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Background
The mammalian fetus is completely dependent on the nutrients 

supplied by its mother. Disturbances in this supply can induce 
structural and functional changes during fetal development, with 
long-lasting consequences for growth and metabolism of the offspring 
throughout life [1]. The intra-uterine milieu, therefore programs to a 
certain extent the health of an individual throughout life. This effect has 
been called “fetal origin of adult disease” [2]. The altered maternal/fetal 
metabolism appears to be associated with a diabetogenic effect in the 
adult offspring even in the absence of genetic predisposition [3]. This 
fetal programming of type-2 diabetes might considerably contribute to 
the global burden of diabetes [4]. 

During early developmental stages the metabolic response to 
nutrient supply is tightly coordinated by nutrient and energy-sensing 
mechanisms. During theses stages glucose is the essential metabolic 
substrate and any alterations in its availability, sensing and metabolism 
can impact fetal development. 

The glucose and insulin homeostasis is based on glucose 
metabolism in β-cell of pancreas by what is called Glucose-Stimulated 

Insulin Secretion (GSIS). The glucose sensing apparatus in β-cell is 
composed of low affinity glucose transporter (GLUT2) and low-affinity 
glucose phosphorylating enzyme glucokinase [5]. The classical scheme 
of GSIS is depends on the production of ATP molecules by cytoplasmic 
and mitochondrial metabolism of glucose [6]. The ratio of ATP/ADP 
increases as processing of the glucose increase, leading to closure of 
KATP channels causing depolarization of the plasma membrane and 
opening of Ca2+ channels. The entry of Ca2+ then triggers exocytosis of 
the insulin granules. However, the precise signals that couple glucose 
metabolism to insulin secretion are still incompletely understood. 
Recently, many suggest that reactive oxygen species (ROS) derived 
from mitochondrial glucose metabolism are potential metabolic signals 
that facilitate insulin secretion [7,8]

In liver the glucose sensing is completely controlled by GLUT2 
and glucokinase activity [9] while in muscle and adipose tissues the 
glucose uptake is controlled by GLUT4 which translocated from 
intracellular localization into membrane bound form upon activation 
of insulin receptor (IR) by insulin which cause autophosphorylation 
of β-subunit of the receptor to form phospho-IR then activates 
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Abstract
The intra-uterine milieu programs the health of an individual throughout life. This effect has been called fetal origin 

of adult disease. The altered maternal metabolism is associated with a diabetogenic effect in the adult offspring. 
The pancreatic glucose-stimulated insulin secretion (GSIS) and peripheral response to insulin are central in glucose 
homeostasis in fetal circulation and the modulation of these processes during the fetal development may have a serious 
complications long-lasting. This study was aimed to delineate the prenatal (at gestational day 17) effects of different 
maternal health challenges on the fetal glucose sensing mechanisms including GLUT2, glucokinase, mitochondrial 
transcription factor A (mTFA), uncoupling protein 2 (UCP2), phospho-insulin receptor (Phosho-IR) and glucose 
transporter 4 (GLUT4). We used hyperglycemic, obese and malnourished beside normal female rats to establish 
pregnancy that was terminated at GD 17. The fetal pancreas, liver, muscle and adipose tissues were obtained for 
determination of the studied parameters. The results indicated up-regulation of GLUT2, glucokinase, mtTFA and UCP2 
expression in fetal pancreas and liver of hyperglycemic mothers fetuses while maternal obesity mildly up-regulate 
expression of GLUT2, glucokinase and UCP2 in fetal pancreas, liver and adipose tissues, while malnutrition causes 
down-regulation of UCP2 in pancreas, it up-regulates GLUT2 and glucokinase in liver. In muscle and adipose tissues 
the level of phosho-IR was increased under maternal hyperglycemia and malnutrition while GLUT4 level increased 
under maternal diabetes only.

We can conclude that the fetal adverse environments can prenatally affect the expression of genes that linked to 
the development of type 2 diabetes including genes controlling glucose sensing and metabolism.
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downstream substrates which finally end by translocation of GLUT4 
from intracellular into plasma membranes [10]. 

So, mitochondria is the main player in glucose sensing and 
metabolism as it play a primary role in cellular energetic metabolism and 
homeostasis including ion homeostasis, amino acid metabolism, signal 
transduction and apoptosis [11]. These mitochondrial functions have 
been shown to play important role during early embryonic development 
[12]. Mitochondrial biogenesis, dynamics, homeostasis and regulation 
of oxidative-phosphorylation are regulated by the nuclear encoded 
genes. One of these genes is mitochondrial transcriptions factor A 
(mtTFA), a nuclear encoded factor that translocates to mitochondria 
where it is essential for biogenesis, mitochondrial DNA (mtDNA) 
expression, replication and maintenance [13]. Uncoupling proteins 
(UCPs), another nuclear encoded proteins are located in the inner 
membrane of the mitochondria, they act as a channel which drain 
protons from mitochondrial intermembrane space directly into the 
matrix, thereby ″uncoupling″ electron transport from the production 
of ATP [14]. UCP2 is the only uncoupling protein present in rodent 
and human pancreatic beta cells, hepatocytes and white adipose tissues. 
Studies have implicated UCP2 in the regulation of inhibition of insulin 
secretion and action through inhibition of ATP production and free 
fatty acid (FFA) metabolism and control of reactive oxygen species 
(ROS) formation [14-16]. Recent study has implicated the UCP2 in the 
pathogenesis of type 2 diabetes mellitus [17]. 

Many studies have implicated maternal diabetes; overnutrition and 
malnutrition in the development of diabetes and metabolic syndrome 
in the offspring [18,19]. However, most of these studies focused on 
the postnatal period however, the prenatal period are very critical. 
We aimed to delineate the prenatal (at gestational day 17) effects of 
different maternal health challenges (induced pre-pregnancy) on the 
fetal parameters of glucose sensing mechanisms including mtTFA, 
UCP2, insulin receptor and GLUT4.  

Experimental Procedures
Chemicals

Rat phospho-insulin receptor β-subunit (Tyr 1162/1163) star 
ELISA kit was purchased from Millipore (USA) and rat Glucose 
transporter 4 ELISA Kit was purchased from EIAab (China). 
Streptozotocin, collagenase, Hanks’ Balanced Salt Solution (HBSS), 
penicillin, streptomycin, Ficoll, RPMI 1640 medium and dithizone 
were obtained from Sigma-Aldrich Chemie GmbH (Germany). GenJet 
RNA isolation kit is obtained from Fermentas life science (EU). One-
step RT-PCR kit using RT/PCR Master Mix Gold Beads is obtained 
from Bioron (Germany). Primers of GLUT2, glucokinase, UCP2 and 
mtTFA are obtained from Bioneer Co (Bioneer, USA). 

Animals

The animal protocol was approved by the Institutional Animal 
Care and Use Committee at the Medical Research Institute- Alexandria 
University. Local Wistar derived strain of rats was used in our study. 

Establishment of chronic hyperglycemia: Diabetes was induced in 
female rat by neonatal injection of streptozotocin (100 mg/Kg) at post-
natal day 5 (PND5) [20]. The chronic hyperglycemia was confirmed in 
those females after 12 weeks, as fasting blood glucose levels measured 
by Glucometer (One Touch, Johnson and Johnson Co.) were more 
than 200 mg/dl. From this induction protocol we obtained viable 78 
hyperglycemic females all of which were maintained under normal 
control diet (Table 1) throughout the experiment.

Establishment of obesity: The females were maintained under 
obesogenic diet (Table 1) for two months after weaning. The female 
rats that were 20% heavier than control rats of the same age referred 
to as obese rat.

Establishment of malnutrition: The females were maintained 
under low-protein diet (Table 1) for two months after weaning. The 
female rats that were 20% lighter than control rat of the same age 
referred to as malnourished rat. Control healthy female received 
control diet throughout the experiment

Establishment of pregnancy: After establishing the different 
conditions pregnancy was induced by mating the females with normal 
healthy males overnight. Pregnancy was confirmed by the presence of 
vaginal mucus plug next morning and the pregnancies were proceeded 
and terminated at gestational day 17 (GD17). During the pregnancy 
period the animal weights were recorded daily and the cumulative 
body weight gains were calculated.

Blood glucose levels of all studied females were measured every 
week during gestation. At gestational day 17 (GD 17) 10 pregnant 
females were obtained from each group and sacrificed by cervical 
dislocation. Fetuses with their membranes and placentas were quickly 
dissected out of the uterine horns. The number of resorbed (dead) 
fetuses for individual pregnancies was noted and exclude from the 
study. Each fetuses and its membrane were separated by gentle 
dissection and rinsed carefully in Phosphate Buffered Saline (PBS). 
Overall growth and differentiation of the embryos were quantified by 
direct measurement of crown-rump length. The weights of fetuses and 
placentas were recorded. Each fetus was dissected to obtain the fetal 
liver tissues, quadriceps muscles, white adipose tissues and pancreas. 
From each group of fetuses 10 samples of the fetal tissues and isolated 
pancreatic islets were obtained and divided into different aliquots and 
snap-frozen in liquid nitrogen for extractions of RNA using GenJet 
RNA isolation kit (Fermentas, EU) according to the manufacturer 
instructions.

Pancreatic islets isolation [21]: For pancreatic islet isolation each 
fetus was decapitated and the pancreas were removed aseptically and 
placed in a sterile ice-cold Hanks’ Balanced Salt Solution (HBSS). After 
careful trimming of the pancreas from remnants of gut and spleen, 
it was chopped into fine (1 m) pieces and washed twice with HBSS 
supplemented with penicillin (100 U/ml), streptomycin (0.1 mg/ml) 
and 5% hepes and transferred to a small sterile vial containing 4 ml 
collagenase solution (2.5 mg/ml in 10 mM hepes, 7.5 CaCl2, 5% (v/v) 
glycerol, pH 7.5) and incubated for 40 minutes in a water path at 37°C. 

Macronutrients
(g/kg diet) Control diet Low-protein diet Obesogenic diet

Protein 220 90 300
Carbohydrates

•	 Dextrose
•	 Corn starch
•	 Sucrose 

631 761

105
106
140

Fat 
•	 Lard
•	 corn oil 43 43

195
70

Cellulose 54 54 -
Vitamin mix 10 10 30
Mineral mix 40 40 40
Total energy 
(kcal/g diet) 3.8 3.8 5.4

Table 1: Composition of experimental diets (g/kg diet).
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The digestion was subsequently terminated by adding 10 ml of ice-cold 
HBSS. Digested tissue was filtered through a 6-cm-diameter cylindrical 
stainless-steel tea strainer (0.5 mm mesh pore size) after washing with 
ice-cold HBSS, the sample was transferred to 50 ml conical tubes, and 
centrifuged for 2 min at 4°C at 300xg. The supernatant was discarded 
and pellet was re-suspended in Ficoll 25% with 10 mM Hepes, this 
was layered over by various concentration of Ficoll 23%, 20.5% and 
11% to make a density gradient for purification of rat islets. After 
centrifugation at 300xg for 15 minutes, the islets were collected from 
interface between density 11% and 20.5%. The islets were separated 
by centrifugation and then washed 3 times with HBSS to remove any 
Ficoll. Then cells were suspended in RPMI 1640 medium. The purity 
of the islets were examined by staining with Dithizone and examined 
microscopically.

RT-PCR analysis

For semi-quantitative determination of the gene expression of 
mitochondrial transcription factor A (mtTFA) [22], UCP2 [23], 
GLUT2 and glucokinase [24] the One-step RT-PCR Master Mix 
Gold Beads were used. For mtTFA the following primer set were 
used; forward 5’-GCT TCC AGG AGG CTA AGG AT-3’ and 
reverse 5’-CCC AAT CCC AAT GAC AAC TC-3’. The primer set 
of UCP2; forward 5`-CAAACAGTTCTACACCAA-3` and reverse 
5`-CGAAGGCAGAAGTGAAGTTGG-3`. The primer set of GLUT2; 
forward 5`-GAAGAGTGGTTCGGCCCC-3` and reverse 5`- 
TCACACAGTCTCTGATGACCCC-3`. The primer set of glucokinase; 
forward 5`-CAGATCCTGGCAGAGTTCCAG-3` and reverse 
5`-CGGTCCATCTCCTTCTGCAT-3`. To standardize the amount 
of mRNA in each sample, RT-PCR of Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was performed in parallel using the following 
primer set; forward 5’-AATGTGTCCGTCGTGGATCTGA-3’ and 
reverse 5’-GATGCCTGCTTCACCACCTTCT-3’. After the end of the 
program, the RT-PCR product was run on 1.5 % agarose and stained 
with ethidium bromide. The bands were visualized by using UV 
plate. The bands were scanned and the data was analyzed using UVP 
DOC-ITLSTM Image & acquisition and analysis software (Ultra-Violet 
product, Ltd. Cambridge, UK) that analyze the relative band density to 
GAPDH band (as internal control).

ELISA measurements

The fetal tissues homogenates were used for the assessment of 
phospho-insulin receptor β-subunit (Tyr 1162/1163) star ELISA kit 
(Millipore, USA) and GLUT4 by Rat Glucose transporter 4 ELISA Kit 
(EIAab, China) according to the manufacturer’s instructions. 

Statistical analysis

All the data is presented as mean ± SEM. Statistical analysis was 
performed using SPSS software for Windows (SPSS, Chicago, IL). 
Student’s t test and ANOVA were used to assess differences. Probability 
values (p) <0.05 were considered to be statistically significant 

Results
Pregnancy outcome at GD17

The chronic hyperglycemic rats displayed blood glucose level four 
to five times greater than non-diabetic control group and other groups. 
In all groups and control mothers the blood glucose concentration 
was not affected by gestational age (Figure 1).The general effects of 
the different experimental gestational conditions on the outcome 
of pregnancy at GD17 are summarized in Table 2, 3. While no gross 

anatomical malformations could be detected in the embryos of 
control, obese and malnourished mothers, 5 out of 10 hyperglycemic 
pregnancies (about 50%) had malformed embryos. The numbers 
of implantations per litter were smaller and fetal deaths represented 
by fetal resorption, were much larger in hyperglycemic, obese and 
malnourished pregnancies.

Results indicated that, the maternal hyperglycemia and malnutrition 
were associated with fetal growth retardation (as indicated by lower 
CRL and fetal weight) and decreased weight gain, while maternal 

Figure 1: Maternal fasting blood glucose during gestation. Data presented 
as means ± SEM, *significant different from control values by ANOVA (p<0.05).C

Figure 2: Maternal weight gain during gestation. Data presented as means ± 
SEM, *significant different from control values by ANOVA (p<0.05).

Table 2: Morphologic outcome of the different pregnancies at gestational day 17.

Control 
mothers

Hyperglycemic 
mothers

Obese 
mothers

Malnourished 
mothers

No. of litters 10 10 10 10
Total No. of 
implantation 130 91 92 65

No. of implantation 
per litter 13 9 9 6

No. of viable fetuses 127 74 87 58
No. of resorption 2 10 5 7
No. of litters with 
malformed fetuses 0 5 0 0

No of malformed 
fetuses 0 7 0 0
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obesity causes fetal overgrowth and increased weight gain compared to 
control pregnancy (Figure 2 and Table 3).  

Pancreatic and hepatic GLUT2 and glucokinase gene 
expression

The deranged intrauterine milieu used in this study cause a 
significant change in the expression of GLUT2 and glucokinase in fetal 
tissues. As shown in Figure 3 and 4 the maternal hyperglycemia causes 
about 2-fold and 3-fold increase of gene expression of GLUT2 and 
glucokinase; respectively, in fetal pancreas and liver. Maternal obesity 
and malnutrition also cause up regulation of GLUT2 and glucokinase 
expression in fetal pancreas and liver (Figure 3, 4). However, obesity 
produces more prominent effect than malnutrition in fetal pancreas, in 
the liver the situation was reversed especially in glucokinase expression 
which shows about 2.7-fold increase with malnutrition (Figure 4).

Tissues UCP2 and mtTFA gene expression 

The results indicated that the applied conditions have effects on the 
studied parameters in the fetal organs especially with hyperglycemia 
and malnutrition. The gene expression of mtTFA at mRNA level after 
normalization to GAPDH gene showed no significant change in all 
studied tissues except in pancreas of fetuses of hyperglycemic mothers 
which show an increased level of mtTFA mRNA by about 39 % 
compared to fetal pancreas of control mother (Figure 5). UCP2 mRNA 
shows up regulation in the pancreas (20 and 7%) and liver (16 and 13%) 
of fetuses of hyperglycemic and obese mothers, respectively compared 
to control fetuses. Also, maternal obesity cause up regulation of UCP2 
in adipose tissues. Fetal tissues of malnourished mothers showed down 
regulation of UCP2 mRNA in pancreas and liver (Figure 6).

Muscle and adipose tissues Phospho-IR β subunit and GLUT4

The fetal peripheral tissues skeletal muscle and white adipose 
tissues showed derangements in the insulin signaling pathway 
especially in fetuses of hyperglycemic and malnourished mothers. 
Under hyperglycemic and malnourished gestation the fetal muscles 
showed increased levels of activated insulin receptor (phospho-IR) 
by about 37.3 and 33%. Also, adipose tissues showed the same pattern 
of change; phospho-IR increased by 36.6 and 27% with maternal 
hyperglycemia and malnutrition; respectively. Under intrauterine 
hyperglycemic environment GLUT4 increased by 41 and 50% in fetal 
muscles and adipose tissues respectively compared to control tissues 
(Figure 7, 8). While obesity showed no significant change in the studied 
parameters (Figure 7, 8), the maternal malnutrition during gestation 
caused a slight but not significant, decrease in the fetal muscle and 
adipose tissues content of GLUT4 (Figure 8).

Discussion
The present study was undertaken to evaluate the most relevant type 

of the adverse intrauterine environments to the fetal reprogramming of 
glucose sensing by fetal tissues and to determine whether abnormalities 

Data presented as Mean ± SEM. *significantly different from control value by 
ANOVA (p<0.05)

Table 3: Feta and placental weight and crown-rump length at GD17.

Control
(n=127)

hyperglycemic 
(n=74)

Obese
(n=87)

Malnourished
(n=58)

Fetal weight (gm) 2.1 ± 0.17 1.9 ± 0.2* 2.06 ± 0.19 1.8 ± 0.15*

CRL (mm) 20 ± 2.5 18 ± 1.5* 20 ± 2.4 16 ± 2.4*

placental weight 
(gm) 0.51 ± 0.1 0.61 ± 0.14* 0.53 ± 0.15 0.49 ± 0.18

Figure 3: Fetal pancreas and liver GLUT2 mRNA relative expression at 
GD17 of control, hyperglycemic, obese and malnourished pregnancy. Data 
presented as means ± SEM, *significant different from control values by ANOVA 
(p<0.05), n=8.

Figure 4: Fetal pancreas and liver glucokinase mRNA relative expression 
at GD17 of control, hyperglycemic, obese and malnourished pregnancy. 
Data presented as means ± SEM, *significant different from control values by 
ANOVA (p<0.05), n=8.

of glucose homeostasis could be a common consequence of prenatal 
nutritional imbalances and may predispose to glucose intolerance in 
adult offspring. In the present study the maternal health challenges 
were induced pre-gestational just after weaning. Most studies dealing 
with the fetal programming induce the maternal insult during late 
(last week) or mid (2nd week) gestation [18,19,25]. But such designs 
for studies into the effect of nutrient restriction are complicated by 
the fact that short-term deficiencies are buffered to varying degrees 
by intracellular reserves of nutrient. Also, pre-gestational challenges 
are important to cover the pre-implantation period which may be 
particularly sensitive. Also, our model resembles to large extent the 
human situation. 

In our study we evaluate the effects of the different maternal health 
status during gestation on the glucose sensing mechanisms in the fetal 
tissues to clarify the common mechanism by which these conditions 
program the offspring for adult diabetes.

GLUT2 is involved in metabolic glucose sensing by mediating 
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bidirectional glucose transport, adjusting intracellular glucose 
concentration, control of food intake and secretion of insulin [26]. 
GLUT2 gene expression was duplicated in fetal pancreas and liver 
of maternal hyperglycemia which consistent with the induction 
effect of glucose on GLUT2 gene expression [27]. Maternal obesity 
and malnutrition induce milder effect than hyperglycemia on fetal 
pancreas and liver expression of GLUT2. Glucokinase is a known 
mediator of glucose sensing in pancreas and liver, maternal diabetes 
induce its gene expression three fold in fetal pancreas and liver these 
induction could be mediated by maternal hyperglycemia as glucose 
has been reported to be a physiological regulator of glucokinase in 
pancreatic B-cells, while liver glucokinase is controlled by insulin [28]. 
This differential regulation of glucokinase may interpret the results of 
induced glucokinase expression in fetal liver (2.7 fold) of malnourished 
pregnancy as low UCP2 in fetal pancreas may induce fetal insulin 
secretion which may up regulate the glucokinase gene expression as an 
adaptive response to low amino acids.  

Mitochondria play a pivotal role in glucose sensing and 
metabolism. The mitochondria of rat embryo undergo considerable 
changes throughout organogenic period [29]. In the current work we 
measured the gene expression of mtTFA; a key nuclear gene involved 
in mitochondrial replication, transcription and function, in order to 
understand the fetal mitochondrial biogenesis under metabolically 
imbalanced intrauterine conditions. The results indicated that 
the mtTFA gene expression is enhanced in fetal tissues under 
hyperglycemic condition especially in pancreas and adipose tissues, 
while maternal obesity and malnutrition show no effect on mtTFA 
gene expression. The increased expression of mtTFA could induce 
mitochondrial biogenesis and function to meet the high metabolic 
need due to diffusion of glucose into the developing fetus as a result 
of maternal hyperglycemia which activates the fetal pancreatic cells to 
secret insulin by GSIS. This notion should be confirmed by another 
study to evaluate the number of mitochondria and mitochondrial 
DNA copy number during this critical period of development. Fetal 
hyperinsulinemia was documented in human fetus of diabetic mother 
which may cause macrosomia [30]. 

The increased expression of UCP2 in fetal pancreas of chronic 
hyperglycemic mothers may represent feed-back mechanism to 
inhibit the increase of insulin secretion. Its up-regulation is associated 

Figure 5: Fetal pancreas, liver, muscle and adipose tissue mtTFA mRNA 
relative expression at GD17 of control, hyperglycemic, obese and 
malnourished pregnancy. Data presented as means ± SEM, *significant 
different from control values by ANOVA (p<0.05), n=8.

Figure 6: Fetal pancreas, liver, muscle and adipose tissues UCP2 mRNA 
relative expression at GD17 of control, hyperglycemic, obese and 
malnourished pregnancy. Data presented as means ± SEM, *significant 
different from control values by ANOVA (p<0.05), n=8.

Figure 7: Fetal muscle and adipose tissues content of phospho-IR beta 
subunit at GD17 of control, hyperglycemic, obese and malnourished 
pregnancy. Data presented as means ± SD, *significant different from control 
values by ANOVA (p<0.05), n=8.

Figure 8: Fetal muscle and adipose tissues content of GLUT4 at GD17 
of control, hyperglycemic, obese and malnourished pregnancy. Data 
presented as means ± SEM, *significant different from control values by ANOVA 
(p<0.05), n=8.
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with decreased ATP production, closure of ATP-sensitive potassium 
channels, decreased mitochondrial ROS and impairment of GSIS 
[31]. An inverse relationship between suppression of GSIS and UCP-2 
expression has been demonstrated by In vitro studies [32]. Moreover, 
rat clonal beta cell line (INS-1E) genetically modified to overexpress 
UCP2 gene showed increased survival after treatment with the H2O2 
[33]. Likewise, beta cells exposed to oxidative stress attempted to 
overcome the toxicity of H2O2 by the induction of UCP2 mRNA 
[34]. Also it was demonstrated that endothelial cells from retinal cells 
incubated with high glucose levels up-regulate UCP2 expression for 
protection from ROS damage derived from glucotoxicity [35]. On the 
other hand, UCP-2 deficient mice had increased ATP production and 
GSIS [36].

Up regulation of UCP2 was also observed in fetal pancreas, liver 
and adipose tissues of the offspring of obese mothers. The increased 
lipids and fatty acid load during gestation of maternal obesity results 
in high metabolic rate which may be associated with increased ROS 
generation so the increased UCP2 gene expression may be a protective 
mechanism to decrease metabolic efficiency through enhancing beta-
oxidation of extra fatty acids and lipids without the production of 
ATP and accompanying ROS [17]. It was documented that fatty acids 
are endogenous physiological regulators associated with increased 
UCP2 and UCP3 expression in a tissue-specific manner [37]. Also, 
cell lines derived from heart, liver and pancreatic islets respond to 
the addition of different fatty acids to the culture medium with an 
increase in UCP2 mRNA levels [37,38]. It was documented that β-cell 
dysfunction can be produced by prolonged exposure to elevated levels 
of glucose (glucotoxicity) and lipid (lipotoxicity). The mechanisms by 
which glucolipotoxicity trigger beta cell dysfunction is not completely 
understood, however ROS production was suggested to play an 
important role in these mechanisms [39]. The antioxidant effect of 
UCP2 is of special importance in beta cells as it has low expression 
and activity of many of the enzymes involved in antioxidant defense 
[33]. However, increased UCP2 production leads to decreased insulin 
secretion, predisposing subjects to type 2 diabetes [31,38,39].

The maternal hyperglycemia and obesity up-regulation of UCP2 in 
fetal pancreas could program the fetal mitochondria for the impaired 
GSIS postnatal and predispose offspring to glucose intolerance and 
type-2 diabetes. On the other hand maternal malnutrition causes down-
regulation of UCP2 especially in fetal pancreas and liver. The poor fetal 
metabolic environment due to malnutrition necessitates high degree of 
metabolic efficiency which was accomplished by increased expression 
of UCP2. This result may interpret the documented enhanced GSIS 
in early postnatal live of the progeny of malnourished mother [40]. 
However, the lower expression of UCP-2 observed may participate 
in the higher ROS production and long-lasting impairment of β-cell 
function in the offspring [41]. However, the study of glucose uptake 
and GSIS in isolated β-cell is of great importance for further understand 
of the programming of fetal pancreas for adult glucose intolerance and 
type 2 diabetes by theses maternal health challenges.

In peripheral tissues the glucose sensing mediated mainly through 
insulin action on its receptor (IR) and subsequent autophosphorylation 
by tyrosine kinase inherent activity of the receptor itself then activation 
of downstream insulin receptor substrates (IRS) that activate certain 
intracellular pathway that ended by GULT4 translocation. Also, ROS 
generated by NADPH oxidase (Nox) enzyme are participated in 
the peripheral insulin action as a second messenger of insulin [42]. 
GLUT4 is the major insulin-responsive isoform expressed in insulin-
sensitive tissues such as skeletal muscle, adipose tissue and cardiac 
muscle [43]. Mammalian embryo has unique metabolic needs that 

must be met to ensure successful pregnancy and healthy offspring. The 
family of facilitative glucose transporters (GLUTs) plays a major role 
in providing metabolic substrates to fetal tissues [44]. Alterations in 
glucose transport and metabolism at the early stages of development 
can impact fetal development. Fetal muscle and adipose tissues have 
elevated content of active IR (phospho-IR) and GLUT4 in fetuses 
of diabetic and malnourished mothers which may be as a result of 
increased glucose and then insulin secretion or requirement for de 
novo synthesis of amino acids and protein, respectively. The fetal 
peripheral tissues of obese pregnancy show no significant changes in 
insulin signaling compared to normal fetuses. The kinetics of peripheral 
glucose uptake and translocation of GLUT4 to the plasma membranes 
in fetal peripheral tissues are of great importance to understand glucose 
homeostasis in fetal circulation

Many studies suggested that maternal nutritional states could 
affect the gene expression of fetuses through epigenetic mechanisms 
[45]. Several studies suggest that uteroplacental insufficiency, the 
most common cause of intrauterine growth retardation (IUGR) in 
the developed world, induces epigenetic modifications in offspring 
[46,47]. In line with these studies our results indicated the different 
intra-uterine environments appear to be differentially affecting the 
expression of genes involved in glucose sensing in fetal pancreas and 
peripheral tissues. So how these different maternal health conditions 
with different effects produce the same diabetogenic tendency in the 
offspring? The answer of this question requires further investigations 
and follows up studies to correlate these different fetal effects to 
adulthood outcomes.  

The pancreatic GSIS and peripheral response to insulin represent 
the central players in glucose homeostasis in fetal circulation and 
the modulation of these processes during the fetal development may 
have a serious complications long-lasting. All of the above clearly 
indicate that the fetal adverse environments can induce epigenetic 
alterations prenatally affecting the expression of genes that could be 
linked to the development of type 2 diabetes including genes critical 
for mitochondrial development and function and peripheral glucose 
sensing and metabolism. 
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