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Abstract 

Diabetes during pregnancy is correlated with an increased risk of metabolic and 
neurological disorders in the offspring and it has been proposed that diabetic 
environment can lead to epigenetic changes in the liver and the brain. We analyzed 
inducible transgenic rat model of type 2 diabetes (Tet29 DOX) where insulin receptor is 
generally knockdown by doxycycline-induced RNA interference. We report that the 
pregnant Tet29 DOX dams show hyperglycemia, hyperinsulinemia and hyperlipidemia. 
The fetuses from Tet29 DOX dams are hyperglycemic and growth restricted. In addition, 
these fetuses have decreased liver and brain weight with concomitant decreased 
microglial activation in the hippocampus in comparison to the wild-type fetuses. 
Moreover, diabetic environment promoted decreased expression of sterol regulatory 
binding factor 2 (Srebf2) in the fetal liver and brain, which serves as a master regulator of 
cholesterol metabolism. These gene differences, at least in part, were associated with 
hypermethylation of the Srebf2 promoter in the fetal brain and liver. Altogether, these 
data support the hypothesis that altered metabolism during pregnancy can induce 
metabolic and neurological alterations in the fetus via epigenetic changes of an important 
metabolic regulator. Thus, Srebf2 can serve as a potential mediating factor in the 
relationship between diabetic environment and later life fetal outcomes.  
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Introduction 

In humans, there is a physiological increase in insulin resistance as pregnancy 
advances. This is due to an increase in prolactin, cortisol, leptin, and lactogen levels which 
serve as insulin antagonists [1]. Incompetence to cope with the higher demand for insulin 
leads to increased susceptibility to gestational diabetes mellitus and aggravation of 
preexisting maternal diabetes. Maternal preexisting diabetes mellitus, in particular type 
2 diabetes, affects 1.3% of human pregnancies in western countries and is associated with 
a wide range of maternal and fetal complications [2,3]. Preexisting maternal diabetes is 
associated with even poorer perinatal outcome than gestational diabetes [4]. 
Fetal/neonatal complications at birth may involve macrosomia, but also growth 
restriction, respiratory distress syndrome, cardiomyopathy and hyper- or hypoglycemia 
[5]. Consequences in later life include cognitive malfunctions, obesity, and adverse 
cardiometabolic outcomes [2,6–8]. These late sequelae are mediated by “fetal metabolic 
programming”, an adaptive process to in utero stimuli (e.g. hyperglycemia) which results 
in life-long adjustment of metabolism.  

Fetal programming can be mediated by epigenetic alterations (DNA methylation, 
histone modification), which serve as a platform for tissue-specific gene regulation during 
growth and development without direct alteration of the DNA sequence. DNA 
methylation primarily occurs on CpG dinucleotides and can be associated with gene 
repression when positioned on the gene’s promoter region [9]. Changes in DNA 
methylation are able to dysregulate gene expression of transcriptional factors and are 
implicated in the etiology of neurological, metabolic and cardiovascular disorders [10]. 
Hyperglycemia can induce permanent epigenetic changes (persistent chromatin 
remodeling) in vascular endothelial cells [11] and can perturb the DNA methylation of 
genes involved in energy metabolism and stress response in the placenta [12–14]. 
Nevertheless, little is known about the changes in the DNA methylation in fetal organs 
exposed to diabetic pregnancy.  

Impaired insulin signaling during diabetes leads to changes in the cholesterol 
metabolism of liver and brain [15,16]. Moreover, gestational diabetes is associated with 
increased plasma lipid concentrations [17,18]. Insulin affects fatty acid and cholesterol 
synthesis by upregulation of transcriptional factors such as sterol regulatory binding 
factor 1 (Srebf1) and sterol regulatory binding factor 2 (Srebf2) [19,20]. Srebf2 primarily 
regulates genes involved in cholesterol synthesis [21]. It is not known whether the 
regulation of Srebf2 is altered as well in fetuses exposed to a diabetic pregnancy. 

 In the present study, we investigated whether the consequences of a diabetic 
pregnancy leads to epigenetic changes and altered gene expression of a gene important 
for cholesterol metabolism in the fetus and if there a morphological changes in the fetal 
brain. We applied the transgenic Tet29 rat model in which the insulin receptor is 
ubiquitary knocked down via doxycycline-induced RNA interference (small hairpin RNA) 
leading to insulin resistance and type 2 diabetes [22–24]. We induced diabetes prior to 
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pregnancy to delineate the distinct role of hyperglycemic and hyperinsulinemic in utero 
environment to fetal metabolic programming. 

Materials and methods 

Animals 

All animal experiments were performed according to national and international 
guidelines and had been approved by local authorities (Landesamt für Gesundheit und 
Soziales, approval number G0157/13). We worked with heterozygous Tet29 rats in which 
the insulin receptor is ubiquitously knocked down via RNA interference (small hairpin 
RNA) upon oral doxycycline (DOX) 2mg/kg BW application. The Tet29 females were mated 
with wild-type (wt) males once they were hyperglycemic with blood glucose values of 
about 300 mg/dl. The appearance of a vaginal plug was defined as pregnancy day 1. DOX 
application was stopped on pregnancy day 1 to avoid embryo- and fetotoxicity. Oral DOX 
application (again 2 mg/kg body weight) was restarted on pregnancy day 16 to re-boost 
the DOX effect (Figure 1A). 6 WT female rats received a similar treatment with 2 mg/kg 
body weight DOX. Regular blood glucose measurement was performed with Accu-Chek 
Aviva blood glucose meter (Roche, Germany). Pregnant rats were anesthetized with 
isoflurane anesthesia and blood was drawn from the abdominal aorta for further analysis 
on gestational day 21. The pups were immediately sacrificed by decapitation. Fetal blood 
glucose was measured with the Accu-Chek Aviva blood glucose meter (Roche, Germany). 
Fetal organs were either snap frozen in liquid nitrogen or fixed in 4% formalin. Insulin and 
C-peptide were analyzed according to the manufacturer´s instructions (high range rat 
insulin ELISA and rat C-peptide ELISA, both from Mercodia, Uppsala, Sweden). In addition, 
a serum lipid profile with measurement of total cholesterol, high-density lipoprotein 
cholesterol, low-density lipoprotein cholesterol, and triglycerides were measured 
according to the manufacturer’s instructions (Diasys, Germany) in serum of dams at the 
end of pregnancy (gestational day 21). The triglyceride values were corrected for free 
glycerin (values without free glycerin). In our study, only fetuses with wt genotype were 
analyzed. The genotype of fetuses was evaluated by PCR on genomic DNA obtained from 
the tail tip as described earlier [22]. A total number of 24 wt fetuses of the 5 Tet29 DOX 
dams have been analyzed (3 to 7 fetuses per dam). A total number of 35 wt fetuses of the 
6 wt DOX dams have been analyzed (5 to 8 fetuses per dam). A representative number of 
fetuses have been analyzed per mother rat. Analysis of pyrosequencing and quantitative 
real-time PCR of Srebf2 was performed on fetal tissue from a different animal experiment 
with comparable study design. 

Fetal brain volumetric and densitometric analysis 

Fetal rat brains (embryonic day ED 21) were fixed in 4 % formalin and embedded 
in paraffin. To determine brain volumes, 10 μm thick paraffin sections (every 160 μm 
between +1.54 and -4.08 mm from Bregma according to Watson & Paxinos) [25] were 
stained with hematoxilin/eosin. Hemispheres were visualized on an Axioplan (Zeiss, 
Germany) with a CCD-camera (Axiocam ICc1, Zeiss, Germany) with a 2.5x objective and 
converted to 8 bit greyscale images. Hemispheres of each section were analyzed using 
NIH ImageJ software and volumetric analysis was performed by integration of the areas. 
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Cellular density was assessed on images with higher magnification (20x objective) by 
densitometric analysis in specific brain regions (striatum, thalamus, cortex, and 
hippocampus).  

Immunohistochemistry 

Brain sections were incubated with primary antibodies against activated 
microglia (ionized calcium binding adaptor molecule 1 (Iba1); Wako, Japan) and mature 
neurons (NeuN; Millipore, Germany) followed by AlexaFluor488 secondary antibody 
incubation (Invitrogen, Germany). Nuclei were counterstained with 4´,6-Diamidin-2-
phenylindol (dapi) (Invitrogen, Germany). Cortical, hippocampal, and thalamic regions 
were visualized on an Axioplan (Zeiss, Germany) with a CCD-camera (Axiocam ICc1, Zeiss, 
Germany) using 20x objective. Mean intensity profiles from four different images per 
region were assessed with ZEN software (Zeiss, Germany) and microglia or mature 
neurons mean intensities were normalized to DAPI. 

Genomic DNA isolation and pyrosequencing 

Placentas and fetal tissues (liver and brain) from wt DOX and Tet29 DOX dams at 
gestational day 21 were homogenized with TissueLyser LT (Qiagen, Hilden, Germany). The 
same was done with several tissues from adult male Fisher F344 rats (kidney, liver, 
skeletal muscle, and spleen; kindly provided by Dr. Maximilia Hottenrott) used for the 
correlation analysis shown in Supplemental Figure 3 and 4. Genomic DNA was obtained 
using allprep DNA/RNA mini kit (Qiagen, Venlo, the Netherlands), following 
manufacturer’s protocol. DNA purity and concentration was checked on Nanodrop 2000c 
(Thermo Scientific, Pittsburgh, PA, USA). Bisulfite conversion of 500 ng genomic DNA was 
performed with EZ DNA methylation gold kit (Zymo Research, Leiden, the Netherlands) 
according to manufacturer’s protocol. Samples were stored at -20° C until analysis. 
Bisulfite specific primers were designed using the Pyromark Assay design 2.0 software 
(Qiagen). The primers (forward: 5'-GGTTAATGTAGGTTTGGTTTTATTGAT-3', reverse: 5'-
Biotin-CCCCAAATCAAAAAACAAATAATTTCT-3') amplify a 192 base pair region of Srebf2 
rat promoter region. HotStarTaq master mix (Qiagen, Hilden, Germany) was used for 
amplification of 20 ng of bisulfite treated DNA using the following steps: DNA polymerase 
activation (95o C, 15 min), three-step cycle of denaturation (94° C, 30 sec), annealing (58° 
C, 1 min), and extensions (72 °C, 45 sec) repeated for 45 cycles in a row. The final 
extension was carried out at 72° C for 7 min. The polymerase chain reaction product was 
analyzed for the extent of methylation per selected CpG positions by pyrosequencing 
(sequencing primer: 5'-GAATTTTTAGGTAGGTTTTTAAG-3'; sequence to analyse: 
AATATGGGGGYGYGGAGGTTYGGGGYGGGGTTGTAGTGGGYGYGGTTYGGGGYGGGGGAA) 
using Pyromark Q24 (Qiagen). Data were analyzed using the PyroMark Q24 Analysis 
Software 2.0 (Qiagen). The level of DNA methylation is given as a percentage. Putative 
transcription binding sites in the promoter region of rat Srebf2 were depicted using 
Genomatix Matinspector (Genomatix Software GmbH). 
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Quantitative real-time PCR 

RNA was isolated from fetal organs (liver and brain) and placenta from wt DOX 
and Tet29 DOX dams at gestational day 21 and from several organs (kidney, liver, skeletal 
muscle, and spleen) from adult male Fisher F344 rats with allprep DNA/RNA mini kit 
(Qiagen, Venlo, the Netherlands). 800 ng were used for cDNA synthesis with Moloney-
Murine leukemia virus (M-MLV) reverse transcriptase (RT) (Invitrogen, Carlsbad, CA) with 
random primers. Quantitative real-time PCR was performed using FAST PCR master mix, 
Taqman probes, and MicroAmp FAST optical 96 reaction well plates (Applied Biosystems 
Europe, Nieuwekerk aan de IJssel, the Netherlands) on 7900 HT FAST Thermocycler 
(Applied Biosystems Europe). Values were normalized to a housekeeping gene 36B4. The 
primer sequences for Srebf2 were: forward 5’- CTGCAGCCTCAAGTGCAAAG- 3’, reverse 5’- 
CAGTGTGCCATTGGCTGTCT -3’, probe 5’- CCATCCAGCAGCAGGTGCAGACG -3’. The primer 
sequences for 36B4 were: forward 5’- GCTTCATTGTGGGAGCAGACA -3’, reverse 5’- 
CATGGTGTTCTTGCCCATCAG -3’, probe 5’- TCCAAGCAGATGCAGCAGATCCGC -3’. 

Statistical analysis 

Kolmogorov-Smirnov-Test was applied to test for normal distribution of data in 

groups with n  5. Outlier detection was performed in normally distributed data with 

Grubbs test. We removed one outlier (value) from our study for further analysis (Fig. 2A; 

group of Tet29 DOX dams). Comparison of two groups with normally distributed data was 

performed with two-tailed unpaired t-test (with Welch´s correction if necessary). Mann-

Whitney test (one- or two-tailed) was applied for comparison of two groups if data were 

not normally distributed or if one or both groups had n < 5. Correlation analysis (Fig. S3 

and S4) was conducted with all data (no outlier detection performed) using Spearman´s 

rank correlation coefficient. A p-value < 0.05 was considered significant and marked with 

*; p < 0.01 **, p < 0.001 ***, p < 0.0001 ****.  

 

Results 

Knockdown of the insulin receptor induces hyperglycemia, insulin resistance, and 

hyperinsulinemia in rats 

Administration of DOX before and during pregnancy induced hyperglycemia 

(Figure 1A, B), hyperinsulinemia (Figure 1C), and increased C-peptide values in Tet29 

dams (Figure 1D). The average blood glucose values during pregnancy were 310 ± 23.1 

mg/dl in Tet29 DOX dams compared to 107.6 ± 1.7 mg/dl in DOX-treated wt controls 

(p=0.0009; Figure 1B). During gestational day 1 and day 21, minimum blood glucose was 

86 mg/dl and maximum blood glucose 520 mg/dl in Tet29 DOX dams (83 mg/dl and 130 

mg/dl in wt DOX dams, respectively; Figure 1A). The plasma insulin levels of DOX-treated 

Tet29 dams were more than 18-fold higher than in DOX-treated wt controls (52.6 ± 4.3 

ng/ml vs. 2.9 ± 0.1 ng/ml in wt DOX dams; p=0.0003; Figure 1C). C-peptide values were 
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increased to 16 ± 1.7 nmol/l in Tet29 DOX dams compared to 0.6 ± 0.1 nmol/l in wt DOX 

dams (p=0.0008; Figure 1D). Diabetic Tet29 DOX rats gained less body weight during 

pregnancy than normoglycemic wt DOX rats (95 ± 5.1 g vs. 142.2 ± 6.1g in wt DOX dams; 

p=0.0003; Figure 1E).  

   

 

Figure 1: Maternal diabetes during pregnancy (A) Course of blood glucose and DOX exposure in wt and Tet29 

DOX female rats (B) Mean blood glucose concentrations during pregnancy (C) Mean plasma insulin levels and 

(D) Mean plasma c-peptide levels at the end of pregnancy (gestational day 21) (E) Body weight gain during 

pregnancy (day 0 and day 21). Unpaired two-tailed t test, shown mean with SEM, n=5 Tet29 DOX dams, n = 6 wt 

DOX dams. 

 

Maternal preexisting diabetes is associated with hyperlipidemia and decreases litter 

size 

Diabetic Tet29 DOX dams were hyperlipidemic with increased total cholesterol 

(260.1 mg/dl vs. 138.7 mg/dl in wt DOX dams; p=0.0095; Figure 2A). High-density 

lipoprotein was reduced (35.3 ± 2.7 mg/dl vs. 48.7 ± 2.0 mg/dl in wt DOX dams; p=0.0029; 
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Figure 2B) whereas low-density lipoprotein was unchanged (28.9 ± 4.8 mg/dl vs. 27.8 ± 

1.3 mg/dl in wt DOX dams; p=0.83; Figure 2C). Triglycerides were increased in diabetic 

Tet29 DOX dams (1226 ± 81.3 mg/dl vs. 331.8 ± 44.7 mg/dl in wt DOX dams; p<0.0001; 

Figure 2D). Diabetic Tet29 DOX dams had smaller litter sizes (9.4 ± 0.5 fetuses vs. 14 ± 1.1 

fetuses in wt DOX dams; p=0.0054; Figure 2E) whereas the number of resorptions was 

not significantly different (1 vs. 0 in wt DOX dams; p=0.39; Figure 2F). WT and Tet29 

fetuses have been included in the analysis of litter size and resorptions (Figure 2E, F).  

             

 

Figure 2: Lipid profile and fertility of diabetic rats (A) Total cholesterol in serum (B) High-density lipoprotein 

(HDL) cholesterol in serum (C) Low-density lipoprotein (LDL) cholesterol in serum (D) Triglycerides without free 

glycerin in serum (E) Pups per litter and (F) Number of resorptions per dam. Unpaired two-tailed t test, shown 

mean with SEM, n=4-5 Tet29 DOX dams, n = 6 wt DOX dams. 

Maternal preexisting diabetes induces fetal growth restriction 

The wt fetuses of diabetic Tet29 rats were highly hyperglycemic with blood 

glucose levels of 282.5 ± 20.1 mg/dl, compared to 54.6 ± 6.5 mg/dl in wt fetuses of DOX-

treated wt control dams (p=0.0001; Figure 3A). Fetal hyperglycemia was associated with 

lower fetal body weight (2.8 ± 0.1 g vs. 3.6 ± 0.1 g in fetuses of wt DOX dams; p=0.0002; 
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Figure 3B), lower fetal body length (3.37 ± 0.05 cm vs. 3.69 ± 0.03 cm in fetuses of wt DOX 

dams; p=0.0003; Figure 3C), lower fetal liver weight (189.3 ± 12.8 mg vs. 284.9 ± 13.2 mg 

in fetuses of wt DOX dams; p=0.0006; Figure 3D), and lower fetal brain weight (137.7 ± 

3.6 mg vs. 162 ± 1.4 mg in fetuses of wt DOX dams; p<0.0001; Figure 3E). Fetal growth 

restriction was asymmetrical since the ratio of fetal brain weight to liver weight was 

increased in pregnancy with preexisting diabetes (0.76 ± 0.05 vs. 0.58 ± 0.03 in fetuses of 

wt DOX dams; p=0.0126; Figure 3F). 

      

 

Figure 3: Fetal characteristics in diabetic pregnancy (A) Mean fetal blood glucose concentrations (B) Mean fetal 

body weight and (C) Mean fetal body length (D) Mean fetal liver weight (E) Mean fetal brain weight (F) Median 

fetal brain weight to liver weight ratio per mother rat. Unpaired two-tailed t test, shown mean with SEM, n=5 

fetus from Tet29 DOX dams, n = 6 fetus from wt DOX dams. 

Maternal preexisting diabetes alters microglia activation in the hippocampus of the 

offspring 

Analysis of diabetic wt fetuses revealed alterations in hippocampal microglia 

activation (Figure 4A) in comparison to wt fetuses of normoglycemic pregnancy. Ionized 
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calcium binding adaptor molecule 1 (Iba1) is a calcium binding protein considered specific 

for activated microglia/macrophages. In diabetic wt fetuses, immunoreactivity to Iba1 

was reduced by more than 17% in the fetal hippocampus (0.34 in fetuses of Tet29 DOX 

rats vs. 0.41 in fetuses of wt DOX dams; p=0.0357; Figure 4A). These alterations in 

microglia response seemed locally restricted to the fetal hippocampus since other regions 

in the brain such as fetal cortex (0.25 in fetuses of Tet29 DOX rats vs. 0.29 in fetuses of wt 

DOX dams; p=0.25; Figure 4B) and fetal thalamus (0.38 in fetuses of Tet29 DOX rats vs. 

0.43 in wt DOX dams;  

 

Figure 4: Fetal brain in diabetic pregnancy (A) microglia activation in fetal hippocampus and (B) fetal cortex (C) 

mean cell density in the fetal hippocampus and (D) fetal cortex (E) Mean fetal brain volume (F) number of mature 

neurons in the fetal cortex. Unpaired two-tailed t test, shown mean with SEM, n=3 fetus from Tet29 DOX dams, 

n = 5 fetus from wt DOX dams. 

 

p=0.14; supplementary figure S1A) remained unaffected. Altered microglial activation in 

the hippocampus was not associated with altered cell density in the hippocampus (114.8 

in fetuses of Tet29 DOX rats vs. 114.6 in fetuses of wt DOX dams; p>0.99; Figure 4C) or 

cortex (118 in fetuses of Tet29 DOX rats vs. 110.6 in fetuses of wt DOX dams; p>0.99; 

Figure 4D), total brain volume (39.4 mm2 in fetuses of Tet29 DOX rats vs. 43.5 mm2 in 
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fetuses of wt DOX dams; p=0.36; Figure 4E), or number of mature cortical neurons ((0.072 

in fetuses of Tet29 DOX rats vs. 0.067 in fetuses of wt DOX dams; p=0.79; Figure 4F). Cell 

densities in other regions of the fetal brain such as thalamus (106.8 in fetuses of Tet29 

DOX rats vs. 108.7 in fetuses of wt DOX dams; p=0.79; supplementary figure S1B) and 

corpus striatum (101 in fetuses of Tet29 DOX rats vs. 87.3 in fetuses of wt DOX dams; 

p=0.39; supplementary figure S1C) were also unchanged.            

Maternal preexisting diabetes alters Srebf2 DNA promoter methylation pattern in the 

offspring 

Promoter DNA methylation of several master metabolic and transcriptional 

factors have been reported to be affected by diabetic conditions [26]. We evaluated 

whether there are epigenetic changes in fetal organs after diabetic pregnancy. We 

focused on the analysis of Srebf2, the master transcriptional regulator of cholesterol 

metabolism (Figure 5, 6 and supplementary figure S2). The promoter region of Srebf2 

 

  

Figure 5: Srebf2 DNA promoter methylation in fetal brain in diabetic pregnancy (A) Sterol regulatory binding 

factor 2 (Srebf2) promoter methylation at CpG positions 1 to 8 in fetal brain and (B) average Srebf2 promoter 

methylation (C) Srebf2 mRNA level relative to 36B4 in fetal brain. Unpaired two-tailed t test, shown mean with 

SEM, n=3 fetus from Tet29 DOX dams, n = 4 fetus from wt DOX dams. 

 

showed increased methylation in four out of the eight studied CpG positions in the fetal 

brains of diabetic pregnancies, located in the region between 86 and 43 base pairs 

upstream transcriptional start site (Figure 5A).There was a significant increase at CpG 

position 2 (5.2 % in fetal brains of tet29 DOX rats vs. 1.7 % in fetal brains of wt DOX rats; 

p=0.029), at CpG position 3 (11.1 % in fetal brains of tet29 DOX rats vs. 8.6 % in fetal brains 

of wt DOX rats, p=0.029), at CpG position 5 (9.3 % in fetal brains of tet29 DOX rats vs. 3.1 
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% in fetal brains of wt DOX rats, p=0.029), and at CpG position 6 (5.8 % in fetal brains of 

tet29 DOX rats vs. 1.7 % in fetal brains of wt DOX rats, p=0.029). Average methylation in 

all tested CpG positions was significantly increased in the fetal brains of diabetic 

pregnancies (6.8 % in fetal brains of tet29 DOX rats vs. 4.0 % in fetal brains of wt DOX rats, 

p=0.029; Figure 5B) and this was accompanied by decreased gene expression of Srebf2 in 

the fetal brain (0.35 in fetal brains of tet29 DOX rats vs. 0.53 in fetal brains of wt DOX rats, 

p=0.029; Figure 5C).  

The increase in Srebf2 promoter methylation was even more pronounced in the 

fetal livers after diabetic pregnancy with hypermethylation in six out of eight studied CpG 

positions (Figure 6A). There was a significant increase at CpG position 1 (6.1 % in fetal 

livers of tet29 DOX rats vs. 4.0 % in fetal livers of wt DOX rats; p=0.029), CpG position 2 

(2.0 % in fetal livers of tet29 DOX rats vs. 1.2 % in fetal livers of wt DOX rats; p=0.029), at 

CpG position 3 (8.6 % in fetal livers of tet29 DOX rats vs. 4.8 % in fetal livers of wt DOX 

rats, p=0.029), at CpG position 5 (4.6 % in fetal livers of tet29 DOX rats vs. 1.9 % in fetal 

livers of wt DOX rats, p=0.029), at CpG position 6 (2.1 % in fetal livers of tet29 DOX rats 

vs. 1.2 % in fetal livers of wt DOX rats, p=0.029), and at CpG position 7 (7.2 % in fetal livers 

of tet29 DOX rats vs. 5.8 % in fetal livers of wt DOX rats, p=0.029). Average methylation 

in all tested CpG positions was significantly increased in the fetal livers of diabetic 

pregnancies (3.9 % in fetal livers of tet29 DOX rats vs. 2.5 % in fetal livers of wt DOX rats, 

p=0.029; Figure 6B). In accordance, Srebf2 expression was downregulated in fetal livers 

of diabetic pregnancies (0.86 in fetal livers of tet29 DOX rats vs. 1.31 in fetal livers of wt 

DOX rats, p=0.05; Figure 6C; and 0.9 in fetal livers of tet29 DOX rats vs. 1.28 in fetal livers 

of wt DOX rats when analyzed several fetuses per dam, p<0.0001; Figure 6D).  

Interestingly, there were no major differences between Srebf2 promoter 

methylation and Srebf2 gene expression in placentas from normoglycemic and diabetic 

pregnancies (supplementary figure S2A-C). Except for CpG position 5 (4.7 % in fetal livers 

of tet29 DOX rats vs. 3.5 % in fetal livers of wt DOX rats; p=0.029), diabetic pregnancy had 

no significant influence on methylation at several CpG positions in placentas (in placentas 

of tet29 DOX rats 9.4 % (CpG 1), 2.4 % (CpG 2), 15.2 % (CpG 3), 0.41 % (CpG 4), 2.4 % (CpG 

6), 12.8 % (CpG 7), and 0.95 % (CpG 8) vs. 8.8 %, 2.4 %, 12.7 %, 1.02 %, 3.1 %, 12.6 %, and 

0.95 % in placentas of wt DOX rats, respectively; supplementary figure S2A). Diabetic 

pregnancy did neither influence average Srebf2 promoter methylation in placentas (6.0 % 

in placentas of tet29 DOX rats vs. 5.5 % in placentas of wt DOX rats, p=0.31; 

supplementary figure S2B) nor gene expression of Srebf2 in placentas (1.22 in placentas 

of tet29 DOX rats vs. 1.35 in placentas of wt DOX rats, p=0.29; supplementary figure S2C).  
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Figure 6: Srebf2 DNA promoter methylation in fetal liver in diabetic pregnancy and in silico transcription factor 

analysis of rat Srebf2 (A) Sterol regulatory binding factor 2 (Srebf2) promoter methylation at CpG positions 1 to 

8 in fetal liver and (B) average Srebf2 promoter methylation (C) Srebf2 mRNA levels relative to 36B4 in fetal liver 

(D) Srebf2 mRNA levels relative to 36B4 in fetal liver, included n = 9 fetuses out of 3 Tet29 DOX dams, n = 7 

fetuses out of 3 wt DOX dams (E) in silico transcription factor analysis of the rat Srebf2 gene. CpG sites and exact 

positions are marked by grey arrows. The black arrow indicates the transcriptional start site. Below the diagram, 

individual CpG dinucleotides and putative transcription factors binding sites are indicated. Abbreviations: 

transcription factor SP4 (SP4); zinc finger /POZ domain transcriptional factor (ZF5F); zinc transcriptional 

regulatory element (ZTRE); transcription factor SP1 (SP1); CCCTC-binding factor (CTCF); transcription factor E2F 

(E2F); activator protein 2 (AP2F); early growth response factor (EGFR). Unpaired two-tailed t test, shown mean 

with SEM, n=3 fetus from Tet29 DOX dams, n = 4 fetus from wt DOX dams. 

 

Broad analysis of Srebf2 DNA promoter methylation and gene expression and 

transcription factor analysis of the rat Srebf2 gene  

Next, we measured Srebf2 DNA promoter methylation and gene expression in 

several organs of adult male control rats (supplementary figure S3, S4) to further support 

their negative correlation and to provide a broader picture. There was a statistically 

significant inverse correlation between Srebf2 gene expression level and DNA promoter 

methylation in 6 out of 8 inspected CpG sites (CpG position 1, 2, 3, 5, 6, and 7) in both 
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organs with high (liver and kidney) and very low (spleen and muscle) Srebf2 gene 

expression levels (supplementary figure S3). For two positions there was no significant 

correlation between the methylation percentages and the expression levels of Srebf2 

(supplementary figure S4). 

Furthermore, we elucidated transcription factors which putatively bind to our 

investigated CpG positions 1 to 8 in the promoter region of the rat Srebf2 gene. We 

performed an in silico transcription factor analysis (Figure 6E). We found that several 

transcription factors (transcription factor SP4 (SP4), zinc finger /POZ domain 

transcriptional factor (ZF5F), zinc transcriptional regulatory element (ZTRE, transcription 

factor SP1 (SP1), CCCTC-binding factor (CTCF), transcription factor E2F (E2F), activator 

protein 2 (AP2F), and early growth response factor (EGFR)) putatively bind to one of the 

CpG position 1 to 8 in the promoter of the rat Srebf2 gene (Figure 6E).  

 

Discussion 
Our data show that uncontrolled preexisting diabetes during rat pregnancy 

results in (1) maternal hyperlipidemia (2) fetal growth restriction, (3) decreased microglial 

activation in the fetal hippocampus, and (4) increased methylation of the promoter of 

Srebf2 in the fetal brain and the liver leading to decreased gene expression of Srebf2 in 

these organs. Although changes in Srebf2 expression in patients with diabetes have been 

described earlier [27], our study shows for the first time that (1) fetal Srebf2 expression is 

affected by diabetic pregnancy, and (2) this is associated with epigenetic modifications. 

An adverse perinatal intrauterine environment, such as nutrient deprivation or 

hypoxia, is associated with neurological and metabolic programming of the offspring 

[26,28]. Several animal studies have demonstrated that a hyperglycemic and obesogenic 

phenotype of the mother can also lead to neurological and metabolic alterations in the 

offspring [6]. However, the mechanistic evidence on how the hyperglycemic intrauterine 

milieu affects the fetus is scarce. In addition, most animal research has been conducted 

so far in the streptozotocin model resembling hypoinsulinemic type 1 diabetes, which is 

difficult to compare to human situation (pregnant and non-pregnant), where the 

hyperinsulinemic type 2 diabetes is much more common. This is why we present a new 

diabetes model in pregnancy displaying insulin resistance and hyperglycemia resembling 

acquired human type 2 diabetes. We propose our diabetes model as a new tool for 

translational research. The diabetic rats in our study provide additionally hyperlipidemia, 

a sign that often accompanies human diabetic patients [18], further increasing the value 

of our translational diabetes rat model.  
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Many epidemiological studies report the association of maternal preexisting 

diabetes and neurological and metabolic offspring health [29–31], whereby epigenetic 

changes were proposed as a mediating factor [32]. Identification of specific methylation 

changes induced by a diabetic environment that may modulate fetal outcome can 

facilitate the development of novel diagnostic and therapeutic perspectives. We 

identified Srebf2 as a potential candidate for mediating in utero environment-driven 

epigenetic changes in fetuses of diabetic and/or hyperlipidemic pregnancies. Srebf2 is a 

master regulator of genes involved in cholesterol homeostasis. We showed in this study 

that Srebf2 is downregulated in the fetal liver and the brain of diabetic pregnancies and 

this was accompanied by hypermethylation of the promoter of Srebf2. Around 25% of the 

total body cholesterol is present in the brain and 10% of the total cholesterol biosynthesis 

occurs in the liver, making liver and brain the most important organs in cholesterol 

metabolism [33,34]. In addition, we confirmed a negative correlation between Srebf2 

DNA promoter methylation and Srebf2 gene expression in several other organs of rats 

from a different strain and with a different gender.  

Our data are in accordance with many studies showing that cholesterol 

metabolism and Srebf2 are largely affected in models of insulin resistance or diabetes 

mellitus. For instance, Srebf2 is downregulated in the livers of liver-specific insulin-

resistant mice [35]. This downregulation of Srebf2 is observed in the brain of insulin-

resistant db/db mice and non-obesogenic mice, too [16]. In contrast, the Srebf2 

expression is not affected in the brain and livers of obesogenic ob/ob mice [16,36], where 

the levels of hyperglycemia are lower. This suggests that not only the insulin resistance 

but the glucose levels as well are important for the cholesterol synthesis pathway. In 

addition, Srebf2 has been shown to be essential for embryo development since a general 

knockout of Srebf2 in mice results in a fetal loss, while Srebf2 downregulation leads to 

growth decline and changes in metabolic pathways in the offspring [21].  

Although hyperglycemia during human pregnancy typically leads to macrosomia 

[5], we observed growth-restricted fetuses. This is in accordance with the observation 

that uncontrolled hyperglycemia and hyperinsulinemia leads to intrauterine growth 

restriction [5,37]. Many studies report that growth restricted fetuses are prone to 

metabolic alterations in later life e.g. stroke, cardiovascular insults, and diabetes [38]. 

Moreover, offspring of diabetic mothers display impaired neuronal projections and long-

term neuronal impairment [39]. Alternative rodent models of diabetic pregnancies did 

also lead to growth-restricted fetuses [40].  
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Besides their well-established role in innate immunity and neuroinflammation, 

microglial cells play an important role in central nervous system development and 

homeostasis [41,42]. Importantly, we observed that the fetal brain exposed to preexisting 

maternal diabetes displays reduced hippocampal microglial activation. As microglia seem 

to be actively involved in the development of neural circuits, myelination and 

vascularization [43]. We speculate that fetuses from mothers with preexisting diabetes, 

because of a reduced activation of microglial cells, are at risk to develop neurological 

deficits later in life. This needs to be characterized in depth in future studies. In addition, 

we observed down regulation of Srebf2 expression in fetal brains of diabetic pregnancies 

and other authors have shown that Srebf2 expression is significantly decreased in the 

brain upon neuronal injury [44]. Moreover, it has been described that exposure of 

microglia to high glucose concentrations leads to increased secretion of proinflammatory 

cytokines which in turn can mediate the neuronal injury [45]. While it is likely that our 

observed decrease in microglial activation in the fetal hippocampus exposed to diabetes 

during pregnancy is mediated via high glucose concentrations in the brain, there is no 

change observed in brain volume and number of mature cortical neurons although brain 

weight is reduced. This might be due to dynamic neurogenesis and plasticity of the fetal 

brain, where remodeling occurs probably without changes in the brain volume. The lack 

of brain volume reduction might further support the hypothesis that the fetal brain stops 

growing as the last organ in case of adverse circumstances, a fetal compensatory 

response called "brain-sparing effect" also observed in human pregnancies complicated 

with intrauterine growth restriction [46,47].  

The major limitation of our study is that we cannot distinguish the sole influence 

of maternal hyperinsulinemia, hyperglycemia, and hyperlipidemia on fetal phenotype, 

Srebf2 gene expression, and Srebf2 promoter methylation, nor can we state how the 

described changes in the fetus will manifest in offspring’s later life. Our study animals 

received DOX which is known to alter placentation and pregnancy in rats. We did not 

apply DOX during early pregnancy when placentation takes place. In addition, our control 

wt DOX dams received DOX as well. Taken together, we consider it extremely unlikely that 

our observed results are due to DOX, but we cannot exclude it. 

Perspectives 
In summary, we have demonstrated that maternal preexisting insulin resistant 

diabetes during pregnancy results in decreased Srebf2 gene expression in fetal organs 

that are important for cholesterol metabolism. This is accompanied by an increased 

promoter methylation of Srebf2 in the fetal liver and the brain, reduction of fetal liver and 

brain weight, and decreased microglial activation in the fetal brain. These alterations can 
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serve as a link between a diabetic intrauterine environment and a variety of disorders of 

neuronal and metabolic functions. Srebf2 is a possible candidate gene mediating in utero 

environment-driven epigenetic changes in fetuses of diabetic pregnancies. Further 

studies are needed to elucidate its distinct role in fetal programming and to develop 

possible specific therapies.  
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Supplementary figures 
   

 

Supplementary Figure S1: Fetal brain in diabetic pregnancy (A) microglia activation in the thalamus (B) Mean 

cell density in the fetal thalamus and (C) in the fetal corpus striatum. Unpaired two-tailed t test, shown mean 

with SEM, n=3 fetuses from Tet29 DOX dams, n = 5 fetuses from wt DOX dams.    

 

  

 

Supplementary Figure S2: Srebf2 DNA promoter methylation in the placenta in diabetic pregnancy (A) Sterol 

regulatory binding factor 2 (Srebf2) promoter methylation at CpG positions 1 to 8 in the placenta and (B) average 

Srebf2 promoter methylation in placenta (C) Srebf2 mRNA levels relative to 36B4 in placenta. Unpaired two-

tailed t-test, shown mean with SEM, n=3 fetuses from Tet29 DOX dams, n = 4 fetuses from wt DOX dams. 

 

6 



Fetal programming in pregnancy-associated disorders 

 

 

 141 

 

                             

Supplementary Figure S3: Inverse correlation of Srebf2 promoter methylation at several CpG positions and 

Srebf2 gene expression in male rats (A-F) Srebf2 promoter methylation at CpG position 1, 2, 3, 5, 6, and 7 shows 

inverse correlation with Srebf2 mRNA levels. Spearman´s rank correlation coefficient; n = 4 kidneys, n = 4 livers, 

n = 4 muscles, and n=2 spleens out of 4 rats.  

                               

 

Supplementary Figure S4: Srebf2 promoter methylation at CpG position 4 and 8 and Srebf2 gene expression 

in male rats in male rats. (A) Srebf2 promoter methylation at CpG position 4 and (B) 8 showed no significant 

correlation with Srebf2 mRNA levels. Spearman´s rank correlation coefficient; n = 4 kidneys, n = 4 livers, n = 4 

muscles, and n=2 spleens.
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