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Background: Diabetes in pregnancy affects fetal growth 
and development. The insulin/insulin-like growth factors (IGF) 
system comprising insulin, IGF, their receptors, and binding 
proteins, has been implicated in fetal growth regulation. This 
study tested the hypothesis that maternal diabetes alters the 
fetal insulin/IGF system in a tissue-specific manner.
Methods: Wistar rats were rendered diabetic by neonatal 
administration of streptozotocin and mated with control rats. 
At day 21 of gestation, the weights of fetuses, placentas, and 
fetal organs (heart, lung, liver, stomach, intestine, and pancreas) 
were determined. Maternal and fetal plasma concentrations of 
insulin, IGF1, and IGF2 were measured by ELISA, and expression 
of IGF1, IGF2, IGF1R, IGF2R, IR, IGFBP1, BP2, and BP3 in placenta 
and fetal organs by qPCR.
Results: The well-known increase in fetal growth in this 
model of mild diabetes is accompanied by elevated insulin and 
IGF1 levels and alterations of the insulin/IGF system in the fetus 
and the placenta. These alterations were organ and gene spe-
cific. The insulin/IGF system was generally upregulated, espe-
cially in the fetal heart, while it was downregulated in fetal lung.
Conclusion: In our model of mild diabetes, the effect of 
maternal diabetes on fetal weight and fetal insulin/IGF system 
expression is organ specific with highly sensitive organs such 
as lung and heart, and organs that were less affected, such as 
stomach.

Diabetes in pregnancy, i.e., the fetal exposure to hypergly-
cemia in utero, has become recognized as a risk factor for 

immediate adverse pregnancy outcome, and in having long-
term effects on mother and offspring. Immediate outcomes 
include excessive fetal fat accretion as well as congenital malfor-
mations, such as cardiac, musco-skeletal, and central nervous 
system anomalies (1,2). Early evidence in Pima Indians and 
in animal models has clearly shown that long-term effects of 
growing in a diabetic environment in utero include a higher risk 
for the offspring to develop obesity, type 2 diabetes (T2D), the 
metabolic syndrome, and cardiovascular disease later in life (3). 
This was confirmed in further studies in which offspring from 
diabetic pregnancies were followed up into adolescence (4).

One of the well-known effects of the diabetic environment 
on the offspring is its growth promoting action as reflected by 
weight increases of the fetus proper and of some fetal tissues 
(5,6). The insulin/IGF system is a potent regulator of devel-
opment and growth, and elevated levels of cord blood insu-
lin can be regarded as hallmark of fetal changes in the wake 
of maternal diabetes (7,8). This system comprises insulin, 
the insulin-like growth factors-1 (IGF1) and -2 (IGF2), the 
receptors for insulin (IR), IGF1 (IGF1R) and IGF2 (IGF2R) as 
well as a range of binding proteins (IGFBP1-6) for both IGFs, 
which regulate IGF bioavailability by modulating the half-life 
of IGFs and their site of action (9). Only a small proportion 
of IGFs circulates in a free form, the bulk is bound to IGF-
binding proteins (IGFBPs). Among the six known IGFBPs, 
IGFBP 1–3 have been comprehensively investigated. The 
ligands can act locally in a paracrine manner through bind-
ing to their cognate receptors. In addition, after secretion in 
the circulation, they can also exert effects in target tissues dif-
ferent from their site of production and release. Insulin and 
IGF1 signal through their respective receptors (IR, IGF1R). 
IGF2 can bind to several receptors: (i) the IGF2R which has 
been predominantly regarded as a molecular sink for IGF2 
thus modulating IGF2 bioavailability, although it might 
have an independent signaling function. (ii) The IGF1R and 
(iii)  the insulin receptor isoform excluding exon 11 (IR11−) 
which is mostly expressed in fetal and cancer tissues (10). The 
IR isoforms are generated by alternative splicing of exon 11 
resulting in transcripts either including (IR11+) or excluding 
(IR11−) exon 11, respectively) (10).

General and tissue-specific knock-out and transgenic over-
expression models have clearly established the importance of 
many of the components of the insulin/IGF system for embry-
onic growth in mice, and have demonstrated some tissue selec-
tivity of the effects (11). These studies have also boosted our 
understanding of the significance of each tissue component in 
fetal development and growth. However, the changes associ-
ated with maternal diabetes are more complex, because they 
affect almost every component of the system studied so far, 
they interact with the complex diabetes-associated endocrine 
and metabolic changes beyond the insulin/IGF system, and 
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they may differ among organs. Moreover, opportunistic com-
pensation (12) may add to the phenotypes obtained. Therefore, 
the role of the insulin/IGF system is still unclear.

Studies in human fetuses are not feasible, thus animal mod-
els have to be used despite all their limitations for pregnancy 
studies. Streptozotocin-induced models of diabetes have the 
advantage that different protocols and strains can be used to 
generate either mild, moderate, or severe forms of the dis-
ease. They also offer the advantage to study the effect of the 
diabetic environment without the complication of confound-
ing the results by treatment modalities as they have to be used 
in human (5,13). The neonatal-induced streptozotocin-model 
of diabetes in the rat has been widely employed (14,15). We 
have characterized a neonatal streptozotocin-induced mild 
diabetic model during pregnancy in our laboratory and have 
demonstrated metabolic derangements and a pro-oxidative 
and pro-inflammatory intrauterine environment, which alters 
the embryo, the fetus and the placenta during their develop-
ment (15,16). This model has maternal glycemia levels of 150–
250 mg/dl and, thus, resembles the levels of hyperglycemia 
frequently seen in human diabetic pregnancies. Moreover, the 
model is characterized by impaired maternal glucose and lipid 
metabolism, as well as placentomegalia and fetal macrosomia 
(17), typical outcomes of diabetic pregnancies in human (1,18) 
and is therefore a good model representing diabetes in humans 
and for studying the regulation of feto-placental growth.

In this study, we tested the hypothesis that the intrauter-
ine environment even of mild forms of diabetes has selective 
effects on fetal tissues and differently modifies the insulin/IGF 
system in fetal organs. This would reflect differential sensitivity 
of the fetal organs to changes in the fetal insulin/IGF system 
induced by maternal diabetes.

To this end, we measured maternal and fetal serum levels 
of insulin and IGFs, the weight of the fetus and various fetal 
organs as well as the expression of the insulin/IGF system in 
fetal organs.

RESULTS
Metabolic State
At term gestation, the diabetic rats showed significantly higher 
levels of glycemia (208 ± 19 mg/dl) than controls (82 ± 3 mg/
dl, P < 0.001). Also, offspring from diabetic rats had higher 
glycemia levels (185 ± 8 mg/dl) than the controls (44 ± 4 mg/
dl, P < 0.01) (Figure 1a,b). Streptozotocin toxicity to β cells 
caused a reduction of maternal insulin levels by 15% (controls: 
1.35 ± 0.07 vs. diabetes: 1.19 ± 0.05 ng/ml; P < 0.05) conforming 
to the mild model of diabetes employed here. However, fetuses 
showed more dramatic differences with an increase in insulin 
by 70% (P < 0.01) (Figure 1c,d). Comparison of insulin resis-
tance (HOMA-IR) between fetuses from control vs. diabetic 
rats (0.98 ± 0.30 vs. 5.45 ± 1.40, P < 0.05) revealed that fetuses 
from diabetic rats were insulin resistant.

Offspring and Tissue Weights
The litter size of diabetic rats was similar to the control group 
(11.6 ± 0.4 vs. 12.5 ± 0.4). The offspring in the diabetic group 

were heavier than the controls (P < 0.01), to which most organs 
contributed. The placenta was the organ with the strongest 
weight increase in diabetes that exceeded the weight gain of 
the fetus. The comparison between fetal and placental weight 
gain indicates no change in placental efficiency in maternal 
diabetes as indicated by similar fetal/placental weight ratios 
as compared to the controls. Most of the fetal organ showed 
an increase in weight that was proportional to the fetal weight 
increase; however, fetal lung and placenta were heavier than 
controls in proportion to the fetal weight increase (Table 1).

Circulating Levels of IGFs
IGF1 levels were unchanged and free IGF2 levels were 10% 
higher (P < 0.05) in the diabetic pregnant rats (Figure 1e,g). 
While circulating levels of IGFs in the mothers were only mod-
erately altered, the fetuses showed profound changes: IGF1 
rose by 200% of the control levels (P < 0.01, Figure 1f). Of 

Figure 1  Plasma parameters. Concentrations (mean ± SEM) of glucose, 
insulin, IGF1, and IGF2 in the (a,c,e,g) maternal and (b,d,f,h) fetal circula-
tion in control (C, white bars; N = 12) and diabetic (D, black bars; N = 11) 
rats. For the measurement of fetal concentrations, plasma from 12 control 
litters and 11 diabetic litters at day 21 of gestation was pooled. *P < 0.05, 
**P < 0.01 vs. control.
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note, the free fetal IGF2 concentrations were similar between 
fetuses from controls and diabetic mothers (Figure 1h).

Expression of the Insulin/IGF System in Fetal Organs
In order to compare insulin/IGF system components between 
fetal organs of the control group, all expression values were 
normalized to the expression values in fetal liver, as this is a 
classical fetal IGF producing and insulin target organ.

In control rats, the placenta was the key fetal tissue to tran-
scribe both IGF1 and IGF2 with 5- and 75-fold expression 
levels of fetal liver, respectively. Considerable levels of tran-
scripts were also found in fetal stomach, heart and lung. The 
heart revealed high IGF1 expression levels which were com-
parable to that of fetal liver. The lung was particularly rich in 
IGF2 with 40-fold more mRNA than fetal liver (Figure 2a,b).

Different from the ligands (IGF1, IGF2), the IGF and insulin 
receptors were higher expressed in the liver than placenta. All 
other tissues showed less receptor expression than liver except 
the strong IGF2R signal in stomach (Figure 2c–e). Among the 
IGF binding proteins measured, BP1 was most prominent in 
stomach and heart. BP2 showed about 170-fold levels in heart 
than in all other tissues, whereas BP3 transcripts were mostly 
found in liver and stomach (Figure 2f–h). Lack of sufficient 
purified RNA precluded measurements of IGFBPs in the lung.

Effect of Diabetes on the Insulin/IGF System in Fetal Organs
For the analysis of the effect of maternal diabetes on the insu-
lin/IGF system in fetal organs, expression values of the diabetic 
group were normalized to expression values of the control 
group for each organ.

Maternal diabetes affected many of the target genes in fetal 
rat organs, however, with some gene and tissue specificity. The 
insulin/IGF system of the fetal heart was most susceptible to 
the diabetic influences, as it was the organ in which almost all 
the insulin/IGF system components were significantly altered. 
However, also placenta, fetal liver and fetal lung responded 
strongly (Figure 3).

The very high control levels of IGF1 and IGF2 transcripts in 
the placenta relative to other tissues were even augmented in 
diabetes. However, in the liver, the relative diabetes-associated 
changes of IGF1 (+2-fold) and IGF2 (+3-fold) were even stron-
ger than in placenta (IGF1 and IGF2: +0.8-fold)(Figure 3a,b). 
The fetal heart also showed upregulation of the IGF1 and 2 
expression (Figure 3c).

All receptors studied were upregulated by diabetes in the 
heart, but IR showed the most pronounced effect (+3-fold) 
in stomach (Figure 3c,d). By contrast, in lung the system was 
depressed in diabetes by reducing IGF1 (P < 0.01) and IR (P < 
0.05) expression as well as by threefold upregulation (P < 0.01) 
of IGF2R (Figure 3e).

IGFBP1 was upregulated in most tissues, with strongest 
effects in placenta (+2-fold), heart (+2-fold) and stomach 
(+2.3-fold) (Figure 3a,c,d) IGFBP2 showed the most varied 
changes: upregulated in liver, unchanged in heart and pla-
centa, and downregulated in stomach (Figure 3a–d) whereas 
IGFBP3 was upregulated in all tissues, with the strongest effect 
in liver (+3.4-fold) (Figure 3b). IGFBPs were not measured in 
fetal lung.

The long isoform of the insulin receptor (IR11+) was the 
major isoform in liver (74 ± 5%) and heart (65 ± 3%) whereas 
the short IR11− isoform prevailed in placenta, lung and stom-
ach, with only 29 ± 1%, 35 ± 3% and 45 ± 3% of IR11+. Diabetes 
did not significantly alter IR isoform splicing in these organs 
(Table 2).

DISCUSSION
This study aimed to analyze changes in the fetal insulin/IGF 
system associated with mild forms of diabetes, and to identify 
fetal organs which are particularly sensitive to these changes. 
The most significant findings were that (i) the growth promot-
ing environment of maternal mild diabetes is associated with 

Table 1  Weight (mean ± SEM) of fetuses and fetal organs (mg) and 
relative weight changes (%)

Control Diabetes

Relative 
change (%) in 
diabetes vs. 

control

Fetus 3,239 ± 37 3,666 ± 46** +13.2 ± 1.5

Placenta Absolute 
weight (mg)

562.0 ± 6.9 683.9 ± 11.3** +21.7 ± 2.1

Efficiency  
(fetal/placental  
weight)

5.93 ± 0.26 5.48 ± 0.26

Liver Absolute 
weight (mg)

254.1 ± 5.2 284.1 ± 5.2** +11.8 ± 1.5

% to body 
weight

7.72 ± 0.35 7.72 ± 0.16

Lung Absolute 
weight (mg)

94.5 ± 2.2 110.7 ± 1.2** +17.3 ± 2.3

% to body 
weight

2.82 ± 0.13 3.01 ± 0.13

Heart Absolute 
weight (mg)

22.4 ± 0.2 24.1 ± 0.4** +7.7 ± 1.1

% to body 
weight

0.67 ± 0.04 0.66 ± 0.02

Pancreas Absolute 
weight (mg)

21.2 ± 0.6 20.8 ± 0.5 −1.9 ± 0.2

% to body 
weight

0.64 ± 0.04 0.58 ± 0.02

Intestine Absolute 
weight (mg)

79.3 ± 1.9 86.0 ± 1.7* +8.5 ± 0.9

% to body 
weight

2.36 ± 0.09 2.45 ± 0.08

Stomach Absolute 
weight (mg)

19.6 ± 0.5 20.7 ± 0.5 +5.6 ± 1.2

% to body 
weight

0.59 ± 0.03 0.56 ± 0.05

Total weights of organs 
studied

1,053 1,230 +16.8 ± 1.5

Contribution to total fetal 
weight (%)

32.5 33.6

Means from the means of litters from 12 control rats and 11 diabetic rats.
*P < 0.01. **P < 0.01 vs. control.
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organ specific weight increase: Placenta and fetal lung showed 
a significant weight gain. (ii) Maternal diabetes altered the fetal 
insulin/IGF system in a complex and organ specific manner. In 
general, IGFs, receptors and binding proteins were upregulated 
in fetal organs. Fetal liver IGF expression was most sensitive 
towards diabetes and responded with the highest upregulation. 
(iii) The placenta was the organ with the highest expression 
levels of IGF1 and IGF2, by far exceeding that of all other fetal 
organs including liver.

The well-known growth promoting effect of the diabetic 
environment in utero as observed in human pregnancy was also 
confirmed here in the animal model: hyperinsulinemia and ele-
vated IGF1 levels were paralleled by an increase in fetal body 
weight. Detailed analysis revealed also an increase in weight of 
most but not all fetal organs. The weight increase of lung and 
placenta parallels findings also in human fetuses (19–22).

Of note are the diabetes induced changes in the lung: 
While growth factors and signaling receptors are increased 

Figure 2  Gene expression in control organs. Gene expression of components of the insulin/IGF system in placenta and fetal organs from normal 
control rats at day 21 of gestation. Values for (a) IGF1, (b) IGF2, (c) IGF1R, (d) IGF2R, (e) IR, (f) BP1, (g) BP2, and (h) BP3 are presented as fold change 
(mean ± SEM) in each tissue relative to liver (=1) for each target gene; a total of 12 fetuses, one from each of 12 control dams was measured. Li, 
liver (white bars); P, placenta (black bars); S, stomach (gray bars); H, heart (vertically hatched); Lu, lung (horizontally hatched); n.d., not determined. 
*P < 0.05, **P < 0.01 vs. liver.
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by maternal diabetes in placenta and other fetal organs, fetal 
lungs of the diabetic group responded predominantly with a 
downregulation of IGFs and receptors such as to weaken the 
mitogenic effects of the growth factors. Only IGF2R serving 
to clear IGF2 from the circulation with some independent 
signaling function was upregulated. Lack of enough material 

precluded measurements of IGFBPs. If this overall effect 
may be related to the delayed lung maturation with entail-
ing higher risk for respiratory distress syndrome in fetuses of 
poorly controlled diabetic mothers (20) remains to be studied. 
However, isolated information obtained from knock out mod-
els demonstrates the important role of IGF1 and IGF2 in lung 

Figure 3  Gene expression, effect of diabetes. Effects of mild maternal diabetes on components of the insulin/IGF system in (a) placenta, (b) liver, (c) heart, 
(d) stomach, and (e) lung of fetuses from diabetic vs. normal rats at day 21 of gestation. Values are presented as fold change (mean ± SEM) in maternal diabetes 
relative to controls (=1) for each target gene and organ. Open bars: IGFs; black bars: receptors; gray bars: IGF binding proteins. One fetus per dam was analyzed 
resulting in a total of 12 control and 11 diabetic fetuses. Co, control; IGFs, insulin-like growth factors; n.d., not determined. *P < 0.05, **P < 0.01 vs. control.
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growth and maturation and in the development of respiratory 
problems (23). Furthermore, hyperactivation of the insulin 
signaling pathway has recently been implicated in the patho-
genesis of the respiratory distress syndrome in offspring born 
to diabetic mothers (24).

Classically, the liver is regarded as the main IGF producing 
organ (25). However, placental expression levels of IGF1 and 
IGF2 by far exceeded levels of the fetal liver and all other fetal 
organs analyzed. The fetal heart expressed as much IGF1 as the 
liver, while fetal lung and stomach expressed IGF2 at higher 
levels than the liver. Also in the human fetus and similar to the 
results here, both IGFs are produced at different extrahepatic 
sites, which change with development (26,27).

The fetal heart has shown the most profound changes in 
insulin/IGF system components with both IGFs and all recep-
tors upregulated by diabetes.

We are aware that data on further organs known as targets 
or production sites of the insulin/IGF system, such as pan-
creas, skeletal muscle, and kidney, would also be of interest. 
However, in order to obtain the fetal organs as fast as possible 
to achieve optimal RNA quality, we had to focus and restrict 
the number of organs to investigate.

A clear limitation of the study is the lack of functional 
investigations of the receptors for signaling changes associ-
ated with diabetes, which is also suggested by the increased 
HOMA-IR in fetuses after diabetic pregnancies. Recently, we 
found changes in insulin signaling in the human placenta in 
diabetes and obesity (28). Also in the rat placenta, experi-
mental diabetes was associated with functional alterations of 
the IGF1 receptor despite unchanged receptor binding (29). 
Besides levels and phosphorylation of insulin signaling com-
ponents, altered insulin receptor splicing has been implicated 
in diabetes and insulin resistance (30). However, diabetes had 
no effect on the relative isoform abundance in this model. 
This extends findings in adult diabetic rats to the prenatal 
period (31).

This model of diabetes achieved glycemia levels similar to 
those frequently found in human diabetic pregnancies, and 
also changes in fetal circulating insulin and IGF1 levels found 
in this study were also found in diabetic patients (8). However, 
in human diabetic pregnancies, also cord blood IGF2 levels are 
higher than in non-diabetic controls (32), likely as a result of 
fetal hyperglycemia and hyperinsulinemia (33,34). The absence 
of elevated free fetal IGF2 levels in diabetes despite hypergly-
cemia and hyperinsulinemia as well as more IGF2 transcripts 
in fetal liver and placenta may reflect a high proportion of 

IGF2 bound to IGFBPs. IGFBPs are also elevated in many fetal 
organs and IGF2 bound to them could not be detected by the 
ELISA.

Studies in fetal swine investigating IGF1 mRNA expression 
in fetal organs indeed showed a similar pattern of changes: 
Maternal diabetes increased fetal serum insulin and IGF1 
and IGF1 mRNA was elevated in fetal liver, placenta, and fetal 
heart while lung levels were not (35).

Also, outcomes on specific organs identified here are found 
in human diabetes in pregnancy, i.e., hypertrophy of fetal lung 
and placenta. This should allow drawing conclusions from the 
present results to effects of diabetes in human pregnancies, 
however, with the precautions that always have to be made 
when using animal models for human disease (5,36,37). One 
of the differences is that human offspring are born with 12–
15% fat at term of pregnancy and in maternal diabetes, fetus 
and newborn are characterized by an excessive i.e., over pro-
portional, accumulation of fat (18,37). Rodent fetuses are born 
with only about 2% fat, without mature adipocyte differentia-
tion, making extrapolations about diabetes-induced differenti-
ated adipose tissue accumulation impossible.

This study demonstrates that in mild maternal diabetes many 
of the insulin/IGF components are altered in fetal organs, and 
insulin and IGF1 also in the fetal circulation. The complexity 
of the system does not allow direct cause-effect conclusions. 
Thus, the contribution of each of these changes in the insulin/
IGF system to growth, i.e., weight changes and potential devel-
opmental and functional changes in individual organs remains 
to be established. Concomitantly, fetuses from diabetic rats are 
insulin resistant, indicating that besides morphological, i.e., 
weight changes, also profound metabolic effects in the fetuses 
accompany the diabetic state. Thus, it is obvious that already 
small metabolic and endocrine perturbations in this model of 
mild diabetes entail in part profound changes in the insulin/
IGF system.

METHODS
Animals
Albino Wistar rats were bred with free access to commercial rat chow 
(Asociación Cooperativa Argentina, Buenos Aires, Argentina) and 
tap water and kept at a controlled temperature of 20 °C, with 14 h light 
and 10 h dark lighting cycles. Diabetes was induced in the 2-d old 
female rats by subcutaneous injection of a single dose of streptozoto-
cin (90 mg/kg) diluted in citrate buffer (0.05 mol/l, pH 4.5) (14,15). 
Controls were injected with citrate buffer alone. Glycemia of adult 
diabetic rats (3 mo of age) was measured by the Accu-Chek (Bayer 
Diagnostics, Buenos Aires, Argentina) reagent strips and a glucom-
eter (Accu-Chek). Eighty percent of rats injected with streptozotocin 
developed diabetes, 5% died and 15% developed glycemia values in 
between 100 and 150 mg/dl. Adult female diabetic rats with glycemia 
higher than 150 mg/dl, and control rats with glycemia below 100 mg/
dl were used for the study and mated with healthy males. Pregnancy 
was confirmed by the presence of sperm cells in vaginal smears at day 
1 of gestation. The guidelines for care and use of animals approved 
by the local institution CICUAL (Institutional Committee for the 
Care and Use of Laboratory Animals) (permit number 2954/10 and 
1494/2013) from the School of Medicine, Buenos Aires University 
were followed, according to the Principles of Laboratory Animal Care 
(NIH publication number 85-23, revised 1985, http://grants1.nih.
gov/grants/olaw/references/phspol.htm).

Table 2  Prevalence of insulin receptor IR11− (% of total insulin 
receptor) in fetal organs from controls (C) and diabetic (D) dams

Fetal organ IR11− (%) in C IR11− (%) in D

Placenta 71 ± 2 67 ± 4

Liver 28 ± 3 25 ± 4

Stomach 55 ± 3 63 ± 3

Heart 35 ± 3 32 ± 2

Lung 65 ± 1 64 ± 2
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Sample Collection
Pregnancy was allowed to normally develop until day 21 of gestation, 
when 12 control and 11 diabetic mothers were 6 h fasted during their 
rest period between 6 a.m. and 12 a.m., and anesthetized in a CO2 
chamber. After blood was collected with a heparinized (Fada Pharma, 
Buenos Aires, Argentina) syringe from the abdominal aorta, the 
animals were sacrificed by cervical dislocation and fetuses and pla-
centas were immediately removed. Fetuses were sacrificed by decapi-
tation and fetal blood was collected. Maternal and fetal plasma were 
obtained by blood centrifugation, fetal plasma from each litter was 
pooled and conserved at −80 °C for further determinations. Placentas 
were weighed, immediately fixed in RNAlater (Ambion, Carlsbad, 
CA) and kept at −20 °C. Fetuses were weighed and fetal organs were 
carefully removed under a stereomicroscope using microsurgical dis-
secting instruments. Fetal organs were weighed and the litter averages 
were used to calculate the mean weight ratios for all litters. Organs 
and placentas from two fetuses from each litter were randomly cho-
sen, fixed in RNAlater and kept at −20 °C.

Blood Analyses
All assays were run in dupli/triplicate.

Glucose. Maternal and fetal glycemia were measured by a colorimet-
ric enzymatic commercial kit (Wiener labs, Rosario, Argentina).

Insulin. Maternal and fetal plasma insulin levels were measured by 
a commercial EIA (Mercodia Ultrasensitive Rat Insulin ELISA kit, 
Uppsala, Sweden), following the company’s instructions. Briefly, 25 µl 
of each plasma sample were allowed to interact with the anti-insulin 
antibody coated on the microplate and with the enzyme conjugate. 
After 2 h incubation, the plate was washed and the substrate added. 
The reaction was stopped after 15 min and the plate read at 450 nm. 
Sample insulin concentration was calculated from the calibrator 
curve. Intra- and interassay coefficients of variation were 4.3 and 
9.2%, respectively.

IGF1. Maternal and fetal plasma IGF1 levels were measured by a com-
mercial EIA, IGF1 HS ELISA (Immunodiagnosticsystem, Phoenix), 
following the company’s instructions. In order to measure the total, 
i.e., bound and free IGF1, maternal and fetal plasma samples were 
added to a releasing reagent that separates IGF1 from the IGFBPs. 
Samples, calibrators and controls were allowed to interact with the 
anti-IGF1 antibody coated on the microplate and with a second, 
biotinylated anti-IGF1 antibody for 1 h. Then, an avidin-conjugated 
enzyme was added, excess of enzyme was removed and the substrate 
was added. After 30 min, the reaction was stopped and the plate read 
at 450 nm. Intra- and interassay coefficients of variation were 6.4 and 
10.5%, respectively.

IGF2. For the measurement of the free circulating IGF2 levels in 
maternal and fetal plasma, an ELISA (Duoset Mouse IGF 2 ELISA 
Development) had to be developed according to manufacturer’s 
instructions (R&D Systems, Abingdon, UK). The ELISA was equally 
sensitive for mouse and rat IGF2. Briefly, the IGF2 capture antibody 
(8 µg/ml) was coated onto a 96-well microplate. After blocking and 
washing, samples were allowed to interact with the primary antibody 
for 2 h at 37 °C, followed by washing. Then, a secondary biotinylated 
detection antibody against IGF2 (400 ng/ml) was added for 2 h at RT. 
After washings, streptavidin-HRP was added for 20 min, followed 
by a washing step and the addition of the substrate. After 20 min the 
reaction was stopped and read at 450 nm. Intra- and interassay coef-
ficients of variation were 8.3% and 12.2%, respectively.

Tissue Analyses
Semiquantitative analysis of insulin receptor isoforms. 
Placentas and fetal heart, stomach, lung, and liver that were 
kept in RNAlater at −20 °C were homogenized in Trizol (Life 
Technologies, Vienna, Austria). RNA was isolated according to 
manufacturer’s instructions and resuspended in RNAase free 

water. Primers for Insr (forward: CGAGTGCTGCTCATGTCCTA; 
reverse: GTGGAGGAGATGTTGGGAAA) and Rpl30 (forward: 
CCATCTTGGCGTCTGATCTT; reverse: TGGCGAGGATAACCA 
ATTTC) were designed using the public software provided by 
Primer3 (Bethesda, MD) and purchased from Ingenetix (Vienna, 
Austria). Primers for IR amplification were designed to bind to 
exon 10 and 12. Thus, PCR products differed in size, depending 
of inclusion (IR11+, 237 bp) or exclusion (IR11−, 201 bp) of the 
36 bp exon 11, and could be distinguished on the 3% agarose gel. 
The mRNA of the ribosomal protein L30 (Rpl30) was used as an 
internal control. All primer-pairs included splicing sites within 
the amplicon. Total RNA (200 ng) of each sample was used for the 
one step RT-PCR kit from Qiagen (Hilden, Germany) according to 
the manufacturer’s instructions. The optimum cycle number was 
determined for RPL30 and INSR in each organ (placenta: 28 and 
31 cycles; foetal liver: 29 and 34 cycles; fetal heart: 26 and 29 cycles; 
fetal lung: 27 and 32 cycles; fetal stomach: 32 and 35 cycles). Each 
cycle consisted of denaturation at 95 ° for 30 s, primer annealing at 
58 °C for 30 s and extension at 72 °C for 30 s. PCR-products were 
electrophoresed on 3% agarose gels. Images were documented with 
the Eagle-Eye system Stratagene (Santaclara, CA) and quantified 
with the AlphaDigiDoc 1000 (Alpha Innotech, San Leandro, CA) 
software.

Real time quantitative PCR. cDNA was synthesized incubating 1 μg 
of extracted total RNA in a first-strand buffer containing 200 U of MMLV 
enzyme (Promega, Sunnyvale, CA), 7.5 mmol/l of random primers hex-
ameres (Promega) and 0.5 mmol/l of each dNTP (Invitrogen, Carlsbad 
CA). The reaction mix was incubated at 37 °C for 45 min, followed by 
15 min at 45 °C and 20 min at 70 °C. Gene expression assays for Rpl30 
(Rn00321148_g1), Igf1 (Rn99999087_m1), Igf2 (Rn01454518_m1), 
Igf1r (Rn01477918_m1), Igf2r (Rn01636937_m1), Insr (Rn01637243_
m1), Igfbp1 (Rn01452798_m1), Igfbp2 (Rn00565473_m1), and Igfbp3 
(Rn01401281_m1) and the TaqMan Universal Master mix II were pur-
chased from Applied Biosystems (Carlsbad CA) and the methodology 
followed according to the manufacturer’s instructions. The ABI Prism 
7900 sequence detection system (Applied Biosystems) PCR cycling 
conditions were as follows: initial denaturation at 95 °C for 10 min, fol-
lowed by 40 cycles at 94 °C for 30 s, 60 °C for 15 s, and 72 °C for 30 s, 
and a 10 min terminal incubation at 72 °C. Sequence Detector Software 
(SDS version 1.6.3; Applied Biosystems) was used to extract the PCR 
data and threshold lines were chosen automatically. The data were then 
exported to Excel software for further analyses. Rpl30 expression was 
used as an internal expression control, because it did not vary between 
groups. Gene expression was analyzed using the 2−ΔΔCt method (38). 
To calculate the fold change, ΔCt values of all diabetic samples were 
related to the mean values of the controls which were considered to be 
1. Statistics used the ΔCt values.

Statistical Analysis
Relative differences between samples were analyzed by Student’s t-test 
or by analysis of variance with Bonferroni’s post hoc test. Differences 
were considered statistically significant with a P value of <0.05.
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