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Abstract: 

Background and aim:  Earlier studies on diabetic pregnant mice have shown that knockout of 

”Receptor for Advanced Glycation End Products” (RAGE) prevents from congenital malformations 

and increased formation of reactive oxygen species. We therefore studied Methylglyoxal, the 

precursor to the RAGE binding ”Advanced Glycation End Products” (AGE), to determine its ability to 

induce congenital malformations. We also aimed to investigate genes related either to embryonic 

development or to RAGE function in 10-days embryos from diabetic and non-diabetic mice. Method: 

Three of the four pregnant mice groups were supplied with MG in their drinking water. At gestational 

day 18 the two groups were sedated, the fetuses were dissected and investigated. Gene expression 

studies in 10-day embryos were performed using Polymerase Chain Reaction (qPCR). Results: There 

were no differences in congenital malformations between the groups. MG drinking mothers received 

higher resorption rate and a decreased placental weight. No differences between the groups could 

be observed in the RAGE related genes. A significant difference in Pax3 expression could be seen 

between the groups. Discussion: Addition of MG does not induce fetal malformations but decreases 

the placental weight suggesting that MG affects the formation of a functional placenta. RAGE 

knockout affects the expression of Pax3 in diabetic and non-diabetic embryos, suggesting that RAGE 

regulated Pax3 expression may be involved in the teratogenic process.  

Bakgrund och mål: Tidigare studier på gravida diabetiska möss har visat att borttagning av genen för 

”Receptor for Advanced Glycation End Products” (RAGE) förhindrar uppkomsten av 

fostermissbildningar och bildningen av skadliga reaktiva syreformer. Vi ville därför studera 

prekursorn Methylglyoxal (MG) till de RAGE bindande ”Advanced glycation End Products” (AGE) och 

se om denna kunde inducera fetala missbildningar. Vi ville även studera gener viktiga för den 

embryonala utvecklingen eller relaterade till RAGE i 10 dagar gamla embryon från diabetiska och 

icke-diabetiska WT och RAGE-/- möss. Metod: Tre av fyra grupper gravida möss fick MG tillskott i 

dricksvattnet under graviditeten. På graviditetsdag 18 sövdes mödrarna, fostren dissekerades ut och 

undersöktes. Genexpressionstudier i 10 dagars embryon gjordes med hjälp av kvantitativ 

polymeraskedjereaktion (qPCR). Resultat: Det fanns inga skillnader mellan grupperna gällande 

missbildningsfrekvensen. MG drickande mödrar fick dock en ökning av resorptioner och en minskad 

placentavikt. Inga skillnader mellan grupperna kunde observeras för de RAGE relaterade generna. En 

skillnad kunde ses i Pax3 uttrycket mellan de olika grupperna. Diskussion: Tillskott av MG inducerar 

inte missbildningar men minskar placentavikten och verkar därför påverka något i dess utveckling. 

RAGE knockout påverkar uttrycket hos Pax3 och ger en motsatt effekt på uttrycket jämfört med 

normala diabetiska och icke-diabetiska embryon. Kanske är det denna skillnad i Pax3 uttryck som gör 

att RAGE-/- foster är skyddade från diabetesrelaterade missbildningar.  
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Introduction:  

Diabetes Mellitus is a disease where the glucose levels in the blood are increased 

(hyperglycemia) because of disturbances in the insulin system. In 2008, 347 million people 

worldwide had diabetes and the world health organization estimate that between 2005 and 

2030 the number of deaths caused of diabetes is going to double (Danaei et al., 2011; World 

Health Organisation., 2013). There are two main types of diabetes; type 1 and type 2. Type 1 

is an autoimmune disease where antibodies against β-cells are present in the body. It usually 

has its onset in childhood and the affected needs lifelong treatment of insulin. Type 2 is, 

compared to type 1, more influenced by lifestyle (obesity, age and pregnancy) but do also 

have a genetic component. Obesity is especially the reason why type 2 diabetes has increased 

the last 50 years (Ashcroft and Rorsman, 2012). Due to the obesity, the peripheral sensitivity 

to insulin decrease and the level of blood glucose is increased (Bergman, 2005). The adipose 

tissue in obese people functions as a hormone and cytokine secretion organ which in turn 

contributes to the insulin resistance in the peripheral tissues (Saltiel and Kahn, 2001; Uysal et 

al., 1997). People with diabetes are often burdened with cardiovascular diseases, renal 

impairment, retinopathy and neuropathy, which are the main reasons for diabetes associated 

deaths (Morrish et al., 2001; World Health Organisation., 2013).   

Gestational diabetes is a disease were hyperglycemia develop during pregnancy but not in the 

non-pregnant state and the disease regress after parturition. The cause for gestational diabetes 

is unknown but some findings have been made. The placental hormones seem to affect the 

mother’s insulin action in target cells (skeletal muscle and adipocytes) leading to the 

emergence of insulin resistance. The emergence is often seen in the third trimester. Fetuses in 

the first trimester are sensitive to the surroundings and therefore malformed children are not 

seen in the same frequency to gestational mothers as it is to mothers who have diabetes before 

pregnancy. It is though important to treat the gestational diabetes because of the health risks 

that follows for both the mother and the child (American Diabetes Association, 2013).    

Maternal diabetes prior to pregnancy increases the incidence of congenital malformations in 

fetuses to diabetic women. Frequent malformations are cardiovascular, renal, neuronal and 

musculoskeletal (Casson et al., 1997; Janssen et al., 1996). Styrud et al. have shown that other 

factors than high glucose levels are terotogenic to fetal development and imply that the 

teratogenic effects of diabetes are multifactorial (Styrud et al., 1995). Wentzel et al. verifies 

this by showing a higher malformation rate of embryos cultured in serum from insulin-treated 

diabetic rats than in control embryos (Wentzel and Eriksson, 1996).  
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The best prevention available is good control of the diabetic state especially during the first 

trimester (Evers et al., 2004). But despite good treatment and control, diabetic pregnancies 

have a 2-5 time higher risk of giving birth to a malformed child (Casson et al., 1997) 

There are four main hypotheses of how diabetes associated damages are induced; increased 

polyol pathway flux, increased amount of advanced glycation end products (AGE), activation 

of protein kinase C (PKC) and increased hexosamine pathway flux (Brownlee, 2001), see 

picture 1. These damaging pathways have one thing in common; they are all connected to 

reactive oxygen species (ROS) (Du et al., 2000; Nishikawa et al., 2000). It is important to 

consider that the following descriptions of the different pathways in the end are connected as 

one system where every pathway is linked together and affect each other in different ways.  

 

Pic. 1. Brownlee, M. (2001). Biochemistry and molecular cell biology of diabetic complications. Nature 414, 813-

820. Showing the four diabetes associated damaging pathways all of which is connected to reactive oxygen 

species, ROS. 

 

During hyperglycemia, the ROS production is increased due to the increased flux through the 

citric acid cycle (Nishikawa et al., 2000). The increased flux leads to more electron donors to 

the mitochondrial electron-transport chain and to the crossing of the threshold value for where 

superoxide production is remarkably increased (Korshunov et al., 1997).       

ROS activates poly (ADP-ribose) polymerase (PARP) which in turn blocks glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). When GAPDH is blocked the glucose needs to take 

alternative pathways for its metabolism, such as polyol pathway, hexosamine pathway and the 

formation of α-oxoaldehydes  (Brownlee, 2001). 
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Polyol pathway: 

The polyol pathway only represents a small amount of the glucose metabolism in normal 

individuals, but during hyperglycemia there is a higher flux than normal. This means that 

more sorbitol from glucose is produced and that more NAD
+
 is needed to convert the sorbitol 

to fructose. This will lead to an increased NADH: NAD
+ 

ratio. In turn this increased ratio is 

going to block the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and increase the 

concentrations of triose phosphate (Brownlee, 2001; Williamson et al., 1993). The increased 

amount of triose phosphate can lead to formation of some of the teratogens that is involved in 

the pathogenesis of diabetes such as methylglyoxal and PKC (Brownlee, 2001).  

To conclude, when GAPDH is blocked this leads to induced polyol pathway flux and by so 

enhancing the blockage of GAPDH.  

Hexosamine pathway: 

N-Acetylglucosamine (GlcNAc) is formed from fructose-6-phosphate through the 

hexosamine pathway. GlcNAc modifies the transcription factor Specificity Protein 1(Sp1) 

which in turn activates the plasminogen activator inhibitor-1 (PAI-1) promotor (Du et al., 

2000). Activation of PAI-1 will lead to less fibrinolysis and by so increased vascular 

occlusion. This may contribute to diabetes associated diseases (Brownlee, 2001).  

PKC pathway: 

Diacylglycerol (DAG) is one of PKCs activators and its levels are increased with intracellular 

hyperglycemia (Koya and King, 1998). It has been proven that the DAG levels and the PKC 

levels are increased in vascular tissues related to diabetic complications such as retina, renal 

glomeruli and the heart (Craven et al., 1990; Inoguchi et al., 1992; Shiba et al., 1993). DAG is 

produced from dihydroxyacetone phosphate, a glycolytic intermediate that increases with a 

higher flux in the glycolysis and a disturbed GAPDH function (Dunlop and Larkins, 1985; 

Koya and King, 1998).  

Activated PKC affects vascular permeability, pro-inflammatory gene expression and ROS 

production (Brownlee, 2001).  
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α-oxoaldehydes and AGE:  

The α-oxoaldehydes is normally eleminated by the glyaxolase system to prevent the formation 

of AGEs. The system consists of glyoxalase I, glyoxalase II and the cofactor gluthathione 

(GSH). Due to the increased ROS formation cellular GSH decreases and in turn the levels of 

α-oxoaldehydes increases (Thornalley, 1998).  

The most frequent α-oxoaldehydes found in the formation of AGEs is 3-deoxyglucosone (3-

DG), glyoxal and methylglyoxal (MG) (Vander Jagt and Hunsaker, 2003). They are formed 

from Amadori products, Shiff’s bases, lipid peroxidation and different forms of sugars 

(Thornalley et al., 1999). By interacting with aminogruops on intra- and extracellular proteins 

these α-oxoaldehydes form AGEs (Thornalley, 1990). 

Eriksson et al have shown that embryos grown in high glucose medium have an 17 fold 

increase of 3-DG than the controls grown in low glucose medium. Together with the 

increased 3-DG levels severe dysmorphogenesis could be seen (Eriksson et al., 1998). In a 

study by Wells-Knecht et al elevated concentrations of 3-DG in diabetic patients could be 

shown, showing evidence for it in vivo. 3-DG is formed from fructose, fructose-3-phosphate 

and Amadori products all of which as mentioned earlier are elevated in diabetics (Wells-

Knecht et al., 1994). The α-oxoaldehydes have also been shown to affect ROS-eliminating 

systems such as the glutathione reductase which in turn will lead to increased formation of the 

damaging ROS (Vander Jagt et al., 1997).  

Glyoxal is formed from lipid peroxidation and have similar effects as MG. MG is formed 

from the glycolysis intermediates glyceraldehyde-3-phosphate and 

dihydroxyacetonephosphate (DHAP), either spontaneously or enzymatically. (Phillips and 

Thornalley, 1993).  

A study of red blood cells made by Thornalley showed that the levels of MG are increased in 

hyperglycaemic environment and later on Kilhovd et al showed a correlation between persons 

with type 2 diabetes and increased serum levels of MG (Thornalley, 1988). These increased 

amounts of MG have proven damaging effects on vascular collagen IV, DNA and renal 

function (Dobler et al., 2006; N et al., 2007; Thornalley, 1996). MG is proapoptotic which in 

turn is a very important factor when studying embryogenesis where there is high proliferation 

of cells. Its impact on embryogenesis have been studied by Chang and Chan, who showed that 

MG have harmful effects on early-stage oocyte maturation and fertilization. Pretreatment with 
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MG led to a decrease in oocytes maturation to the two-cell stage. Chang and Chan also 

showed a 8-12 fold increase in aptototic blastocysts from MG-treated oocytes. They also 

performed in vivo studies where MG-treated oocytes post-implantation showed a higher 

resorption rate than the control group (Chang and Chan, 2010).  

Besides the direct effects of MG itself it is as mentioned earlier a precursor to AGE’s, which 

in turn is teratogenic. AGE’s are formed directly from the Maillard reaction, a non-enzymatic 

reaction between glucose and the N-terminal of proteins or indirectly through the α-

oxoaldehydes. The Maillard reaction form a Shiff’s base which in turn can form an 

irreversible Amadori product. These products can undergo a variety of chemical changes, 

form crosslinks and finally end up as different AGE’s (Bierhaus et al., 1998).     

AGE’s damage cells through three mechanisms; firstly, AGE modified proteins have 

disturbed function, secondly, matrix components interaction with other matrix components 

and receptors will be disturbed when modified of AGE and thirdly modified plasma proteins 

will interact with the receptor for advanced end products (RAGE) on mesangial cells, 

macrophages and endothelial cells (Brownlee, 2001). An interaction with RAGE will lead to 

the activation of the pro inflammatory NFκB and NADPH-oxidases (Bierhaus et al., 2001; 

Lukic et al., 2008). Activation of NADPH-oxidases will increase the formation of ROS. The 

promotor for RAGE is regulated by NFκB, so the activation of NFκB will amplify the 

formation of RAGE and its effects (Li and Schmidt, 1997). Blockage or knockout of RAGE 

have shown to protect from diabetes related diseases and fetal malformations (Ejdesjö A.; Tan 

et al., 2010; Toth et al., 2008) These teratogenic effects of MG may have an impact on the 

fetal malformation rate and is therefor the main focus in this study. 

All of these pathways are connected to ROS. The polyol pathway form fructose which in turn 

leads to the formation of 3-DG and the formation of AGEs that interact with RAGE. 

Activation of RAGE leads to the activation of NADPH-oxidases and hence, increased 

production of superoxide. PKC also activates NADPH-oxidases and thereby enhancing the 

production of ROS.  

ROS is formed from the reduction of molecular oxygen. NADPH-oxidases reduce oxygen to 

the superoxide, O2
-.
 , which in turn spontaneously or enzymatically turns into the reactive 

oxygen specie hydrogen peroxide, H2O2. H2O2 can form the highly reactive hydroxyl radical, 

OH
.
. ROS cause damage to DNA and proteins, possibly leading to celldeath (Harvey R et al., 

2011). Nishikawa et al showed that by blocking the production of ROS with different 
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inhibitors prevented the activation of three of the aforementioned damaging pathways 

(Nishikawa et al., 2000). Another study showed that addition of superoxide dismutase (SOD) 

to embryos cultured in glucose protected from diabetes induced malformations (Eriksson and 

Borg, 1993). This highlights the importance of ROS production for the development of 

diabetes associated complications and teratogenicity.    

 

Pic. 2. Summary of the damaging pathway studied in this paper.  

 

Ejdesjö et al showed in a study that eliminating the AGE pathway in RAGE-/- mice protected 

fetuses from diabetes induced malformations and ROS accumulation. This finding implies 

that AGE plays an important role in the embryopathy in pre-gestational diabetes. From this 

work some more studies on the AGE-precursor MG needed to be done, and that leads us to 

this study. The aim of this study is to investigate MG and its impact on embryopathy. Is MG 

an immediate teratogenic factor or is it AGE molecules like CML and pentosidine? Are the 

RAGE-/- mice protected from elevated MG levels? And do wildtype mice gene expression of 

embryopathy candidategenes differ from RAGE-/-, and is this NFκB mediated? This study is 

divided into two parts where part one is the investigation of MG and its impact on 

embryopathy. The second part is to investigate the expression of genes related either to RAGE 
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or to the fetal development in embryos from diabetic wildtype C57Bl6/N and RAGE-/- 

pregnant mice, harvested at gestational day (GD) 10. 

The gene expressions that are being investigated are for the receptor for advanced glycation 

end products (AGER), dolichyl-diphosphooligosaccharide-protein glycosyltransferase (Ddost, 

AGE-R1), Protein kinas C substrate (Prkcsh, AGE-R2), lectin galactoside-binding, soluble 3 

(Lgals3, AGE-R3), Paired box 3 (Pax3), nicotinamide adenine dinucleotide phosphate-

oxidase (NADPH-oxidase, NOX), inhibitor of kappa light polypeptide gene enhancer in B-

cells, kinase beta (IκBKβ) and nuclear factor kappaB (NFκB). AGE-R1, -R2 and -R3 genes 

are believed to function as AGE-receptors although their exact signal pathways are not yet 

known. The questions to be answered by investigating the expression of these genes are; do 

we get a compensatory expression of the other AGE-R genes when RAGE is knocked out, 

and do this matter regarding teratogenicity? And furthermore, how does knockout of RAGE 

affect the Pax3 gene expression in embryos? 

AGER encodes RAGE which plays an important role for the pathogenesis related to diabetes. 

Its signal pathway results in the activation of several transcription factors and by so the 

activation of several pro-inflammatory genes (Fritz, 2011). Many studies have used inhibitors 

or genetic knockout models to study the outcome of impaired RAGE function in a variety of 

diseases. For example; treatment with sRAGE in diabetic apoE-null and euglycemic apoE-

null mice showed a suppression of accelerated atherosclerosis. This imply that the interaction 

between AGE and RAGE is important for the development of cardiovascular disease related 

to diabetes (Park et al., 1998). Another study showed that the accumulation of AGE and 

RAGE stimulation is important for the development of nephropathy (Tanji et al., 2000). Very 

few studies on RAGE participation in the development of congenital malformations in 

diabetic pregnancies have been made except the one made by Ejdesjö et al as mentioned 

earlier.     

Ddost encodes a part of the oligosaccharyltransferase (OST) complex and the protein encoded 

by this gene is also involved in the processing of AGE. OST is important for the processing of 

emerging proteins in the endoplasmic reticulum (ER). Diseases linked to OST are nervous 

system deficiencies, dysmorphic features and pshychomotor retardation. These diseases are 

called congenital disorders of glycosylation (CDG) (Dempski and Imperiali, 2002). The wide 

spectrum of diseases shows the importance of the N-glycosylation that OST provides and its 

essential role during fetal development (UniprotKB., 2013). The protein of Ddost functions as 
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an AGE receptor, AGE-R1. It is important for the AGE homeostasis in normal tissue but it is 

found to be down regulated in diabetic patients (He et al., 2001). A study made by Lu et al. 

implies that increased expression of AGE-R1 regulates the RAGE signaling and having an 

impact on diabetic associated diseases (Lu et al., 2004).  

The gene for Prkcsh encodes the beta-subunit of glucosidase II called hepatocystin. 

Glucosidase II is important in the processing of proteins and is located in all tissues of the 

body. It also serves as a substrate for Protein Kinas C (Janssen et al., 2010). Hepatocystin is 

believed to function as an AGE-receptor, AGE-R2, but the exact mechanism is not yet 

determined (Li et al., 1996).  

 

Lgals3 encodes for Galectin-3 that have affinity for beta-galactosides. Galectin-3 is located 

almost everywhere in the body, but during embryogenesis the local expression is time 

dependent. Around day 8-11, Galectin-3 is exclusively expressed in the embryos notochord 

and later in ribs and facial bones. Galectin-3 has a variety of roles and affect proliferation, 

differentiation, cellular homeostasis, the immune system, cell cycle and apoptosis (Dumic et 

al., 2006). Lgals3 is also called AGE-R3 because of its ability to bind AGE-molecules. A 

study made by Iacobini et al shows the protective feature of AGE-R3. Lgals3 knockout mice 

had higher AGE levels, higher NF-κB activity and a higher expression of AGE-R2 than WT 

mice. Associated with these findings, the knockout mice developed accelerated glomerular 

disease, showing the protective function of AGE-R3 (Iacobini et al., 2004).  

The gene for Pax3 encodes a transcription factor important to embryonic development 

especially of the facial structure and the neural tube (Liu et al., 2012; Phelan and Loeken, 

1998). Chang et al. have shown that maternal diabetes induced oxidative stress decrease Pax3 

gene expression and in turn increasing the neural tube defects during embryogenesis (Chang 

et al., 2003).  

RAGE activation induces the activation of NADPH-oxidase and by so the production of ROS. 

ROS damage proteins and nucleic acids and alters the cell function. This consequence may 

contribute to the diabetes related diseases and therefore the gene expression of NADPH-

oxidase is of interest (Yin et al., 2012).     

IκBKβ is a gene encoding a protein that modifies the inhibitor complex of NFκB and by so 

activates NFκB. (National Center for Biotechnology Information., 2013) Because of its 
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relation with the transcription factor important to the RAGE signaling pathway the expression 

of this protein is of importance to this study.  

The gene for Nuclear Factor KappaB (NFκB) encodes a protein with the same name. This 

protein is a transcription factor which has been proposed to be a part of diabetes related 

diseases. Activation of RAGE leads to the activation of NFκB which in turn is a transcription 

factor for the promotor for RAGE, leading to up regulation of RAGE and sustained activation 

of NFκB. NFκB acts on a variety of genes and have been proposed to play a role in the 

inflammation process by affecting cytokine producing genes. The activation of this gene has 

been proposed to participate in the complications of diabetes and is therefore of big interest to 

this study (Bierhaus et al., 2001).  

Method: 

Animals: 

In this study, wild type C57 BL6/N mice (Charles River) and RAGE-/- mice on a C57 BL6/N 

background (Courtesy of Professor P. Nawroth, Heidelberg) were used. Female mice were 

divided into 4 different groups; RAGE-/- given 1,5 g/ kg mouse/ day MG, WT given 1,5 g/ kg 

mouse/ day MG , WT given 3g/ kg mouse/ day MG and WT given no MG. 

Embryos from normal (N) C57, N RAGE-/-, maternal diabetes (MD) C57 and MD RAGE-/- 

mice.  

Investigation of fetuses in treated and untreated mothers: 

The mice were mated overnight with males of the same genotype and conception was verified 

by looking for a plug in the vaginal opening. This day were set to GD 0. During pregnancy 

MG was given in drinking water in different doses to the MG groups (1, 5 g/kg 

bodyweight/day and 3 g/kg bodyweight/day). At GD 18 the pregnant mice were weighted and 

sedated with Avertin 2.5%. Avertin has not showed any effect on the parameters that was 

studied. A blood sample was drawn from the mother’s heart and two maternal liver samples 

were taken and frozen in liquid nitrogen. To inhibit clogging of the blood sample EDTA was 

in the needle when the sample were drawn. The blood was centrifuged and plasma was 

collected for future analyzes. The uterine horns with fetuses were dissected and the fetuses 

were freed from their membranes and umbilical cord. The fetuses were marked depending on 

which side it belonged to and what number it had, starting from number one nearest the 

ovarian. Fetuses and their belonging placenta were weighted, external malformations were 
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investigated and gender was noted. Three fetal livers from each uterine horn were dissected 

and frozen in liquid nitrogen.   

ELISA: 

To investigate the presence of AGE molecules Oxiselect™ Advanced Glycation End Product 

(AGE) ELISA Kit from Cell Biolabs, Inc. was used. A standard curve was made according to 

protocol and the plasma samples from the mothers from each group were diluted 5, 10, and 20 

fold in 10µg/mL Reduced BSA. Each sample was assayed in duplicates and loaded onto the 

plate to be incubated 4°C overnight. Each well was washed 2 times with 250 µl PBS, filled 

with 200 µl Assay diluent and incubated at room temperature for 90 minutes on an orbital 

shaker. Afterwards the plate was washed 3 times with 250 µl 1X Wash Buffer and filled with 

100 µl diluted Anti-AGE Antibody. After 60 minutes incubation on orbital shaker the plate 

were washed 3 times as mentioned before adding 100 µl of Secondary Antibody-HRP 

Conjugate to each well. The plate was again incubated for 60 minutes and then washed 5 

times with 1X Wash Buffer. 100 µl Substrate Solution was added to each well and incubated 

for 2-30 min depending on the color shift. The enzyme reaction was stopped by adding 100 µl 

Stop Solution to each well. The results were red immediately in a microplate reader using 450 

nm as the primary wave length.  

Total RNA extraction: 

Total RNA extraction was made using Bio Rad Aurum™ Total RNA Mini Kit Spin Protocol. 

To dissolve the embryo, 350µl lysis solution was added and a rotor-stator homogenizer was 

used to disrupt the sample. The lysate was centrifuged for 3 min and the supernatant was 

transferred into a 2.0 ml capped microcentrifuge tube. 350 µl of 70% ethanol was added to the 

supernatant and thoroughly mixed. A RNA binding column was inserted into a 2 ml capless 

wash tube. The lysate was transferred to the RNA binding column. The lysate was then 

centrifuged for 1 min and then the filtrate in the wash tube was discarded. 700 µl of low 

stringency wash solution was added to the RNA binding column, centrifuged for 1 min and 

discarded from the wash tube. The Rnase-free Dnase 1 was reconstituted by adding 250 µl 

10mM Tris, pH 7.5. For each column that was processed, 5 µl reconstituted DNase 1 was 

mixed with 75 µl DNase dilution solution in a 1.5 ml microcentrifuge tube. 80 µl of this mix 

was then added to the membrane stack in each column and incubated at room temperature for 

25 min. Then 700 µl of high stringency wash solution was added to the column and 

centrifuged for 1 min. The content in the wash tube was discarded and 700 µl of low 
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stringency wash solution was added to the RNA binding column. The tube was centrifuged 

for 1 min and the low stringency wash solution in the wash tube was discarded.  To remove 

residual wash solution the tube was centrifuged one more time for 2 min. The RNA binding 

column was then transferred to a 1.5 ml capped microcentrifuge tube. 80 µl of the elution 

solution was added to the column and incubated at room temperature for 2 min. To elute the 

total RNA the column was centrifuged for 2 min. The eluted total RNA was then stored at -

20°C until further use.   

cDNA synthesis:  

The RNA concentration was measured using a Nanodrop machine. From the RNA 

concentration the amount of RNA that should be used for cDNA synthesis could be 

calculated. 

cDNA synthesis was made by using Bio Rad iScript™cDNA Synthesis Kit. 4 µl 5x iScript 

reaction mix for each RNA sample was added to PCR tubes standing in a cooling block. 

Further 1 µl of iScript reverse transcriptase and the calculated amounts of RNA template and 

Nuclease-free water were added to each tube. The PCR-tubes were placed in a PCR-machine 

to set the right incubation temperatures and time. After the incubation the lysate was diluted 

with 80 µl DEPC and then 50 µl was transferred into a new PCR tube so that two tubes of 

each sample were obtained.  

Real Time PCR: 

To investigate the genes downstream the RAGE gene real time PCR (RT-PCR) was used. 

Syber green was used to monitor the reaction amplification. Selected housekeeping genes 

were glucose-6-phospate dehydrogenase X-linked (mG6pdx) and β-actin (mActb). Selected 

primers for mouse genes were mAger (RAGE receptor), mPax3, mPrkcsh (AGER- 2), 

mDdost (AGER- 1) and mLgals3 (AGER-3). A mastermix for each primer pair was prepared 

and pipetted into the PCR plate wells. The mastermix contained 5 µl cyber green, 3 µl DEPC, 

0,5 µl forward primer and 0,5 µl reverse primer. The synthetized cDNA from the embryos 

was also pipetted into the wells, see figure 1. The PCR-plate was then put into the PCR-

machine and run through a special protocol, see figure 2.  
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 Figure 1. qPCR well layout.  

 

Cycle: Temperature: Time: 

Cycle 1: (x1) 

Step 1 

 

95,0° C 

 

03:00 

Cycle 2: (x40) 

Step 1 

Step 2 

Step 3 

Data collection and real-time analysis enabled 

 

95,0° C 

58,0° C 

72,0° C 

 

00:10 

00:10 

00:15 

Cycle 3: (x1) 

Step 1 

 

95,0° C 

 

00:15 

Cycle 4: (x51) 

Step 1 

 

67,0° C-92,0° C 

 

00:10 

Increase set point temperature after cycle 2 by 

0,5° C. Melt curve data collection and analysis 

enabled.  

  

Figure 2: qPCR protocol set up.  

Statistics: 

To evaluate the results maintained in the MG study oparat T-test and Fishers exact test were 

used. For the gene expression study one-way ANOVA with post-hoc test Fisher PLSS were 

used. 
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Results: 

First part, investigation of MG induced fetal malformations: 

Pregnant normal (N) C57 mice were supplied with or without MG in drinking water and at 

gestational day (GD) 18 pregnant mice were weighted before sedation.  In figure 1it is shown 

that mean weight of normal (N) C57 mice were 44,5 g and N C57+ MG had an mean weight 

of 41,8 showing a significant decrease.  

Maternal glucose levels were also measured before sedation. In figure 2 it is shown that there 

is no difference between pregnant N C57 (6, 8 mmol/L) and pregnant N C57+MG (6, 7 

mmol/L) in maternal glucose levels.  

At GD 18 the fetuses were harvested and both the fetuses and the placentas were weighted. In 

figure 3 it is shown that there is a tendency of a decrease in fetal weight to N C57+ MG 

drinking mother (p=0,076) compared with N C57.   The placental weight to N C57+MG 

fetuses were significantly decreased compared with the control group, see figure 4.  

When looking at the fetal outcome there was no significant difference between the two groups 

regarding external malformations (1% vs. 1%) and by so neither regarding normal fetuses.  

There was a significant difference between the groups when looking at the resorption rate. N 

C57+MG mice had an increased resorption rate (17%) compared with the controls (9%), see 

figure 5.   
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Fig. 1. Maternal weight in pregnant non-diabetic normal (N) C57 mice, without and with MG supplementation in 

drinking water. 

 

Fig. 2.Maternal glucose levels in pregnant non-diabetic N C57 mice, without and with MG supplementation in 

drinking water. 
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Fig. 4. Placental weight of pregnant non-diabetic N C57 mice, without and with MG supplementation in drinking 

water.   
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Fig. 3. Fetal weight of pregnant non-diabetic N C57 mice, without and with MG supplementation in drinking 

water. 
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Fig. 5. Fetal outcome of pregnant non-diabetic N C57 mice, without and with MG supplementation in drinking 

water.   

 

Second part, investigation of gene expression in MD and RAGE-/- embryos: 

At GD 10 embryos were harvested and dissolved for gene expression analysis using qPCR, 

following results were obtained. There was a significant decrease in RAGE gene expression 

in N RAGE embryos (0,017) compared with N C57 embryos (o,o61) according to figure 6. It 

did not seem to be a difference in the expression of RAGE comparing non-diabetic embryos 

to MD embryos.   

There was no significant difference in AGE-R1 expression between the four groups, see 

figure 7. The same applied for the expression of AGE-R2 in the four groups, see figure 8. 

Both AGE-R1 and AGE-R2 showed high expression in GD 10 embryos.  

AGE-R3 showed another expression pattern than AGE-R1 and AGE-R2. There seemed to be 

a tendency of difference between N C57 (0,0014) and N RAGE (0,0031, p=0,08). It also 

seemed to be a tendency of difference between N RAGE (0,0031) and MD RAGE (0,0015, 

p=0,09). The expression of AGE-R3 was very low in all four groups. A big variety of AGE-

R3 expression was seen in N RAGE embryos, see figure 9. 
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Figure 10 displays the expression of Pax3 in the four different groups and there was a 

significant decrease of expression in N RAGE embryos (0,254) compared with N C57 

embryos (0,610). There were also a significant increase in the expression of Pax3 in MD 

RAGE (0,670) compared with N RAGE (0,254) 

The results of NOX-1-4 gene expression in GD 10 embryos are displayed in figures 11-14. 

Each NOX had a low expression and a significant difference between the groups could not be 

seen in any of the genes.  

In figure 15 the result of IκBKβ expression in GD 10 embryos is shown. There was no 

significant difference between the studied groups. There was not a significant difference of 

NFκB expression between the different groups either, figure 16.  

.   

 

Fig. 6. Expression of the gene for RAGE in non-diabetic and diabetic N C57 mice and N RAGE mice. 
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Fig. 7. AGE-R1 gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice.  

 

Fig. 8. AGE-R2 gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice. 
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Fig. 9. AGE-R3 gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice. 

 

Fig. 10. Pax3 gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice.  
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Fig. 11. NOX-1 gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice. 

 

Fig. 12. NOX-2 gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice. 
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Fig.13. NOX-3 gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice. 

 

Fig. 14. NOX-4 gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice. 
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Fig. 15. IκBKβ gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice. 

 

Fig. 16. NFκB gene expression in non-diabetic and diabetic N C57 mice and N RAGE mice. 
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Discussion: 

The aim of this study was to investigate the teratogenic effect of MG on fetal development 

and the effect of maternal diabetes on embryonic expression of important genes in N C57 and 

RAGE-/- mice, respectively.  

In the first part of this study we had 4 different groups; RAGE-/- mice given 1,5 g/ kg mouse/ 

day MG, WT given 1,5 g/ kg mouse/ day MG , WT given 3g/ kg mouse/ day MG and WT 

given no MG. We investigated maternal weight, maternal glucose, fetal weight, placental 

weight, gender and most importantly external malformations.  

When comparing the maternal weights between N C57 dams and N C57+ MG dams there are 

a significant decrease in N C57+ MG group (Figure 1). This may correlate with the significant 

increase of resorptions in N C57+ MG compared with the N C57 control group (Figure 5). 

More resorptions will also affect the maternal weight because of fewer mature fetuses. When 

comparing the effects on fetal weight we notice a tendency that MG addition in drinking 

water decrease fetal weight (Figure 3). Taken together MG either affects the maternal weight 

or, as most truly, it affects the number of full-grown fetuses and their weight. 

Before sedating the pregnant mice, glucose levels were measured. In figure 2 we can see that 

there is no difference between maternal N C57 and N C57+ MG glucose levels. This is an 

important fact when investigating the impact of MG itself on fetal malformations, since high 

glucose level is teratogenic (Casson et al., 1997; Janssen et al., 1996).  

Furthermore, we found a decrease in placental weight in N C57+ MG pregnancies (Figure 4). 

This result implies that MG disturbs the placental development. There was also a tendency of 

decreased fetal weight in MG exposed fetuses (p=0,076) (Figure 3). Small fetuses are a 

possible effect of impairment of placental function and may indicate disturbed fetal nutrition. 

This line of evidence suggests that substitution of MG negatively affects proteins, receptors 

and maternal-fetal transport pathways, leading to smaller placentas and concomitantly smaller 

fetuses.   

We particularly wanted to investigate MG’s ability to induce malformations. At GD18, we 

examined external formations and the results did not show any significant difference in the 

malformation rate between the two investigated groups, see figure 5. It is of importance to 

mention that there could have been internal malformations which was not studied in this 

work.  
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Regarding the resorption rate we noticed a significant increase in the N C57+ MG drinking 

group, which verifies earlier results obtained by Chang and Chan (Chang and Chan, 2010). 

This implies that MG is affecting the embryonic development. MG is toxic and it is tempting 

to speculate that some early embryos may not stand the environmental pressure that MG 

causes. The high resorption rate in MG supplied mothers may also depend on the difficulties 

of forming functional placentas that have been discussed from our results. Nutrition problems 

would cause an increased resorption rate.   

We also investigated the malformation rate in N C57 mice given twice as much MG as the 

mice above and N RAGE-/- given 1, 5 g/ kg mouse/ day MG. Because of too few investigated 

subjects no reliable statistics could be made. Although, there is a tendency to even further 

decreased placental weights in C57 mice given 3g/ kg mouse/ day MG compared to the C57 

mice given half as much, but not significantly. Compared with the control group, the double 

dose MG group placental weight is significantly decreased. When it comes to comparing the 

fetal weights the mice given 3g/ kg mouse/ day MG had a significant lower fetal weight than 

the controls and almost a significant decrease compare to mice given 1,5g/ kg mouse/ day MG 

(p=0,062). No conclusions can be made of these data because of the small number of subjects, 

however it is plausible that MG in double dose affect the fetal weight more than the single 

dose. If so, the effects of MG is dose dependent and some more studies with higher levels of 

MG and more subjects is wanted in the future.     

We wanted to look for the plasma concentration of AGE molecules in pregnant mothers of 

each group. This was examined using an ELISA Kit from Cell Biolabs. This kit was used in a 

study on mice and according to that study the kit was working on plasma from mice (Zhu et 

al., 2012). We experienced something else: when assaying diluted plasma from mice as well 

as undiluted plasma from mice and rats did not give any measurable results. In addition, we 

tested human plasma, just to see that it was not something wrong with the kit. With plasma 

from one healthy person and one diabetic person we run the ELISA again and this time we did 

get measurable results. Taken together this ELISA Kit from Cell Biolabs seems to only 

function on human plasma and not on rodent plasma, in our experimental set-up. This was a 

setback for the study because of the importance to analyze the amount of AGE molecules. We 

would like to have been able to analyze if the addition of MG would have increased the 

amounts of AGE and if there were differences between the groups.     
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In the second part of this study we wanted to investigate the gene expression of important 

genes either for the embryonic development or to AGE/RAGE pathways. The question to be 

answered is do we see a compensatory expression of other genes when RAGE is knocked out 

and does the expression differ between controls and embryos to diabetic mothers? 

When comparing the expression of AGER, the gene for RAGE, we can see in figure 6 that 

there is a significant decrease in N RAGE embryos compared with N C57 embryos. This 

result is in some way expected because we are using knockouts of this gene. What is not 

expected though is the amount of expression in the N RAGE embryos, there should be none if 

the gene is knocked out. This leads to the question; how is the mice knocked out? With 

further investigation we noticed that exon 2-7 in the RAGE gene is knocked out but exon 1 

and 8-11 is still left. Our primer anneals exon 9-11, so the expression we see is from this 

nonfunctional transcript that does not affect our studies.  

The other genes for AGE receptors showed different results. From figure 7 and 8 we can 

conclude that these two (AGE-R1 and AGE-R2) have a high expression in all four groups and 

that there is no significant difference among them. We can from these results speculate that 

the function of these two transcripts is of importance for GD 10 embryos. The results also 

indicate that these two genes are not affected of the RAGE knockout or the diabetic 

environment. Looking at AGE-R3 we find another situation, here we can see a tendency of 

increased expression of AGE-R3 in N RAGE (p=0,08) compared with N C57. We can almost 

see a decreased AGE-R3 expression in MD RAGE (p=0,09) embryos compared with N 

RAGE. AGE-R3 expression in GD 10 embryos (Figure 9) is very low and conclusions from 

these results are hard to make.  

The results of Pax3 expression are of great interest. When studying the results in figure 10 we 

can see that there is a significant decrease in Pax3 expression in N RAGE embryos compared 

with N C57 embryos. When looking at the effect of maternal diabetes on embryos we have a 

significant increase in Pax3 gene expression in MD RAGE compared with N RAGE. What 

makes the Pax3 gene expression to be decreased when RAGE is knocked out? And why do 

the Pax3 expression in MD RAGE embryos increase when the mother is diabetic? Earlier 

studies have shown that Pax3 expression is decreased in embryos to diabetic mice (Phelan et 

al., 1997). We do see a tendency of this in our non-diabetic and diabetic N C57 embryos but 

not significantly. Pax3 have shown to have an impact on p53, the apoptosis regulating protein. 

It seems like Pax3 inhibit p53 and by so the apoptosis of cells for example in the neural crest 
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(Pani et al., 2002). This may be a part of why Pax3 is up regulated in MD RAGE embryos, 

but this out of our knowledge. We can only speculate around these bewildering results but in 

some way a knockout of RAGE affects the expression of Pax3.  

The results of the different NOX-1-3 genes displayed in figures 11-13 shows a very low 

expression indicating that these do not play a big part in the development of the embryo at this 

time. NOX-4 shows a slightly higher expression than the other three NOX, but they all do not 

show any significant difference between the studied groups. This implies that these levels of 

supplied MG do not affect NOX-expression.  

IκBKβ gene expression is displayed in figure 15. There was no difference between the studied 

groups and by so there does not seem like addition of MG to the drinking water alters the 

expression of IκBKβ.  

The expression of NFκB is somewhat like the expression of IκBKβ. No difference between 

the groups was observed and as for IκBKβ, MG does not seem to increase or decrease the 

expression of NFκB. 

The activation of NOX and NFκB has been suggested to be induced by diabetes 

(Adaikalakoteswari et al., 2006; Bierhaus et al., 2001). We can from our results conclude that 

there does not seem to be due to an induction of the gene expression. The induced activation 

may depend on post-translational modifications making the enzyme and the transcription 

factor more active than in normal individuals.  

Taken together we can conclude that MG is not an inducer of congenital malformations but 

affect the formation of the placentas. We could not see a compensatory effect to RAGE 

related genes in RAGE deficient embryos. We did notice a spectacular result in the expression 

of Pax3. It seems like the knockout of RAGE decreases the expression of Pax3 in non-

diabetic mice and that diabetic RAGE embryos express more of Pax3 than normal RAGE 

embryos. A result that is the opposite of what it would have been if it had followed the model 

of how Pax3 is expressed in diabetic embryos. Some further work has to be done to sort out 

why this result is obtained.   

The next step in research would be to evaluate another  -oxoaldehyde. Previous studies of 

this group have shown elevated levels of 3-DG in high glucose cultured embryos, implicating 

3-DG being a teratogenic molecule to embryonic development (Eriksson et al., 1998). With 
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this knowledge it would be very interesting to test this hypothesis in vivo with 3-DG as a 

potential damaging molecule.    

To further investigate the role of RAGE it would be interesting to test its importance in 

diabetic rat pregnancy. Knockouts in rats are both difficult and expensive to perform but are 

in the future pipeline. If RAGE turns out to be the pivotal pathway in diabetic embryopathy, 

then we have to find a drug that is not as toxic as the RAGE inhibitors of today and the active 

molecule has to be small to cross the placenta. All this is needed to be done before we can 

prevent the malformations associated with diabetic pregnancies.         
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