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the development of insulin resistance and type 2 diabetes mellitus
in adulthood. To investigate the mechanisms behind this “meta
bolic imprinting” phenomenon, we examined the impact of
maternal undernutrition on insulin signaling pathway and the
ATP sensitive potassium channel expression in the hypothalamus
of intrauterine growth restriction fetus. Intrauterine growth
restriction rat model was developed through maternal low pro
tein diet. The expression and activated levels of insulin signaling
molecules and KATP protein in the hypothalami which were dis
sected at 20 days of gestation, were analyzed by western blot
and real time PCR. The tyrosine phosphorylation levels of the
insulin receptor substrate 2 and phosphatidylinositol 3'kinase
p85α in the hypothalami of intrauterine growth restriction fetus
were markedly reduced. There was also a downregulation of the
hypothalamic ATP sensitive potassium channel subunit, sulfonyl
urea receptor 1, which conveys the insulin signaling. Moreover,
the abundances of gluconeogenesis enzymes were increased in
the intrauterine growth restriction livers, though no correlation
was observed between sulfonylurea receptor 1 and gluconeogen
esis enzymes. Our data suggested that aberrant intrauterine
milieu impaired insulin signaling in the hypothalamus, and these
alterations early in life might contribute to the predisposition of
the intrauterine growth restriction fetus toward the adult meta
bolic disorders.
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IIntroduction
ntrauterine growth restriction (IUGR) affects 3–10% of pregnancies, and is recognized as a major cause of fetal and
neonatal morbidity and mortality.(1) Epidemiological and experimental studies indicate that IUGR newborns are strongly predisposed to the development of metabolic syndrome consisting of
insulin resistance, type 2 diabetes mellitus, obesity, hypertension,
and coronary artery disease in later life.(2–5) We developed an
IUGR model in rats by maternal protein restriction, whereby the
animals developed glucose intolerance and insulin resistance in
adulthood.(6) Our previous results showed that hepatic insulin
signaling was disturbed in undernutrition offsprings with this
animal model, in line with other studies on the insulin target
tissues (liver, muscle and adipose) from IUGR animals.(7–10)
Defects in the insulin-signaling cascade have been implicated in
the pathogenesis of insulin resistance. Insulin first binds to the αsubunit of the insulin receptor (IR), and this leads to activation of
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cascade of events which begin with activation of the IR, followed
by tyrosine phosphorylation of insulin receptor substrate (IRS),
which induces the activation of downstream pathways such as
the phosphatidylinositol 3'-kinase (PI3K). The effect of IUGR on
insulin signaling has been studied mainly in classic insulin target
tissues, seldomly in the central nervous system (CNS) which was
assumed to be insulin insensitive tissue. Over the past few years it
has become clear that insulin had profound effects in the CNS.
Studies performed on rodents have defined insulin action in the
CNS as a critical determinant of energy homeostasis and of
peripheral glucose metabolism.(11) Insulin modifies peripheral
glucose metabolism through IR localized in the hypothalamus,
especially liver glucose synthesis. Third-cerebral-ventricle administration of insulin increases insulin sensitivity in peripheral tissues and the improvement in peripheral insulin action is associated
with a reduction in hepatic glucose production.(12) The hypothalamic
insulin signal is conveyed to the motor nucleus of the vagus by
ATP-sensitive potassium (KATP) channel and reaches the liver via
vagal efferent fibers (Fig. 1).(13) The KATP channels in the hypothalamus are heteromultimers composed of two subunits: a regulatory sulfonylurea receptor (SUR), which contains two adenine
nucleotide binding domains, and a pore-forming inward rectifying
potassium channel (Kir6.x), which conducts potassium ions.(14)
Mutations in the SUR1 and Kir6.x are known to cause a group of
congenital hyperinsulinemic disorders of humans collectively
known as persistent hypoglycemic hyperinsulinism of infancy.(15)
The present study investigated the impact of IUGR, obtained
through maternal protein restriction, on the expression of hypothalamic KATP channels and key molecules of insulin signaling
pathway. This work aimed to explore how maternal undernutrition
influenced the development and function of the hypothalamus
to regulate energy expenditure along with peripheral controlling
factors.
Materials and Methods
Animals. Outbred Wistar rats of 10–12 weeks of age (230–
260 g) were purchased from animal center of China Medical
University. Female rats were mated overnight with a male. The
morning that conception was verified by the presence of sperm in
a vaginal smear was designated gestational day 0. All animals
were individually housed under standard conditions, and food
*To whom correspondence should be addressed.
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Fig. 1. Mechanism of insulin action in the hypothalamus arcuate
nucleus (ARC). Insulin first binds to the insulin receptor (IR); this initiates
a signal transduction cascade which begin with the activation of IR and
insulin receptor substrate (IRS). Phosphotyrosines on the IRS proteins
bind the p85 regulatory subunit of phosphatidylinositol 3'kinase (PI3K),
followed by phosphorylation of phosphatidylinositol 3,4diphosphate
(PIP2) to phosphatidylinositol 3,4,5triphosphate (PIP3), which opens KATP
channels, thereby producing an outward flow of K+ ions. This leads to
hyperpolarization and reduced activity of the neuron. The hypothalamic
insulin signal is conveyed to the motor nucleus of the vagus and reaches
the liver via vagal efferent fibers.

and water were provided ad libitum throughout the study. Control
animals (n = 9) were maintained on standard chow (20% protein)
during gestation. The undernourished animals (n = 9) received
an isocaloric low-protein diet (8% protein) as we described
previously.(6) Diets were purchased from Institute of Zoology,
Chinese Academy of Sciences. At 20 days of gestation (term 21
days) pups were delivered by caesarian section and decapitated.
IUGR referred to the fetus whose birth weight was two standard
deviations less than the mean birth weight of the control group.
Fetal blood was pooled (three or more) from the control or IUGR
fetuses in a litter to quantify plasma insulin and glucose levels.
Hypothalami were dissected, snap frozen and stored at −80°C until
use. Livers were harvested quickly and kept in the same way. All
procedures were approved by the Animal Research Committee of
China Medical University.
Analytic procedures. Blood glucose was determined in the
local clinical laboratory. Liver glycogen concentration was
measured by colorimetry assay using a liver glycogen test kit
(Jiancheng, Nanjing, China) and the result was expressed as
milligrams glycogen per gram wet weight liver tissue. Plasma
insulin concentration was analyzed in duplicate by enzyme linked
immunosorbent assay (Mercodia AB, Uppsala, Sweden) according
to the manufacturer’s protocol.
RNA isolation and real time PCR. Total RNA was extracted
from snap-frozen hypothalamus using TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. All RNA
samples were treated with DNase I following the manufacturer’s
protocol (M0303S, NEB, Toronto, ON) and quantified in duplicate
using UV absorbance at 260 nm. 1 μg of total RNA was reversetranscribed into cDNA using the TaKaRa RNA PCR kit (DRR037,
TaKaRa, Dalian, China) following the manufacturer’s protocol.
To minimize variation in the reverse transcription reaction, all

Table 1. Primers for real time reverse transcription polymerase chain reaction
Gene name

Accession number

Primer sequences

Size (bp)

Melt curve

F: 5CAACGTCGCCCACAAGAACATC3
Kir6.2

NM_031358.3

124
R: 5CCAGCTGCACAGGAAGGACATG3

F: 5CAGGACCAAGAGCTGGAGAAGGA3
SUR1

NM_013039.2

106
R: 5CATCCAGCAGAAGGCCATCTCTT3

F: 5CTCACCTCTGGCCAAGATTGGTA3
PEPCK

NM_198780.3

190
R: 5GTTGCAGGCCCAGTTGTTGA3

F: 5AACGTCTGTCTGTCCCGGATCTAC3
G6Pase

NM_013098.2

133
R: 5ACCTCTGGAGGCTGGCATTG3

44
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RNA samples from a single experimental setup were reverse
transcribed simultaneously. Real time PCR was performed on
LightCycler (Roche, Basel, Switzerland) using the primers described in Table 1. Control group values were used as calibrator.
The relative level of mRNA expression was calculated using the
2−ΔΔCt method after normalization with β-actin (DR3783, TaKaRa)
as a housekeeping gene.(16)
Protein lysate preparations. Subcellular fractionation of
tissue proteins were fractionated into cytosolic and membrane
pools using the Compartment Protein Extraction Kit (2145,
Chemicon, Temecula, CA). In brief, different specimens (hypothalami and livers) were homogenized with lysis buffer containing
sodium orthovanadate and cocktail of protease inhibitors, and
centrifuged at 18,000 g at 4°C for 20 min. The supernatant containing cytoplasmic proteins was saved. The pellet was redissolved in lysis buffer containing sodium deoxycholate, tergitol-type
NP-40, sodium orthovanadate and cocktail of protease inhibitors,
and centrifuged at 18,000 g at 4°C for 20 min. The supernatant
containing membrane proteins was saved. The protein concentration was determined using Protein Quantitative Detection Kit (BioRad, Hercules, CA).
Immunoblotting. Antibodies to Kir6.2, IRα, IRS2, p85α,
SUR1, phosphoenolpyruvate carboxykinase (PEPCK), and Glucose
6-phosphatase (G6Pase) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to phosphotyrosine
PY20 and β-actin were from Abcam (Cambridge, UK). PhosphoIRS2 (Ser731) antibody was from Lifespan Biosciences (Seattle,
WA). Equal amounts of protein were separated by electrophoresis
on sodium dodecyl sulfate (SDS)-polyacrylamide gel and transfered
onto a polyvinylidene difluoride (PVDF) membrane (Millipore,
Billerica, MA) as described by Towbin et al.(17) Non-specific
binding sites were blocked by 2 h incubation with 3% bovine
serum album. The PVDF membrane with membrane fractions was
immunoprobed with the anti-Kir6.2 and anti-IRα antibody at 4°C
overnight. The membrane with cytoplasmic fractions was probed
with antibodies against IRS2, p-Ser731-IRS2, p85α, SUR1,
PEPCK or G6Pase respectively. Blot was then exposed to horseradish peroxidase-conjugated secondary antibody and visualized
using enhanced chemiluminescence reagents (GE Healthcare,
Buckinghamshire, UK). An anti-β-actin antibody was used for
loading control. All immunoblots were run at least in triplicate.
Quantity One software (Bio-Rad) was applied for the analysis of
the optical density of the protein bands. The relative expression
quantity was illustrated as the percentage of the optical density
(OD) of target protein, adjusted with the corresponding β-actin
OD versus that of the normal control.
Immunoprecipitation. Tyrosine phospholation of IRS2 and
p85α was determined by immunoprecipitation with anti-phosphotyrosine antibody and then immunoblotted with anti-IRS2 and
anti-p85α antibody. Briefly, cytoplasm proteins were then incubated for 4 h at 4°C with anti-phosphotyrosine PY20 antibody.
Then 25 μl of Protein G-Agarose was added and rotated for 2 h at
4°C. The immune complexes were centrifuged at 1,000 g at 4°C
for 5 min, after which, they were washed, and then eluted by
boiling in SDS sample buffer. Eluted proteins were then resolved,
transferred and probed with anti-IRS2 or anti-p85α as mentioned
above.
Statistical analysis. All values are presented as the mean
percent of control ± standard error (SE). Comparisons between
groups were performed by Student’s two-tailed t test. Pearson’s
correlation analysis was used to correlate SUR1 mRNA levels
with PEPCK and G6Pase mRNA levels respectively. Statistical
analysis was performed using SPSS17.0 (SPSS, Chicago, IL).
p<0.05 was considered significant.

Table 2. Fetal body weight, brain weight and metabolic profile
(mean ± SE)
Group

Control

Live birth
Fetal body weight (g)
Brain weight (g)
Brain/body (%)
Fetus length (mm)
Tail length (mm)
Fetal glucose (mmol/L)
Fetal glycogen (mg/g liver)
Fetal insulin (mU/L)

104
3.973 ± 0.43
0.181 ± 0.017
4.56 ± 0.39
36.52 ± 2.84
3.837 ± 0.49
3.42 ± 0.67
9.28 ± 1.34
94 ± 8

Undernourished
98
3.176 ± 0. 54**
0.153 ± 0.012**
4.82 ± 0.5**
33.47 ± 2.16*
3.067 ± 0.34*
2.75 ± 0.61*
8.42 ± 0.85
76 ± 7*

*p<0.05; **p<0.01 vs control.

the food intaken daily and the average litter size (10 ± 3 vs 11 ± 2).
Maternal protein restriction resulted in fetal growth restriction, as
evidenced by a lower body weight (Table 2) and significantly
higher incidence rate of IUGR (Undernourished: 56.12% vs
control: 3.85%, p<0.001). Undernourished fetus also showed a
significant reduction in brain weight, but the brain/body ratio
increased (p<0.01). There was no difference in the hepatic glycogen values between the two groups, whereas the concentrations
of blood glucose and plasma insulin were remarkably lower in
IUGR fetuses (p<0.05) (Table 2).
Expression and activation of insulin signaling molecules
in the hypothalamic. The expressions and activation of insulin

signaling molecules in hypothalami were assessed by immunoblotting assay (Fig. 2). IRα expression had a tendency to be lower
in hypothalami from IUGR fetuses, but the change did not achieve
statistical significance. The total protein expressions of IRS2 and
PI3K regulatory subunit p85α were unchanged in the IUGR
hypothalami, nor was the level of serine phosphorylation of IRS2.
However the levels of tyrosine phosphorylation of IRS2 and
p85α were significantly reduced by 52% and 27% respectively in
the hypothalami of IUGR fetuses (p<0.05).
Expression of KATP channels in the hypothalamic.

According to real time PCR analysis, maternal undernutrition
significantly (p<0.05) downregulated the SUR1 mRNA levels in
the hypothalami, whereas no significant differences were observed
in the levels of Kir6.2 mRNA between IUGR and control rats
(Fig. 3A). To obtain further information of the difference of
proteins expression, we measured the protein levels of Kir6.2 and
SUR1 using immunoblotting assay. In general, mRNA and protein
levels of KATP channel were comparable. SUR1 protein expressions were downregulated by 30% in the IUGR rats (p<0.05), and
the Kir6.2 protein expressions did not differ between the two
groups (Fig. 3 B and C).
Expression of gluconeogenesis enzymes in the livers.

Our previous work showed a marked increase in the expressions
of PEPCK and G6Pase in the livers of IUGR rats at age 1 and 12
weeks.(6) To extend this study, we measured PEPCK and G6Pase
expressions in fetal livers. PEPCK and G6Pase mRNA levels were
upregulated by 2.9 and 1.6-fold respectively in IUGR compared
with control livers (p<0.05, Fig. 4A). Consistent with the PCR
data, striking differences were also found between IUGR and
control rats in the relative expression ratios of PEPCK and G6Pase
protein (p<0.05, Fig. 4 B and C).
Pearson’s correlation analysis revealed that no correlation was
observed between the levels of SUR1 mRNA and those of PEPCK
and G6Pase (r = 0.210, 0.153 respectively).
Discussion

Results
Weight and metabolic profile.

X. Liu et al.

There was no difference in

Maternal malnutrition during pregnancy obviously leads to
IUGR because of inadequate nutrient delivery to the fetus. Our
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Fig. 2. The effect of maternal protein restriction on hypothalamic insulin signaling molecules. Representative immunoblots (A) and densitometric
analyses (B) of insulin signaling proteins in hypothalami from control (white bars) and IUGR fetuses (black bars). CON, control; IUGR, intrauterine
growth restriction. The data were normalized to the control, and represent the mean values (± SE), n = 6 per group. *p<0.05 vs control.

study showed that maternal undernutrition resulted in decreased
brain weight but enhanced brain/body weight ratio in near term
fetus, which indicated a partial preservation of brain development
as compared with the peripheral organs. This well-known effect of
brain sparing is usually considered an adaptation to protect the
brain from more severe damage, at the expense of visceral organs.
IUGR fetuses were hypoglycemic and hypoinsulinemia, in line
with other reports and the phenotype of human IUGR newborns.(18,19)
Early undernutrition is known to increase risk of insulin resistance and diabetes in adulthood.(20) Insulin resistance is associated
with the post receptor defects in the intracellular insulin signaling
cascade, leading to the failure of insulin to suppress hepatic
glucose production.(19,21,22) Previous research reported a series of
changes in the insulin receptor signal transduction in the classic
target tissues (liver, muscle and adipose) of IUGR human and
animals.(23–26) Besides modulating insulin function in peripheral
organs, PI3K pathway has also been shown to control peripheral
glucose metabolism by binding to the regulatory subunit SUR
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of KATP channels in the brain.(27,28) KATP channels are widely
expressed in the brain: glia cells and neurons of the hypothalamus
and the hippocampus.(29,30) Insulin can activate the KATP channel
which allows potassium ion flow from the cells, thus leads to
cell hyperpolarization and decrease excitability of the neuron.
This effect inhibits the gluconeogenesis in the liver finally through
the vagus nerve.(31) Studies demonstrated that activation of either
insulin signaling or of KATP channels within the hypothalamus
was sufficient to decrease blood glucose levels via a substantial
inhibition of glucose production, which was largely due to a
marked decrease in the hepatic abundance of PEPCK and G6Pase
expression and of gluconeogenesis in the liver. Conversely,
blockade of either insulin signaling or of KATP channels within
the hypothalamus negated the effects of central insulin and halved
the effects of systemic insulin on hepatic glucose production.(11,32)
The present study showed, for the first time, that the tyrosine
phosphorylation levels of IRS2 and PI3K p85α were significantly
impaired in the hypothalami of IUGR rats, which might block the
insulin signaling transduction in hypothalamus. There was no
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Fig. 3. Maternal undernutrition reduced hypothalamic KATP gene
expression in fetuses. (A) Real time PCR analysis of KATP channel mRNA
level in control (white bars) and IUGR (black bars) hypothalami. (B and C)
Immunoblotting assay of KATP channel protein expression and represen
tative immunoblots. The data were normalized to the control, and
represent the mean values (± SE), n = 6 per group. *p<0.05 vs control.

change in the expression and phosphorylation level of IR, in line
with the observations in asymmetric IUGR fetal brain in Cited1
mutant mice.(33) The results also indicated that maternal proteinrestriction caused the reduced expression of SUR1 in the fetal
hypothalamus. In SUR1 null mice, insulin’s ability to suppress
hepatic gluconeogenesis was impaired.(34) These results indicated
that maternal protein restriction might interfere with insulin
signaling transduction in hypothalamus and therefore influence
the liver glucogenesis.
The other major finding of the present study was the upregulated expressions of PEPCK and G6Pase in the IUGR fetal livers.
PEPCK and G6Pase are major rate-limiting enzymes in gluconeogenesis. Overexpression of either G6Pase or PEPCK has resulted
in an elevation of hepatic glucose production and plasma glucose
levels.(35) The IUGR fetuses were hypoglycemic despite of the
increased expression of gluconeogenesis enzymes, for prenatal
gluconeogenesis is negligible as the fetus depends on maternal
blood glucose as the source of energy and glycogen storage. The
increased expression of gluconeogenesis enzymes in fetus might
persist to adulthood, lead to augmented hepatic glucose production
and increasing plasma glucose level in IUGR adults eventually.
Previous studies have certified that PEPCK and G6Pase expressions were increased in offspring of protein-restricted, alcoholexposed and bilateral uterine artery ligation dams from childhood
to adulthood.(7,35,36) Contrary to our supposition, no correlation was
observed between the expression of hypothalamic SUR1 and of
hepatic PEPCK and G6Pase. Lane et al.,(35) reported that PEPCK
and G6Pase expression correlated with the expression of peroxisome proliferator-activated receptor γ coactivator-1 in the livers
of IUGR rats. Nevertheless, our results couldn’t preclude the
association between changes of hepatic gluconeogenesis enzymes
and hypothalamic KATP channels in IUGR rats, since the concrete
electrophysiological change of KATP channels was unknown.

X. Liu et al.

Fig. 4. Maternal undernutrition increased hepatic gluconeogenesis
enzymes expression in fetuses. (A) Real time PCR analysis of phospho
enolpyruvate carboxykinase (PEPCK) and glucose 6phosphatase (G6Pase)
mRNA level in control (white bars) and IUGR (black bars) livers. (B and C)
Immunoblotting assay of PEPCK and G6Pase protein expression and
representative immunoblots. The data were normalized to the control,
and represent the mean values (± SE), n = 6 rats/group. *p<0.05; **p<0.01
vs control.

Besides increasing liver glucogenesis, inhibition of insulin
signaling in the brain produces an orexigenic effect, which
resulted in a gain in body weight associated with peripheral insulin
resistance.(31,37,38) It was reported that adult offspring of maternal
protein restriction was hyperphagia which was driven by a strong
upregulation of hypothalamic orexigenic peptide neusopeptide Y
(NPY) accompanied with low insulin level.(39) SUR1-containing
KATP channels are expressed in the NPY-expressing neurons;
thence the relationship between NPY expression and the insulin
signaling in the IUGR hypothalamus deserves further investigation.
The present study was limited to fetus, so from the data we
couldn’t know whether the changes in hypothalamus are transient
or permanent. Moreover we couldn’t investigate the effect of
IUGR on the functional properties of hypothalamic KATP channel
without the patch clamp.
In summary our data suggested that early undernutrition
affected markedly the expression and/or activation level of key
factors involved in insulin signaling transduction in the hypothalamus. These signaling transduction and enzymatic alterations
induced by intrauterine malnutrition might contribute to the
development of adult metabolic disorders.
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glucose-6-phosphatase
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PI3K
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inward rectifying potassium channel 6.2
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