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Abstract

In pregnancies complicated by diabetes, hyperglycemia and lipid metabolism alterations are associated
with both maternal and fetal complications. However the mechanism of metabolic alterations in mothers
that contribute to hyperglycemia and hyperlipidemia is not fully understood. In the present study we
investigated the mechanisms underlying hyperglycemia and hypertriglyceridemia in gestational diabetes
using a rat model. Diabetes was induced in virgin rats by the administration of 50 mg Streptozotocin
(STZ) i.p. After the STZ injection, the animals were mated. On the 19th day of pregnancy all the rats
were laparotomised after withdrawal of blood by cardiac puncture. Blood was used for the
determination of insulin, glucose, cholesterol. Liver and pancreas were removed and used for
biochemical assays and light microscopy. Plasma glucose, cholesterol and insulin were significantly
higher in the diabetic rats as compared with control. The mRNA expressions of the rate limiting
gluconeogenic enzymes PEPCK and Glucose 6 phosphatase and de novo lipogenic enzymes acetyl CoA
carboxylase and fatty acid synthase were higher in the livers of diabetic rats. The protein level and
activity of GK was decreased in the livers of diabetic rats. The results of the present study suggest that
hyperglycemia observed in diabetic pregnant rats may be due to increased gluconeogenesis, increased
glucose output and decreased glucose uptake by the liver. Hyperlipidemia may be due to increased de
novo lipid synthesis in the liver.
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Introduction
Maternal diabetes is one of the commonest complications
during pregnancy affecting up to 7% of pregnancies. Its
incidence is variable and occurs in 3 to 8% of pregnant women
[1,2]. Several population studies show that the diabetes during
pregnancy affects the health of both mothers and their infants
[3-6]. Diabetes during pregnancy is associated with an
increased risk of maternal and neonatal morbidity [3]. Maternal
diabetes, which includes the occurrence of either Diabetes
Mellitus 1 (DM1) or Diabetes Mellitus 2 (DM2) in pregnancy
and Gestational Diabetes Mellitus (GDM), creates an
unfavorable environment for embryonic and fetoplacental
development. The altered metabolic environment in maternal
diabetes during pregnancy interferes with normal placental and
fetal development. In humans, as well as in rodents, there is an
increased incidence of congenital malformations and fetal
growth retardation. In pregnancies complicated by diabetes,
hyperglycemia and lipid metabolism alterations are associated
with both maternal and fetal complications [7,8]. However the
mechanism of metabolic alterations in mothers that contribute
to hyperglycemia and hyperlipidemia is not fully understood.

Liver is the central organ that controls intermediary
metabolism. The liver is a major insulin-sensitive organ
responsible for maintaining glucose and lipid homeostasis. In
the liver, insulin acts through a complex signaling network and
functions as an important regulator of carbohydrate and lipid
homeostasis [9]. Liver is responsible for maintaining proper
blood glucose levels by sensing hepatoportal glucose, via
GLUT2 glucose transporter, and Glucokinase (GK), and
regulating gluconeogenesis [10,11]. The key enzyme
responsible for the regulation of glucose utilization is GK that
catalyzes glucose phosphorylation as the first step of storage of
glucose as glycogen and glucose disposal by glycolysis [12].
Conversely, Phosphoenol Pyruvate Carboxykinase (PEPCK)
and glucose 6 phosphatase (G6Pase) are rate-controlling
enzymes of gluconeogenesis in the liver [13]. GLUT-2, the
liver-and pancreas-specific glucose transporter is involved in
glucose uptake and release processes. The transcription of the
GLUT2 gene is known to be upregulated in the liver during
postprandial hyperglycemic states or in type 2 diabetes [14].

Hepatic De Novo Lipogenesis (DNL) is the biochemical
process of synthesising fatty acids from acetyl-CoA subunits
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that are produced from a number of different pathways within
the cell, most commonly carbohydrate catabolism. De novo
synthesis of fatty acids is regulated by two enzymes-Acetyl
CoA Carboxylase (ACACA) and Fatty Acid Synthase (FAS).
Acetyl-CoA Carboxylase (ACC) is the rate-limiting enzyme in
the synthesis of fatty acids, which converts acetyl CoA to
malonyl CoA and fatty acid synthase, a large multifunctional
enzyme that synthesizes palmitate from acetyl CoA and
malonyl CoA [15].

In the present study we investigated the mechanisms
underlying hyperglycemia and hypertriglyceridemia in
gestational diabetes using a rat model of GDM. Gestational
DM conditions are reproduced in animals by administration of
different doses of STZ before mating [16,17] or during
pregnancy [18,19].The most often used experimental models
are rodents (Wistar rat) because of their convenient
maintenance, short length of pregnancy and multiparity.
Therefore we used rat model to investigate alterations in
glucose metabolism and fatty acid metabolism in the livers of
pregnant rats with diabetes. We analysed the hepatic gene
expression of key gluconeogenic enzymes-PEPCK, G6Pase,
and key enzymes of de novo lipogenesis-ACAC, and FAS. We
also assayed the activities of G6Pase and GK, protein
expression of GK and GLUT2 in the livers of diabetic pregnant
rats and compared with normal pregnant rats.

Material and Methods

Induction of diabetes
Female virgin adult Wistar rats weighing 150 gm were used for
the study. Diabetes was induced in the rats by the
administration of i.p. injections of freshly prepared 50 mg
streptozotocin in citrate buffer [17] after determining fasting
blood glucose level. On day 3 of STZ injection glucose was
estimated in the blood drawn from tail vein. Only rats with
fasting blood glucose >300 mg/dl were used for the study, the
others were rejected. The control rats were administered citrate
buffer alone. Food intake, nonfasting blood glucose
concentrations urine sugar and ketone bodies were recorded
once weekly.

Induction of pregnancy
Two weeks after the STZ injection, the animals were mated by
caging them with males in the ratio of 3:1 between 5 p.m. and
7 a.m. Control animals which had been treated with citrate
buffer alone were mated simultaneously. Mating was
confirmed by examination of vaginal smears for the presence
of sperm immediately after separation from the male. The day
when a positive vaginal smear was obtained was denoted as
gestational day 0. On the 19th day of pregnancy all the rats
were laparotomised under light ether anesthesia after
withdrawal of blood by cardiac puncture. Blood was used for
the determination of insulin, glucose, cholesterol. Liver and
pancreas were removed. Sections of the pancreas and liver
were fixed in buffered formalin for light microscopic studies.
Liver was frozen at -70°C till analysis.

Real-time polymerase chain reaction analysis of
gluconeogenic genes and lipogenesis genes
Total RNA was isolated from liver tissue using TRIzol reagent
(Invitrogen, United States) according to the manufacturer’s
instructions. Equal amounts of RNA were used to synthesize
first strand cDNA (Promega, United States), and quantitative
Real-Time Polymerase Chain Reaction (RT-PCR) was
performed on an ABI PRISM 7300 PCR System (Applied
Biosystems, United States) using Syber Green I GoTaq® qPCR
Master Mix (Promega, United States). PCR was performed as:
one cycle at 95 °C for 5 min, followed by 40 cycles of 95°C for
15 s, 58°C for 20 s and 72°C for 30 s. Then PCR products were
analyzed by melting curve to confirm the specificity of
amplification. The PCR primer sequences are shown in Table
1. Data for each gene of interest was normalized relative to the
internal reference gene β actin. This was done by substracting
the Ct values of beta-actin in each sample from that of the gene
of interest. The value obtained was referred to as the ΔCt
value. The relative fold-change in the gene of interest was
determined according to the comparative Ct method using the
following formula: Relative fold change=2-(ΔCt) [20]

Table 1. PCR primer sequences.

Gene name Forward primer Reverse primer

ACACA TTGTGGAAGTGGAAGGCACAG CTTATTATTGTCCCAGACGTAAGC

FAS GGCTCACACACCTACGTATTGG TGCTTAATGAAGAAGCATATGGCTT

G6Pase GTGTTGACATCGGCCC AACTGAAGCCGGTTAG

PEPCK CGCAAGCTGAAGAAATATGACAA TCGATCCTGGCCACATCTC

Beta actin TTCTACAATGAGCTGCGTGTG GGGGTGTTGAAGGTCTCAAA

Western blot analysis of GLUT2 and GK
Livers from diabetic and control rats were homogenized in
lysis buffer (pH 7.4) containing 100 mM NaF, 50 mM HEPES,

150 mM NaCl, 10% Glycerol, 1.2% Triton X, 1 mM MgCl2, 1 
mM EDTA, 1 mM Na3VO4, and protease inhibitor cocktail
(Roche, 11836145001). Total protein concentration was
determined by Bradford Protein Assay (Bio-Rad). Lysates (50 
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μg protein) were run in 8% SDS-PAGE and transferred to
PVDF membrane (Millipore). Membranes were blocked for 10
minutes at room temperature with 5% milk and were incubated
overnight at 4°C with antibodies against GLUT2, glucokinase
or β-actin (1: 1,000, Santa Cruz Biotechnology).

After three washing series (10 minutes), the membranes were
incubated for 1 hour at RT with antibodies against rabbit IgG-
HRP conjugate (1; 2000, #170-6515, Bio-Rad) or mouse IgG-
HRP conjugate (1; 2000, #170-6516, Bio-Rad).Proteins were
detected with horseradish peroxidase-conjugated secondary
antibody (Bio-Rad Laboratories, Hercules, CA, USA) and
enhanced chemiluminescence reagent (Amersham Biosciences,
Piscataway, NJ, USA)with the enhanced chemiluminescence
detection system. The experiments were replicated three times.
β-actin served as an internal loading control protein. The bands
were documented using an AlphaEase FC gel documentation
system (Alpha Innotech Corporation, CA.) and normalized to
those for beta-actin.

Hepatic enzymes activities
Enzyme sources were prepared according to the method
developed by Hulcher and Oleson with slight modification
[21]. Liver samples were homogenized in 9 volumes of a
buffer containing 50 mmol/L Tris-HCl, pH 7.4, 100 mmol/L
KCl, 10 mmol/L mercaptoethanol and 1 mmol/L EDTA.

Homogenates were centrifuged at 100,000g for 1 h; the cytosol
was used for the spectrophotometric assay of glucokinase as
described by Davidson and Arion, in which the formation of
glucose-6-phosphate from glucose at 37°C was coupled to its
oxidation by G6PD and Nicotinamide Adenine Dinucleotide
(NAD) [22] and microsomes for G6Pase.

Microsome was dissolved in ice cold homogenizing buffer
0.25 M sucrose, 5 mm HEPES buffer, pH 7.4. Glucose 6-
phosphatase activity was assayed by measuring the amount of
glucose and Pi released as byproducts of G6P hydrolysis.
Inorganic phosphate was determined according to Fiske and
Subbarow assay [23] at 700 nm. The protein concentrations
were determined using the Lowry method [24] as modified by
Peterson [25] using bovine serum albumin as standard.

Measurement of the plasma metabolic parameters
The concentrations of blood glucose, total cholesterol, were
determined by using kits purchased from Wako Pure Chemical
Industries. The plasma insulin concentration was measured by
a radioimmunoassay, using a kit purchased from Shionogi
&Co. (Osaka, Japan).

Statistical analysis
Statistical significance of the difference between two groups
was analyzed by unpaired Student’s t-test for comparison of
two groups. P<0.05 was accepted as significant.

Results

Weight gain and food intake
Pregnancy in diabetic pregnant rats was associated with a
significantly lower weight gain as compared with normal rats.
The weight gain in normal rats was 38.8 ± 12.2 gm and in
diabetic rats it was 22.8 ± 10.3 gm, P<0.05).The food intake
was higher in the diabetic rats as compared with control (50.11
± 15.44 vs 86.24 ± 26.66 gm/kg/day, P<0.05).

Plasma glucose, cholesterol, and insulin
Plasma glucose, cholesterol and insulin was significantly
increased the diabetic pregnant rats as compared with control
(Figure 1). Thus, during pregnancy our experimental model of
chemical diabetes shows that normal carbohydrate tolerance is
not maintained. In that sense our experimental design mimics
the development of gestational diabetes in women.

Figure 1. A-Plasma glucose, B-cholesterol and C-insulin levels in the
diabetic rats and control rats. Data represent mean ± SD, n=6 in
each group, *P value<0.05, **P value<0.01 as compared to control.

Hepatic gene expressions of rate limiting enzymes of
gluconeogenesis and lipogenesis are upregulated in
the diabetic pregnant rats
PEPCK and G6Pase are rate-controlling enzymes of
gluconeogenesis in the liver. To understand the mechanism of
hyperglycemia in diabetic pregnancy we quantified mRNA of
key enzyme of glucose production and release in the liver,
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PEPCK, and G6Pase. To understand the mechanism of
hypertriglyceridemia in maternal diabetes we analysed the
mRNA of key enzymes of de novo fatty acid synthesis-
ACACA and FAS by RT PCR. The mRNA expressions of
PEPCK and G6Pase were increased 2 fold and 5 fold
respectively in the livers of diabetic rats as compared with
control (Figures 2A and 2B).

With respect to lipogenic enzyme genes, mRNA levels of
acetyl CoA carboxylase and fatty acid synthase were increased
2 fold and 4 fold respectively in the livers of diabetic rats as
compared with control (Figures 2C and 2D). Thus, in the livers
of diabetic mothers the key gluconeogenic genes and lipogenic
genes were upregulated, suggesting that increased glucose
synthesis and de novo lipogenesis contribute to
hyperglycaemia and hyperlipidemia observed in diabetic
pregnant rats.

Figure 2. Hepatic mRNA expression of A-PEPCK, B-G6Pase, C-
ACAC, and D-FAS in the diabetic rats and control rats. Data
represent mean ± SD, n=6 in each group, *P value<0.05 as
compared to control.

Figure 3. Hepatic activities of glucokinase (A) and glucose 6
phosphatase (B) in the diabetic rats and control rats. Data represent
mean ± SD, n=6 in each group, *P value<0.05, **P value<0.01 as
compared to control.

Hepatic activities of glucokinase and glucose 6
phosphatase are increased in the diabetic pregnant
rats
The key enzyme responsible for the regulation of glucose
utilization is GK that catalyzes glucose phosphorylation as the
first step of storage of glucose as glycogen and glucose
disposal by glycolysis. The main function of this enzyme is to
regulate hepatic glycolysis and glucose homeostasis. In the
present study GK activity was reduced by 45% (p 0.001) in the
liver microsomes of diabetic rats (Figure 3A). This was
accompanied by significant increase in cytosolic G6 Pase
activity (P<0.05) (Figure 3B) suggesting decreased glucose
uptake and increased glucose release by the liver of diabetic
rats. These results suggest that reduced glucose uptake and
utilisation by the liver and increased glucose production (by
glycogenolysis and/gluconeogenesis) from the liver contribute
to hyperglycaemia observed in STZ treated pregnant rats.

Protein levels of GK and GLUT2 are decreased in the
diabetic pregnant rats
GLUT2 is the major glucose transporter of hepatocytes. In
hepatocytes GLUT2 is involved in glucose uptake and release
in the fed and fasted states, respectively. However, it is
indispensable for glucose uptake. In the present study we
observed decreased GLUT2 expression in the livers of diabetic
rats (Figure 4A), suggesting decreased uptake of glucose by the
liver. In addition, GK protein level was also lowered (Figure
4B) suggesting that decreased uptake, phosphorylation and
utilization by the liver contributes to hyperglycemia observed
in diabetic pregnant rats.

Figure 4. A-Representative immunoblots of A. Glucokinase and B-
GLUT2 in the livers of diabetic rats and control rats.

Liver and pancreas histology
We examined whether there are any morphological changes in
the liver and pancreas of diabetic rats. No morphological
abnormalities were observed in the liver and pancreatic tissues
of STZ treated rats and control rats. In normal and diabetic
rats, a distinct and well-arranged hepatocytes, sinusoids, and
central vein could be seen (Figure 5). The sections of pancreas
showed that morphology and structure of pancreas were
normal in control as well as pregnancy group (Figure 6).
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Figure 5. Representative light microscopic images (X20) of the liver
of control rats and diabetic rats showing normal architecture. CV:
Central Vein and PT: Portal Triad.

Figure 6. Representative light microscopic images (X40) of the
pancreas of control rats and diabetic rats showing normal
architecture. iL: islets of Langerhans and Pa: Pancreatic acini.

Discussion
Diabetes in pregnant women is associated with an increased
risk of maternal and neonatal morbidity and remains a
significant medical challenge. Diabetes during pregnancy
maybe divided into clinical diabetes (women previously
diagnosed with type 1 or type 2 diabetes) and gestational
diabetes, defined as any glucose intolerance detected during
pregnancy that has evolved from a diagnosis associated with
the metabolic risk of type 2 diabetes to a clinical condition
associated with higher risks for maternal and perinatal
morbidity [1,2].

Experimental models are developed with the purpose of
enhancing understanding of the pathophysiological
mechanisms of diseases that affect humans. With regard to
diabetes in pregnancy, experimental findings from models will
lead to the development of treatment strategies to maintain the
closest to normal metabolic intrauterine milieu, improving
perinatal development by preventing fetal growth restriction or
macrosomia. Human type 2 DM and gestational DM
conditions are reproduced in animals by administration of
different doses of STZ before mating [16,17] or during
pregnancy [18,19].

In pregnancies complicated by diabetes, hyperglycemia and
lipid metabolism alterations are associated with both maternal
and fetal complications [7,8]. However the mechanism of
metabolic alterations in mothers that contribute to
hyperglycemia and hyperlipidemia is not fully understood.
Therefore we used rat model of GDM to investigate the role of
hepatic gluconeogenic enzymes and enzymes of de novo fatty
acid synthesis in hyperglycemia and hyperlipidaemia observed
in diabetic pregnancy. GDM was induced in the rats using

STZ. Severe diabetic rats had glycemia levels above 300 mg/dl
throughout pregnancy. This result was expected and is in
agreement with other studies previously performed in other
laboratory [26,27], reproducing the hyperglycemia that some
women with uncontrolled clinical diabetes present during
pregnancy. In addition, the diabetic pregnant rats had
significantly higher serum cholesterol and insulin level as
compared with control. The liver is a major insulin-sensitive
organ responsible for maintaining glucose and lipid
homeostasis. A failure of insulin to increase hepatic glucose
utilization and to suppress hepatic endogenous glucose
production is a major factor contributing to hyperglycemia in
diabetes [28].

GDM is characterised by insulin resistance [29], suggesting
that hyperglycemia observed in diabetic pregnancy may be due
to increased gluconeogenesis and increased release from the
liver. Gluconeogenesis is the reverse process of glycolysis
except that the four energy barrier steps are bypassed by four
key enzymes: PEPCK, Pyruvate Carboxylase (PC), G6Pase,
and Fructose-1, 6-bisphophatase (F1, 6BPase). PEPCK and
G6Pase are rate-controlling enzymes of gluconeogenesis in the
liver [13]. Glucose-6-phosphatase (G6Pase) catalyzes the
terminal step in the glycogenolytic and gluconeogenic
pathways, and Phosphoenolpyruvate Carboxykinase (PEPCK)
is a key regulatory enzyme driving gluconeogenesis [13]. The
last step in hepatic gluconeogenesis is the hydrolysis of
glucose-6-phosphate to glucose by glucose-6-phosphatase in
the lumen of the endoplasmic reticulum. Newly produced
glucose is presumably transported back into the cytoplasm and
then exits the cell via the facilitative glucose transporter
GLUT2 in the plasma membrane. During the diabetic process,
the expression of the liver PEPCK gene is markedly increased
by the lack of insulin and the rise of glucagon levels [30].

Glucose 6-phosphatase enzymatic complex operates within the
Endoplasmic Reticulum (ER) of liver [31], kidney [32],
pancreatic β-cells [33]. The main function of this enzyme is to
regulate hepatic glycolysis and glucose homeostasis [34].
Insulin suppresses gluconeogenesis by inhibiting the
transcription of PEPCK and G6Pase [35]. Thus in GDM in
which insulin resistance is observed, these enzymes are
upregulated contributing to hyperglycemia. Therefore we
analysed the mRNA expressions of PEPCK and G6Pase by RT
PCR and the activity of G6Pase in the livers of diabetic rats
and control rats. We found increase in mRNA expression of
these genes, suggesting that hyperglycaemia observed in may
be due to increased gluconeogenesis and glucose output from
the liver. In addition to a selective dysregulation of individual
glucose production pathways, increased production of glucose
during hyperinsulinemia in GDM may result from inadequate
suppression of all the supporting fluxes of glucose production
[36].

The key enzyme responsible for the regulation of glucose
utilization is GK that catalyzes glucose phosphorylation as the
first step of storage of glucose as glycogen and glucose
disposal by glycolysis. The regulation of GK activity is
primarily due to changes in the transcription of its gene. In the
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liver, the primary regulated step that determines glucose uptake
is glucose phosphorylation and not glucose transport.
Hepatocytes are able to respond to fluctuations in blood
glucose levels by parallel changes in the rate of glucose
phosphorylation. The key enzyme in the regulation of this
process is glucokinase. This enzyme is induced by insulin.
Therefore we next assayed the activity and protein expression
of GK in the liver. In the diabetic pregnant rat livers the protein
levels and the activity of GK were significantly decreased
when compared with control suggesting that decreased uptake
and utilisation of glucose by the liver may contribute to
hyperglyemia observed in diabetic mother rats.

GK activity is controlled by the partnership between insulin
signaling and substrate-dependent regulation. The liver
expresses hexokinase IV (i.e. glucokinase), which is inactive
when associated with Glucokinase Regulatory Protein (GKRP)
in the nucleus. The interaction of GK with GKRP is regulated
by metabolic intermediates (glucose-6-phosphate and
fructose-1-phosphate) that accumulate in response to
hyperglycemia and dietary carbohydrates (e.g. fructose). These
glycolytic intermediates compete with the binding of GK to
GKRP; thus, this step is not directly controlled by glucose [37].
In the present study, G6Pase is high suggesting a decrease in
the hepatic levels of glucose 6 PO4. This may facilitate the
binding of GK to GKRP and its accumulation in inactive form.
This may account for decreased GK activity observed in the
livers of diabetic pregnant rats.

Blood glucose enters hepatocytes via GLUT2, a plasma
membrane glucose transporter. GLUT2 is mainly expressed in
the liver, beta-cells of the pancreas, and the basolateral
membrane of kidney proximal tubules and plays an important
role in glucose homeostasis in living organisms. GLUT-2 is a
bifunctional glucose transporter which is involved in glucose
uptake and release processes in the liver [38]. However, it is
indispensable for glucose uptake [39]. Hepatocyte-specific
deletion of GLUT2 blocks hepatocyte glucose uptake;
however, deletion of GLUT2 does not affect hepatic glucose
production in the fasted state [39].The transcription of the
GLUT2 gene is known to be upregulated in the liver during
postprandial hyperglycemic states or in type 2 diabetes to
facilitate uptake [14]. Therefore we analysed the protein levels
of GLUT2 in the liver by western blot. In the present study we
observed decreased expression of GLUT2 protein in the livers
of diabetic rats as compared with control. This suggests that
decreased uptake of glucose by the livers of diabetic pregnant
contribute to hyperglycemia observed in these rats.

All these findings suggest that hyperglycaemia observed in
maternal rats with diabetes may be due to increased
gluconeogenesis (increased PEPCK and G6Pase expression)
and glucose output from the liver (G6Pase expression) and
decreased uptake of glucose (decreased GK and GLUT2
expression) by the liver.

To date, the pathophysiology of hypertriglyceridemia in GDM
is incompletely understood. We hypothesised that
hyperlipidaemia observed in GDM may be due to increased
hepatic de novo lipogenesis. Hepatic De novo lipogenesis

(DNL) is the biochemical process of synthesising fatty acids
from acetyl-CoA subunits that are produced from a number of
different pathways within the cell, most commonly
carbohydrate catabolism. De novo synthesis of fatty acids is
regulated by two enzymes-acetyl CoA carboxylase and FAS.
Acetyl-CoA carboxylase (ACAC) is the rate-limiting enzyme
in the synthesis of fatty acids, which converts acetyl CoA to
malonyl CoA. Fatty acid synthase is a large multifunctional
enzyme that synthesizes palmitate from acetyl CoA and
malonyl CoA [15]. In the present study we observed increase
in the expression of these genes in livers of diabetic rats,
suggesting increased de novo lipogenesis.

It is surprising to find increased de novo synthesis of fatty
acids in the liver in the presence of insulin resistance because
insulin is required for hepatic lipid synthesis. This may be
explained by the ‘selective insulin resistance’ hypothesis.
Recent studies show that the role of insulin resistance with
regard to hepatic lipid metabolism is complex. Insulin is
required for hepatic lipid synthesis. Thus, one might
hypothesize that hepatic insulin resistance would decrease
hepatic fatty acid and triglyceride synthesis. In contrast, liver
and plasma triglycerides are increased in metabolic disease. To
resolve this paradox, investigators have proposed that there
may be pathway-selective insulin resistance, which has been
observed in vascular tissues [40,41]. This would suggest that
there are distinct insulin-sensitive signaling pathways that
independently modulate glucose and lipid metabolic pathways.
The model proposes that the pathways are differentially altered
in metabolic disease. With selective insulin resistance, insulin
fails to adequately suppress hepatic glucose production or
augment hepatic glucose uptake, and yet still augments or at
least sustains hepatic lipogenesis and TG accumulation,
contributing to hypertriglyceridemia.

The phenomenon of selective hepatic insulin resistance, in
which hepatic glucose metabolism becomes unresponsive to
insulin but hepatic lipogenesis continues unabated, is a long
standing paradox in type 2 diabetes (T2D) [42,43].Evidence for
the importance of DNL in insulin-resistant hepatic triglyceride
synthesis includes reports of increased hepatic DNL in both
humans with insulin resistance and humans with NAFLD [44],
as well as in leptin-deficient insulin-resistant ob/ob mice [45].

Attempts to resolve the mechanism by which triglyceride
synthesis paradoxically increases in the insulin-resistant liver
have focused on the regulation of de novo lipogenesis (DNL)
by the insulin-dependent sterol regulatory element binding
protein 1c(SREBP-1c) [46]. Carbohydrate responsive element
binding protein (ChREBP) is a master transcriptional activator
of hepatic lipogenesis [47]. ChREBP is activated by increased
glucose influx in liver, and together with SREBP-1, drives
expression of genes involved in fatty acid synthesis and
esterification. Hepatic DNL is regulated independently by
insulin and glucose, through the activation of SREBP-1c [48]
and ChREBP [49] which transcriptionally activate nearly all
genes involved in de novo lipogenesis. Data from studies
conducted in mouse models demonstrate that hepatic
overexpression of SREBP-1c or hyperinsulinemia stimulate
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lipogenesis and cause hepatic steatosis, [50,51] whereas the
levels of all the enzymes involved in DNL are reduced in
ChREBP knockout mice [52]. Data indicate that glucose and
fructose ingestion can very efficiently lead to the induction of
lipogenic genes via these SREBP-1c pathways without insulin
[53].

Conclusion
In summary, the results of the present study suggest that
increased gluconeogenesis, increased glucose output and
decreased glucose uptake by the liver contribute to
hyperglycemia observed in diabetic pregnant rats.
Hyperlipidemia observed in these rats may be due to increased
de novo lipid synthesis in the liver. It is suggested that these
effects may be mediated via the induction of SREBP-1c
pathways by glucose.
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