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Abstract

Maternal pregestational diabetes (type 1 or type 2) poses an increased risk for a broad spectrum of 

birth defects. To our knowledge, this problem first came to the attention of the Teratology Society 

at the 14th Annual Meeting in Vancouver, B.C. in 1974, with a presentation by Lewis Holmes, 

“Etiologic heterogeneity of neural tube defects”. Although advances in the control of diabetes in 

the decades since the discovery of insulin in the 1920’s have reduced the risk for birth defects 

during diabetic pregnancy, the increasing incidence of diabetes among women of childbearing 

years indicates that this cause of birth defects is a growing public health concern. Major advances 

in understanding how a disease of maternal fuel metabolism can interfere with embryogenesis of 

multiple organ systems have been made in recent years. In this review, we trace the history of the 

study of diabetic teratogenesis and discuss a model in which tissue-specific developmental control 

genes are regulated at specific times in embryonic development by glucose metabolism. The major 

function of such genes is to suppress apoptosis, perhaps to preserve proliferative capability, and 

inhibit premature senescence.
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INTRODUCTION

The focus of this review is to describe the molecular causes of birth defects in diabetic 

pregnancy as revealed by experimentation using animal models. The motivation behind this 

research derives from recognition of the clinical problems and the potential for basic 

experimentation to reduce these problems. As this issue celebrates 50 years of the 

Teratology Society, we begin with a brief summary of the past 90+ years of clinical 

observations of the teratogenic effects of maternal diabetes.
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DIABETIC PREGNANCY IN THE EARLY YEARS AFTER THE DISCOVERY OF 

INSULIN

Before the availability of insulin in the early 1920s, most type 1 diabetic subjects died within 

a few months of onset of the disease. Indeed, pregnancy increased the risk for fatal diabetic 

ketoacidosis, so maternal death was a common occurrence in diabetic pregnancy (Joslin, 

1915; Gabbe, 1993). The association of birth defects with diabetic pregnancy was not 

recognized until the mid-1930s, when use of insulin allowed the focus of clinical care to 

shift from maternal survival to neonatal outcome. In 1936 Pricilla White wrote, “Congenital 

defects [including heart defects, gastrointestinal atresia, microcephaly, and achondroplasia] 

are beyond our therapeutic control and are, we believe, related to a disease which is genetic 

in origin” (White, 1937).

White appeared to be explaining what she thought was an unfortunate, but unimprovable, 

consequence of survivability of women with diabetes. Yet she could not have appreciated 

how remarkably prescient, and, at the same time, inaccurate, she was. First of all, advances 

in treatment of diabetes have demonstrated that congenital defects are not beyond our 

therapeutic control. Nevertheless, even today, diabetic embryopathy, like diabetic 

complications in general, has not been eliminated. Second, congenital malformations are not 

genetically linked to diabetes, because embryos of women with type 2 diabetes are also at 

risk for malformations, and paternal diabetes does not increase risk for malformations. 

Moreover, the same kinds of malformations that occur in human offspring of diabetic 

mothers can be induced in experimental animals with chemically induced diabetes. On the 

other hand, although congenital defects are not genetically linked to diabetes, susceptibility 

to malformations induced by diabetic pregnancy is genetically determined in rats and mice 

(Eriksson, 1988; Pani et al., 2002a) and probably humans, as well.

DIABETIC TERATOGENESIS: TYPES OF MALFORMATIONS AND 

RELATIONSHIP TO GLYCEMIC CONTROL

In the approximately 60 years following the discovery of insulin, two major advances 

drastically improved the survival rate of the offspring of women with diabetes. One was the 

recognition that improved control of maternal diabetes reduced morbidity and mortality of 

both the mother and the fetus/neonate. Indeed, White’s Classification Index, in which poor 

fetal outcome was found to be related to early age of onset or long duration of diabetes as 

well as severity of vascular and renal complications, served as a guide for care of diabetic 

pregnancies (White, 1949). The other was the discovery and availability of surfactant to 

significantly reduce perinatal mortality from respiratory distress syndrome (RDS). The 

infants of diabetic mothers were at increased risk for RDS because maternal diabetes 

increased the incidence of pre-term birth (both spontaneous and iatrogenic), and fetal 

insulin, stimulated by maternal hyperglycemia, inhibits lung maturation (Robert et al., 1976; 

Freinkel et al., 1990). Thus, by the 1980s, with RDS largely treatable, congenital 

malformations became the major cause of neonatal mortality. On the other hand, 

spontaneous abortions continued to be increased in poorly controlled diabetes (Miodovnik et 

al., 1986; Mills et al., 1988; Miodovnik et al., 1990). At least some spontaneous abortions 

Zabihi and Loeken Page 2

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2016 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



could result from malformation of structures required for fetal viability, such as the 

cardiovascular system or the placenta, but could also be attributable to maternal effects, such 

as endocrinopathies or vascular complications affecting uterine perfusion.

The congenital malformations associated with diabetes can affect several different organ 

systems, but neural tube defects (NTDs), including spina bifida, anencephaly, encephalocele, 

and holoprosencephaly, and cardiovascular defects, are among the most commonly observed 

(Kucera, 1971; Kitzmiller et al., 1978; Mills, 1982; Barr et al., 1983; Cousins, 1983; 

Fuhrmann et al., 1984; Becerra et al., 1990; Kalter, 1993; Cohen and Shiota, 2002; Correa et 

al., 2008). Caudal regression syndrome, in which there is underdevelopment of the lower 

spine and sometimes the bowel and bladder, is an extremely rare defect that was observed in 

increased frequency in diabetic pregnancies (Mills, 1982; Kalter, 1993). The birth defects 

associated with diabetic pregnancy are induced before the seventh gestational week (Mills et 

al., 1979). Different organ systems become established in an ordered developmental 

sequence; thus, the time(s) during gestation at which maternal glycemic control is disturbed 

probably determines which organ system(s) will be affected. Malformations are not caused 

by maternal insulin (which is not transported to the embryo) but are related to poor control 

of maternal hyperglycemia (Miller et al., 1981; Widness et al., 1983; Fuhrmann et al., 1984; 

Ylinen et al., 1984; Greene et al., 1989). However, whether hyperglycemia is directly 

responsible for the malformations, or whether other metabolic disturbances secondary to 

poor glycemic control play a role, could not be determined from these studies.

2010: IMPROVED PREGNANCY OUTCOME, BUT A GROWING PUBLIC 

HEALTH PROBLEM

Within the last approximately 20 years, there has been a significant reduction in risk for 

birth defects resulting from diabetic pregnancy. This can be attributed to more rigorous 

glycemic control to reduce all diabetic complications as recommended by the Diabetes 

Complications Control Trial (DCCT) and the St. Vincent Declaration (WHO/IDF Europe, 

1990; DCCT Research Group, 1996). Of note, there has been a reduction in congenital 

malformations in nondiabetic pregnancies during this time as well, which is largely due to 

widespread measures to increase folic acid consumption by women of childbearing years 

(MRC Vitamin Study Research Group, 1991; Hall and Solehdin, 1998). Thus, some diabetic 

pregnancies may have benefited from increased folic acid intake just as in the general 

population. Nevertheless, birth defects in diabetic pregnancies are still higher than in the 

nondiabetic population in several studies (Evers et al., 2004; Hawthorne, 2005; Jonasson et 

al., 2007).

In recent years, pre-pregnancy obesity has been shown to increase risk for neural tube and 

other defects (Shaw et al., 1996; Werler et al., 1996; Moore et al., 2000; Watkins et al., 2003; 

Gilboa et al., 2010). These malformations may be the result of undiagnosed pregestational 

type 2 diabetes (Buchanan, 1995; Mokdad et al., 2001; Biggio et al., 2010). The incidence of 

diabetes existing prior to pregnancy more than doubled in a racially/ethnically diverse 

population in southern California between 1999 and 2005 (Lawrence et al., 2008). Thus, the 
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incidence of birth defects caused by pregestational diabetic pregnancy will likely increase in 

coming years, due to the increasing prevalence of type 2 diabetes.

In summary, during the past century, the discovery of insulin, improvements in monitoring 

and control of diabetes, and advances in prenatal and neonatal medicine have shifted the 

clinical focus of diabetic pregnancy from solely maternal survival to reducing the incidence 

and severity of neonatal morbidity and mortality. Nevertheless, adequate control of diabetes 

that will reduce the incidence of birth defects to that of nondiabetic pregnancy remains 

challenging. Experimental research may reveal how these malformations occur and may 

direct the design of novel strategies to prevent them.

RESEARCH TO STUDY THE MOLECULAR MECHANISMS RESPONSIBLE 

FOR DIABETIC TERATOGENESIS

Basic science approaches to study diabetic teratogenesis began approximately 50 years ago. 

Here we provide a historical perspective, summarize the current understanding resulting 

from our research, and consider whether current and future research will determine general 

mechanisms that can explain the variety of defects that can occur during diabetic pregnancy.

DEVELOPMENT OF ANIMAL MODELS TO STUDY DIABETIC 

TERATOGENESIS

The discoveries that the toxic glucose analogs alloxan and streptozotocin (STZ) could be 

used to chemically destroy pancreatic β cells in laboratory animals allowed the development 

of animal models to study diabetic pregnancy. The first reports using rats or mice showed 

that many of the malformations that occur in human pregnancy, such as open NTDs and 

malformation of heart chambers, were also induced in rat or mouse embryos (Angervall, 

1959). Incomplete sacral ossification, resembling caudal regression syndrome, was also 

sometimes observed (Deuchar, 1977). As in humans, the malformation rate was reduced by 

insulin treatment (Horii et al., 1966). Notably, the timing of alloxan or STZ administration 

affected the kinds of malformations that were observed, and whether or not fetal outcome 

was affected. Induction of diabetes before pregnancy or before implantation led to NTDs, 

heart chamber defects, and skeletal defects. Induction of diabetes early during organogenesis 

(day 8.5–10.5 in the mouse) did not cause neural tube or cardiac malformations but caused 

cleft palate and some skeletal defects (deformed ribs, club foot). However, induction of 

diabetes after organogenesis rarely caused structural malformations (Watanabe and Ingalls, 

1963; Horii et al., 1966; Deuchar, 1977). Administration of alloxan during organogenesis 

also increased maternal deaths and resorptions (Watanabe and Ingalls, 1963).

A shortcoming of these experiments was that it was difficult to distinguish between potential 

teratogenic or toxic effects of alloxan or STZ when it was administered after conception, 

hypoglycemia (caused by insulin release to maternal circulation following drug 

administration), hyperglycemia (caused by β cell depletion), and other consequences of 

diabetes (such as ketoacidosis). The development of postimplantation embryo culture 

techniques (New et al., 1973) allowed the study of the effects of diabetic serum or high 
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glucose directly on the embryo. In fact, the first of these studies were published in 

Teratology in 1977 and 1980 (Cockroft and Coppola, 1977; Sadler, 1980a; Sadler, 1980b). 

Cockroft and Coppola found that culture of head-fold stage rat embryos in rat serum 

containing 6–15 mg/ml glucose (compared to approximately 1.3 mg/ml control serum) for 

48 hr induced malformations, especially NTDs, and growth retardation in up to 100% of 

embryos (Cockroft and Coppola, 1977). Three years later, Sadler showed that culture of day 

8.5 mouse embryos in serum from rats that had previously been made diabetic with STZ, or 

in serum containing up to 9.2 mg/ml glucose, increased NTDs compared to culture in 

control serum (Sadler, 1980a; Sadler, 1980b). The incidence of NTDs was dose-related to 

glucose concentrations. Notably, diabetic serum and high glucose-induced malformations 

were more frequent in younger (0–3 somites) than in older (4–6 somites) embryos. Sadler 

interpreted this observation that younger embryos were more susceptible to perturbations. 

However, these results could be reinterpreted in light of our current understanding of the 

molecular regulation of embryogenesis, that the temporal susceptibility of embryos to a 

diabetic milieu depends upon the particular embryonic genes that are induced during the 

teratogenic exposure. Also of note, a transient increase in pyknotic neuroepithelial and 

neural crest cells was observed during the first 4–8 hr after exposure to high glucose or 

diabetic serum (Sadler, 1980a; Sadler, 1980b). These pyknotic nuclei were interpreted as 

necrotic, but they might have been apoptotic. These were the first observations of cell death 

associated with diabetic embryopathy. Nonetheless, because the cell death was not extensive 

and was transient, Sadler was unsure whether it could be responsible for the malformations.

There are also several limitations of the embryo culture model: (a) the concentrations of 

glucose that induced malformations were far in excess of those normally experienced in 

human diabetes, (b) at least some of the effects could be explained by hyperosmolarity, (c) 

embryos cannot be cultured beyond approximately 3 days, so that effects of high glucose 

exposure on later fetal development or viability cannot be studied, and (d) during incubation 

of postimplantation embryos, culture bottles are equilibrated with gas mixtures that are 

significantly hyperoxic compared to the normal intrauterine environment. Hyperoxia-

induced oxidative stress may confound effects of high glucose or diabetic serum.

Although all of these early experiments were descriptive and did not determine the 

biochemical or cellular mechanisms responsible for diabetic teratogenesis, they laid the 

foundation for subsequent research. Furthermore, they demonstrated that birth defects 

caused by diabetic pregnancy were not genetically linked to diabetes as originally proposed 

by Pricilla White.

FUEL-MEDIATED TERATOGENESIS

Norbert Freinkel coined the term, “fuel-mediated teratogenesis”, which proposed that 

increased delivery of fuels, including glucose and ketones, to the embryo during diabetic 

pregnancy is responsible for defective organogenesis, as well as other perturbations of fetal 

development later during gestation (Freinkel et al., 1986; Freinkel et al., 1990).

Glucose is transferred from maternal circulation and reaches equilibrium within embryo 

tissues (Sussman and Matschinsky, 1988). While the frequency and severity of 
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malformations during embryo culture were correlated with glucose concentrations in rat 

serum, it was not clear whether glucose was solely responsible. As noted above, adding only 

glucose to rat serum increased malformation of postimplantation cultured embryos 

(Cockroft and Coppola, 1977; Sadler, 1980a), but at concentrations well in excess of those 

that normally occur in humans, even with poor glycemic control. β-hydroxybutyrate, a 

ketone produced during diabetic hypoglycemia, itself is teratogenic when added to rat 

embryo cultures (Horton and Sadler, 1983). Two groups investigated this further by testing 

the teratogenic effects of serum from STZ-diabetic rats that had been insulin treated. Insulin 

infusion for 2 hr, or injection once a day for 1 week, normalized serum glucose 

concentrations in STZ-diabetic rats and significantly reduced, but did not prevent, 

malformations in cultured rat or mouse embryos (Buchanan et al., 1994; Wentzel and 

Eriksson, 1996). Addition of glucose or β-hydroxybutyrate to serum from nondiabetic rats 

had a synergistic teratogenic effect, but both together were not as teratogenic as serum from 

untreated STZ-diabetic rats (Buchanan et al., 1994). This suggested that excess glucose and 

ketones each contributed to diabetic teratogenesis, but that other (unidentified) factors in 

diabetic serum were also important. On the other hand, administration of insulin during 

pregnancy to diabetic animals prevented malformations (Eriksson et al., 1982; Eriksson et 

al., 1989). This suggests either that glucose is responsible for diabetic teratogenesis, or that 

there are other metabolic disturbances secondary to hypoinsulinemia that are responsible. It 

should be noted, however, that excess ketone production is not a general feature of type 2 

diabetes. Therefore, if hyperglycemia alone is not sufficient to induce malformations, there 

must be additional metabolic disturbances, instead of ketosis, that contribute to diabetic 

teratogenesis in pregnancies affected by type 2 diabetes.

Just as maternal hyperglycemia will increase glucose delivery to the embryo, maternal 

hypoglycemia, which can occur during untreated diabetes or following excessive insulin 

administration, could limit glucose availability to the embryo. Reduced availability of fuel to 

generate ATP for the highly metabolically active embryo might interfere with organogenesis. 

Hypoglycemic exposure of cultured rat embryos increases malformations (Hunter and 

Sadler, 1989; Smoak and Sadler, 1990).

BIOCHEMICAL DISTURBANCES IN EMBRYOS OF DIABETIC RODENTS

Several studies using both in vivo (i.e., pregnancy in diabetic animals) and in vitro (i.e., 

postimplantation embryo culture) attempted to identify biochemical disturbances that were 

associated with malformations in animal models of diabetic pregnancy. One hypothesis was 

that arachidonic acid release from plasma membranes by phospholipase A2 is reduced 

(Goldman et al., 1985; Goldman and Goto, 1991). Formation of several embryonic 

structures, such as the palate, the neural tube, the heart, and external genitalia, involve 

folding and fusion of opposing layers and require phosphatidylinositol turnover and 

arachidonic acid signaling (Goldman and Goto, 1991). In support of this hypothesis, 

administration of arachidonic acid suppressed malformations (Goldman et al., 1985; 

Goldman and Goto, 1991). Eriksson and colleagues also considered that insufficient 

arachidonic, as well as palmitic, acid in embryo cells was involved, but that this was due to 

decreased transport to the embryo, rather than due to decreased plasma membrane release 

(Engstrom et al., 1991). For a time, it was considered that the polyol pathway, in which 
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excess glucose is reduced to sorbitol by aldose reductase and that had been implicated in 

other diabetic complications, could be involved. However, failure of aldose reductase 

inhibitors to prevent diabetic malformations suggested that the polyol pathway was not 

involved (Eriksson et al., 1986; Hod et al., 1986). However, decreased myoinositol, which is 

derived from glucose-6-phosphate, might be involved (Hod et al., 1986; Sussman and 

Matschinsky, 1988). Abnormal synthesis of basement membrane has been implicated in 

diabetic complications, and altered levels of laminin B1 and fibronectin mRNA were found 

in embryos of diabetic rats (Cagliero et al., 1993). As noted above, there was evidence that 

β-hydroxybutyrate is teratogenic on its own and that it synergized with glucose. β-

hydroxybutyrate inhibits the pentose shunt pathway, and it was thought that inhibition of the 

pentose shunt pathway is teratogenic because it is necessary for production of ribose sugars 

for nucleotide synthesis and de novo pyrimidine synthesis (Hunter et al., 1987). The ability 

of β-hydroxybutyrate to inhibit the pentose shunt pathway, and whether ribose or pyrimidine 

synthesis was inhibited, depended on the developmental age of the embryos (2–3 somites vs. 

5–6 somites) (Shum and Sadler, 1990).

INVOLVEMENT OF OXIDATIVE STRESS

Increased glucose metabolism enhances production of reactive oxygen species (ROS) (Jain 

et al., 1989; Brownlee, 2001). Activity of the free radical scavenging enzyme, superoxide 

dismutase (SOD), was found to be increased in rat embryos cultured in high glucose, 

providing evidence for enhanced ROS production (Eriksson and Borg, 1993). This was 

associated with increased expression of the genes encoding Cu/Zn-SOD, Mn-SOD, and 

glutathione peroxidase, but decreased expression of catalase (Forsberg et al., 1996). Others 

did not observe altered activities of SOD or glutathione peroxidase in rat embryos cultured 

in high glucose, but the important cellular antioxidant glutathione (GSH) and expression of 

the enzyme encoding the rate-limiting GSH-synthesizing enzyme gamma-glutamylcysteine 

synthetase were reduced (Trocino et al., 1995; Sakamaki et al., 1999). In addition, vitamin E 

content of tissues of diabetic humans and experimental animals is reduced, suggesting that it 

is depleted by enhanced free radical production (Jain et al., 1991). Embryos appear to be 

particularly vulnerable to increased production of ROS because free radical enzymes are not 

highly expressed until shortly before birth (el-Hage and Singh, 1990; Ishibashi et al., 1997).

Several approaches to increase free radical scavenging provided evidence that oxidative 

stress is mechanistically involved in diabetic teratogenesis. First, addition of SOD, catalase, 

and glutathione peroxidase to embryo culture inhibited malformations induced by high 

glucose (Eriksson and Borg, 1991). Second, transgenic overexpression of human Cu/Zn-

SOD reduced malformations in embryos of STZ-diabetic mice (Hagay et al., 1995). Third, 

administration of supplemental antioxidants, including vitamin E, vitamin C, butylated 

hydroxytoluene, and GSH ester to STZ-diabetic animals or high glucose culture inhibited 

malformations (Trocino et al., 1995; Viana et al., 1996; Siman and Eriksson, 1997a; Siman 

and Eriksson, 1997b; Sivan et al., 1997; Sakamaki et al., 1999). N-acetylcysteine, which is 

converted to GSH, also inhibited malformation of rat embryos in high glucose culture 

(Wentzel et al., 1997). The aforementioned decrease in arachidonic acid release or transport 

leads to decreased prostaglandin synthesis (Goldman and Goto, 1991), and addition of N-
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acetylcysteine restored prostaglandin concentrations in embryos cultured in high glucose 

(Wentzel et al., 1999).

Thus, several biochemical disturbances were associated with malformations in embryos 

during diabetic pregnancy or high glucose culture. Increased production of ROS, as well as 

insufficient free radical scavenging activities, generated oxidative stress, which appeared to 

mediate the effects of a diabetic/hyperglycemic milieu. Nevertheless, while these processes 

might be expected to disrupt normal cellular function, how any of these pathways might 

interfere with embryogenesis and lead to specific structural malformations, rather than 

malformation of all embryonic structures, was not clear.

ALTERED EXPRESSION OF ESSENTIAL DEVELOPMENTAL CONTROL 

GENES

By the early 1990s, much was known about many of the regulatory pathways that controlled 

pattern formation during early embryogenesis (Gurdon, 1992). Numerous developmental 

control genes had been identified, and the mechanisms by which many of them regulate 

morphogenesis had been studied in mouse embryos using transgenic and targeted 

mutagenesis (i.e., “knockout”) technology. In some cases, diversity of functions of genes 

whose homologs had previously been studied in Drosophila or Xenopus had been 

deciphered in mouse embryos (Kessel and Gruss, 1990). Some genes, in particular, the 

homeotic or Hox genes and the Paired box or Pax genes, belonged to gene families whose 

members had amplified during evolution of Metazoans (Dressler and Gruss, 1988; Kessel 

and Gruss, 1990; Chalepakis et al., 1992).

Our laboratory hypothesized that maternal diabetes interferes with the expression of 

embryonic genes that control essential developmental processes. The timing and severity of 

poor control of maternal diabetes, relative to times during embryonic development that such 

genes are induced, would determine which genes would be affected and the magnitude of 

altered gene expression. If expression of essential genes is reduced below a critical 

threshold, then this would lead to a malformation.

In our mouse model of STZ-induced diabetic pregnancy, NTDs (primarily exencephaly) 

were significantly increased in embryos of diabetic mice on days 10.5–11.5 (Phelan et al., 

1997). The NTDs resembled those that occur in homozygous Splotch (Pax3Sp/Sp) embryos 

that carry a loss-of-function Pax3 mutation (Auerbach, 1954; Goulding et al., 1991; Epstein 

et al., 1993; Goulding et al., 1993). Pax3 encodes a transcription factor that is expressed in 

neuroepithelium and neural crest beginning on day 8.5 (Goulding et al., 1991). Homozygous 

Splotch (i.e., Pax3-mutant) embryos develop NTDs with 100% penetrance (Auerbach, 

1954). Therefore, if Pax3 expression were reduced below a critical threshold in embryos of 

diabetic mothers, this could cause NTDs.

By in situ hybridization and reverse transcription-polymerase chain reaction (RT-PCR), we 

found that Pax3 mRNA was significantly reduced in embryos of diabetic mice on day 8.5 

(when Pax3 expression is normally induced and the neural tube starts to form; Phelan et al., 

1997). There was no growth or developmental delay that would account for reduced Pax3 
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expression, and embryos were morphologically normal on day 8.5. Because Pax3Sp/Sp 

embryos develop NTDs with 100% penetrance, this indicates that there are no redundant 

genes to compensate for loss of Pax3 function. While there may be other genes that 

participate in neural tube development whose expression might be altered in embryos of 

diabetic mice, simply reducing Pax3 expression below a critical threshold would be 

sufficient to induce a NTD. Therefore, most of our efforts to understand diabetic 

teratogenesis have focused on how Pax3 is regulated during diabetic pregnancy, and how 

insufficient Pax3 expression leads to NTDs.

By simply inducing transient hyperglycemia on day 7.5 of pregnancy of nondiabetic mice, or 

by only normalizing blood glucose concentrations in pregnant diabetic mice with phlorizin 

(to stimulate renal glucose excretion) on day 7.5, we demonstrated that maternal 

hyperglycemia is necessary and sufficient to inhibit Pax3 expression and to induce 

malformations in diabetic pregnancy (Fine et al., 1999). In light of these in vivo findings, 

some of the previously reported in vitro observations bear reevaluation. For example, it is 

not necessary for (β-hydroxybutyrate, or other serum factors that are altered during type 1 

diabetes, to contribute to malformations. In addition, significant inhibition of Pax3 
expression and induction of NTDs were observed beginning when maternal blood glucose 

concentrations were >250 mg/dl (13.75 mM), which is much lower than teratogenic glucose 

concentrations in vitro. Hyperglycemic excursions around 250 mg/dl might commonly occur 

in diabetes, even with good glycemic control. It is possible that much higher glucose 

concentrations are required to induce malformations in vitro because culture conditions do 

not accurately replicate the nutrient and gas exchange of the embryo and yolk sac that occur 

during perfusion by maternal circulation in utero. Most significantly, hyperglycemia 

disturbed Pax3 expression and neural tube closure only when it occurred on day 7.5, when 

the embryo is at the primitive streak stage. There was no effect of maternal hyperglycemia, 

which returned after discontinuation of phlorizin treatment, on somite-stage embryos. This is 

consistent with Sadler’s early observation that younger embryos were more susceptible to 

malformations induced by culture in diabetic serum or high glucose (Sadler, 1980a; Sadler, 

1980b) and suggests that the molecular processes that lead to the initiation of Pax3 
expression on day 8.5 occur approximately 24 hr before Pax3 expression begins, and that 

these processes are susceptible to interference by excess glucose metabolism.

It had previously been noted that early mouse embryos express the high KM Glut2 glucose 

transporter (Hogan et al., 1991), as well as the low KM Glut1 and Glut3 transporters (Takao 

et al., 1993; Trocino et al., 1994). While glucose transport by low KM transporters might 

saturate during maternal hyperglycemia, glucose transport by a high KM transporter would 

be optimal when glucose concentrations approximate the transporter’s KM. Indeed, the KM 

of Glut2 (∼15 mM) is equivalent to the threshold maternal glucose concentration at which 

we observed significant inhibition of Pax3 expression and induction of NTDs (Thorens, 

1996; Fine et al., 1999). Glut2 may be expressed by the early embryo, not because it is 

needed to transport glucose (Glut1 and Glut3 can do that, and more efficiently than Glut2 at 

physiologic glucose concentrations) but to serve as a glucosamine transporter (Uldry et al., 

2002). And yet, Glut2 expression would enhance glucose uptake by the embryo during 

episodes of maternal hyperglycemia and could be responsible for the susceptibility of the 

embryo to maternal hyperglycemia. To test this, we crossed heterozygous Glut2 knockout 
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mice (Glut2+/−) and found that homozygous knockout embryos (Glut2−/−) failed to develop 

NTDs in response to maternal hyperglycemia; moreover, NTDs were less frequent in 

heterozygous embryos (Glut2+/−) than in wild-type (Glut2+/+) embryos (Li et al., 2007). 

This indicated that Glut2 is responsible for glucose transport and subsequent teratogenesis 

during maternal hyperglycemia. This also suggests that maternal blood glucose 

concentration must reach the KM of Glut2 to induce NTDs.

OXIDATIVE STRESS INDUCED BY EXCESS GLUCOSE METABOLISM IS 

RESPONSIBLE FOR ALTERED EMBRYO GENE EXPRESSION

Considering the prior evidence that oxidative stress mediated the effects of high glucose to 

cause embryonic malformations, we hypothesized that oxidative stress inhibited expression 

of essential developmental control genes, such as Pax3. Consistent with the hypothesis, we 

found that supplementary vitamin E, or GSH-ethyl ester, prevented the inhibition of Pax3 
and increase in NTDs in embryos of diabetic mice (Chang et al., 2003). Moreover, a single 

injection of antimycin A (AA), a complex III electron transport inhibitor that stimulates 

superoxide production, on day 7.5 inhibited Pax3 expression and induced NTDs (Chang et 

al., 2003). Concentrations of AA that were sufficient to inhibit Pax3 expression were not 

sufficient to induce DNA strand breaks, suggesting that inhibition of gene expression was 

not due to DNA damage or cell death, but may be due to altered redox status of signaling 

molecules that regulate Pax3 induction.

The mechanisms by which oxidative stress occurs in embryos in response to excess glucose 

metabolism are complex, involving not only increased mitochondrial respiration, but also 

decreased availability of GSH and hypoxic stress. In embryos of hyperglycemic mice, we 

observed that increased glycolysis stimulated the hexosamine synthetic pathway, in which 

fructose-6-phospate is converted to glucosamine-6-phosphate (Horal et al., 2004). 

Glucosamine-6-phosphate inhibits activity of glucose-6-phosphate dehydrogenase (G6PD), 

the rate-limiting enzyme of the pentose shunt pathway; since G6PD activity is coupled to 

reduction of NADP+ to NADPH, which is coupled to reduction of oxidized glutathione 

(GSSG) to reduced glutathione (GSH), increased hexosamine flux lowers cellular GSH 

levels (Horal et al., 2004). Furthermore, administering glucosamine to pregnant mice on day 

7.5 increased markers of oxidative stress in embryos, decreased GSH, inhibited Pax3 
expression, and induced NTDs, and all of these effects were blocked by GSH-ethyl ester 

(Horal et al., 2004). It is possible that the previously noted inhibition of the pentose shunt 

pathway by β-hydroxybutyrate (Hunter et al., 1987) caused malformations, not due to 

inhibition of ribose or pyrimidine synthesis, but due to decreased reduction of GSSG to 

GSH.

We also observed that production of diacylglycerol (DAG) and activity of protein kinase C 

(PKC) were increased in embryos and decidua of diabetic mice, especially in embryos with 

NTDs (Hiramatsu et al., 2002). DAG-sensitive PKC can stimulate NADPH oxidase (Hua et 

al., 2003), which would further increase oxidative stress. However, because DAG and PKC 

were assayed in embryos after NTDs occurred, we do not know whether DAG production 

and PKC activity were increased prior to the onset of Pax3 expression, and whether 
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increased PKC activity could have contributed to the NTDs. Others have also observed 

increased PKC activity in embryos of diabetic rats, although they also assayed PKC activity 

after the embryopathy-susceptible period (Gareskog and Wentzel, 2004).

Energy metabolism of the early embryo is predominantly anaerobic (Shepard et al., 1970; 

Akazawa et al., 1994). A high anaerobic:aerobic metabolism ratio even when O2 is not 

limiting (the Warburg effect) is characteristic of embryonic and cancer cells and provides 

anabolic substrates for rapidly growing cells (Warburg, 1956a; Warburg, 1956b). The 

embryo is not yet vascularized during the diabetic embryopathy susceptible period; this 

creates a physiologic hypoxia (Rodesch et al., 1992; Fischer and Bavister, 1993). However, 

excess fuel substrate drives increased glucose oxidation, as well as glycolysis, and this has 

the potential to deplete oxygen within the embryo faster than it can be replenished. Genetic 

manipulations that block formation of the circulatory system produce excess embryo 

hypoxia and cause NTDs (Carmeliet et al., 1996; Maltepe et al., 1997; Tian et al., 1998; Yao 

et al., 1998; Kotch et al., 1999). Hypoxia can increase superoxide production by inhibiting 

mitochondrial complexes I, II, and III (Paddenberg et al., 2003). Thus, we hypothesized that 

increased glucose metabolism might cause excess hypoxia, and that hypoxic stress might 

contribute to oxidative stress in the embryo. In support of this hypothesis, we found that 

oxygen flux, an indicator of oxygen availability, was reduced in the head folds of embryos 

after 3 hr of maternal hyperglycemia (Li et al., 2005). Moreover, inducing hypoxia by 

housing pregnant mice at 12% O2 on day 7.5 increased markers of oxidative stress (H2O2 

production, decreased GSH, and lipid peroxidation), inhibited Pax3 expression, and 

increased NTDs; the magnitude of the effects of maternal hypoxia on markers of oxidative 

stress, Pax3 expression, and NTDs were the same as those induced by maternal 

hyperglycemia (>250 mg/dl) on day 7.5. Conversely, 30% O2 on day 7.5 suppressed 

superoxide production, inhibition of Pax3 expression, and NTDs that occurred in embryos of 

diabetic mice (Li et al., 2005). Notably, the effects of inducing hypoxia on day 7.5 to inhibit 

Pax3 expression and induce NTDs were suppressed by vitamin E and GSH-ethyl ester (Li et 

al., 2005).

Thus, oxidative stress induced by excess embryo glucose metabolism causes NTDs because 

it inhibits expression of a gene, Pax3, which is essential for neural tube closure. Pax3 
expression has a limited tissue-specific distribution, which explains how selective structural 

malformations can result from oxidative stress. The oxidative stress results from increased 

superoxide production resulting from hypoxic stress and increased glucose oxidation, as 

well as diminished production of GSH.

INSUFFICIENT APOPTOSIS INHIBITION CAUSES MALFORMATIONS

In trying to understand a cellular mechanism to explain how NTDs arise as a result of 

inadequate Pax3 expression, we considered that apoptosis of the migrating neural folds 

might abort the process of neural tube closure. Using a whole mount TUNEL assay to detect 

apoptotic nuclei, we observed that the epithelial ridges of the neural folds of embryos of 

diabetic mice were undergoing apoptosis prior to neural tube fusion; however, no apoptosis 

was seen in embryos of nondiabetic mice (Phelan et al., 1997). The apoptotic cells were 

limited to Pax3-expressing cells and were also seen at sites of NTDs in Pax3Sp/Sp embryos 
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(Phelan et al., 1997). This suggested that apoptosis as a result of Pax3 insufficiency leads to 

NTDs in embryos of diabetic mice. Sadler was uncertain whether the neuroepithelial cell 

death observed in rat embryos cultured in high glucose or diabetic serum could be 

responsible for NTDs because it was transient (Sadler, 1980a; Sadler, 1980b). However, 

nuclear pyknosis, which he detected, is an early process during apoptosis and would have 

been completed before NTDs would be apparent.

To further investigate the regulation of apoptosis by Pax3, and to ask if the p53 tumor 

suppressor protein mediates Pax3-inhibited apoptosis, Pax3Sp/+ mice were crossed with p53 

knockout mice (p53+/−). Double heterozygous offspring were crossed to generate Pax3Sp/Sp 

embryos with or without knockout p53 alleles. As observed previously (Phelan et al., 1997), 

all Pax3Sp/Sp embryos that were wild type for both p53 alleles developed NTDs and 

displayed apoptotic nuclei at sites of NTDs (Pani et al., 2002b). However, none of the 

Pax3Sp/Sp p53−/− embryos displayed apoptosis or NTDs. That neural tube closure was 

normal in embryos that lacked any functional Pax3 demonstrated that Pax3 is not necessary 

to regulate genes that direct neural tube closure, as was previously thought, but it is 

necessary to inhibit p53-dependent apoptosis. There was no difference in p53 mRNA 

between wild-type and Pax3Sp/Sp embryos, but there was significantly less p53 protein in 

wild-type compared to Pax3Sp/Sp embryos (Pani et al., 2002b). This suggested that Pax3 
blocks p53-mediated apoptosis by inhibiting synthesis or stability of p53 protein.

As indicated previously, expression of many embryonic genes may be affected during 

diabetic pregnancy, but simply inhibiting Pax3 expression below a critical threshold will lead 

to derepression of p53-mediated apoptosis and cause a NTD. However, diabetic 

teratogenesis can also occur in structures that do not express Pax3. Whether similar or 

distinct mechanisms can explain malformation of structures other than the neural tube is 

addressed later in this review.

SUSCEPTIBILITY TO DIABETIC TERATOGENESIS IS MODIFIED BY 

GENETIC BACKGROUND

Although Priscilla White was mistaken in concluding that congenital malformations are 

genetically linked to diabetes, there is evidence from animal models that susceptibility to 

malformations induced by diabetic pregnancy is genetically determined. In the rat, 

susceptibility appears to be due to free radical scavenging capacity, as mRNA levels 

encoding Mn-SOD and catalase are higher in embryos of diabetic rats of a malformation-

resistant strain than in a susceptible strain (Cederberg and Eriksson, 1997; Cederberg et al., 

2000). In the mouse, however, there is no difference in expression of any of six genes 

encoding free radical scavenging enzymes between malformation-resistant (C57Bl/6J) and 

malformation-susceptible (FVB) strains (Pani et al., 2002a). Resistance to diabetic 

pregnancy-induced malformations is due to the genotype of the embryo, not the 

teratogenicity of the mother’s diabetes, and is dominant over susceptibility (Pani et al., 

2002a). Susceptibility to congenital malformations in the general population appears to be 

complex, involving interaction of environmental factors and multiple genetic loci (Melvin et 

al., 2000). Thus, susceptibility to diabetic teratogenesis might not involve individual genes. 
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Rather, like other diabetic complications such as nephropathy (Doria et al., 1995), the 

metabolic disturbances caused by diabetic pregnancy may unmask the activities of genes 

that predispose the embryo to structural malformation.

CAUSES OF MALFORMATIONS OTHER THAN NEURAL TUBE DEFECTS

The recognition that reduced expression of Pax3 during diabetic pregnancy could cause 

NTDs, and the availability of mouse lines with mutant Pax3 alleles, allowed our laboratory 

to delineate a pathway from excess glucose metabolism to increased NTDs. However, 

detailed molecular pathways that can explain most of the malformations affecting structures 

other than the neural tube, with the exception of some defects of neural crest-derived 

structures, have been less well elucidated.

The neural crest is a transient population of mesenchymal cells that arise from the neural 

tube and contribute to a wide range of structures throughout the body (Sauka-Spengler and 

Bronner-Fraser, 2006). Cranial neural crest cells give rise to cartilage, bone, and connective 

tissue of the skull and jaw. Micrognathia (a reduction in size of the lower jaw) is often 

observed in embryos of diabetic rats (Eriksson et al., 1982). In vitro migration of explanted 

cranial neural crest from embryos of diabetic rats was reduced compared to that of control 

embryos (Suzuki et al., 1996), suggesting that reduced population of the mandible by cranial 

neural crest leads to micrognathia in embryos of diabetic rats. Although micrognathia is not 

a distinctive malformation associated with human diabetic pregnancy, some of the 

craniofacial defects that are observed in human offspring of diabetic mothers may result 

from cranial neural crest deficiencies.

Cardiac neural crest cells induce septation of the single cardiac outflow tract into the aorta 

and pulmonary arteries. Cardiac outflow tract defects (COTDs), in which outflow tract 

septation into the aorta and pulmonary arteries fails, occur in rat embryos of diabetic 

mothers and chicken embryos whose neural tubes were glucose injected (Siman et al., 2000; 

Roest et al., 2007). Administration of antioxidants blocks the effects of maternal diabetes or 

high glucose (Siman et al., 2000; Roest et al., 2007). COTDs are a common malformation in 

human diabetic pregnancy (Loffredo et al., 2001), suggesting that defective cardiac neural 

crest development contributes to these malformations.

Recognizing that cardiac neural crest cells express Pax3, and that cardiac neural crest cell 

migration and outflow tract septation are defective in Pax3Sp/Sp embryos, we tested whether 

COTDs in embryos of diabetic mothers might result from failure of Pax3 to inhibit p53-

mediated apoptosis. We found that maternal hyperglycemia induced on day 7.5, which 

inhibits Pax3 expression in the neural crest as well as the neuroepithelium, led to apoptosis 

of migrating cardiac neural crest cells on day 9.5. However, suppressing oxidative stress 

with antioxidants on day 7.5 prevented cardiac neural crest apoptosis and resulting COTDs 

(Morgan et al., 2008b). Moreover, apoptosis of migrating cardiac neural crest cells and 

COTDs in Pax3-null embryos was prevented by p53 loss of function (Morgan et al., 2008a).

These results indicate that COTDs in diabetic pregnancy result from the same molecular 

processes as NTDs: oxidative stress during the stage of development in which Pax3 
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expression is induced leads to insufficient expression of Pax3, and insufficient production of 

Pax3 derepresses p53-mediated apoptosis; consequently, processes depending on 

neuroepithelium or cardiac neural crest aborts. This pathway may also explain micrognathia 

in rat embryos of diabetic mothers. Increased mandibular apoptosis has been observed in 

embryos of diabetic rats (Wentzel et al., 2008), and micrognathia, which occurs in Pax3Sp/Sp 

embryos, is inhibited by p53 loss of function (Pani and Loeken, unpublished results).

Whereas both NTDs and COTDs (as well as defects of other neural crest-dependent 

processes) always develop in Pax3-null embryos (and often in embryos of diabetic mice, 

Morgan and Loeken, unpublished results), they are rarely coincident in humans. This is 

probably because maternal hyperglycemia is episodic, and the specific times at which Pax3 
expression is susceptible to inhibition by oxidative stress at different sites of the embryo may 

not be the same.

There have been no single gene pathways that explain malformations affecting the heart, 

skeleton, or gastrointestinal or genitourinary tracts, during diabetic teratogenesis. Several 

groups have employed microarray analyses and have observed differences in expression of 

multiple genes in rat or mouse embryos of diabetic mothers; however, since these have been 

performed using embryos after malformations were induced, it cannot be determined 

whether any of these genes could be mechanistically involved in malformation (Reece et al., 

2006; Kumar et al., 2007; Pavlinkova et al., 2009). Similarly, altered expression of genes 

involved in free radical scavenging and embryonic development (glutathione peroxidase-1, 

vascular endothelial growth factor-A, Cu/Zn-SOD, Mn-SOD, sonic hedgehog, and bone 

morphogenetic protein-4) has been detected in embryos of diabetic rats (Wentzel et al., 

2008), but after defects had formed. cDNA subtraction has identified several genes that are 

differentially expressed during embryogenesis in embryos of diabetic mice (Sato et al., 

2008), but whether altered expression of any of these genes is responsible for any 

malformations has not been tested. However, one of the genes identified by cDNA 

subtraction and whose altered expression was confirmed by RT-PCR encodes the folic acid 

transporter Folbp1 (Sato et al., 2008). Reduced folate transport could explain the effect of 

folic acid supplementation to decrease NTDs in embryos of diabetic mice and rats (Wentzel 

and Eriksson, 2005; Zabihi et al., 2007; Oyama et al., 2008).

The skeletal defects that can occur in human diabetic pregnancy, particularly caudal 

regression syndrome, are rarely observed in animal models, making it difficult to study their 

molecular etiology. However, hyperglycemia potentiates the effects of retinoic acid to cause 

caudal regression syndrome in mouse embryos, and this is associated with decreased Wnt-3a 
expression and increased apoptosis (Chan et al., 2002; Leung et al., 2004). Thus, enhanced 

activation of a retinoic acid signaling pathway, or under-expression of Wnt-3a, may modify 

risk for caudal regression in embryos of diabetic mothers. There is decreased growth and 

decreased incorporation of thymidine and sulfate by pre-chondrocytes from embryos of 

diabetic rats, or by pre-chondrocytes from normal embryos cultured with high glucose or 

diabetic serum (Styrud and Eriksson, 1990; Styrud and Eriksson, 1991). The decreased 

growth and differentiation appears to be due to decreased growth factor signaling (Styrud 

and Eriksson, 1991), but whether there is decreased production of locally acting cytokines, 
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or decreased expression of growth factor receptors on specific populations of 

prechondrocytes, that can explain specific skeletal defects has not been determined.

Transgenic over-expression of the pancreas transcription factor Isl-1 induces a caudal 

regression phenotype (Muller et al., 2003), although it has not been demonstrated that Isl-1 
is expressed in the sacral region of the embryo, and if expression is enhanced during diabetic 

pregnancy. Interestingly, Isl-1–positive cells located in the embryonic heart field have been 

found to be the progenitor cell for multiple cardiac cell lineages (Moretti et al., 2006). This 

raises the possibility that Isl-1 expression might be regulated by glucose (or oxidative stress) 

in some embryonic progenitor cells, and abnormal expression of Isl-1 could lead to defective 

cell lineage development.

FUEL-MEDIATED TERATOGENESIS: A 2010 PERSPECTIVE

As already mentioned, fuel metabolism in early embryo cells is highly anaerobic (Shepard et 

al., 1970; Akazawa et al., 1994). There is emerging evidence that p53 promotes aerobic 

glucose metabolism (Ma et al., 2007). p53 also inhibits activity of the muscle isoform of the 

glycolytic enzyme, phosphoglycerate mutase (PGM-m), that is expressed in undifferentiated 

cells (Kondoh et al., 2005). A high glycolytic flux and low mitochondrial oxygen 

consumption promote proliferation and inhibit senescence (Kondoh et al., 2007). Therefore, 

in early differentiating neuroepithelium and neural crest, production of Pax3 is regulated by 

fuel metabolism. But, by titrating the activity of p53 to promote aerobic metabolism, Pax3 
may protect neuroepithelial and neural crest cells from premature senescence and loss of 

proliferative capability. This is shown schematically in Figure 1.

It is likely that there are genes, in addition to Pax3, that encode proteins that play a similar 

role to regulate p53 or related proteins such as p63 and p73, in the progenitor cells that lead 

to formation of other embryonic structures. Thus, insufficient expression of these genes in 

response to excess glucose metabolism may provide a unifying explanation for diabetic 

teratogenesis. A flow diagram showing how increased glucose metabolism can lead to 

malformation is shown in Figure 2.

This model may also explain the stronger association of pregestational maternal diabetes 

with multiple, than with isolated, malformations (Correa et al., 2008). In diabetic subjects, 

blood glucose levels fluctuate. Thus, the exposure of the embryo to glucose concentrations 

above the Glut2 KM is likely to be episodic, not chronic. Genes that perform functions like 

Pax3, that are activated early during the development of different organs, are turned on at 

different times during embryogenesis; therefore, the timing at which these genes are 

susceptible to excess glucose metabolism will depend on the tissue in which they are 

expressed. If there are multiple episodes of hyperglycemia that are sufficient to impair 

critical embryo gene expression, then multiple malformations will occur. However, the 

timing at which sufficiently hyperglycemic episodes occur will vary between pregnancies, 

which can explain why the specific combinations of multiple malformations are 

unpredictable.
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Additional research is necessary to identify such genes, as well as to investigate how fuel 

metabolism regulates self-renewal versus differentiation during embryogenesis. 

Furthermore, it is necessary to understand how redox signaling regulates expression of such 

genes at critical stages during embryogenesis in order to consider whether strategies to 

reduce oxidative or hypoxic stress during diabetic pregnancy might be clinically useful.
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Figure 1. 
Balance of p53 activity by Pax3. Before differentiation, early embryonic cells are 

proliferative (self-renewing), have the potential to differentiate into many cell types 

(pluripotent), and fuel metabolism is predominantly anaerobic (glycolytic). Upon terminal 

differentiation, cells are nonproliferative (post-mitotic) and can no longer differentiate into 

other cell types (cell type fixed), and fuel metabolism is predominantly aerobic (oxidative). 

Activation of p53 during differentiation promotes a differentiated phenotype. Pax3 may be 

necessary to balance p53 activity by preserving undifferentiated cell characteristics until the 

stage of development at which terminal differentiation should occur. There may be other 

regulators of an undifferentiated cell phenotype in the progenitor cells of other embryonic 

organs besides neuroepithelium and neural crest.
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Figure 2. 
Biochemical/molecular pathway by which maternal hyperglycemia may cause birth defects. 

Excess glucose transported to the embryo is metabolized. Increased glycolytic flux 

stimulates glucosamine-6-PO4 synthesis (GN-6-P), which inhibits G6PD activity, which 

decreases NADPH synthesis, which decreases GSH synthesis. Increased glycolytic flux also 

stimulates the DAG/PKC pathway, which may also inhibit NADPH and GSH synthesis. 

Increased glucose metabolism, some of which is aerobic, increases oxygen consumption 

faster than it can be delivered, which stimulates superoxide production. Increased superoxide 

production increases hydrogen peroxide production, which, due to decreased GSH 

availability, leads to increased production of the hydroxyl radical, rather than water. The 

resulting oxidative stress inhibits expression of critical regulatory genes (such as Pax3), 

which leads to derepression of a cell cycle regulator (such as p53), which leads to apoptosis. 

Loss of a critical mass of progenitor cells by a newly forming organ or structure will lead to 

a birth defect.
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