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Perturbations in glucose metabolism in the fetus and in the
neonate are a consistent finding in several different animal mod-
els of intrauterine growth retardation (IUGR) as well as in
humans. Studies in rats who have undergone IUGR have shown
decreased hepatic glycogen stores in the fetus and delayed
induction of cytosolic phosphoenolpyruvate carboxykinase
(PEPCK-C) at birth. Hepatic transcription factors CCAAT en-
hancer binding protein (C/EBP)� and C/EBP� and the increase
in cyclic AMP at birth have been implicated in the initial
appearance of PEPCK-C. We have examined the effect of IUGR
induced by reduced maternal inspired oxygen (fractional inspired
oxygen concentration 0.14) on a) the expression of genes for
hepatic C/EBP�, C/EBP�, PEPCK-C and glycogen synthase;
and b) transcription of the genes for C/EBP� and PEPCK-C by
dibutyryl cyclic AMP in the fetus. Three days (d 18–21) of
decrease in maternal inspired oxygen resulted in lower maternal
arterial PO2 and a lower birth weight of the pups (p � 0.01).
Fetuses that underwent IUGR had significantly lower concentra-
tions of plasma glucose, hepatic glycogen, and glycogen syn-
thase mRNA and a higher hepatic lactate:pyruvate ratio. They
also had lower levels of hepatic PEPCK-C mRNA at birth. The
concentration of hepatic mRNA for C/EBP� and C/EBP� as well
as the transcription factors themselves were not affected by the

decreased maternal inspired oxygen. Fetal injection of dibutyryl
cyclic AMP after 24 h of decreased maternal inspired oxygen (d
18–19) had no effect on the expression of C/EBP�. However, it
resulted in an attenuated induction of PEPCK-C in the fetuses
with IUGR. We speculate that a decrease in maternal inspired
oxygen induced certain mediators, either in the mother or in the
placenta, that caused lower fetal glucose concentration and af-
fected the transcription of genes involved in fetal hepatic glucose
metabolism. IUGR, as a result of decreased fractional inspired
oxygen concentration may also be the consequence of pH-
mediated changes in uterine blood flow. However, these remain
to be examined in this experimental model. (Pediatr Res 53:
325–332, 2003)

Abbreviations
IUGR, intrauterine growth retardation
C/EBP, CCAAT enhancer binding protein
PEPCK-C, phosphoenolpyruvate carboxykinase-cytosolic
Bt2 cAMP, dibutyryl cyclic AMP
FiO2, fractional inspired oxygen concentration
RA, room air
HYP, FiO2 0.14

Fetal glucose metabolism and adaptation to extrauterine life
are perturbed in IUGR (1, 2). The abnormalities in fetal
glucose metabolism consist of a lower blood glucose concen-
tration and reduced hepatic glycogen content. Of significance,
these observations have been made consistently in several
different models of IUGR (1–4). No discernible alterations in
maternal glucose kinetics could be identified in rat IUGR

induced by decreased maternal inspired oxygen (4). In addi-
tion, the expression of placental glucose transporter proteins 1
and 3 also were unchanged in growth-restricted fetal rats (4, 5).
Lower fetal glucose concentration has been attributed to either
increased consumption of glucose by the placenta (6), or to
increased utilization by fetal tissues (3). The lower glucose
concentration in the immediate newborn period could also be a
consequence of delayed induction of hepatic PEPCK-C activity
observed in IUGR induced by bilateral uterine artery ligation
(1). The mechanisms responsible for the lower hepatic glyco-
gen levels and the delayed expression of hepatic PEPCK-C in
the IUGR have not been examined.

In the fetus, hepatic glycogen accretion occurs late in ges-
tation. Deposition of hepatic glycogen in the fetal rat begins on
d 17 of gestation and reaches its highest level on d 21 (2, 7).
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This period of rapid glycogen accumulation coincides with a
significant increase in the concentration of fetal plasma glucose
and insulin, as well as an increase in the activity of glycogen
synthase in the liver (8). The increase in activity of glycogen
synthase is temporally related to an increase in C/EBP�
mRNA, suggesting that C/EBP� may have a role in the
transcription of the gene for glycogen synthase. In the present
study, we have examined the relation between the expression
of glycogen synthase and that of transcription factor C/EBP�.

Of special importance in the perinatal period is the initial
induction of PEPCK-C gene transcription in the liver. Tran-
scription of the gene for PEPCK-C is stimulated by cyclic
AMP (cAMP)and inhibited by insulin (9). At birth, there is a
decrease in the concentration of insulin and an increase in the
level of glucagon and epinephrine (10, 11); the result is a rise
in hepatic cAMP (9) that leads to induction of the PEPCK-C
gene (12). This process is an important component in the
rebound in the blood glucose concentration that occurs in all
mammals in the immediate perinatal period.

The control of PEPCK-C gene transcription has been exten-
sively studied and the putative regulatory elements in the
promoter that are involved in the transcriptional response of the
gene to various regulatory factors have been identified (12). A
region of PEPCK-C gene promoter termed CRE2 (�148 to
�137) has been implicated in the redox regulation of transcrip-
tion of the PEPCK-C gene (13). However, the protein or
proteins involved in binding to this region of the promoter have
not been characterized. Of the major transcription factors
studied to date, C/EBP� and C/EBP� have been shown to play
an important role in the cAMP and glucocorticoid regulation of
PEPCK-C gene transcription (14, 15). It is presently unknown
whether the transcription of the genes for C/EBP� and C/EBP�
are altered in the IUGR fetus. Additionally, the effect of IUGR
on the induction of C/EBP� and PEPCK-C by cAMP has not
been examined. Because hypoxia leads to an increased con-
centration of the hypoxia-inducible protein, nuclear factor �B
(NF-�B), and because NF-�B is also involved in the redox
regulation of gene transcription, we have also quantified
NF-�B in the fetal liver.

In the present study, we have examined the effect of IUGR
on the expression of genes involved in the regulation of
glucose homeostasis. IUGR was induced by reducing the FiO2

to 0.14 during the period of rapid fetal growth in the rat. We
hypothesized that a decrease in maternal oxygen will result in
lower fetal hepatic redox, which, in turn, will impair the
expression of genes involved in hepatic glucose metabolism.
We show that, even though it had no effect on fetal oxygen
content, reduced maternal FiO2 resulted in increased hepatic
lactate:pyruvate ratio, decreased expression of hepatic glyco-
gen synthase, and attenuated induction of PEPCK-C in re-
sponse to Bt2 cAMP. Additionally, it had no effect on the
expression of the genes for C/EBP� and C/EBP�.

MATERIALS AND METHODS

NAD�, NADH, ATP, ADP, AMP, lactate, pyruvate, and
lactate dehydrogenase were purchased from Sigma Chemical
(St. Louis, MO, U.S.A.). Bt2 cAMP was purchased from Roche

Molecular Biochemicals (Summerville, NJ, U.S.A.). Quick
Prep Total RNA kit was obtained from Amersham Pharmacia
Biotech (Uppsala, Sweden) and [�-32P] deoxycytidine-5'-
triphosphate (dCTP) and Gene Screen Plus were purchased
from PerkinElmer Life Science Products (Boston, MA,
U.S.A.). The C/EBP�, C/EBP�, actin, and NF-�B antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, U.S.A.). The antibody to PEPCK-C was kindly provided
by Dr. F.J. Ballard, GroPep Ltd. (Adelaide, Australia).

Animal Studies

Time-mated pregnant Sprague Dawley rats were purchased
from Zivic-Miller (Zelienpole, PA, U.S.A.). The animals were
housed in individual cages in a controlled environment, with a
uniform 12-h day and night cycle. The rats had free access to
standard rat chow diet and water. The animal study protocol
was approved by the Institutional Animal Care Use Committee
of Case Western Reserve University.

Pregnant rats (n � 4) were placed in a hypoxia chamber
between d 18 and 21 of gestation, with an environmental
oxygen concentration maintained at 14% (HYP) by blending
nitrogen and air. The concentration of oxygen and carbon
dioxide in the chamber was monitored continuously using a
medical gas analyzer. The control animals (n � 4), in RA, were
also placed in a similar chamber, maintained at the same rate of
airflow into the chamber. Food and water were provided to the
rats during the study. The food was removed from all the
animals at 1700 h, the day before delivery. The animals had
free access to water. Pups were delivered by cesarean section
on d 21 of gestation (normal rat gestation: 22 d) after an
intraperitoneal injection of ketamine (30 mg/kg) either in room
air or in 14% oxygen environment. The pups in both groups
were killed by decapitation at birth. The liver was freeze-
clamped using Wallenberger tongs and stored at �70°C. Liver
samples were analyzed for redox state, adenine nucleotide
concentrations, and glycogen content. The mRNA for C/EBP�,
C/EBP�, glycogen synthase, and PEPCK-C was determined,
as was the concentration of NF-�B, C/EBP�, C/EBP�, and
PEPCK-C.

Changes in maternal and fetal blood gases in response to a
decrease in the maternal environmental oxygen concentration
were examined in a group of six animals (RA, n � 3; HYP, n
� 3). Pregnant rats with an indwelling carotid artery cannula-
tion were obtained from Zivic Miller. An arterial blood sample
was collected on d 18 of gestation before placing the animal in
14% oxygen or in room air. A second blood sample was
obtained on the day of delivery (d 21 of gestation). Preliminary
analysis of the fetal blood gas data demonstrated that the pH,
PaO2, and oxygen content were lower in fetuses in the upper
portion of the uterine horn, probably as a consequence of delay
in delivery of these fetuses. Therefore, blood gas data of only
the first three fetuses removed from the lower part of the
uterine horn were analyzed. Blood samples in heparinized
capillary tubes were obtained by making an incision in the
axilla, while the fetus was still attached to the placenta. Blood
samples from the mother and three fetuses were collected in
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heparinized tubes and analyzed immediately. The fetal blood
samples were analyzed individually and not pooled.

Because Bt2 cAMP administration to the fetuses in utero of
normal rats has been shown to induce the expression of the
PEPCK-C gene, and because C/EBP� is important in the
induction of PEPCK-C after birth (14), the effect of maternal
hypoxia on the cAMP induction of PEPCK-C and C/EBP�
were examined. An additional group of pregnant Sprague
Dawley rats were placed in either 14% oxygen (n � 4) or RA
(n � 4) from d 18 to 19 of gestation. On d 19, after intraperi-
toneal ketamine injection, the abdomen was opened and Bt2
cAMP (125 mg/kg) in PBS solution was injected into the
peritoneal cavity of the fetus in one horn of the uterus. A
similar volume of vehicle (PBS) was injected into the fetuses
in the other horn of the uterus. The abdomen was closed. Four
hours later, the pups were delivered via the same incision. The
pups were killed by decapitation and the livers were removed
and frozen in liquid nitrogen for later analysis.

Analysis

Plasma glucose and lactate concentrations were measured
using YSI 2300 Stat Glucose Lactate analyzer (YSI Inc.,
Yellow Springs, OH, U.S.A.). Blood oxygen content was
determined using a hemoximeter assuming unchanged hemat-
ocrit (Radiometer, Copenhagen, Denmark), and pH, PCO2, and
PO2 were measured using a blood gas analyzer (Ciba Corning,
Medfield, MA, U.S.A.).

The effect of the reduced oxygen concentration inspired by
the mother on fetal hepatic redox state and adenine nucleotide
concentration was measured as follows: The livers were pul-
verized to a fine powder in liquid nitrogen after adding 10%
perchloric acid. The tissue was homogenized in a centrifuge
tube for 2 min until thawing occurred. The homogenized tissue
was centrifuged at 4°C for 10 min. The pH of the supernatant
was adjusted between 5 and 6 with 20% (wt/vol) potassium
hydroxide (KOH). The sample was allowed to remain on ice
for 30 min. Lactate and pyruvate were determined by enzy-
matic method of Williamson et al. (16). Adenine nucleotide
concentrations were determined by HPLC (17).

Hepatic glycogen. Preweighed (50–60 mg) liver samples
were mixed with 0.5 mL 30% KOH and boiled at 98°C for 2 h.
The samples were cooled to room temperature and the glyco-
gen was precipitated by adding 5 mL 95% ethyl alcohol and 10
�L 4 M lithium chloride. After refrigerating overnight, the
samples were spun at 30,000 � g for 30 min. The precipitated
glycogen was hydrolyzed to glucose by adding 0.5 mL of 4 N
hydrochloric acid. The glucose concentration was determined
using the glucose oxidase method (Beckman glucose analyzer,
Beckman Coulter, Inc., Fullerton, CA, U.S.A.). The glycogen
content was expressed as millimoles glucose per gram liver
(18).

RNA extraction and Northern blot analysis. Seventy-five to
100 mg of frozen liver was homogenized and treated per the
manufacturer’s protocol. RNA concentrations were determined
by absorbance at 260 nm using a spectrophotometer. For
Northern blot analysis, a fixed amount (20 �g) of total RNA
was denatured in a solution containing formaldehyde and

deionized formamide, and the samples were incubated at 55°C
for 15 min. RNA samples were fractionated by electrophoresis
on a 1% formaldehyde-agarose gel. The integrity of the RNA
was determined by ethidium bromide staining of the ribosomal
subunits. RNA was then transferred to a Gene Screen Plus
membrane by capillary action and cross-linked using UV light.
The blots were hybridized with a randomly primed 32P-labeled,
1.1-kb PEPCK-C, 2.4-kb glycogen synthase, 2.1-kb C/EBP�,
1.5-kb C/EBP�, and ribosomal RNA probes (19–21) for 1 h at
68°C using Quick-Hyb hybridization solution (Stratagene, La
Jolla, CA, U.S.A.). Hybridized blots were washed twice for 15
min at room temperature with a 2� sodium chloride, sodium
citrate-trisodium salt (SSC) buffer and 0.1% SDS solution,
followed by one wash at 60°C for 30 min with a 0.1� SSC
buffer and 0.1% (wt/vol) SDS for a high-stringency wash. The
blots were then placed in a PhosphorImager screen and ex-
posed for 24 h. The radioactivity was measured by using the
Molecular Dynamics PhosphorImager (Sunnyvale, CA,
U.S.A.).

Protein isolation for Western blotting. Preweighed liver
tissue was homogenized in ice-cold homogenizing buffer con-
sisting of 20 mM Tris, pH 7.6, 0.1 mM EDTA, 0.5 mM EGTA,
0.1% Triton-X, 250 mM sucrose, and 50 �L/5 mL protease
inhibitor mixture. Homogenates were centrifuged at 14,000
rpm for 30 min at 4°C to separate cellular debris, mitochondria,
nuclei, and plasma membranes. The pellet (nuclear fraction)
was suspended in homogenizing buffer. The supernatant con-
taining plasma membranes, etc., was again centrifuged at
20,000 rpm for 30 min at 4°C. The resulting supernatant (the
cytosolic fraction) was removed for analysis. The concentra-
tion of the protein was determined using the Bio-Rad protein
assay kit (Bio-Rad, Hercules, CA, U.S.A.). Bovine serum
albumin was used as the standard.

Electrophoresis and Western blotting. The nuclear and
cytosolic fractions were sonicated for 20 s, and 20 �g of
protein was diluted in 2� loading buffer containing 100 mM/L
Tris-HCl, pH 6.8, 20% �-mercaptoethanol, 4% SDS, 0.2%
bromophenol blue, 20% glycerol, and separated by 12.5%
SDS-PAGE. Proteins were electrophoretically transferred to
Immobilon-P polyvinylene difluoride membranes (Bio-Rad).
The membranes were incubated in blocking buffer containing
5% nonfat dried milk in 10 mM/L Tris, pH 7.4, 150 mM/L
sodium chloride, and Tween-20 (TBS-T) for 1 h at room
temperature. Membranes were then incubated with primary
antibody diluted in blocking buffer for 1 h as follows: C/EBP�
(1:250), C/EBP� (1:250), PEPCK (1:1000), NF-�B (1:250),
and actin (1:250); and washed three times for 15 min each in
TBS-T. The membranes were then incubated with secondary
antibody diluted in blocking buffer for 1 h as follows: anti-
rabbit IgG peroxidase (1:5000) for C/EBP� and anti-goat IgG
peroxidase (1:5000) for the others. Membranes were washed
three times for 15 min each in TBS-T. All incubations were at
room temperature. Immunoreactive proteins were detected us-
ing the Super Signal Chemiluminescent Substrate kit (Pierce
Chemical, Rockford, IL, U.S.A.), and the density of the im-
munoreactive bands was measured by scanning densitometry
(GS-710, Imaging Densitometer; Bio-Rad).
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Western blots were first reacted with C/EBP�, stripped as
described by the manufacturer (Pierce Chemical), and reacted
again with C/EBP� and PEPCK-C. Separate blots were pre-
pared for NF-�B. All the blots were normalized using actin.

Data analysis. The concentrations of mRNA for glycogen
synthase, C/EBP�, C/EBP�, and PEPCK-C on the Northern
blots were standardized using 18S rRNA The mRNA/rRNA
ratio for each gene in the RA group was considered as 1. The
data of the HYP group was expressed relative to the RA
samples at birth. Samples from one litter were analyzed on one
blot. A similar procedure was used for the experiments exam-
ining the effect of Bt2 cAMP on C/EBP�, C/EBP� and
PEPCK-C mRNA. The ratio of mRNA/rRNA of vehicle (PBS)
group in RA was considered as 1. The data for cAMP groups
(HYP and RA) were expressed relative to the controls (fetuses
in RA group who received vehicle PBS). The Western blot data
were also analyzed in a similar manner and normalized to
actin.

The data presented are mean � SEM. ANOVA and t test
were used to compare the RA and HYP groups. A two-tailed
p value of �0.05 was considered statistically significant.

RESULTS

Maternal food intake (RA: 52 � 11, n � 4; HYP: 43 � 14 g,
n � 4) and weight gain (RA: 18 � 12 g, n � 4; HYP: 15 �
10 g, n � 4) during the experimental period (3 d) were similar
between the RA and HYP groups. The litter size was also
similar between the RA and HYP groups (RA: 11 � 1, n � 4;
HYP: 13 � 1, n � 4). A decrease in the maternal inspired
oxygen concentration during late gestation resulted in a signif-
icant decrease in fetal mass (RA: 4.7 � 0.1 g; HYP: 4.2 �
0.1 g; p � 0.01). The mass of the placenta was similar between
the groups (RA: 0.41 � 0.07 g; HYP: 0.44 � 0.08 g).

Maternal and fetal blood gases. On d 18 of gestation, the
maternal arterial pH, PCO2, PO2, and oxygen content were
similar in the RA and HYP groups. Prolonged reduction in the
environmental oxygen concentration resulted in a significant
increase in arterial blood pH (p � 0.05) and a decrease in PCO2

and PO2 in mothers in the HYP group (Table 1). The blood
oxygen content in the RA and HYP groups was similar,
suggesting that in the HYP group at a lower PO2, the Hb
oxygen saturation was of similar magnitude as in the RA group
(Table 1). Control animals placed in room air in a similar
chamber with a similar rate of airflow showed no change in

arterial blood gases. The blood pH was lower in fetuses of
mothers exposed to hypoxia as compared with the RA group
(p � 0.05).

Metabolic changes. The maternal blood glucose concentra-
tion was similar in the RA and HYP groups. At delivery, the
concentration of glucose in the plasma of pups in the RA group
was 3.3 � 0.5 mmol/L. Exposure of the mother to 14% oxygen
resulted in a significant (p � 0.05) decrease in fetal plasma
glucose concentration (1.6 � 0.1). There was no significant
difference in the fetal blood lactate concentration in the two
groups (RA: 11.5 � 0.8 mmol/L; HYP: 12.5 � 0.8 mmol/L).
The level of glycogen in the fetal liver was significantly (p �
0.05) lower in the HYP group (Fig. 1).

Hepatic redox state and the concentration of adenine
nucleotide in the fetal liver. The lactate concentrations in the
livers of pups in the HYP group were significantly higher (p �
0.005) when compared with the RA animals, whereas the
pyruvate concentrations were not different between the groups
(Table 2). The hepatic lactate:pyruvate ratio was significantly
higher (p � 0.03) in the HYP group. There was no significant
difference in fetal hepatic concentration of ATP, ADP, AMP,
and the adenylate charge between the groups.

Hepatic glycogen synthase and PEPCK-C. The levels of
mRNA for glycogen synthase were significantly lower (p �
0.05) in the livers of fetuses in the HYP group (Fig. 1). As
anticipated, birth was associated with an induction of the gene
for PEPCK-C in the livers of the RA group. The level of
PEPCK-C mRNA was significantly lower (p � 0.05) in the
HYP group as compared with controls (Fig. 2). The concen-
tration of the protein for hepatic PEPCK-C (61 �Da) was
similar in the HYP and RA controls (Fig. 3).

Hepatic C/EBP�, C/EBP�, and NF-�B. At birth, the
mRNA levels for C/EBP� and C/EBP� in the livers of HYP
pups were similar to the RA controls (Fig. 2). The concentra-
tion of proteins for hepatic C/EBP� (47 kD) and C/EBP� (42
kD) in pups born to mothers exposed to prolonged hypoxia was
also comparable to the RA animals (Fig. 3). There was no
effect of decreased maternal inspired oxygen on the levels of
NF-�B protein in the fetal liver.

Effect of Bt2 cAMP on the levels of mRNA and protein for
hepatic C/EBP�, C/EBP� and PEPCK-C. Twenty-four hours
after maternal exposure to low inspired oxygen, injection of
Bt2 cAMP to the fetuses on d 19 of gestation did not effect the
levels of C/EBP� mRNA. It also had no impact on the con-

Table 1. Maternal and fetal blood gas

Room Air Hypoxia

FIO2 pH
PCO2

(mm Hg)
PO2

(mm Hg)
O2 content*
(mmol/L) FIO2 pH

PCO2

(mm Hg)
PO2

(mm Hg)
O2 content*
(mmol/L)

Mother
Gestation 18 d (3) 0.21 7.35 � 0.14 27 � 14 93 � 3 12 � 3 0.21 (3) 7.41 � 0.02 40 � 1 108 � 3 15 � 2
Gestation 21 d (3) 0.21 7.35 � 0.07 33 � 2 98 � 1 12 � 3 0.14 (3) 7.47 � 0.06† 33 � 8† 65 � 7† 15 � 1
Fetus 21 d (9) — 7.23 � 0.06 63 � 11 18 � 9 4 � 2 (9) 7.17 � 0.06‡ 57 � 9 17 � 4 4 � 2

FIO2, fractional inspired oxygen concentration.
* Blood oxygen content.
† p � 0.05 compared with data on d 18 in hypoxia group (FIO2 0.14), paired analysis.
‡ p � 0.05 compared with room air group.
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centration of C/EBP� protein (data not shown). The levels of
C/EBP� mRNA (Fig. 4) and protein (Fig. 5) were also un-
changed in response to Bt2 cAMP. The fetuses in the RA group
demonstrated a 2.6-fold increase in the levels of PEPCK-C
mRNA in response to Bt2 cAMP. Reduced inspired oxygen
concentration to the mother suppressed the expression of the
PEPCK-C gene in response to Bt2 cAMP in the fetal liver (Fig.
4). Injection of Bt2 cAMP did not effect the concentration of
PEPCK-C protein in either group.

DISCUSSION

Intrauterine growth restriction induced by decreasing the
inspired oxygen concentration to the mother during late gesta-
tion was associated with profound effects on glucose ho-
meostasis and hepatic glucose metabolism in the fetus. As
shown, the plasma glucose concentration, hepatic glycogen
content, and the transcription of the gene for glycogen synthase
was lower in the HYP group, whereas hepatic lactate:pyruvate
ratio was increased. In addition, PEPCK-C mRNA was lower
at birth and there was an attenuated response of the gene for
PEPCK-C in the liver to Bt2 cAMP administered in utero.
These changes were associated with unchanged levels of
mRNA and protein for transcription factors C/EBP� and
C/EBP�.

Model. Metabolic changes in IUGR have been examined
using several different animal models. Bilateral uterine artery
ligation, a mild reduction in maternal inspired oxygen concen-
tration (FiO2 0.17) and chronic maternal hypoxia (FiO2 0.10 for
5 d) and maternal calorie deprivation have consistently resulted
in IUGR (1–4), although the putative mechanism may be quite
different. A milder decrease in maternal inspired oxygen con-
centration did not result in any demonstrable changes in glu-
cose metabolism of the mother (4). However, it resulted in an
increase in maternal-fetal glucose gradient. On the other hand,

a greater magnitude of reduction in maternal inspired oxygen
concentration (FiO2 0.10 for 5 d) led to maternal hypoxia,
hyperglycemia, and hyperinsulinemia (3). Maternal and fetal
metabolic acidosis were also evident in this IUGR model. We
chose an intermediate level of maternal inspired oxygen con-
centration (FiO2 0.14) so that the effects of reduced inspired
oxygen concentration could be evident in the fetal hepatic
glucose metabolism without causing major changes in maternal
and fetal blood oxygen and acid-base balance. We observed
that lowering the maternal inspired oxygen concentration to
14% decreased the maternal PO2 but did not alter the blood
oxygen content. Similarly, it had no effect on fetal PaO2 and O2

content, although the blood pH was significantly lower in the
HYP group. It should be underscored that the fetal PO2 and O2

content were measured in a mixed (arteriovenous) sample.
Whether the fetal umbilical venous PO2 was also unchanged
cannot be discerned from the present data. The cytosolic redox
state of the fetal liver in the HYP group was lower (increased
lactate:pyruvate ratio), even though the fetal O2 content was
unchanged. The reduction in fetal redox suggests that decreas-
ing maternal inspired oxygen concentration (FiO2 0.14) may
have resulted in tissue hypoxia, although we could not dem-
onstrate any change in fetal blood O2 content.

Fetal glucose concentration. The fetal plasma glucose con-
centration in the present study and in other models of IUGR
has been observed to be lower than controls (22–25). The
mechanism of the decrease in fetal glucose concentration has
not been delineated. The primary source of glucose for the
fetus is that transported across the placenta from the mother.
Saker et al. (4) showed no change in maternal plasma glucose
concentration, no change in rates of glucose turnover in the
mother, and unchanged expression of the genes for glucose
transporters (GLUT1 and GLUT3) in the placenta of IUGR
rats. The authors suggested that the lower concentration of
glucose in the blood of fetal rats was not the consequence of
decreased maternal glucose supply or of a lowered level of
expression of transporters in the placenta. The decrease in fetal
plasma glucose cannot be related to changes in plasma insulin
levels. Studies in animal models and in humans have consis-
tently demonstrated that the insulin levels are lower in the
IUGR fetus in the presence of lower plasma glucose concen-
tration (22–25). Because of the small blood samples obtained,
we could not measure insulin levels in our study. However,
because fetal glucose concentration was lower, we would have
anticipated corresponding lower fetal insulin levels. The only
exceptions are the data of Lueder et al. (3), who observed
normal fetal glucose concentration and high insulin levels. In
their study, high insulin levels were also associated with an
increased utilization of glucose by selected fetal tissues (lung,
heart, and kidney). Whether a reduction in maternal inspired
oxygen concentration to 14% used in the present study also led
to increased glucose consumption by the placenta or other
tissues, and consequently resulted in fetal hypoglycemia, re-
mains to be examined.

Regulation of fetal hepatic glycogen metabolism. Previous
studies have shown that the concentrations of plasma glucose
and hepatic glycogen are lower in newborn animals with IUGR
when compared with controls (2, 26). However, the mecha-

Figure 1. Fetal plasma glucose, hepatic glycogen content, and glycogen
synthase mRNA in RA (open bars) and HYP (filled bars) animals. Pregnant
rats were placed either in room air (RA, n � 4) or in FiO2 0.14 (HYP, n � 4)
between d 18 and 21 of gestation, and pups were delivered on d 21. Blood
samples and liver were obtained from the fetuses (three to four pups from each
litter). Twenty micrograms of RNA was loaded in each lane and the blots were
hybridized with glycogen synthase cDNA probe. The data are expressed as
mean � SEM. *Significantly different from RA group (p � 0.05).
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nisms responsible for these changes have not been identified.
The fetal liver in the rat and other mammalian species exclu-
sively utilizes glucose as a substrate for glycogen synthesis.
Alterations in the concentration of blood glucose in the fetus
could affect the accretion of hepatic glycogen. Gruppuso and

Brautigan (2) showed a decreased glycogen content in the
presence of a lower fetal plasma glucose concentration in an
IUGR model, whereas higher hepatic glycogen stores were
associated with elevated plasma glucose concentration in fe-
tuses of mothers with streptozotocin-induced diabetes (27).
These data suggest that the concentration of glucose in the
blood of fetal rats, either directly or via modulating glycogen
synthase activity, influences the accretion of glycogen in the

Table 2. Hepatic lactate, pyruvate, and adenine nucleotide concentration in the fetus

No. Lactate Pyruvate Lactate/pyruvate ATP ADP AMP Adenylate charge

Room air 3 2.98 � 0.5 0.38 � 0.03 8.2 � 1.5 0.93 � 0.13 0.58 � 0.04 0.54 � 0.05 0.55 � 0.16
Hypoxia 3 5.32 � 0.4* 0.37 � 0.04 15.2 � 2.2** 0.80 � 0.07 0.46 � 0.04 0.51 � 0.11 0.55 � 0.12

Data shown are in �mol/g liver. Results are mean � SEM of seven pups in each group from three litters. Hypoxia is defined as FIO2 0.14.
* p � 0.005 compared with room air group.
** p � 0.03 compared with room air group.

Figure 2. Effect of reduced maternal inspired oxygen on PEPCK-C, C/EBP�.
and C/EBP� mRNA in fetal liver. Pregnant rats were placed either in room air
(RA, open bars, n � 4) or in FiO2 0.14 (HYP, filled bars, n � 4) between d 18
and 21 of pregnancy, and the pups were delivered on d 21. Fetal livers were
removed at birth and frozen in liquid nitrogen. RNA was extracted and 20 �g
was loaded in each lane; the blots were hybridized with C/EBP�, C/EBP�, and
PEPCK-C cDNA probes. The data are expressed as mRNA levels relative to
RA at birth, mean � SEM from four litters (three to four pups each).
*Significantly decreased compared with RA group (p � 0.05).

Figure 3. Effect of maternal hypoxia on C/EBP�, C/EBP�, and PEPCK-C in
the fetal livers. The experimental design was the same as in Figure 2. The
concentration of C/EBP� and C/EBP� in the nuclear fractions and PEPCK-C
in the cytoplasmic fraction from the fetal liver was determined by Western
blotting using specific antibodies. Representative Western blots are shown in
the upper panel. The values presented are the densitometric units normalized
for actin in each sample. The data presented is mean � SEM from four litters
(three to four pups each). RA, open bars; HYP, filled bars.

Figure 4. Effect of maternal hypoxia on Bt2 cAMP induction of PEPCK-C
mRNA. Pregnant rats were placed in either room air (RA, n � 4) or in FiO2

0.14 (HYP, n � 4) between from d 18 to 19 of pregnancy. On d 19, 125 mg/kg
of Bt2 cAMP (solid bars) was injected into the fetal rats in one horn of the
uterus. Fetuses in the opposite horn were injected with PBS (open bars) alone.
The pups were delivered 4 h later; the liver was removed and frozen. Twenty
micrograms of RNA was loaded per lane and hybridized with C/EBP� and
PEPCK-C cDNA probes. The data are expressed as the mean � SEM from
four litters (three pups each). *Significantly less compared with the RA group
(p � 0.05).

Figure 5. Effect of Bt2 cAMP on C/EBP� and PEPCK-C in the fetal liver.
The experimental design was the same as in Figure 4. A representative Western
blot is shown in the upper panel. Bt2 cAMP (filled bars) had no effect on the
concentration of C/EBP� and PEPCK-C proteins. PBS, open bars.
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fetal liver. In the present study, lower hepatic glycogen was
associated with lower plasma glucose concentration and lower
mRNA for glycogen synthase. The activity of glycogen syn-
thase has been shown to be modulated by glucose, glucose-6-
phosphate, and insulin. In adult animals, higher levels of
plasma insulin in the presence of normal glucose concentration
increase the activity of glycogen synthase in the liver (8). In
contrast, high levels of both plasma glucose and insulin are
required to enhance the activity of glycogen synthase and
increase glycogen stores in the fetal liver (28). Because the
concentration of insulin in the blood is determined by the
prevailing glucose levels, it is possible that the observed
decrease in plasma glucose concentration in the IUGR fetus in
our study resulted in lower insulin levels, which, in turn,
lowered the transcription of the gene for glycogen synthase.
The transcription factor C/EBP� has been suggested to mod-
ulate the expression of the gene for glycogen synthase (29).
The glycogen synthase mRNA has been shown to be lower at
birth in the C/EBP� knock-out mouse (30). In the present
study, in the IUGR fetuses, the hepatic C/EBP� mRNA levels
were unchanged compared with controls in the presence of
lower glycogen synthase mRNA, suggesting that the lower
transcription of glycogen synthase occurred independent of
C/EBP�.

Regulation of PEPCK-C. Hypoglycemia in the IUGR new-
born animals and humans also has been attributed to impaired
gluconeogenesis as a consequence of a delay in the induction
and lower activity of PEPCK-C (1, 31, 32). Birth is associated
with an increase in the levels of plasma glucagon and cat-
echolamines and a decrease in insulin levels (10, 11). These
result in elevated levels of cAMP in the liver (9) and the initial
expression of the gene for PEPCK-C at birth (33). Bussey et al.
(1) observed that the appearance of PEPCK-C in the livers of
newborn IUGR rats was delayed despite elevated levels of
plasma glucagon. However, the administration of exogenous
glucagon resulted in an early appearance of PEPCK-C. The
lack of response of newborn IUGR rats to elevated endogenous
glucagon levels may have been the result of lower steady state
levels of cAMP. Studies using hepatoma cells have shown that
cAMP is also required for the stabilization of the hepatic
PEPCK-C mRNA (33). In the present study, we found lower
levels of mRNA for PEPCK-C in the livers of newborn IUGR
rats. It is possible that a decrease in the levels of hepatic cAMP
could have altered both the transcription and stabilization of
mRNA, resulting in a lower concentration of PEPCK-C mRNA
in the HYP group. Although hepatic cAMP levels have not
been measured in IUGR rats, studies by Lane et al. (34) and
Pennington (35) have demonstrated decreased cAMP levels in
the brain in the rat and chick models of IUGR.

Our data also show an increase in lactate:pyruvate ratio in
the fetal liver in the HYP group, suggesting a decrease in
cytosolic redox state. Studies in vitro have shown that
PEPCK-C gene transcription is also regulated via a putative
oxygen response element in the 5' flanking region of the
promoter (13).

The promoter of the PEPCK-C gene contains binding sites
for the hepatic-enriched transcription factors, C/EBP� and
C/EBP� (12). Several studies have shown that these transcrip-

tion factors are necessary for the induction of the PEPCK-C
gene in the newborn period (14, 15). In the present study, we
did not find differences in the levels of mRNA and protein for
C/EBP� and C/EBP� between the RA and HYP groups,
indicating that the observed decrease in the levels of PEPCK-C
mRNA in the hypoxia group cannot be attributed to an altered
expression of these genes.

Despite a lower level of PEPCK-C mRNA at birth, the
PEPCK-C protein in the HYP group was similar to the RA
controls. The discordance between PEPCK-C mRNA and pro-
tein may have been caused by decreased stability of PEPCK-C
mRNA.

cAMP induction of PEPCK-C and C/EBP�. cAMP is an
important intracellular signaling molecule involved in the reg-
ulation of glucose homeostasis in the neonatal period. It has
also been shown to activate the dormant PEPCK-C gene in the
fetal liver (12, 33, 36). We observed that maternal hypoxia
suppressed the cAMP induced expression of the PEPCK-C
gene in the fetal liver. The observed suppression of cAMP
induced PEPCK-C mRNA levels in the IUGR fetus could have
resulted from either a decreased rate of transcription of the
PEPCK-C gene or increased rate of degradation (decreased
stability) of the PEPCK-C mRNA. The later is unlikely, inas-
much as Hod and Hanson (33) have shown that Bt2 cAMP not
only stimulates PEPCK-C gene transcription, it also extends
the half-life of mRNA by blocking degradation. The half-life
of PEPCK-C mRNA in their study was extended from 30 min
to 240 min by Bt2 cAMP.

The gene for C/EBP� is induced by various stimuli (37).
The CREB-binding sites in the C/EBP� gene promoter mediate
the effects of cAMP, or hormones such as glucagon that act via
cAMP on the transcription of the gene (38). Our data show that
Bt2 cAMP had no effect on the levels of mRNA and protein for
C/EBP�. In contrast, Croniger et al. (14) observed that injec-
tion of Bt2 cAMP and theophylline into the fetuses increased
the level of C/EBP� mRNA in the fetal liver. Because theoph-
ylline inhibits the activity of phosphodiesterases, their data
suggest that the phosphodiesterases activity is an important
factor in the induction of the C/EBP� gene. Whether the
activity of the phosphodiesterases differs between the normal
and IUGR fetuses remains to be determined.

Insulin is a known inhibitor of PEPCK-C. Although we did
not measure plasma insulin levels in the fetus, they are unlikely
to be increased inasmuch as the IUGR fetuses had lower
circulating glucose levels.

CONCLUSION

In summary, the expression of the genes for glycogen syn-
thase and cAMP-induced PEPCK-C were impaired in the
IUGR fetus, even though the levels of mRNA for C/EBP�,
C/EBP�, and fetal oxygen content were normal. These data
demonstrate that the altered levels of mRNA for glycogen
synthase and PEPCK-C in the IUGR fetus and newborn are not
mediated by fetal hypoxia or lower transcription of C/EBP�
and C/EBP� genes. The increased lactate:pyruvate ratio and
decreased PEPCK-C mRNA in the IUGR newborn suggest that
the cytosolic redox state mediates the transcription of the gene
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for PEPCK-C. Whether the observed changes in hepatic glu-
cose metabolism and restriction in fetal growth are the conse-
quence of other mediators, either from the maternal compart-
ment or from the placenta, needs to be examined.

Additionally, these changes could be the result of pH-
induced decrease in uteroplacental blood flow. Buss et al. (39)
have shown a significant decline in cotyledonary (uteroplacen-
tal) blood flow in response to an increased pH induced by oral
administration of sodium bicarbonate. In another study in
pregnant rabbits, a decrease in PCO2 and increased pH as a
consequence of hyperventilation also resulted in a significant
decline in blood flow to the placental bed (40). Together, these
data suggest a role for pH in the regulation of uteroplacental
blood flow. We speculate that an increase in maternal pH in the
experimental group may have evoked vasoconstriction in the
placental bed and led to a decline in uteroplacental blood flow.
Whether a decreased uteroplacental blood flow explains all the
observed changes in the fetal hepatic glucose metabolism
remains to be examined.
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