym.

Man har tidigare noterat att kosttillägg med antingen vitamin E eller vitamin C till gravida, diabe-

tiska råttor minskat förekomsten av missbildningar, samt ökat andelen överlevande foster. Detta

antas bero på dessa vitaminers antioxidativa verkan. I dessa studier har dock höga doser krävts för

synbar effekt. I delarbete III kombinerades fettlösligt vitamin E med vattenlösligt vitamin C med

förhoppning att via synergistisk verkan uppnå positiv effekt vid en lägre dos. Gravida råttor med

och utan diabetes försågs med vitaminsupplementerad kost. Avkommans yttre morfologi inspek-

terades dag 20, och parametrar för oxidativ stress mättes i maternell och fetal vävnad. I enlighet
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med tidigare studier fann vi att en högdosregim av antioxidanter kunde minska andelen resorptio-

ner och missbildningar vid diabetesgraviditet. Detta sågs parallellt med minskade tecken på oxida-

tiv stress i både maternell och fetal vävnad. Dock krävdes lika höga doser av de enskilda antioxi-

danterna som i tidigare studier för att uppnå effekt och ingen synergiverkan kunde således upp-

täckas.

Påverkan av diabetes och graviditet på radikalskador samt eventuella korrelationer mellan radikal-

skador och graviditetsutfall undersöktes mer i detalj i arbete IV. Här mättes markörer för oxidativ

stress på graviditetsdag 19 i plasma, urin, maternella och fetala levrar samt i amnionvätska från

råttor med och utan streptozotocininducerad diabetes. Två förhållandevis nya markörer för oxida-

tiv stress mättes; isoprostanen 8-iso-PGF2α som mått på lipidperoxidering samt karbonylerade

protiener som mått på oxidativt modifierade proteiner. Isoprostan-koncentrationerna ökade tyd-

ligt i urinen medan plasmavärdena var mycket varierande, vilket kan bero på den snabba metabo-

lismen av dessa ämnen i plasma. Koncentrationen av karbonylerade proteiner steg i plasma och

även i fetala levrar vid diabetesgraviditet. Detta tyder på att inte bara lipider utan även proteiner

modifieras av syreradikaler i högre grad vid maternell diabetes. I amnionvätskan noterades ingen

skillnad mellan icke-diabetiska och diabetiska djur, amnionvätska verkar således inte återspegla

den oxidativa stress som föreligger i fetal vävnad. Vi fann dock i diabetesgruppen en korrelation

mellan koncentrationen isoprostaner i enskilda uterushorn och andelen resorberade foster i respek-

tive horn.  

Sammantaget tyder resultaten i den här avhandlingen på att diabetesgraviditet hos råtta är ett till-

stånd med ökad oxidativ stress hos mor och foster, oxidationerna påverkar proteiner såväl som

lipider. Embryots förmåga att i diabetisk miljö svara med ökad aktivitet av antioxidativa enzym

verkar ha betydelse som skydd mot diabetesinducerade missbildningar. I samklang med resultat

från tidigare studier kunde missbildningar motverkas med antioxidantia utan att dessa hade negativ

effekt på avkomman.



- 55 -

8. ACKNOWLEDGEMENTS

Härmed skulle jag vilja tacka de personer som hjälpt mig vid tillkomsten av denna avhandling:

Min handledare, professor Ulf Eriksson, som givit mig stor frihet att utvecklas i mina doktorand-
studier och som alltid varit redo att diskutera projekt eller vetenskap i allmänhet. Han har med sitt
stora engagemang och sin aldrig sinande entusiasm fått mig att känna mig som en viktig del i en
forskargrupp.

Docent Nils Welsh, bihandledare, för många goda råd till en molekylärbiologiskt mindre förfaren
doktorand.

Docent Håkan Borg för att tidigt i min karriär tålmodigt ha försett mig med grundläggande
laborativa kunskaper samt senare även med kunskaper i radikalologi och Macintoshiatrik.

Professorerna Arne Andersson, Claes Hellerström, Birger Peterson och Godfried Roomans för att
de har skapat, och fortfar att skapa, ett gott klimat för doktorander att verka i.

Alla övriga vid institutionen verksamma seniora lärare för stöd, råd och kritik syftande till
vetenskaplig mognad. Nämnas bör i synnerhet doktor Carina Carlsson, docenterna Leif Jansson
och Michael Welsh samt professor Stellan Sandler.

Mina medförfattare docent Samar Basu, doktor Joakim Galli, professor Holger Luthman och
doktor Martin Simán för gott samarbete.

Professor Jaques Picard, Bruxelles, pour assistance avec l’immuno-marquage des embryos.

Gina Eriksson och Aileen King för språklig uppryckning av manuskript och kappa.

Agneta Bäfwe, Birgitta Jönzén och Karin Öberg för hjälp i frågor av administrativ karaktär.

Lisbeth Sagulin, utan vilken glukosmätaren aldrig hade visat 8.3 mmol / l, samt Birgitta Bodin,
Margareta Engkvist, Ing-Britt Hallgren, Peter Lindström, Kristina Mustajärvi, Ing-Marie Mör-
sare, Astrid Nordin, Lars Petterson, Barbro Simu, Eva Sejby, Göran Ståhl och Eva Törnelius för
hjälp i de mest skiftande tekniska frågor.

Mina kolleger i teratologigruppen; doktorerna Henrik Forsberg, Martin Simán, Parri Wentzel och
Xiaolin Yang för att ha påvisat för mig sakernas tillstånd på laboratoriet, institutionen och i
forskarvärlden i stort.



- 56 -

Alla de doktorander (nuvarande och tidigare) och sommarstudenter som varit samtida med mig vid
institutionen för att ha varit gott sällskap i arbetet, på fredagskvällar samt på resor. Nämnas bör
särskilt Annika Andersson, Cecilia Annerén, Andreea Barbu, PO Carlsson, Staffan Dryselius,
Michael Eberhardsson, Malin Flodström, Kristina Holmqvist, Maria Holstad, Caroline Kampf,
Ella Karlsson, Torbjörn Karlsson, Aileen King, Vitek Kriz, Peppi Leino, Jianman Lin, Cecilia
Lindholm, Linge Lu, Göran Mattsson, Hanna Nordstrand, Henrik Ortsäter, Richard Olsson,
Johan Saldeen, Johnny Sternesjö, Tea Sundsten, Anders Tengholm, Linda Tillmar, Björn Tyrberg,
Christian Wentzel och Johanna Westerlund.

Alla utanför institutionen som bidragit med glada tillrop och perspektiv.

Mina bröder Björn och Erik för datortekniska råd samt mina föräldrar för att alltid ha uppmuntrat
och stött mig i min utbildning.

Samt slutligen,
Eva, för uppmuntran jämte kunskaper om eukaryot cellodling, och
Alva, för att i avhandlingsarbetets slutfas bidragit väsentligt med distraktion



- 57 -

9. REFERENCES

1. Akazawa M, Akazawa S, Hashimoto M, et al.
Effects of brief exposure to insulin-induced hypogly-
cemic serum during organogenesis in rat embryo
culture. Diabetes 1989;38:1573-8.

2. Akazawa S, Akazawa M, Hashimoto M, et al.
Effects of hypoglycaemia on early embryogenesis in
rat embryo organ culture. Diabetologia 1987;30:791-
6.

3. Anderson D, Francis AJ. The modulating effects of
antioxidants in rat embryos and Sertoli cells in cul-
ture. Basic Life Sci 1993;61:189-200.

4. Barrow DA, Lentz BR. A model for the effect of
lipid oxidation on diphenylhexatriene fluorescence in
phospholipid vesicles. Biochim Biophys Acta
1981;645:17-23.

5. Basu S. Metabolism of 8-iso-prostaglandin F2α.
FEBS Lett 1998;428:32-36.

6. Basu S. Radioimmunoassay of 15-keto-13, 14-
dihydro-prostaglandin F2α: an index for inflammation
via cyclooxygenase catalysed lipid peroxidation.
Prostaglandins Leukot. Essent. Fatty Acids
1998;58:347-352.

7. Basu S. Radioimmunoassay of 8-iso-prostaglandin
F2α: an index for oxidative injury via free radical
catalysed lipid peroxidation. Prostaglandins Leukot.
Essent. Fatty Acids 1998;58:319-325.

8. Bates JH, Young IS, Galway L, Traub AI, Hadden
DR. Antioxidant status and lipid peroxidation in
diabetic pregnancy. Br J Nutr 1997;78:523-32.

9. Bencze B, Ugrai E, Gerloczy F, Juvancz I. The
effect of tocopherol on the embryonal development.
(Preliminary communication). Int J Vitam Nutr Res
1974;44:180-3.

10. Bernheim F, Bernheim MLC, Wilbur KM. The
reaction between thiobarbituric acid and the oxidation
products of certain lipids. J Biol Chem
1948;174:257-264.

11. Bockman DE, Kirby ML. Dependence of thymus
development on derivatives of the neural crest. Sci-
ence 1984;223:498-500.

12. Botto LD, Mulinare J, Erickson JD. Occurrence
of congenital heart defects in relaion to maternal mul-
tivitamin use. Am J Epidemiol 2000.

13. Bowry VW, Stocker R. Tocopherol-mediated
peroxidation. The prooxidant effect of vitamin E on
the radical-initiated oxidation of human low-density
lipoprotein. J Am Chem Soc 1993;115:6029-6044.

14. Brydon P, Smith T, Proffitt M, Gee H, Holder
R, Dunne F. Pregnancy outcome in women with type
2 diabetes mellitus needs to be addressed. Int J Clin
Pract 2000;54:418-9.

15. Buchanan TA, Denno KM, Sipos GF, Sadler
TW. Diabetic teratogenesis. In vitro evidence for a
multifactorial etiology with little contribution from
glucose per se. Diabetes 1994;43:656-660.

16. Buchanan TA, Schemmer JK, Freinkel N. Em-
bryotoxic effects of brief maternal insulin-hypogly-
cemia during organogenesis in the rat. J Clin Invest
1986;78:643-9.

17. Buchanan TA, Sipos GF. Lack of teratogenic
effect of brief maternal insulin-induced hypoglycemia
in rats during late neurulation. Diabetes
1989;38:1063-6.

18. Burkart V, Wang ZQ, Radons J, et al. Mice lack-
ing the poly(ADP-ribose) polymerase gene are resis-
tant to pancreatic beta-cell destruction and diabetes
development induced by streptozocin. Nat Med
1999;5:314-9.

19. Burton GW, Joyce A, Ingold KU. First proof that
vitamin E is major lipid-soluble, chain-breaking
antioxidant in human blood plasma [letter]. Lancet
1982;2:327.

20. Burton GW, Joyce A, Ingold KU. Is vitamin E
the only lipid-soluble, chain-breaking antioxidant in
human blood plasma and erythrocyte membranes?
Arch Biochem Biophys 1983;221:281-90.

21. Cagliero E, Forsberg H, Sala R, Lorenzi M,
Eriksson UJ. Maternal diabetes induces increased
expression of extracellular matrix components in rat
embryos. Diabetes 1993;42:975-980.

22. Cai J, Phelan SA, Hill AL, Loeken MR. Identifi-
cation of Dep-1, a new gene regulated by the tran-
scription factor Pax-3, as a marker for altered embry-
onic gene expression during diabetic pregnancy. Dia-
betes 1998;47:1803-1805.

23. Cakatay U, Telci A, Kayali R, Sivas A, Akcay T.
Effect of alpha-lipoic acid supplementation on oxida-
tive protein damage in the streptozotocin-diabetic rat.
Res Exp Med (Berl) 2000;199:243-51.

24. Casson I, Clarke C, Howard C, et al. Outcomes
of pregnancy in insulin dependent diabetic women:
results of a five year population cohort study. BMJ
1997;315:275-278.

25. Chai Y, Jiang X, Ito Y, et al. Fate of the mam-
malian cranial neural crest during tooth and mandibu-
lar morphogenesis. Development 2000;127:1671-9.



- 58 -

26. Chappell LC, Seed PT, Briley AL, et al. Effect
of antioxidants on the occurrence of pre-eclampsia in
women at increased risk: a randomised trial. Lancet
1999;354:810-816.

27. Chi MM, Pingsterhaus J, Carayannopoulos M,
Moley KH. Decreased Glucose Transporter Expres-
sion Triggers BAX-dependent Apoptosis in the Mur-
ine Blastocyst. J Biol Chem 2000;275:40252-40257.

28. Choi JL, Rose RC. Transport and metabolism of
ascorbic acid in human placenta. Am J Physiol
1989;257:C110-3.

29. Chung CS, Myrianthopoulos NC. Factors affect-
ing risks of congenital malformation, II. Effect of
maternal diabetes on congenital malformation. Birth
Defects Orig Art Ser 1975;11:23-38.

30. Churchill JA, Berendes HW, Nemore J. Neuro-
psychological deficits in children of diabetic mothers.
Am J Obstet Gynecol 1969;105:257-268.

31. Clavert A, Wolff-Quenot MJ, Buck P. Etude de
l'action embryopathique du glucose en injection in-
traamniotique. C R Seances Soc Biol Fil
1972;166:1789-92.

32. Cockroft DL, Coppola PT. Teratogenic effect of
excess glucose on head-fold rat embryos in culture.
Teratology 1977;16:141-146.

33. Colomina MT, Gomez M, Domingo JL, Corbella
J. Lack of maternal and developmental toxicity in
mice given high doses of aluminium hydroxide and
ascorbic acid during gestation. Pharmacol Toxicol
1994;74:236-239.

34. Comess LJ, Bennet PH, Burch TA, Miller M.
Congenital anomalies and diabetes in the Pima Indi-
ans of Arizona. Diabetes 1969;18:471-477.

35. Crabtree HG. Observations on the carbohydrate
metabolism of tumours. Biochem J 1929;23:536-545.

36. Cundy T, Gamble G, Townend K, Henley PG,
MacPherson P, Roberts AB. Perinatal mortality in
Type 2 diabetes mellitus. Diabet Med 2000;17:33-9.

37. Dakin HD. The oxidation of amino-acids with the
production of substances of biological importance. J
Biol Chem 1906;1:171-176.

38. Dakin HD. The oxidation of leucin, a-amido-
isovaleric acid and of a-amido-n-valeric acid with
hydrogen peroxide. J Biol Chem 1908;4:63-76.

39. Davi G, Ciabattoni G, Consoli A, et al. In vivo
formation of 8-iso-prostaglandin f2alpha and platelet
activation in diabetes mellitus: effects of improved
metabolic control and vitamin E. Circulation
1999;99:224-9.

40. Davies KJ, Delsignore ME. Protein damage and
degradation by oxygen radicals. III. Modification of
secondary and tertiary structure. J Biol Chem
1987;262:9908-13.

41. Davies KJ, Delsignore ME, Lin SW. Protein
damage and degradation by oxygen radicals. II. Modi-
fication of amino acids. J Biol Chem 1987;262:9902-
7.

42. Davis WL, Crawford LA, Cooper OJ, Farmer
GR, Thomas DL, Freeman BL. Ethanol induces the
generation of reactive free radicals by neural crest cells
in vitro. J Craniofac Genet Dev Biol 1990;10:277-
93.

43. De Duve C, Baudhuin P. Peroxisomes (Mi-
crobodies and related particles). Physiol Rev
1966;46:323-357.

44. De Hertogh R, Vanderheyden I, Pampfer S,
Robin D, Delcourt J. Maternal insulin treatment
improves pre-implantation embryo development in
diabetic rats. Diabetologia 1992;35:406-408.

45. Diamond MP, Moley KH. Metabolic regulation
of pre-embryo growth and development. In: Diamond
MP, Naftolin F, eds. Frontiers in Endocrinology, 1:
Metabolism in the Female Life Cycle. Rome: Ares-
Serono Symposia Publications, 1993: 191-202.

46. Dufrasnes E, Vanderheyden I, Robin D, Delcourt
J, Pampfer S, De Hertogh R. Glucose and pyruvate
metabolism in preimplantation blastocysts from nor-
mal and diabetic rats. J Reprod Fertil 1993;98:169-
77.

47. Duncan JM. On puerperal diabetes. Trans Obstet
London 1882;24:256-285.

48. El Mouatassim S, Guerin P, Menezo Y. Expres-
sion of genes encoding antioxidant enzymes in hu-
man and mouse oocytes during the final stages of
maturation. Mol Hum Reprod 1999;5:720-5.

49. El-Hage S, Singh SM. Temporal expression of
genes encoding free radical-metabolizing enzymes is
associated with higher mRNA levels during in utero
development in mice. Dev Genet 1990;11:149-159.

50. Engelgau MM, Herman WH, Smith PJ, German
RR, Aubert RE. The epidemiology of diabetes and
pregnancy in the U.S., 1988. Diabetes Care
1995;18:1029-33.

51. Eriksson RSM, Thunberg L, Eriksson UJ. Effects
of interrupted insulin treatment on fetal outcome of
pregnant diabetic rats. Diabetes 1989;38:764-72.

52. Eriksson UJ. Importance of genetic predisposition
and maternal environment for the occurrence of con-
genital malformations in offspring of diabetic rats.
Teratology 1988;37:365-74.



- 59 -

53. Eriksson UJ, Bone AJ, Turnbull DM, Baird JD.
Timed interruption of insulin therapy in diabetic
BB/E rat pregnancy: effect on maternal metabolism
and fetal outcome. Acta Endocrinol 1989;120:800-
10.

54. Eriksson UJ, Borg LA. Diabetes and embryonic
malformations. Role of substrate-induced free-oxygen
radical production for dysmorphogenesis in cultured
rat embryos. Diabetes 1993;42:411-9.

55. Eriksson UJ, Borg LAH. Protection by free oxy-
gen radical scavenging enzymes against glucose-in-
duced embryonic malformations in vitro. Diabetolo-
gia 1991;34:325-31.

56. Eriksson UJ, Brolin SE, Naeser P. Influence of
sorbitol accumulation on growth and development of
embryos cultured in elevated levels of glucose and
fructose. Diabetes Res 1989;11:27-32.

57. Eriksson UJ, Den Bieman M, Prins JB, van
Zutphen LFM. Differences in susceptibility for diabe-
tes-induced malformations in separated rat colonies of
common origin. Proc 4th FELASA Symp, Lyon,
France 1990: 53-57.

58. Eriksson UJ, Naeser P, Brolin SE. Increased
accumulation of sorbitol in offspring of manifest
diabetic rats. Diabetes 1986;35:1356-63.

59. Eriksson UJ, Simán CM. Pregnant diabetic rats
fed the antioxidant butylated hydroxytoluene show
decreased occurrence of malformations in the off-
spring. Diabetes 1996;45:1497-1502.

60. Eriksson UJ, Wentzel P, Minhas HS, Thornalley
PJ. Teratogenicity of 3-deoxyglucosone and diabetic
embryopathy. Diabetes 1998;47:1960-6.

61. Escobar JA, Rubio MA, Lissi EA. Sod and cata-
lase inactivation by singlet oxygen and peroxyl radi-
cals. Free Radic Biol Med 1996;20:285-90.

62. Fantel AG. Reactive oxygen species in develop-
mental toxicity: review and hypothesis. Teratology
1996;53:196-217.

63. Feillet-Coudray C, Rock E, Coudray C, et al.
Lipid peroxidation and antioxidant status in experi-
mental diabetes. Clin Chim Acta 1999;284:31-43.

64. Ferencz C, Rubin JD, McCarter RJ, Clark EB.
Maternal diabetes and cardiovacular malformations:
predominance of double outlet right ventricle and
truncus arteriosus. Teratology 1990;41:319-326.

65. Fine EL, Horal M, Chang TI, Fortin G, Loeken
MR. Evidence that elevated glucose causes altered
gene expression, apoptosis, and neural tube defects in
a mouse model of diabetic pregnancy. Diabetes
1999;48:2454-62.

66. Finley BE, Norton S. Effects of hyperglycemia
on mitochondrial morphology in the region of the
anterior neuropore in the explanted rat embryo model:
evidence for a modified Reid hypothesis as a mecha-
nism for diabetic teratogenesis. Am J Obstet Gynecol
1991;165:1661-6.

67. Forsberg H, Borg LAH, Cagliero E, Eriksson UJ.
Altered levels of scavenging enzymes in embryos
subjected to a diabetic environment. Free Rad Res
1996;24:451-459.

68. Forsberg H, Eriksson UJ, Melefors Ö, Welsh N.
β-hydroxybutyrate increases reactive oxygen species
in late but not in early postimplantation embryonic
cells in vitro. Diabetes 1998;47:255-262.

69. Freinkel N. Banting lecture 1980; Of pregnancy
and progeny. Diabetes 1980;29:1023-1035.

70. Freinkel N, Cockroft DL, Lewis NJ, et al. The
1986 McCollum award lecture. Fuel-mediated terato-
genesis during early organogenesis: the effects of
increased concentrations of glucose, ketones and so-
matomedin inhibitor during rat pregnancy. American
Journal of Clinical Nutrition 1986;44:986-995.

71. Furuta S, Hayashi H, Hijikata M, Miazawa S,
Osumi T, Hashimoto T. Complete nucleotide se-
quence of cDNA and deduced amino acid sequence of
rat liver catalase. Proc. Natl. Acad Sci. U.S.A.
1986;83:313-317.

72. Gabbay KH. The sorbitol pathway and the com-
plications of diabetes. N Engl J Med 1973;288:831-6.

73. Gerber RT, Holemans K, O'Brien-Coker I, et al.
Cholesterol-independent endothelial dysfunction in
virgin and pregnant rats fed a diet high in saturated
fat. Journal of Physiology 1999;571:607-616.

74. Gerber RT, Holemans K, O'Brien-Coker I, et al.
Increase of the isoprostane 8-isoprostaglandin F2alpha
in maternal and fetal blood of rats with streptozoto-
cin-induced diabetes: evidence of lipid peroxidation.
Am J Obstet Gynecol 2000;183:1035-40.

75. Gerdin E, Tydén O, Eriksson UJ. The develop-
ment of antioxidant ezymatic defense in the perinatal
rat lung: Activities of superoxide dismutase, glu-
tathione peroxidase and catalase. Pediatr. Res.
1985;19:687-691.

76. Gerschman R, Gilbert DL, Nye SW, Dwyer P,
Fenn WO. Oxygen poisoning and X-irradiation: a
mechanism in common. Science 1954;119:623-626.

77. Gillery P, Monboisse JC, Maquart FX, Borel JP.
Glycation of proteins as a source of superoxide. Dia-
bete Metab 1988;14:25-30.



- 60 -

78. Goldman AS, Baker L, Piddington R, Marx B,
Herold R, Egler J. Hyperglycemia-induced terato-
genesis is mediated by a functional deficiency of
arachidonic acid. Proc Natl Acad Sci U S A
1985;82:8227-31.

79. Golumbic C, Matill HA. Antioxidants and the
autooxidation of fats. XIII. The antioxygenic action
of ascorbic acid in association with tocopherols, hy-
drouquinones and relate compounds. J. Am. Chem.
Soc. 1941;63:1279-1280.

80. Greene MF. Spontaneous abortions and major
malformations in women with diabetes mellitus.
Semin Reprod Endocrinol 1999;17:127-36.

81. Greene MF, Hare JW, Cloherty JP, Benacerraf
BR, Soeldner JS. First-trimester hemoglobin A1 and
risk for major malformation and spontaneous abortion
in diabetic pregnancy. Teratology 1989;39:225-231.

82. Gunnarsson R, Berne C, Hellerstrom C. Cyto-
toxic effects of streptozotocin and N-nitrosomethy-
lurea on the pancreatic B cells with special regard to
the role of nicotinamide- adenine dinucleotide. Bio-
chem J 1974;140:487-94.

83. Gunton JE, McElduff A, Sulway M, et al. Out-
come of pregnancies complicated by pre-gestational
diabetes mellitus. Aust N Z J Obstet Gynaecol
2000;40:38-43.

84. Gutteridge JMC, Halliwell B. The measurement
and mechanism of lipid peroxidation in biological
systems. TIBS 1990;15:129-135.

85. Hagay ZJ, Weiss Y, Zusman I, et al. Prevention
of diabetes-associated embryopathy by overexpression
of the free radical scavenger copper zinc superoxide
dismutase in transgenic mouse embryos. Am J Obstet
Gynecol 1995;173:1036-41.

86. Halliwell B. Free radicals and antioxidants: a
personal view. Nutr Rev 1994;52:253-265.

87. Halliwell B, Gutteridge JMC. Free radicals in
biology and medicine. 3 ed: Oxford University Press,
1999.

88. Hanson U, Persson B, Thunell S. Relationship
between haemoglobin A1c in early type 1 (insulin-
dependent) diabetic pregnancy and the occurrence of
spontaneous abortion and fetal malformation in Swe-
den. Diabetologia 1990;33:100-4.

89. Harvey MB, Arcellana-Panlilio MY, Zhang X,
Schultz GA, Watson AJ. Expression of genes encod-
ing antioxidant enzymes in preimplantation mouse
and cow embryos and primary bovine oviduct cul-
tures employed for embryo coculture. Biol Reprod
1995;53:532-40.

90. Hawthorne G, Robson S, Ryall EA, Sen D, Rob-
erts SH, Ward Platt MP. Prospective population
based survey of outcome of pregnancy in diabetic
women: results of the Northern Diabetic Pregnancy
Audit. BMJ 1997;315:279-281.

91. Heller B, Wang ZQ, Wagner EF, et al. Inactiva-
tion of the poly(ADP-ribose) polymerase gene affects
oxygen radical and nitric oxide toxicity in islet cells.
J Biol Chem 1995;270:11176-80.

92. Hill AL, Phelan SA, Loeken MR. Reduced ex-
pression of pax-3 is associated with overexpression of
cdc46 in the mouse embryo. Dev Genes Evol
1998;208:128-34.

93. Hinegardner RT. An improved fluorometric assay
for DNA. Anal Biochem 1971;39:197-201.

94. Hod M, Levy-Shiff R, Lerman M, Schindel B,
Ben-Rafael Z, Bar J. Developmental outcome of
offspring of pregestational diabetic mothers. J Pediatr
Endocrinol Metab 1999;12:867-72.

95. Hod M, Star S, Passonneau J, Unterman TG,
Freinkel N. Glucose-induced dysmorphogenesis in
the cultured rat conceptus: prevention by supplemen-
tation with myo-inositol. Israel J Med Sci
1990;26:541-544.

96. Hod M, Star S, Passonneau JV, Unterman TG,
Freinkel N. Effect of hyperglycemia on sorbitol and
myo-inositol content of cultured rat conceptus: failure
of aldose reductase inhibition to modify myo-inositol
depletion and dysmorphogenesis. Biochem Biophys
Res Comm 1986;140:974-980.

97. Hook EB, Healy KM, Niles AM, Skalko RG.
Letter: Vitamin E: teratogen or anti-teratogen? Lancet
1974;1:861.

98. Horton WE, Sadler TW. Mitocondrial alterations
in embryos expeosed to B-hydroxybutyrate in whole
embryo culture. Anat Rec 1985;213:94-101.

99. Ibsen KH. The Crabtree effect: A review. Cancer
Res 1961;21:829-841.

100. Imlay JA, Linn S. DNA damage and oxygen
radical toxicity. Science 1988;240:1302-1309.

101. Ingold KU. Inhibition of the autoxidation of
organic substances in the liqiud phase. Chem Res
1961;61:563-589.

102. Iwata H, Akamatsu S, Minami N, Yamada M.
Effects of antioxidants on the development of bovine
IVM/IVF embryos in various concentrations of glu-
cose. Theriogenology 1998;50:365-75.

103. Iwata H, Akamatsu S, Minami N, Yamada M.
Allopurinol, an inhibitor of xanthine oxidase, im-
proves the development of IVM/IVF bovine embryos
(>4 cell) in vitro under certain culture conditions.
Theriogenology 1999;51:613-22.



- 61 -

104. Jagota SK, Dani HM. A new colorimetric tech-
nique for the estimation of vitamin C using Folin
phenol reagent. Anal Biochem 1982;127:178-182.

105. Janssen PA, Rothman I, Schwartz SM. Con-
genital malformations in newborns of woman with
established and gestational diabetes in Washington
State, 1984-91. Paediat Perinat Epidemol
1996;10:52-63.

106. Jarrett RJ. Reflections on gestational diabetes
mellitus. Lancet 1981;2:1220-1.

107. Jenkinson PC, Anderson D , Gangolli SD.
Malformations induced in cultured rat embryos
by enzymically generated active oxygen spe-
cies. Teratog Carcinog Mutagen 1986;6:547-554.

108. Jiang X, Rowitch DH, Soriano P, McMahon
AP, Sucov HM. Fate of the mammalian cardiac neu-
ral crest. Development 2000;127:1607-16.

109. Johansson LH, Borg LAH. A spectrophotomet-
ric method for determination of catalase in small
tissue samples. Analyt Biochem 1988;174:331-336.

110. Julian D, Abbott UK. An avian model for com-
parative studies of insulin teratogenicity. Anatomy
Histology Embryology 1998;27:313-321.

111. Kalter H. Case reports of malformations associ-
ated with maternal diabetes: history and critique. Clin
Genet 1993;43:174-179.

112. Kamal-Eldin A, Appelqvist L-Å. The chemistry
and antioxidant properties of tocopherols and to-
cotrienols. Lipids 1996;31:671-701.

113. Karabulut AK, Ulger H, Pratten MK. Protection
by free oxygen radical scavenging enzymes against
salicylate- induced embryonic malformations in vitro.
Toxicol Vitr 2000;14:297-307.

114. Karlsson K, Kjellmer I. The outcome of diabetic
pregnancies in relation to the mother's blood sugar
level. Am J Obstet Gynecol 1972;112:213-20.

115. Khandelwal M, Reece EA, Wu YK, Borenstein
M. Dietary myo-inositol therapy in hyperglycemia-
induced embryopathy. Teratology 1998;57:79-84.

116. Khoury MJ, Becerra JE, Cordero JF, Erickson
JD. Clinical-epidemiologic assessment of pattern of
birth defects associated with human teratogens: appli-
cation to diabetic embryopathy. Pediatrics
1989;84:658-65.

117. Kinalski M, Sledziewski A, Telejko B, Zarzycki
W, Kinalska I. Antioxidant therapy and streptozoto-
cin-induced diabetes in pregnant rats. Acta Diabetol
1999;36:113-117.

118. Kirby ML, Gale TF, Stewart DE. Neural crest
cells contribute to aorticopulmonary septation. Sci-
ence 1983;220:1059-1061.

119. Kirby ML, Turnage KLI, Hays BM. Characteri-
zation of conotruncal malformations following abla-
tion of "cardiac" nerual crest. Anat Rec 1985;213:87-
93.

120. Kirby ML, Waldo KL. Neural crest and cardio-
vascular pattering. Circ Res 1995;77:211-215.

121. Kissane JM, Robins E. The fluorometric meas-
urement of deoxyribonucleic acid in animal tissues
with special reference to the central nervous system. J
Biol Chem 1958;233:184-188.

122. Koppenol WH. The paradox of oxygen: thermo-
dynamics versus toxicity. Prog Clin Biol Res
1988;274:93-109.

123. Kousseff BG. Gestational diabetes mellitus
(Class A): a human teratogen? Am J Med Gen
1999;83:402-408.

124. Krasavage WJ, Terhaar CJ. d-alpha-Tocopheryl
poly(ethylene glycol) 1000 succinate. Acute toxicity,
subchronic feeding, reproduction, and teratologic
studies in the rat. J Agric Food Chem 1977;25:273-8.

125. Kubow S, Yaylayan V, Mandeville S. Protec-
tion by acetylsalicylic acid against hyperglycemia-
induced glycation and neural tube defects in cultured
early somite mouse embryos. Diabetes Res
1993;22:145-158.

126. Kucera J. Rate and type of congenital anomalies
among offspring of diabetic women. J Reprod Med
1971;7:61-70.

127. Kunisaki M, Bursell SE, Umeda F, Nawata H,
King GL. Normalization of diacylglycerol-protein
kinase C activation by vitamin E in aorta of diabetic
rats and cultured rat smooth muscle cells exposed to
elevated glucose levels. Diabetes 1994;43:1372-7.

128. Kunisaki M, Umeda F, Inoguchi T, Nawata H.
Vitamin E binds to specific binding sites and en-
hances prostacyclin production by cultured aortic
endothelial cells. Thromb Haemost 1992;68:744-51.

129. Kunisaki M, Umeda F, Yamauchi T, Masakado
M, Nawata H. High glucose reduces specific binding
for D-alpha-tocopherol in cultured aortic endothelial
cells. Diabetes 1993;42:1138-46.

130. Lammer EJ, Opitz JM. The DiGeorge anomaly
as a developmental field defect. Am J Med Gen Suppl
1986;2:113-127.

131. Landauer W. Rumplessness of chicken embryos
produced by the injection of insulin and other chemi-
cals. Journal of experimental zoology 1945;98:65-77.

132. Lappin J, Clark L. Colorimetric method for
determination of traces of carbonyls. Anal Chem
1951;23:541-542.



- 62 -

133. Lecorché E. Du diabète. Dans ses rapports avec
la vie utérine, la menstruation et la grossesse. An-
nales de Gynécologie 1885;24:257-273.

134. Lee AT, Eriksson UJ. Embryos exposed to high
glucose in vitro show congenital malformations and
decreased frequency of DNA mutations. Diabetologia
1995;38:A281 (Abstract).

135. Lee AT, Plump A, DeSimone C, Cerami A,
Bucala R . A role for DNA mutations in diabe-
tes-associated teratogenesis in transgenic em-
bryos. Diabetes 1995;44:20-24.

136. Lee AT, Reis D, Eriksson UJ. Hyperglucemia-
induced embryonic dysmorphogenesis correlates with
genomic DNA mutation frequency in vitro and in
vivo. Diabetes 1999;48:371-376.

137. Lee AY, Chung SS. Contributions of polyol
pathway to oxidative stress in diabetic cataract. Faseb
J 1999;13:23-30.

138. Leslie RDG, Pyke DA, John PN, White JM.
Hemoglobin A1 in diabetic pregnancy. Lancet
1978;2:958-959.

139. Lowry OH, Rosebrough NJ, Farr AL, Randall
RJ. Protein measurement with the Folin penol rea-
gent. J Biol Chem 1951;193:265-275.

140. Mahoney CW, Azzi A. Vitamin E inhibits pro-
tein kinase C activity. Biochem Biophys Res Commun
1988;154:694-7.

141. Marklund SL. Human copper-containing super-
oxide dismutase of high molecular weight. Proc Natl
Acad Sci U S A 1982;79:7634-8.

142. Martin MM, Hurley LS. Effect of large amounts
of vitamin E during pregnancy and lactation. Am J
Clin Nutr 1977.

143. Martinez-Frias ML. Epidemiological analysis of
outcomes of pregnancy in diabetic mothers: identifi-
cation of the most characteristic and most frequent
congenital anomalies. Am J Med Genet 1994;51:108-
13.

144. Martinez-Frias ML, Bermejo E, Rodriguez-
Pinilla E, Prieto L, Frias JL. Epidemiological analy-
sis of outcomes of pregnancy in gestational diabetic
mothers. Am J Med Genet 1998;78:140-5.

145. Masutani M, Suzuki H, Kamada N, et al.
Poly(ADP-ribose) polymerase gene disruption con-
ferred mice resistant to streptozotocin-induced diabe-
tes. Proc Natl Acad Sci U S A 1999;96:2301-4.

146. McKinney ET, Shouri R, Hunt RS, Ahokas
RA, Sibai BM. Plasma, urinary, and salivary 8-epi-
prostaglandin f2alpha levels in normotensive and
preeclamptic pregnancies. Am J Obstet Gynecol
2000;183:874-7.

147. McLennan S, Yue DK, Fisher E, et al. Defi-
ciency of ascorbic acid in experimental diabetes. Rela-
tionship with collagen and polyol pathway abnor-
malities. Diabetes 1988;37:359-61.

148. Menegola M, Broccia M, Prati M, Ricolfi R,
Giavini E. Glutathione status in diabetes-induced
embryopathies. Biol Neonate 1996;69:293-297.

149. Mihara M, Uchiyama M, Fukuzawa K. Thiobar-
bituric acid value on fresh homogenate of rat as a
parameter of lipid peroxidation in aging, CCl4 in-
toxication, and vitamin E deficiency. Biochem Med
1980;23:302-311.

150. Miki A, Fujimoto E, Ohsaki T, Mizoguti H.
Effects of oxygen concentration on embryonic devel-
opment in rats: a light and electron microscopic study
using whole-embryo culture techniques. Anat Em-
bryol 1988;178:337-43.

151. Miller E, Hare JW, Cloherty JP, et al. Elevated
maternal hemoglobin A1c in early pregnancy and
major congenital anomalies in infants of diabetic
mothers. N Engl J Med 1981;304:1331-4.

152. Miller RR, Jr., Slathar JR, Luvisotto ML. Al-
pha-tocopherol and gamma-tocopherol attenuate etha-
nol-induced changes in membrane fatty acid composi-
tion in embryonic chick brains. Teratology
2000;62:26-35.

153. Mills JL, Baker L, Goldman AS. Malforma-
tions in infants of diabetic mothers occur before the
seventh gestational week. Implications for treatment.
Diabetes 1979;28:292-3.

154. Mills JL, Knopp RH, Simpson JL, et al. Lack
of relation of increased malformation rates in infants
of diabetic mothers to glycemic control during or-
ganogenesis. N Engl J Med 1988;318:671-6.

155. Mino M, Nishino H. Fetal and maternal rela-
tionship in serum vitamin E level. J Nutr Sci Vita-
minol (Tokyo) 1973;19:475-82.

156. Mino M, Nishino H, Yamaguchi T, Hayashi M.
Tocopherol level in human fetal and infant liver. J
Nutr Sci Vitaminol Tokyo 1977;23:63-9.

157. Miyata T, Inagi R, Asahi K, et al. Generation of
protein carbonyls by glycoxidation and lipoxidation
reactions with autoxidation products of ascorbic acid
and polyunsaturated fatty acids. FEBS Lett
1998;437:24-8.

158. Moley KH, Chi MM, Mueckler MM. Maternal
hyperglycemia alters glucose transport and utilization
in mouse preimplantation embryos. Am J Physiol
1998;275:E38-47.



- 63 -

159. Moley KH, Chi MM-Y, Knudson CM, Kors-
meyer SJ, Mueckler MM. Hyperglycemia induces
apoptosis in pre-implantation embryos through cell
death effector pathways. Nature Medicine
1998;4:1421-1424.

160. Morrow JD, Awad JA, Boss HJ, Blair IA, Rob-
erts LJd. Non-cyclooxygenase-derived prostanoids
(F2-isoprostanes) are formed in situ on phospholip-
ids. Proc Natl Acad Sci U S A 1992;89:10721-5.

161. Morrow JD, Awad JA, Kato T, et al. Formation
of novel non-cyclooxygenase-derived prostanoids (F2-
isoprostanes) in carbon tetrachloride hepatotoxicity.
An animal model of lipid peroxidation. J Clin Invest
1992;90:2502-7.

162. Morrow JD, Frei B, Longmire AW, et al. In-
crease in circulating products of lipid peroxidation
(F2- isoprostanes) in smokers. Smoking as a cause of
oxidative damage. N Engl J Med 1995;332:1198-203.

163. Morrow JD, Harris TM, Roberts LJI. Noncy-
clooxygenase oxidative formation of a series of novel
prostaglandins: analytical ramifications for measure-
ment of eicosanoids. Analyt Biochem 1990;184:1-10.

164. Morrow JD, Minton TA, Badr KF, Roberts LJI.
Evidence that the F2-isoprostane, 8-epi-prostaglandin
F2α, is formed in vivo. Biochim Biophys Acta
1994;1210:244-248.

165. Mover H, Ar A. Antioxidant enzymatic activity
in embryos and placenta of rats chronically exposed
to hypoxia and hyperoxia. Comp Biochem Physiol C
Pharmacol Toxicol Endocrinol 1997;117:151- 7.

166. Mølsted-Pedersen L, Tygstrups I, Pedersen J.
Congenital malformations in newborn infants of
diabetic women: correlation with maternal diabetic
vascular complications. Lancet 1964;i:1124-1126.

167. Nandi BK, Majumder AK, Subramanian N,
Chatterjee IB. Effects of large vitamin C in guinea
pigs and rats. J Nutr 1973;103:1688-95.

168. Niki E. Action of ascorbic acid as a scavenger of
active and stable oxygen radicals. Am J Clin Nutr
1991;54:1119S-1124S.

169. Niki E. Vitamin C as an antioxidant. World Rev
Nutr Diet 1991;64:1-30.

170. Nishikawa T, Edelstein D, Du XL, et al. Nor-
malizing mitochondrial superoxide production blocks
three pathways of hyperglycaemic damage. Nature
2000;404:787-90.

171. Nourooz-Zadeh J, Rahimi A, Tajaddini-Sarmadi
J, et al. Relationships between plasma measures of
oxidative stress and metabolic control in NIDDM.
Diabetologia 1997;40:647-53.

172. Novak RW, Robinson HB. Coincident Di-
George anomaly and renal agenesis and its relation to
maternal diabetes. Am J Med Gen 1994;50:311-312.

173. Odetti P, Garibaldi S, Noberasco G, et al. Lev-
els of carbonyl groups in plasma proteins of type 2
diabetes mellitus subjects. Acta Diabetol
1999;36:179-83.

174. Ornoy A, Zaken V, Kohen R. Role of reactive
oxygen species (ROS) in the diabetes-induced anoma-
lies in rat embryos in vitro: reduction in antioxidant
enzymes and low- molecular-weight antioxidants
(LMWA) may be the causative factor for increased
anomalies. Teratology 1999;60:376-86.

175. Ornoy A, Zusman I. Embryotoxic effects of
diabetes on pre-implantation embryos. Isr J Med Sci
1991;27:487-92.

176. Ornoy A, Zusman I, Cohen AM, Shafrir E.
Effects of sera from Cohen, genetically determined
diabetic rats, streptozotocin diabetic rats and sucrose
fed rats on in vitro development of early somite rat
embryos. Diabetes Res 1986;3:43-51.

177. Otani H, Tanaka O, Tatewaki R, Naora H,
Yoneyama T. Diabetic environment and genetic pre-
disposition as causes of congenital malformations in
NOD mouse embryos. Diabetes 1991;40:1245-1250.

178. Packer JE, Slater TF, Willson RL. Direct obser-
vation of a free radical interaction between vitamin E
and vitamin C. Nature 1979;278:737-8.

179. Paller MS, Eaton JW. Hazards of antioxidant
combination containing superoxide dismutase. Free
Rad Biol Med 1995;18:883-890.

180. Parikh DH, Tam PK, Lloyd DA, Van Velzen D,
Edgar DH. Quantitative and qualitative analysis of
the extracellular matrix protein, laminin, in Hirsch-
sprung's disease. J Pediatr Surg 1992;27:991-5;
discussion 995-6.

181. Parikh DH, Tam PK, Van Velzen D, Edgar D.
The extracellular matrix components, tenascin and
fibronectin, in Hirschsprung's disease: an immunohis-
tochemical study. J Pediatr Surg 1994;29:1302-6.

182. Pedersen J. Weight and length at birth of infants
of diabetic mothers. Acta Endocrinol 1954;16:330-
342.

183. Pedersen JF, Molsted-Pedersen L. Early growth
delay predisposes the fetus in diabetic pregnancy to
congenital malformation [letter]. Lancet 1982;1:737.

184. Pedersen JF, Mølsted-Pedersen L. Early growth
retardation in diabetic pregnancy. Br Med J 1979;4:1-
5.

185. Phelan SA, Ito M, Loeken MR. Neural tube
defects in embryos of diabetic mice. Role of the Pax-
3 gene and apoptosis. Diabetes 1997;46:1189-1197.



- 64 -

186. Pieper AA, Brat DJ, Krug DK, et al. Poly(ADP-
ribose) polymerase-deficient mice are protected from
streptozotocin-induced diabetes. Proc Natl Acad Sci
U S A 1999;96:3059-64.

187. Portero-Otin M, Pamplona R, Ruiz MC, Cabis-
col E, Prat J, Bellmunt MJ. Diabetes induces an
impairment in the proteolytic activity against oxi-
dized proteins and a heterogeneous effect in nonen-
zymatic protein modifications in the cytosol of rat
liver and kidney. Diabetes 1999;48:2215-20.

188. Pratico D, Barry OP, Lawson JA, et al.
IPF2alpha-I: an index of lipid peroxidation in hu-
mans. Proc Natl Acad Sci U S A 1998;95:3449-54.

189. Pratico D, Lawson JA, FitzGerald GA. Cy-
clooxygenase-dependent formation of the isoprostane,
8-epi prostaglandin F2 alpha. J Biol Chem
1995;270:9800-8.

190. Pratico D, Tangirala RK, Rader DJ, Rokach J,
FitzGerald GA. Vitamin E suppresses isoprostane
generation in vivo and reduces atherosclerosis in
ApoE-deficient mice. Nat Med 1998;4:1189-92.

191. Rakieten N, Rakieten ML, Nadkarni MV. Stud-
ies on the diabetogenic action of streptozotocin. Can-
cer Chemotherapy 1963;29:91-98.

192. Rashbass P, Ellington SK. Development of rat
embryos cultured in serum prepared from rats with
streptozotocin-induced diabetes. Teratology 1988;
37:51-61.

193. Reece EA, Khandelwal M, Wu YK, Borenstein
M. Dietary intake of myo-inositol and neural tube
defects in offspring of diabetic rats. Am J Obstet
Gynecol 1997;176:536-9.

194. Rizzo T, Freinkel N, Metzger BE, Hatcher R,
Burns WJ, Barglow P. Correlations between antepar-
tum maternal metabolism and newborn behavior. Am
J Obstet Gynecol 1990;163:1458-64.

195. Rizzo T, Metzger BE, Burns WJ, Burns K.
Correlations between antepartum maternal metabo-
lism and child intelligence [see comments]. N Engl J
Med 1991;325:911-6.

196. Roberts LJI, Morrow JD. The generation and
action of isoprostanes. Biochim Biophys Acta
1997;1345:121-135.

197. Rosenn B, Miodovnik M, Combs CA, Khoury
J, Siddiqi TA. Glycemic thresholds for spontaneous
abortions and congenital malformations in insulin-
dependent diabetes mellitus. Obstet Gynecol
1994;84:515-520.

198. Rubin A, Murphy DP. The frequency of con-
genital malformations in the offspring of non-diabetic
and diabetic individuals. J Pedatr 1958;53:579-585.

199. Sadler TW. Effects of maternal diabetes on early
embryogenesis: I. The teratogenic potential of dia-
betic serum. Teratology 1980;21:339-347.

200. Sadler TW. Effects of maternal diabetes on early
embryogenesis: II. Hyperglycaemia-induced exen-
cephaly. Teratology 1980;21:349-356.

201. Sadler TW, Horton WEJ. Effects of maternal
diabetes on early embryogenesis: the role of insulin
and insulin therapy. Diabetes 1983;32:1070-1074.

202. Sadler TW, Hunter ES, Wynn RE, Phillips LS.
Evidence for multifactorial origin if diabetes-induced
embryopathies. Diabetes 1989;38:70-74.

203. Sakamaki H, Akazawa S, Ishibashi M, et al.
Significance of glutathione-dependent antioxidant
system in diabetes-induced embryonic malformations.
Diabetes 1999;48:1138-1144.

204. Sakurai T, Tsuchiya S. Superoxide production
from nonenzymatically glycated protein. FEBS Lett
1988;236:406-10.

205. Sano T, Umeda F, Hashimoto T, Nawata H,
Utsumi H. Oxidative stress measurement by in vivo
electron spin resonance spectroscopy in rats with
streptozotocin-induced diabetes. Diabetologia
1998:1355-1360.

206. Schaefer UM, Songster G, Xiang A, Berkowitz
K, Buchanan TA, Kjos SL. Congenital malforma-
tions in offspring of women with hyperglycemia fist
detected during pregnancy. Am J Obstet Gynecol
1997;177:1165-1171.

207. Schaefer-Graf UM, Buchanan TA, Xiang A,
Songster G, Montoro M, Kjos SL. Patterns of con-
genital anomalies and relationship to initial maternal
fasting glucose levels in pregnancies complicated by
type 2 and gestational diabetes. Am J Obstet Gynecol
2000;182:313-320.

208. Schnedl WJ, Ferber S, Johnson JH, Newgard
CB. STZ transport and cytotoxicity. Specific en-
hancement in GLUT2- expressing cells. Diabetes
1994;43:1326-33.

209. Schonbaum GR, Chance B. Catalase. In: Boyer,
ed. The Enzymes, 1976: 363-408.

210. Seshagiri PB, Bavister BD. Glucose and phos-
phate inhibit respiration and oxidative metabolism in
cultured hamster eight-cell embryos: evidence for the
"crabtree effect". Mol Reprod Dev 1991;30:105-11.

211. Sheehan EA, Beck F, Clarke CA, Stanisstreet
M. Effects of beta-hydroxybutyrate on rat embryos
grown in culture. Experientia 1985;41:273-5.

212. Simán CM, Eriksson UJ. Malformations in the
offspring of diabetic rats are prevented by supplemen-
tation of the maternal diet with vitamin C. Diabe-
tologia 1997;40:1416-1424.



- 65 -

213. Simán CM, Eriksson UJ. Vitamin E decreases
the occurrence of malformations in the offspring of
diabetic rats. Diabetes 1997;46:1054-1061.

214. Simán CM, Gittenberger-de Groot AC, Wisse
B, Eriksson UJ. Neural crest related malformations in
offspring of diabetic rats decrease with vitamin E
treatment. Teratology 2000;61:355-367.

215. Simán CM, Naeser P, Eriksson UJ. Increased
lenticular aldose reductase activity and high incidence
of congenital cataract in the offspring of diabetic rats.
Acta Ophthalmol Copenh 1993;71:629-36.

216. Sivan E, Lee Y-C, Wu Y-K, Reece EA. Free
radical scavenging enzymes in fetal dysmorphogene-
sis among offspring of diabetic rats. Teratology
1997;56:343-349.

217. Sivan E, Reece EA, Wu YK, Homko CJ, Po-
lansky M, Borenstein M. Dietary vitamin E prophy-
laxis and diabetic embryopathy: morphologic and
biochemical analysis. Am J Obstet Gynecol
1996;175:793-799.

218. Splitt M, Wright C, Sen D, Goodship J. Left-
isomerism and maternal type-1 diabetes. Lancet
1999;354:305-306.

219. Stadtman ER. Oxidation of free amno acids and
amino acid residues in proteins by radiolysis and by
metal-catalyzed reactions. Ann Rev Biochem
1993;62:797-821.

220. Staples RE, Schnell VL. Refinements in rapid
clearing technique in the KOH-Alizarin Red S
method for fetal bone. Stain Technol 1964;39:61-63.

221. Strieleman PJ, Connors MA, Metzger BE.
Phosphoinositide metabolism in the developing con-
ceptus. Effects of hyperglycemia and scyllo-inositol
in rat embryo culture. Diabetes 1992;41:989-97.

222. Styrud J, Eriksson UJ. Develoment of rat em-
bryos in culture media containing different concentra-
tions of normal and diabetic rat serum. Teratology
1992;46:473-483.

223. Styrud J, Thunberg L, Nybacka O, Eriksson UJ.
Correlations between maternal metabolism and de-
ranged development in the offspring of normal and
diabetic rats. Pediatr Res 1995;37:343-53.

224. Suhonen L, Hiilesmaa V, Teramo K. Glycaemic
control during early pregnancy and fetal malforma-
tions in women with type I diabetes mellitus. Diabe-
tologia 2000;43:79-82.

225. Sussman I, Matschinsky FM. Diabetes affects
sorbitol and myo-inositol levels of neuroectodermal
tissue during embryogenesis in rat. Diabetes
1988;37:974-81.

226. Suzuki N, Svensson K, Eriksson UJ. High
glucose concentration inhibits migration of rat cranial
neural crest cells in vitro. Diabetologia 1996;39:401-
411.

227. Svensson AM, Borg LA, Eriksson UJ. Glucose
metabolism in embryos of normal and diabetic rats
during organogenesis. Acta Endocrinol (Copenh)
1992;127:252-7.

228. Szalay J, Gaal M. Clinical and morphological
studies in streptozotocin diabetic pregnant rats. Acta
Med Acad Sci Hung 1975;32:35-41.

229. Tanigawa K, Kawaguchi M, Tanaka O, Kato Y.
Skeletal malformations in rat offspring. Long-term
effect of maternal insulin-induced hypoglycemia dur-
ing organogenesis. Diabetes 1991;40:1115-21.

230. Tappel AL. Will antioxidant nutrients slow
aging processes? Geriatrics 1968;23:97-105.

231. Tarcan T, Siroky MB, Krane RJ, Azadzoi KM.
Isoprostane 8-epi PGF2alpha, a product of oxidative
stress, is synthesized in the bladder and causes detru-
sor smooth muscle contraction. Neurourol Urodyn
2000;19:43-51.

232. Tatewaki R, Otani H, Ando S, Hashimoto R,
Naora H, Tanaka O. Chromosome analysis of post-
implantation stage embryos for studying possible
causes of developmental abnormalities in nonobese
diabetic mice. Biol Neonate 1991;60:395-402.

233. Towner D, Kjos SL, Leung B, et al. Congenital
malformations in pregnancies complicated by
NIDDM. Diabetes Care 1995;18:1446-51.

234. Traber MG. Regulation of human plasma vita-
min E. Adv Pharmacol 1997;38:49-63.

235. Traber MG, Packer L. Vitamin E: beyond anti-
oxidant function. Am J Clin Nutr 1995;62:1501S-
1509S.

236. Trocino R, Akazawa S, Takino H, et al. Cellu-
lar-tissue localization and regulation of the GLUT-1
protein in both the embryo and the visceral yolk sac
from normal and experimental diabetic rats during the
early postimplantation period. Endocrinology
1994;134:869-878.

237. Trocino RA, Akazawa S, Ishibashi M, et al.
Significance of glutathione depletion and oxidative
stress in early embryogenesis in glucose-induced rat
embryo culture. Diabetes 1995;44:992-8.

238. Unterman TG, Buchanan TA, Freinkel N. Ac-
cess of maternal insulin to the rat conceptus prior to
allantoic placentation. Diabetes Res 1989;10:115-20.

239. Vavra JJ, DeBoer C, Dietz L, Hanka LJ, Sokol-
ski WT, eds. Streptozotocin, a new antibacterial drug.
New York: Antibiotica, Inc, 1959-1960.



- 66 -

240. Vercheval M, De Hertogh R, Pampfer S, et al.
Experimental diabetes impairs rat embryo develop-
ment during the preimplantation period. Diabetologia
1990;33:187-191.

241. Viana M, Aruoma OI, Herrera E, Bonet B. Oxi-
dative damage in pregnant diabetic rats and their
embryos. Free Radic Biol Med 2000;29:1115-21.

242. Viana M, Herrera E, Bonet B. Teratogenic ef-
fects of diabetes mellitus in the rat. Prevention with
vitamin E. Diabetologia 1996;39:1041-1046.

243. Vääräsmäki MS, Hartikainen A-L, Anttila M,
Pramila S, Koivisto M. Factors predicting peri- and
neonatal outcome in diabetic pregnancy. Early Hum
Dev 2000;59:61-70.

244. Warram JH, Krolewski AS, Kahn CR. Determi-
nants of IDDM and perinatal mortality in children of
diabetic mothers. Diabetes 1988;37:1328-34.

245. Watanabe H, Kobayashi A, Yamamoto T, Su-
zuki S, Hayashi H, Yamazaki N. Alterations of hu-
man erythrocyte membrane fluidity by oxygen-de-
rived free radicals and calcium. Free Radic Biol Med
1990;8:507-14.

246. Weigensberg MJ, Garcia-Palmer FJ, Freinkel N.
Uptake of myo-inositol by early-somite rat conceptus.
Transport kinetics and effects of hyperglycemia. Dia-
betes 1990;39:575-82.

247. Wentzel P, Eriksson UJ. Insulin treatment fails
to abolish the teratogenic potential of serum from
diabetic rats. Eur J Endocrinol 1996;134:459-46.

248. Wentzel P, Eriksson UJ. Antioxidants diminish
developmental damage induced by high glucose and
cyclooxygenase inhibitors in rat embryos in vitro.
Diabetes 1998;47:677-84.

249. Wentzel P, Welsh N, Eriksson UJ. Developmen-
tal damage, increased lipid peroxidation, diminished
cyclooxygenase-2 gene expression, and lowered PGE2
levels in rat embryos exposed to a diabetic environ-
ment. Diabetes 1999;48:813-820.

250. White P. Diabetes complicating pregnancy. Am
J Obstet Gynecol 1937;33:380-385.

251. White P. Pregnancy complicating diabetes. The
treatment of diabetes mellitus. Philadephia: Lea &
Febiger, 1952: 676-698.

252. Williams JW. The clinical significance of glyco-
suria in pregnant women. Am J Med Sci 1909;137:1-
26.

253. Winitzer A, Ayalon N, Hershkovitz R, et al.
Lipoic acid prevention of neural tube defects in off-
spring of rats with streptozocin-induced diabetes. Am
J Obstet Gynecol 1999;180:188-193.

254. Wolff SP, Dean RT. Glucose autoxidation and
protein modification. The potential role of 'autoxida-
tive glycosylation' in diabetes. Biochem J
1987;245:243-50.

255. Yan SD, Schmidt AM, Anderson GM, et al.
Enhanced cellular oxidant stress by the interaction of
advanced glycation end products with their recep-
tors/binding proteins. J Biol Chem 1994;269:9889-
97.

256. Yang X, Borg LA, Eriksson UJ. Altered mito-
chondrial morphology of rat embryos in diabetic
pregnancy. Anat Rec 1995;241:255-67.

257. Yang X, Borg LAH, Eriksson UJ. Altered me-
tabolism and superoxide generation in neural tissue of
rat embryos exposed to high glucose. Am J Physiol
1997;272:E173-E180.

258. Young IS, Tate S, Lightbody JH, McMaster D,
Trimble ER. The effects of desferrioxamine and
ascorbate on oxidative stress in the streptozotocin
diabetic rat. Free Radic Biol Med 1995;18:833-40.

259. Young IS, Torney JJ, Trimbe ER. The effect of
ascorbate supplementation on oxidative stress in the
streptozotocin diabetic rat. Free Rad Biol Med
1992;13:41-46.

260. Zwilling E. Association of hypoglucemia with
insulin micromelia in chick embryos. Journal of
Experimental Zoology 1948;109:197-214.


	ABSTRACT
	List of Papers
	CONTENTS
	ABBREVIATIONS
	1. INTRODUCTION
	1.1 Diabetes
	1.2 Diabetes and pregnancy
	1.21 Epidemiology
	1.22 The malformations

	1.3 Diabetes and pregnancy; experimental studies
	1.31 Teratogenic factors
	1.32 Altered embryonic gene expression in diabetic pregnancy.

	1.4 Reactive Oxygen Species ( ROS), general introduction
	1.41 Oxygen radicals and ROS
	1.42 Antioxidant defence
	1.43 Measures of oxidative stress

	1.5 ROS in diabetic embryopathy
	1.51 Supportive evidence
	1.52 Production of oxygen radicals in embryos

	1.6 The animal model
	1.61 Patterns of malformations.
	1.62 Streptozotocin

	1.7 Vitamin E and vitamin C

	2. AIMS OF THE THESIS
	3. METHODOLOGY
	3.1 Animals
	3.2 Gross morphology
	3.3 Catalase activity assay
	3.4 Semi- Quantitative PCR
	3.5 DNA Sequencing
	3.6 Ascorbate concentration
	3.7 α-tocopherol concentration
	3.8 TBARS concentration
	3.9 Carbonylated proteins
	3.10 Isoprostanes and prostaglandin F2 metabolites
	3.11 DNA measurements
	3.12 Protein measurements
	3.13 Alizarin red staining

	4. ETHICAL CONSIDERATIONS
	5. RESULTS AND DISCUSSION
	5.1 Effect of diabetes on mothers and foetuses
	5.2 Catalase activity and catalase gene
	5.3 Vitamin E and C treatment
	5.4 Oxidative stress damage variables

	6. Conclusions and future perspectives
	7. SUMMARY IN SWEDISH
	8. ACKNOWLEDGEMENTS
	9. REFERENCES

