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Abstract

Purpose of Review—Fetuses of diabetic mothers are at increased risk for congenital
malformations. Research in recent decades using animal and embryonic stem cell models has
revealed many embryonic developmental processes that are disturbed by maternal diabetes. The
aim of this review is to give clinicians a better understanding of the reasons for rigorous glycemic
control in early pregnancy, and to provide background to guide future research.

Recent Findings—Mouse models of diabetic pregnancy have revealed mechanisms for altered
expression of tissue-specific genes that lead to malformations that are more common in diabetic
pregnancies, such as neural tube defects (NTDs) and congenital heart defects (CHDs), and how
altered gene expression causes apoptosis that leads to malformations. Embryos express the glucose
transporter, GLUT2, which confers susceptibility to malformation, due to high rates of glucose
uptake during maternal hyperglycemia and subsequent oxidative stress; however, the teleological
function of GLUT2 for mammalian embryos may be to transport the amino sugar glucosamine
(GIcN) from maternal circulation to be used as substrate for glycosylation reactions and to
promote embryo cell growth. Malformations in diabetic pregnancy may be not only due to excess
glucose uptake but also due to insufficient GIcN uptake.

Summary—Avoiding maternal hyperglycemia during early pregnancy should prevent excess
glucose uptake via GLUT2 into embryo cells, and also permit sufficient GLUT2-mediated GIcN
uptake.

Keywords

Diabetic pregnancy; Neural tube defects; Diabetic embryopathy; Hyperglycemia in pregnancy;
Oxidative stress in pregnancy; Pax3

Introduction

Maternal diabetes existing prior to pregnancy, either type 1 or type 2, increases risk of
congenital malformations, a diabetic complication referred to as “diabetic embryopathy” [1-
6]. Even in recent years, congenital malformations are increased up to 5-fold in diabetic
pregnancies [7-14]. Malformations occur within the first 10 weeks of pregnancy during
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early organogenesis; almost any organ system can be affected, but NTDs, including
anencephaly and spina bifida, and CHDs, are among the most common that occur [6, 10,
13-15]. Maternal obesity also increases risk for the same birth defects as occur in diabetic
pregnancies, which could be due to undiagnosed type 2 diabetes or impaired glucose
tolerance [16-20]. Currently, there are no strategies to reduce risk for diabetic embryopathy
other than prepregnancy counseling to institute rigorous glycemic control prior to
conception, and to administer folic acid as advised for all women of childbearing age [11,
21, 22]. Even in planned, well-controlled pregnancies of diabetic women, tight glycemic
control comes at a risk, because the incidence of severe hypoglycemia is increased in the
first trimester [23-26]. Thus, understanding how maternal diabetes causes congenital
malformations is crucial in order to design strategies to prevent them.

Development of Mouse Models to Study Mechanisms Causes of Diabetic

Embryopathy

Until the early 1990s, most studies using animal models of diabetic embryopathy employed
the rat, in which diabetes was induced with the pancreatic beta cell toxins alloxan or
streptozotocin (STZ) prior to, or at the beginning of pregnancy, or yolk sac-enclosed
postimplantation rat or mouse embryos were cultured in diabetic rat serum or in high
glucose media. These embryos displayed dysmorphogenesis, including NTDs, and
underwent growth and developmental delay [27-34]. Some studies indicated that high
glucose alone was teratogenic, while others suggested that ketones or altered lipid
metabolism were also involved. By the early 1990s, several genes that control mammalian
embryogenesis had been identified, and recent development of transgenic and targeted
genome mutagenesis technologies made it possible to study regulatory pathways in mutant
mouse lines. My laboratory hypothesized that maternal diabetes disturbs expression of genes
that regulate early embryonic organogenesis. We developed a mouse model of diabetic
pregnancy to test this hypothesis. In our model, diabetes is induced in female mice with STZ
and then treated with subcutaneously implanted, sustained-release insulin pellets before
mating with nondiabetic males. The insulin pellets maintain euglycemia prior to pregnancy,
and on embryonic day (E) 4.5 (equivalent to week 3 of human pregnancy, dated by last
menstrual period (LMP)), the insulin released by the pellets is no longer sufficient and
diabetic mice become hyperglycemic (> 17 mmol/L); control mice remain euglycemic with
fed blood glucose levels of 8-9.5 mmol/L (compared with human nondiabetic blood glucose
< 7.8 mmol/L 2 h after meals). There was no growth or developmental delay, but NTDs,
primarily exencephaly, were significantly increased [35]. The NTDs were morphologically
very similar to the NTDs of Pax3%7/5P (Splotch) mouse embryos that are caused by a loss-of-
function mutation in Pax3[36], a developmental regulator that is expressed in embryonic
neuroepithelium and somitic mesoderm. We found that Pax3 expression was significantly
reduced in whole embryos of diabetic mice as determined by reverse transcription-
polymerase chain reaction (RT-PCR), and specifically in neuroepithelium, which gives rise
to the closed neural tube (which forms the scaffolding of the central neural system) and the
neural crest cells, as determined by in situ hybridization. Furthermore, TUNEL apoptosis
assays demonstrated that the neuroepithelium in unfused regions of neural tubes of embryos
of diabetic mice and Pax3%5P embryos was undergoing apoptosis, which provided a
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cellular mechanism for failure of the neural tube to close in affected embryos [35]. While
there could be additional genes or signaling pathways involved in neural tube closure that
are disturbed by maternal diabetes, because Pax357P embryos develop NTDs and CHDs
with 100% penetrance [37], simply reducing Pax3expression in neuroepithelium below a
critical threshold is sufficient to cause a NTD or CHD. We then set about asking two main
questions: (a) How does maternal diabetes inhibit Pax3expression? and (b) How does
insufficient PAX3 protein production lead to NTDs and CHDs? Findings from experiments
addressing these questions are described below and diagrammed schematically in Fig. 1a.

How Does Maternal Diabetes Inhibit Pax3 Expression in Neuroepithelium?

Because the incidence of congenital malformations in pregnancies of women with either
type 1 and type 2 diabetes is related to poor glycemic control [2-4], we investigated whether
hyperglycemia is responsible for the adverse effects of maternal diabetes on neuroepithelial
Pax3 expression, apoptosis, and NTDs. To test this, we induced hyperglycemia for 10 h on
E7.5 (equivalent to approximately week 4.5 of human pregnancy), the day prior to the onset
of Pax3expression and the beginning of neural tube closure, with hourly subcutaneous
glucose injection of pregnant nondiabetic mice, and we selectively lowered blood glucose
levels by injection of pregnant diabetic mice with phlorizin (an SGLT (sodium/glucose
cotransporter) —1 and — 2 inhibitor, to normalize blood glucose levels by inhibiting renal
reabsorption of glucose) on E6.5-9.5. Transient hyperglycemia on E7.5 was sufficient to
inhibit Pax3expression, increase neural tube apoptosis, and increase NTDs, as long as blood
glucose levels on E7.5 were elevated to = 13.9 mmol/L (compared with normal blood
glucose levels in nondiabetic pregnant and nonpregnant mice of 8-9.5 mmol/L, and human <
7.8 mmol/L). Phlorizin significantly reduced NTDs in embryos of diabetic mice, as long as
blood glucose levels were lowered to < 13.9 mmol/L [38]. This demonstrated that
hyperglycemia = 13.9 mmol/L is necessary and sufficient to cause the gene expression and
cellular changes leading to NTDs in diabetic pregnancy.

Interestingly, mouse embryos express S/c2aZ, the gene encoding the high Ky, (~ 16 mmol/L)
glucose transporter, GLUT2, beginning at the 8-cell stage, and at least through E9.5
(equivalent to week 5 of human pregnancy), as determined from RNA extracted from whole
embryos [39]. Because embryos also express the low Ky, (~ 5 mmol/L) glucose transporters,
GLUT1 and GLUT3, encoded by S/cZal and S/c2a3, respectively [39-41], which would
transport glucose more efficiently than GLUT2 during euglycemia, and embryos would not
normally be exposed to glucose concentrations from maternal circulation that are near the
GLUT2 Ky, for glucose, this suggests that embryos may express S/c2a2to transport a solute
other than glucose. Nevertheless, because the adverse effects of hyperglycemia occurred
when maternal glucose levels were near the GLUT2 Ky, for glucose [38], we hypothesized
that GLUT2, not GLUT1 or GLUTS3, would cause high rates of glucose transport into the
embryo during maternal hyperglycemia, leading to malformations. We showed that
expression of S/c2a2 does not differ between embryos of diabetic and nondiabetic mice, and
that when S/c2a2~ female and male mice were crossed, in support of our hypothesis,
Slc2a2t!~ and Slc2a2~/~ embryos are protected from NTDs induced by maternal
hyperglycemia compared with wild type embryos [42].
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Several groups that have used rodent models have provided evidence that oxidative stress
mediates the molecular and cellular abnormalities leading to diabetic embryopathy [43-48].
Administration of antioxidants such as vitamin E or the reduced glutathione (GSH)
precursor, A-acetylcysteine, or transgenic expression of superoxide dismutases (Cu/Zn-SOD
and Mn-SOD), supported involvement of increased free radical production and/or decreased
free radical scavenging [43-46, 48-50]. We showed that maternal hyperglycemia induces
markers of oxidative stress and that vitamin E and the GSH precursor, glutathione-ethyl ester
(GSH-EE), suppressed the effects of hyperglycemia to inhibit Pax3expression and to
increase NTDs; furthermore, the mitochondrial complex I11 inhibitor, antimycin A, which
increases superoxide production, replicated the effects of hyperglycemia to inhibit Pax3
expression in neuroepithelium and to increase NTDs [51]. Importantly, the effects of
oxidative stress appear to be due to transcriptional or post-transcriptional effects, not DNA
damage, because concentrations of antimycin A that inhibited Pax3expression by P19
embryonal carcinoma cells in vitro did not induce DNA strand breaks [51]. The processes by
which increased rates of glucose uptake induce oxidative stress in embryo cells are complex
and appear to involve both increased free radical production and decreased free radical
scavenging. We have identified two mechanisms: hypoxia, and increased flux through the
hexosamine biosynthetic pathway (HBSP).

Pre- and early postimplantation embryos exist in a relatively hypoxic environment, and
exhibit high rates of glycolytic metabolism until coordinated provision of O, from maternal
circulation, development of the circulatory system, and cellular differentiation shift fuel
metabolism toward increased mitochondrial biogenesis and aerobic metabolism [52-56].
However, excess glucose uptake may generate higher than normal amounts of substrate for
oxidative phosphorylation, potentially consuming oxygen faster than it can be delivered,
which can increase superoxide production [57]. We found that 3 h of hyperglycemia of
pregnant nondiabetic mice on E7.5 induced embryo hypoxia, as determined by O,-sensing
microelectrodes [58]. Furthermore, housing pregnant nondiabetic mice in a hypoxic (12%
O,) chamber on E7.5 replicated the effects of maternal hyperglycemia on markers of
oxidative stress, Pax3expression, and NTDs, and the effects of hypoxia on Pax3and NTDs
were inhibited by vitamin E and GSH-EE; conversely, housing pregnant diabetic mice in a
hyperoxic (30% O,) chamber on E7.5 suppressed the effects of maternal diabetes on
oxidative stress, Pax3expression, and NTDs [58]. Thus, increased glucose uptake during
maternal hyperglycemia appears to create an excessive hypoxic condition, thereby
increasing superoxide production.

We also considered that increased glycolytic flux would increase activity of the HBSP, in
which fructose-6-POy4, and the amino acid, glutamine (GIn) are converted into glucosamine
(GIcN)-6-PO4. GIcN-6-PO,4 competes with glucose-6-PO4 for binding to glucose-6-PO4
dehydrogenase (G6PD) [59], the rate limiting enzyme of the pentose phosphate pathway
(PPP). The PPP is an important source of NADPH, which is needed to generate GSH from
oxidized glutathione (GSSG). We showed that maternal hyperglycemia increases HBSP flux,
inhibits G6PD activity, and decreases GSH/GSSG. Administration of GIcN (at doses that
would be taken up via GLUT1 [60]) replicated the effects of high glucose on oxidative
stress, Pax3expression, and NTDs, and the effects of exogenous GIcN were inhibited by

Curr Diab Rep. Author manuscript; available in PMC 2021 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Loeken

Page 5

GSH-EE [61]. This suggests that “glucose loading” of embryo cells by maternal
hyperglycemia can decrease free radical scavenging through inhibition of the PPP.

Recent evidence indicates that glycolytic, oxidative, and one-carbon (1C) metabolism,
through changes in ratios of NAD*/NADH, NADP*/NADPH, and substrates for epigenetic
modifications of DNA and histones by methylation, regulate the differentiated state of
embryonic stem cells (ESCs) through changes in gene expression [62, 63¢e, 64, 65¢¢].
Notably, it has recently been recognized that both cytoplasmic and mitochondrial folate-
dependent 1C metabolism are major sources of NADPH in cancer cells and regulate cellular
redox status through increasing GSH/GSSG ratios [62, 65¢¢]. What is not yet known is
whether 1C metabolism, and consequently, NADP*/NADPH and GSH/GSSG ratios, is
altered in embryos of hyperglycemic mothers, or if decreased production of NADPH, due to
inhibition of the PPP, depletes substrates for epigenetic modifications of DNA and histones
generated by 1C metabolism. There is some evidence that NTDs are decreased when
pregnant diabetic rats or mice are administered supplemental folic acid [66, 67], but it has
not been determined whether this is due to buffering of NADP*/NADPH and GSH/GSSG
ratios. There is also evidence that Pax3%7P embryos may be protected from NTDs with
supplemental folic acid [68]. This suggests that there are downstream effects of PAX3 that
are mediated by folic acid. Because the only required PAX3 activity for neural tube closure
and cardiac outflow tract septation is mediated by p53 (see below), it is possible that p53
regulates 1C metabolism, and that the effects of supplemental folic acid to reduce NTDs in
embryos of diabetic rats and mice are due to p53-regulated 1C metabolism instead of, or in
addition to, blocking oxidative stress-mediated inhibition of Pax3expression.

We considered that AMP-activated protein kinase (AMPK) might sense increased oxidative
stress and directly or indirectly inhibit Pax3expression. AMPK is activated by hypoxia, the
hydroxyl radical, and other cellular stresses in which the AMP/ATP ratio is increased [69,
70]. Activated AMPK can regulate transcription by phosphorylating co-activators and
transcription factors [71-74]. We showed that maternal hyperglycemia stimulates AMPK
activity, and that stimulating AMPK inhibits Pax3 expression in neuroepithelium and
induces NTDs [75]. Therefore, while oxidative stress may occur throughout the embryo in
response to maternal hyperglycemia, direct or indirect regulation of a tissue specifically
expressed gene by an enzyme that is regulated by redox status explains how focused
malformations occur.

Differentiation-regulated and tissue-specific genes are kept transcriptionally silent by
methylation of CpG islands within their transcriptional regulatory elements, and
demethylation of these CpG islands during differentiation is associated with their
transcriptional induction [76—-80]. We investigated whether oxidative stress inhibits Pax3
expression by regulating methylation of a CpG island within the Pax3 neuroepithelial
transcription control region. We found that maternal hyperglycemia and oxidative stress
inhibit the differentiation-induced hypomethylation of this CpG island, and that failure to
hypomethylate the Pax3 CpG island contributes to inhibition of Pax3expression. By
knocking down expression of each of the DNA methyltransferases (DNMTS), it appears that
inhibition of hypomethylation is due to stimulation of DNMT3B activity, with no effect on
DNMT1 or DNMT3A [81] (Fig. 1b). A CpG island upstream of the human PAX3gene has
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79% identity with the mouse CpG island, suggesting that they may be under similar
transcriptional regulation. It still remains to be determined if DNMT3B activity is regulated
by phosphorylation, or if it is phosphorylated by AMPK. It also remains to be determined if
any histone-modifying enzymes are regulated by oxidative stress, and if so, whether AMPK
mediates these effects.

How Does Insufficient PAX3 Protein Production Lead to NTDs?

Pax3is one of nine members of the Pax gene family that encode DNA-binding transcription
factors that play important roles in Metazoan development [82]. PAX proteins contain a
DNA-binding paired domain, a partial or complete DNA-binding homeodomain, and some
PAX proteins contain a conserved octapeptide [82]. We and others have identified several
direct or indirect targets of PAX3 in tissues where it is expressed, including genes encoding
N-CAM, myelin basic protein, the c-Met receptor, MyoD, Myf-5, PAX7, Msx2, Dep-1, and
cdc46 [83-92]. It has been generally thought that PAX3 controls neural tube closure, neural
crest migration, and skeletal muscle development by serving as a transcription factor of
genes that regulate these processes.

Expression of Pax genes, including Pax3, causes oncogenic transformation of cell lines and
tumor formation in nude mice, and PAX gene expression is reactivated in many human
malignancies [82, 93]. These observations, and that the growth of neural folds of embryos of
diabetic mice and Pax3%%’P embryos toward each other appeared to have simply aborted
during NTD formation, were what prompted us to examine neuroepithelial apoptosis in
these embryos. That neuroepithelial apoptosis was observed in embryos of diabetic mice and
Pax35P/SP embryos but not in embryos of nondiabetic mice or Pax3/* embryos [35]
suggested that, either due to failure of a PAX3-dependent developmental program, or a
requirement for PAX3 to promote growth or inhibit apoptosis, PAX3-deficient cells die,
thereby leading to NTDs.

To test whether PAX3 inhibits apoptosis, specifically due to a p53-mediated process, we
generated Pax3"SPp53~ double heterozygous mice and crossed them with each other. We
recovered their embryos on E10.5 (equivalent to week 6 of human pregnancy, based on
LMP), scored them for NTDs, and assayed them for apoptosis by TUNEL staining [94]. As
expected, 100% of Pax357/5Pp53+* embryos displayed spina bifida and/or exencephaly, and
apoptosis at sites of NTDs. Remarkably, homozygous p53 knockout rescued not only
apoptosis in Pax3575Pp53~/~ embryos but also neural tube closure, as none of the
Pax3P/SPp53/~ embryos displayed NTDs. These results altered our understanding of how
PAX3 directs neural tube closure. They indicated that, while PAX3 might regulate
expression of genes that control neural tube closure, it is not required to do so, but PAX3 is
required to inhibit p53-dependent apoptosis. We assayed p53 mRNA and p53 protein in wild
type, Pax3''5P, and Pax35%/5P embryos and found that there was no effect of Pax3genotype
on p53mRNA, but there was less p53 protein in wild type compared with Pax357/P
embryos. This suggests that PAX3 has no effect on p53 gene expression, but that it
suppresses p53 translation or stability, so that when PAX3 protein is insufficient in
neuroepithelial cells, p53 protein increases. Consequently, p53-dependent neuroepithelial
cell death occurs.
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As noted above, CHDs, cardiac outflow tract defects (COTDs) in particular, are among the
most common malformations that occur in human diabetic pregnancy [7, 95]. Defective
PAX3-dependent cardiac neural crest cell (CNCC) migration from neuroepithelium is
responsible for COTD that occur with 100% penetrance in Pax3%%/5P embryos [96, 97].
Based on our findings of hyperglycemia-induced oxidative stress-mediated inhibition of
Pax3 expression, and dependency on p53 for NTDs in PAX3-deficient embryos, we
investigated whether COTDs occur in our mouse model of diabetic pregnancy and if they
occur by the same molecular mechanism. We used two mouse lines, in which LacZ or Green
Fluorescent Protein (GFP) were inserted into the Pax3gene. LacZ interrupted the Pax3
coding sequence and functioned as a Pax3knockout, so served to report cells that encoded a
nonfunctional PAX3, whereas GFPwas inserted downstream of the Pax3 coding sequence
and had its own internal ribosome entry site (IRES), so served as a reporter of Pax3
expression. We also crossed these mice with p53~ mice. We found that maternal
hyperglycemia inhibited Pax3-expressing CNCC migration and increased COTDs, due to
loss of these cells to apoptosis; furthermore, these effects on CNCC migration were due to
oxidative stress and were inhibited by vitamin E and GSH-EE [98]. Moreover, the effects of
PAX3 deficiency on CNCC migration, apoptosis, and COTDs were prevented by p53
knockout [99]. This indicates that the same cellular and molecular mechanisms may be
responsible for congenital malformations in diabetic pregnancy of tissues that are dependent
on Paxa3.

To investigate how PAX3 regulates p53 synthesis or stability, we used mouse ESCs that can
be induced to form Pax3-expressing neuronal precursors. We induced Pax3in neuronal
precursors, transfected with or without Pax3shRNA expression plasmids to knock down
PAX3 protein levels, or transfection of a Pax3expression plasmid into undifferentiated
ESCs. We found that PAX3 has no effect on p53 mRNA levels, but reduces p53 steady state
protein levels through decreased p53 stability [100ee]. Interestingly, PAX3 physically
associated with p53 and the ubiquitin ligase, MDMZ2, and stimulated ubiquitination of p53
by MDM2, marking p53 for degradation. Surprisingly, when we generated full length PAX3
protein, or only some of the structural domains, and p53 and MDMZ2, using bacterial
expression vectors, and then assayed p53 ubiquitination in vitro, we found that each of the
DNA-binding domains (the paired domain and the homeodomain), alone or together,
associated with p53 and MDM2 and stimulated MDM2-mediated p53 ubiquitination.
Moreover, expressing only the DNA-binding domains, alone or together, even in the absence
of the PAX3 transcription regulatory domains, decreased steady state levels of p53 in ESCs
[100e¢]. Taken together with our findings on neural tube and cardiac outflow tract
development in embryos lacking both PAX3 and p53 [94, 99], this indicates that PAX3 is not
needed to function as a transcription factor to direct neural tube closure or cardiac neural
crest migration, but its DNA-binding domains are needed to bind to p53 and stimulate its
degradation, thereby inhibiting some p53-dependent process(es), in order to allow neural
tube closure and cardiac neural crest migration.

If PAX3 is not needed to regulate neural tube closure and neural crest migration, why is it
needed to inhibit a p53-mediated process, and what might that process be? There is recent
evidence from the cancer and stem cell fields that p53 is transcriptionally activated by Ser
and Thr phosphorylation; in stem cells, this occurs during differentiation of pluripotent cells;
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in cancer cells, these sites are unphosphorylated or absent. Transcriptionally active p53
promotes differentiation and loss of pluripotency, senescence, or cell cycle withdrawal, and
increased oxidative/decreased glycolytic metabolism [101-113]. We can speculate that
PAX3 is necessary to suppress p53 activity once neuroepithelial (or neural crest)
commitment has initiated; neuroepithelium and neural crest progenitors continuously
proliferate as the embryo elongates more than 2-fold and as the neural folds undergo
convergent extension, and neural crest cells migrate from the neuroepithelium, all the while
blocking further differentiation. Thus, induction of Pax3expression may be regulated by
transition from predominantly glycolytic metabolism to increasing oxidative metabolism
that accompanies differentiation [52, 53, 114-116], and PAX3, in turn, may be needed to
“brake” oxidative metabolism (and therefore, cell cycle withdrawal and further
differentiation) through titrating p53 steady state levels.

There are other functions of PAX3 on the neural tube or neural crest that have been learned
from study of mouse strains carrying various mutant Sp/otch alleles. Others have observed
decreased proliferation, but not necessarily apoptosis, in embryos carrying different mutant
Pax3alleles; some of these defects can be complemented with specific 1C donors and may
involve epigenetic mechanisms, such as DNA and histone methylation [117-121]. Whether
any of these processes are dependent or independent of PAX3 regulation of p53 has not been
investigated. However, because the only essential function of PAX3 to control neural tube
closure and CNCC migration appears to be to inhibit p53 stability, it is possible that p53
regulates neural tube closure and CNCC migration through regulation of 1C metabolism.

What Is the Normal GLUT2 Function in Embryos?

As noted above, GLUT2 expressed by mouse embryos confers high rates of glucose uptake
during maternal hyperglycemia and is required for hyperglycemia-induced NTDs [42].
Surprisingly, S/c2a2"!'~ and Slc2a2~"~ embryos were recovered on E10.5 (equivalent to week
6 of human pregnancy) at fewer than predicted Mendelian frequencies regardless of whether
the mothers were hyperglycemic [42], indicating that GLUT2 plays an important function
for pre- or early postimplantation embryo survival at physiological glucose concentrations.
As explained previously, this function is probably not to transport glucose, but may be to
transport another solute. GLUT2 has been shown to be a low Ky, (0.8 mmol/L) GlcN
transporter (whereas GLUT1 is a high Ky, (2 mmol/L) GlcN transporter) [60]. GIcN in
maternal circulation is derived primarily from de novo synthesis in the liver [122, 123]. As
described above, GIcN-6-PO4 can be formed from fructose-6-PO4 + Gln to enter the HBSP.
The end product of the HBSP is uridine diphosphate N-acetylglucosamine (UDP-N-
GIcNAc), which is used in glycosylation reactions in the synthesis of glycoproteins,
proteoglycans, and glycolipids [124]. GIcN-6-PO4 can also be synthesized upon
phosphorylation of exogenously transported GIcN. We hypothesized that GLUT2 may be
important for early embryos to transport GIcN from maternal circulation in order to ensure
sufficient substrate for the HBSP. Testing this hypothesis is not possible in vivo because,
while it is possible to raise maternal GIcN concentrations (which would increase GLUT1-
rather than GLUT2-mediated transport), it is not possible to lower or eliminate maternal
GIcN. However, it can be tested in vitro using ESCs that expresses functional GLUT2
transporters.
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Most ESC lines do not express functional GLUT?2 transporters, probably because they
historically have been established from blastocysts in conventional high glucose (25
mmol/L) media [125]. Because blastocysts express GLUT2, culture in high glucose would
drive high rates of glucose uptake, which induces oxidative stress [126]. Therefore, ESC
lines that survive in high glucose media apparently lose expression of functional GLUT2
transporters and are unresponsive to changes in glucose concentrations in media that
correspond to physiological nondiabetic glucose levels (7.7 mmol/L) and those that mimic
“hyperglycemic” (17.5 mmol/L) conditions [127+¢]. The experiments described above to
study Pax3CpG island methylation were performed using the D3 ESC line that was
established in media containing 25 mmol/L glucose and is unresponsive to changes in
glucose concentrations. Oxidative stress was induced downstream of glucose uptake and
metabolism using antimycin A [75]). We recently established an ESC line in low glucose
(5.5 mmol/L) media that we named “LG-ESC” [127+¢]. Unlike D3 ESCs, which express
only low Ky, (4.2 mmol/L) glucose transporters and in which changes in glucose
concentrations did not induce markers of oxidative stress or inhibit Pax3expression, LG-
ESCs express high Ky (15.8 mmol/L) glucose Z in glucose concentrations did induce
markers of oxidative stress and inhibit Pax3 expression [127+¢]. Therefore, LG-ESCs could
be used to test the hypothesis that GLUT2 functions as a GIcN transporter and that
exogenous GIcN is beneficial to embryo cells.

GIcN at 0.8 mmol/L is transported by LG-ESCs, and is dependent on GLUTZ2, as transport
was significantly inhibited by knockdown of G/ut2 mRNA with ShRNA [128e¢]. GIcN
stimulated proliferation and is dependent on GLUT2. Metabolic profiling and study of flux
through glycolysis and oxidative phosphorylation indicated that GIcN stimulates
proliferation by increasing substrate for the HBSP, thereby decreasing dependence on
fructose-6-PO4 and GlIn for the HBSP, and increasing substrates for glycolysis and Gln
metabolism. Increased glycolytic metabolites included glucose-6-PO,, which increased
activity and products of the PPP [128e¢]. Therefore, exogenous GLUT2-transported GIcN
increases the supply of glycolytic, PPP-, and GIn-derived substrates for biomass
accumulation and energy production, and also ensures sufficient substrate for glycosylation
reactions. GIcN may be an essential nutrient for the embryo (that is, embryo cells can
synthesize GIcN-6-PO,4 from fructose-6-PO,4 + GIn, but not in sufficient amounts) and may
explain the survival disadvantage of S/c2a2~ and S/c2a2~ embryos. Pathways influenced
by GLUT2-transported GIcN are diagrammed in Fig. 1c.

Interestingly, 16 mmol/L glucose inhibited GLUT2-mediated transport of GIcN by 40%,
whereas 0.8 mmol/L GlcN inhibited GLUT2-mediated transport of glucose by only 14%.
Thus, the recognition that GLUT2 expression may be necessary for normal embryo growth
and development to transport GICN from maternal circulation raises the possibility that some
of the adverse effects of maternal hyperglycemia are due to inhibition of GLUT2-mediated
GIcN transport. For example, impaired GlcN uptake would divert more fructose-6-PO,4 and
GlIn into the HBSP, thereby decreasing glycolytic intermediates, including glucose-6-PQy,
and GIn-derived substrates for growth. However, it is difficult to explain how growth could
be restricted to structures that develop malformations, rather than affect the entire embryo.
Moreover, while rat embryos of diabetic mothers often display growth and developmental
delay, mouse embryos of diabetic mothers, even those displaying malformations, are of
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normal size and developmental stage for gestational age. Another possibility is that synthesis
of HBSP-derived UDP-N-GIcNAc may be insufficient for necessary glycosylation reactions,
and insufficient protein glycosylation induces the unfolded protein response (UPR) and
endoplasmic reticulum (ER) stress [129]. Others have observed maternal diabetes-induced
UPR and ER stress, leading to caspase-8-dependent apoptosis, in a mouse model of diabetic
embryopathy [130-132]. The authors attributed the induction of ER stress to oxidative stress
[47, 130], but whether the ER stress is due, at least in part, to an UPR resulting insufficient
substrate for glycosylation has not been determined. Again, how an UPR leading to
apoptosis could be restricted to structures that develop malformations is not known.

Of note, analyses of polymorphisms in parental and off-spring DNA from the National Birth
Defects Prevention Study found interactions between a variant of ENMPP1 (which encodes a
regulator of insulin signaling) carried by mothers and two variants of SLC2AZ2 carried by
fetuses to increase NTD risk, and between two maternal common polymorphic variants of
LEP (which encodes the adipocyte hormone Leptin) and the same 2 fetal SLC2AZ2 variants
to decrease NTD risk [133]. The SLC2AZ polymorphisms were within coding regions of the
gene, suggesting effects on protein function or stability. In another study, novel gene variants
in coding and noncoding variants of SLC2A2were found to be associated with NTDs in
Mexican American subjects [134]. Whether these variants affect GIcN transport and/or
maternal circulating GIcN concentrations is not known.

Conclusions

There has been much progress in the past few decades in the understanding of the
mechanisms by which maternal diabetes causes congenital malformations. Some findings
are clinically translatable. For example, while it has long been known that increased
congenital malformations are associated with hyperglycemia in early pregnancy [11, 21, 22],
these recent findings indicate that avoiding maternal hyperglycemia would prevent not only
excess GLUT2-mediated glucose uptake by embryo cells but also insufficient GIcN uptake.
Other findings are mechanistically informative, but not immediately translatable. For
example, whereas experimental use of antioxidants has revealed some of the processes by
which hyperglycemia induces oxidative stress, and some of the mechanisms by which the
adverse effects of oxidative stress occur; it would not be advisable to prophylactically
administer supplemental antioxidants to diabetic women who could become pregnant. We
found that doses of vitamin E that were effective in mice to prevent diabetic embryopathy
were at the upper end of nontoxic doses [51], and because transition to increasingly aerobic
fuel metabolism is linked to cellular differentiation [52, 53, 114-116], excess reducing
agents may interfere with metabolic cues that regulate cell fate determination, as well as
induction of free radical scavenging enzymes. GIcN supplements, to compete with high
glucose concentrations for GLUT2-mediated transport, would also not be advisable because
high concentrations of GIcN can be transported by GLUT1, with a Ky, of 2 mmol/L, which
would compete with glucose for transport during euglycemia [60]. We have shown that
excess GIcN transport during euglycemia inhibits the PPP and decreases GSH, resulting in
oxidative stress [61]. As described above, further investigation may determine whether
diabetes disturbs 1C-derived NADPH production, and whether normal NADPH levels can be
restored by higher doses of folic acid. Functional analyses of human SLC2A2 (GLUT2)
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development. Future research is still necessary to improve support of women with diabetes
to reduce congenital malformations in their pregnancies.
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Fig. 1.

a—schematic diagram of pathways by which maternal diabetes causes NTDs and CHDs.
Maternal hyperglycemia causes increased glucose transport into embryo cells via GLUT2.
Among the pathways by which increased glucose uptake causes oxidative stress (increased
reactive oxygen species (ROS)) are as follows: increased glucose metabolism, including
increased oxidative phosphorylation, which consumes oxygen faster than it can be
replenished, leading to increased superoxide production; increased substrate for the
hexosamine biosynthetic pathway (HBSP), which inhibits generation of NADPH from the
pentose phosphate pathway (PPP), which decreases the reducing equivalents needed to
generate reduced glutathione (GSH). Increased ROS stimulate activities of AMP-activated
protein kinase (AMPK) and DNA methyltransferase 3B (DNMT3B). Both increased AMPK
and DNMT3B activities inhibit production of Pax3mRNA, but it is not known if the effects
of ROS on DNMT3B are mediated by phosphorylation by AMPK. Decreased Pax3 mRNA
leads to decreased PAX3 protein levels. Because PAX3 stimulates p53 degradation,
decreased PAX3 increases p53 stability. Increased p53 protein leads to cell cycle withdrawal,
increased oxidative metabolism, decreased pluripotency, and potential changes in folate-
dependent 1-Carbon (1C) metabolism. It is not known which individual, or combination, of
these processes leads to apoptosis, but increased p53-dependent apoptosis, causes NTDs and
CHDs. b—diagram of regulation of the Pax3 CpG island. In undifferentiated embryo cells,
methylation of cytosine residues within a CpG island within the Pax3 transcription
regulatory element by DNMT3B prevents Pax3transcription. Upon differentiation,
decreased Dnmt3b expression leads to demethylation of the Pax3 CpG island, thereby
permitting Pax3transcription. However, oxidative stress (ROS) stimulates DNMT3B
activity, which maintains the Pax3CpG island methylation pattern of undifferentiated cells,
thereby inhibiting Pax3 expression. c—biochemical pathways influenced by GLUT2-
transported GIcN metabolism. Glucosamine (GIcN) is transported into embryo cells by
GLUT2, which has a Ky, of 0.8 mmol/L for GIcN. During maternal hyperglycemia, glucose
is transported by GLUT2, which has a Ky, of 16 mmol/L for glucose, and glucose inhibits
transport of GIcN. At physiological glucose concentrations, glucose concentrations, glucose
is transported by GLUT1 and GLUTS3, which have Kyss of 5 mmol/L for glucose. GLUT1
can also transport GIcN, with a Ky, of 2 mmol/L (although circulating GIcN concentrations
this high are unlikely to be achieved even when ingesting GIcN supplements). GLUT2-
transported GIcN becomes phosphorylated (GIcN-6-P) and enters the HBSP, providing
uridine diphosphate A-acetylglucosamine (UDP-N-GIcNAc). UDP-N-GIcNAc is transferred
onto lipid carrier molecules in the endoplasmic reticulum (ER) membrane, where it is used
for the initiation of A-glycosylation (N-CHO) reactions. Fructose-6-P plus the amino acid
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Glutamine (GIn) can be converted to GIcN-6-P plus Glutamate (Glu) by the enzyme
glutamine fructose-6-phosphate amidotransferase (GFA). However, exogenous GIcN spares
fructose-6-P and GlIn, providing more glycolytic metabolites, increasing lactate production,
and maintaining substrates for the tricarboxylic acid cycle (TCA) and oxidative
phosphorylation (Ox Phos). Among the glycolytic metabolites that are increased by
exogenous GIcN is glucose-6-P, which stimulates activity of the rate-limiting enzyme of the
pentose phosphate pathway (PPP), glucose-6-phosphate dehydrogenase (G6PD), thereby
increasing NADPH production. Stimulation of glycolysis and the PPP increase substrates for
growth and biomass accumulation
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