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A low-protein diet during pregnancy in the rat results in
intrauterine growth restricted (IUGR) fetuses. The adaptive re-
sponses of the mother to low-protein diet and the mechanisms of
IUGR in this model are not understood. In the present study, we
report the maternal metabolic responses to protein restriction and
their impact on growth, carcass composition, and translation
initiation in the fetus. Pregnant Sprague-Dawley rats were pair-
fed either a 6% protein (LP, n � 7) or a 24% protein (NP, n �
7) diet from conception until delivery. Plasma amino acids and
urea levels and rate of oxygen consumption were measured
sequentially through pregnancy. Translation initiation factors
eIF2�, Ser51 phosphorylated eIF2�, eIF4E, phosphorylated
eIF4E, and 4E-BP1 were quantified in the maternal and fetal
muscle and liver. Protein restriction resulted in higher rate of
oxygen consumption (p � 0.01), lower plasma branched chain
amino acid (p � 0.05) in the mother, and lower plasma histidine
levels (p � 0.05) in the fetus. Plasma urea nitrogen was lower in
the LP group throughout gestation. The phosphorylated 4E-BP1

(� form) in the maternal liver was 4-fold higher in the LP group.
The phosphorylated eIF2� was higher in the livers of IUGR
fetuses. We speculate that the lower plasma branched chain
amino acids in the mother during early pregnancy may be due to
a lower rate of protein turnover in the LP group. The mechanism
of increased energy consumption due to protein restriction re-
mains unclear. The data on translation initiation factors suggest
a higher rate of protein synthesis in the maternal liver and a lower
rate in the fetal liver in response to protein restriction. (Pediatr
Res 56: 423–431, 2004)

Abbreviations
LP, low protein
NP, normal protein
OPA, ophthaldialdehyde
eIF, eukaryotic initiation factor
4E-BP1, 4E binding protein 1
V̇O2, rate of oxygen consumption

Epidemiologic studies in humans have shown a significant
correlation between intrauterine growth restriction (IUGR), low
birth weight, and a number of morbidities in adult life (1–3). A
number of studies in animals, particularly rat, have confirmed
these findings (4–7). Protein restriction during pregnancy in the
rat has often been used to induce IUGR in the fetus. In the present
study we have examined the adaptive responses of the mother to
protein restriction during pregnancy. Specifically, we have exam-
ined the temporal changes in plasma amino acid and urea con-
centration, and changes in oxygen consumption in the mother.

Adaptive responses to normal pregnancy in humans and
animals are characterized by hypoaminoacidemia, a lower rate
of urea synthesis, and a lower rate of protein turnover as

compared with nonpregnant controls (8, 9). Studies in rat have
shown an increase in fractional rate of protein synthesis in the
liver during pregnancy. No significant effect of pregnancy on
protein synthesis in skeletal muscle was observed in this study
(10). Dietary restriction of protein to 9% in pregnant rat results
in specific changes in plasma amino acid concentration, i.e. an
increase in glycine and glutamine concentration, and a de-
crease in branched chain amino acids and threonine concen-
tration (11). However, these studies were not controlled for
energy intake, since a low-protein diet, less than 9% protein,
also caused a decrease in food intake in both pregnant and
nonpregnant rats (11, 12).

Low protein intake in nonpregnant rats is associated with a
higher rate of energy expenditure (13–16). Whether protein
restriction during pregnancy elicits a similar increase in energy
expenditure has not been examined. In the present study, an
isocaloric (pair-fed) control group was also studied to examine the
effect of isocaloric low-protein diet on maternal metabolism.

Translation initiation and peptide chain elongation and ter-
mination constitute the three steps involved in protein synthe-

Received September 9, 2003; accepted April 23, 2004.
Correspondence: Prabhu S Parimi, M.D., Schwartz Center for Metabolism and Nutri-

tion, 2500 MetroHealth Dr., Room G-735, Cleveland, OH 44109–1998, U.S.A.; e-mail:
pparimi@metrohealth.org

Supported by grant HD11089 from the National Institutes of Health and institutional
support from MetroHealth Medical Center, Cleveland, OH.

DOI: 10.1203/01.PDR.0000136277.10365.84

0031-3998/04/5603-0423
PEDIATRIC RESEARCH Vol. 56, No. 3, 2004
Copyright © 2004 International Pediatric Research Foundation, Inc. Printed in U.S.A.

ABSTRACT

423



sis. The initiation of mRNA translation involves a number of
proteins (eIF). Two intermediary steps in the initiation pathway
are subject to regulation in vivo: generation of eIF2.GTP and
phosphorylation of 4E-BP1 (17). Phosphorylation of eIF2�
sequesters eIF2B, a guanidine-nucleotide exchange factor me-
diating the formation of eIF2.GTP, resulting in inhibition of the
first step in translation initiation. In addition, alterations in the
intracellular insulin-signaling pathway inhibit phosphorylation
of 4E-BP1 and prevent the release of eIF4E, resulting in
inhibition of Cap-dependent mRNA translation. These regula-
tory steps are modulated by alterations in the levels of amino
acids, growth factors, and insulin (18–22). We hypothesized
that protein restriction, by reducing plasma amino acid con-
centration in the mother, will decrease the availability of
amino/nitrogen to the fetus and will restrict fetal growth by
inhibiting the initiation of mRNA translation.

METHODS

All studies were performed in the animal care facility at
Case Western Reserve University, MetroHealth Medical Cen-
ter, Cleveland, OH. Animal handling and procedures were
reviewed and approved by the Institutional Animal Care and
Use Committee and conformed to American Association for
Accreditation of Laboratory Animal Care Guidelines.

Pregnant Sprague-Dawley rats were purchased from Zivic-
Miller Laboratories (Zelienople, PA, U.S.A.). The animals
were housed under constant conditions of temperature (22 �
1°C) and light (on at 0600 h, off at 1800 h), with free access to
water. The experimental group (LP, n � 7) was placed on a 6%
protein diet from d 1 of gestation until delivery. The control
group (NP, n � 7) was pair-fed using a 24% protein diet. The
pair feeding was performed by offering the amount of food
taken by the experimental animal pair (LP) on the previous day
to the NP group. The composition of the diets is displayed in
Table 1 [24% protein (TD90017), 6% protein (TD90016);
Harlan Teklad, Madison, WI, U.S.A.]. The protein source of
the diets was casein. The diets were similar in metabolizable

energy and in the content of fat and linoleic acid. The diets
contained a similar amounts of choline, mineral mix, and
vitamin mix. The carbohydrate content in the LP diet was
increased to make the diet isoenergetic. The carbohydrates in
the NP and LP diet consisted of cornstarch and sucrose. The
diets did not differ in the amount of cornstarch (20%), how-
ever, the LP diet had a higher amount of sucrose (57%) when
compared with NP diet (39%). The remainder of the carbohy-
drates in the diet was composed of fiber and cellulose.

The amount of food and water intake was measured daily.
The animals were weighed every 3 d during the experimental
period (d 1 to d 21 of gestation).

Blood samples from the pregnant rats were obtained be-
tween 0900 and 1000 h from the tail on d 10, 15, and 18 of
gestation, and by cardiac puncture on the day of delivery. The
animals were not fasted before blood sampling. On d 21 of
pregnancy, following pentobarbital anesthesia, laparotomy was
performed, pups were exteriorized, and blood samples obtained
by making an incision in the axilla, while the pups were still
attached to the placenta. The pups were rapidly delivered,
killed by decapitation, and the tissues harvested. The fetal
liver, heart, and brain were weighed and rapidly frozen in
liquid nitrogen. The placentae were washed in cold normal
saline, blotted dry, weighed, and frozen in liquid nitrogen.
Maternal liver and skeletal muscle were quickly frozen in
liquid nitrogen for later analysis.

Oxygen Consumption

The rate of oxygen consumption (V̇O2) in the NP (n � 5) and
the LP (n � 5) groups was determined by indirect respiratory
calorimetry using Deltatrac II metabolic monitor (SensorMed-
ics Corp., Yorba Linda, CA, U.S.A.). The metabolic monitor
was calibrated daily before each measurement. The measure-
ments were obtained on d 15, 18, and 20 of gestation between
0900 and 1000 h. The animals (in their cages) were placed
under a Plexiglas chamber and allowed to acclimatize for 30
min. The rate of oxygen consumption and carbon dioxide
production was measured for 60 min.

Analytical Methods

Plasma concentration of glucose was determined by glucose-
oxidase method and the urea levels by urease method using a
Beckman analyzer (Beckman Coulter, Fullerton, CA, U.S.A.).
The plasma levels of lactate were measured using a 2300
STAT glucose-lactate analyzer (YSI Inc., Yellow Springs, OH,
U.S.A.). Triglyceride levels in the plasma were quantitated
enzymatically using a commercial kit (Sigma Chemical Co.,
St. Louis, MO, U.S.A.). The concentration of amino acids in
the maternal and fetal plasma was measured by HPLC
equipped with a fluorescent detector using the OPA derivative
and precolumn derivatization (23).

Carcass Analysis

The carcass analysis of the fetuses (LP, n � 19; NP, n � 16)
was performed according to method of Leshner et al. (24). The
eviscerated carcasses were dried to a constant weight in an
oven at 60°C. The water content was calculated as the differ-

Table 1. Composition of diets (% by wt)

NP
(24% protein)

LP
(6% protein)

Protein (casein) 24.02 6.00
Carbohydrate 57.60 75.60
Fat 5.48 5.48
Choline 1.43 1.43
Mineral mix 1.33 1.33
Vitamin mix 1.00 1.00
Linoleic acid 2.96 3.07
Metabolizable energy* (kcal/g) 3.76 3.76
Amino acids

Leucine 2.21 0.55
Isoleucine 1.38 0.35
Valine 1.66 0.41
Phenylalanine and tyrosine 2.48 0.62
Lysine 1.93 0.48
Threonine 1.05 0.26
Histidine 0.69 0.17
Arginine 0.91 0.23

* Metabolizable energy of the diets was determined by the manufacturer
using the Atwater method.

424 PARIMI ET AL.



ence between the original (wet) weight and the dried weight of
the carcass. Subsequently, the dried carcass was pulverized to
a fine powder and the fat content was determined by ether
extraction. The protein content of the remaining fat-free ma-
terial was measured by the Biuret method, using BSA as
standard. The data were expressed as a percentage of the
original wet weight.

Western Blot Analysis

Antibodies to eIF2� and eIF4E were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Ser51 eIF2�,
P-eIF4E (Ser209), and P-4EBP-1 (Thr 37/46) were purchased
from Cell Signaling Technology (Beverly, MA, U.S.A.).

Isolation of protein. Preweighed liver and muscle tissues
were homogenized in ice-cold homogenizing buffer consisting
of (mM) 20 Tris, pH 7.6; 0.1 EDTA; 0.5 EGTA; 0.1% triton-X;
250 sucrose; and 50 �L/5 mL protease inhibitor mixture. The
resulting homogenates were centrifuged at 10,000 g for 30 min
at 4°C to separate cellular debris, mitochondria, nuclei, and
plasma membranes. The supernatant containing cytosolic and
particulate fraction was again centrifuged at 20,000 g for 30
min at 4°C, and the particulate fraction was removed for
analysis. The homogenizing buffer was modified for the deter-
mination of the phosphorylated forms of eukaryotic initiation
factors as follows. Sucrose was excluded from the buffer and
the following were added (mM): 150 sodium chloride, 2.5
sodium pyrophosphate, 1 �-glycerophosphate, and 1 sodium
vanadate. The homogenate was centrifuged at 10,000 g for 10
min and the supernatant was removed for analysis. Concentra-
tion of the protein in the respective fractions was determined
using the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA,
U.S.A.). BSA was used as the standard.

Electrophoresis and immunoblot analysis. Protein (30 �g)
was diluted in 2� buffer containing (mM) 100 Tris HCl, pH
6.8; 20% �-mercaptoethanol; 4% SDS; 0.2% bromophenol
blue; and 20% glycerol. The proteins were separated by a
12.5% SDS-PAGE and were electrophoretically transferred to
Immobilon-P polyvinylene difluoride membranes (Bio-Rad).
Membranes were subjected to Ponceau stain to verify equal
loading of the proteins.

After a brief wash in methanol and removal of residual
methanol by washing in distilled water and TBS, the mem-

branes were incubated in a blocking buffer containing 5%
nonfat dry milk in (mM) 10 Tris, pH 7.4; 150 NaCl; and 0.1%
Tween-20 (TBS-T) for 1 h at room temperature. They were
then incubated with primary antibody diluted in blocking
buffer for 1 h as follows: eIF2� (1:500), eIF4E (1:500).
Incubation with primary antibodies, used to detect phosphor-
ylated proteins, were performed at 4°C overnight as follows:
Ser51 eIF2� P (1:500), P-4EBP-1 (1:500), and P-eIF4E
(1:1000). After incubation at either room temperature or at
4°C, the membranes were washed once for 15 min and three
times for 5 min each in TBS-T. Subsequently, they were
incubated with secondary antibody diluted in blocking buffer
for 1 h as follows: horse radish peroxidase (HRP)-conjugated
anti-rabbit IgG (1:5000) for phosphorylated antibodies, and
HRP-conjugated donkey anti-goat IgG (1:5000) for eIF2� and
eIF4E antibodies. The membranes were washed thrice for 5
min each in TBS-T and a final wash was performed with TBS
without Tween-20 for 5 min. Immunoreactive proteins were
detected using the SuperSignal Chemiluminescent Substrate
kit (Pierce Chemical, Rockford, IL, U.S.A.) after exposure to a
Kodak film for 1–5 min. The density of the immunoreactive
proteins was quantitated using scanning densitometry (GS-710,
Imaging Densitometer; Bio-Rad)

Each individual membrane was first reacted with eIF2�,
stripped as described by the manufacturer (Pierce Chemical),
and reacted again with eIF4E antibody. A similar procedure
was followed for detection of phosphorylated proteins. Pro-
teins from the NP and LP pups from each animal were run
simultaneously on one membrane. The proteins from the ma-
ternal liver and muscle of the NP and LP group were also
resolved simultaneously on a single membrane.

Statistical Analysis

Values presented are mean � SEM. Statistical evaluation of
the data were performed by ANOVA to test for overall differ-
ences between the LP and NP groups. In addition, one-way
repeated measures of ANOVA were performed to determine
differences in oxygen consumption, plasma urea, and plasma
amino acids at various points in gestation. The data of the
translation initiation factors on d 21 of gestation in the NP and
LP groups was compared using ANOVA as well as t test to

Figure 1. Food intake, protein intake, and weight of mothers fed 6% protein diet (LP, n � 7) and 24% protein diet (NP, n � 7) throughout pregnancy. Solid
square, LP; solid diamond, NP. Data shown are mean � SEM.
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determine differences between the groups. Differences among
the means were considered significant when p � 0.05.

RESULTS

Mothers

Dietary intake and weight gain. The animals in the LP
group consumed on an average 15 g of food each day early in
pregnancy, and approximately 25 g/d after the first week.
During the last 3 d of gestation, the animals in the LP group ate
less food. Because the control animals were pair-fed, their food
consumption was similar to the LP group (Fig. 1). The calcu-
lated protein intake in the LP group was 26% of the NP group
(LP, 1.29 � 0.1 g/d; NP, 4.9 � 0.4 g/d) (Fig. 1). The weight
gain of the LP group animals was comparable to the NP group
(Fig. 1). The water intake was significantly lower in the LP
group (LP, 22 � 5 mL/d; NP, 35 � 10 mL/d; p � 0.01).

Plasma glucose, lactate, and triglycerides. The concentration
of glucose, lactate, and triglycerides in the plasma was measured
on d 21 of pregnancy. The levels of plasma glucose (LP, 4.8 � 2.0
mM; NP, 6.3 � 1.1 mM), and lactate (LP, 0.9 � 0.3 mM; NP,
0.7 � 0.2 mM) were not different between the groups. Plasma
triglyceride concentration was significantly higher in the LP group
(LP, 5.0 � 2.0 mM; NP, 2.5 � 0.9 mM; p � 0.05).

Plasma amino acids and urea. The concentrations of
plasma amino acids between d 10 and 21 of gestation are
displayed in Figure 2. On d 10 of pregnancy, there was no
difference in the plasma level of total �-amino nitrogen in the
LP and NP groups (LP, 3540 � 714 �M; NP, 3755 � 613
�M). However, on d 18 and d 21 of gestation, the LP group
showed a significant increase in �-amino nitrogen (p � 0.05).
In contrast, in the NP group, the change in �-amino nitrogen in
late pregnancy was not significant (Fig. 2). The concentration
of nonessential amino acids (NEAA) was not different between
the groups on d 10 of gestation. NEAA were significantly
higher in the LP group on d 18 and d 21 of pregnancy (p �
0.05). Specifically, the levels of serine (LP, 372 � 69 �M;
NP, 213 � 79 �M; p � 0.05), glutamine (LP, 750 � 116
�M; NP, 657 � 90 �M; p � 0.05) and glycine (LP, 348 �
157 �M; NP, 194 � 43 �M; p � 0.05) were significantly
higher in the LP group (Fig. 2).

Restriction of dietary protein resulted in significantly lower
levels of branch-chain amino acids (BCAA), lysine, and total
essential amino acids (EAA) (p � 0.05) on d 10 of pregnancy
(Fig. 2). The differences in the BCAA and EAA did not persist
between the groups in late pregnancy. There was an increase
in total EAA in the LP group between d 10 and d 21 (�EAA:
LP 1145 � 238 �M, p � 0.05). The plasma concentration

Figure 2. Effect of low-protein diet on concentration of total �-amino nitrogen, nonessential amino acids (NEAA), branched chain amino acids (BCAA), and
essential amino acids (EAA) during pregnancy. Solid square, LP; solid diamond, NP. Data are mean � SEM of five to seven animals in each group. Significantly
different in the LP group, *p � 0.05.
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of lysine was significantly higher in the LP group on d 21
of pregnancy (LP, 1367 � 171 �M; NP, 1068 � 298 �M,
p � 0.05).

The concentration of plasma urea nitrogen in the NP group
was 17.3 � 2.1 mg/dL on d 10 of pregnancy. There was no
significant change in plasma urea levels in the NP group with
advancing gestation. Protein restriction during pregnancy re-
sulted in a significantly lower plasma concentration of urea
between d 10 and d 18 of gestation when compared with NP
group (p � 0.01). There was a significant increase in plasma
urea levels in the LP group (p � 0.01) between d 18 and d 21
of pregnancy (Fig. 3).

Oxygen consumption. The rate of oxygen consumption was
significantly higher in the LP group (p � 0.01) (Fig. 4). It was
�40% higher on d 18 and d 20 of pregnancy.

Translation initiation factors. Restriction of protein intake
during pregnancy did not cause any change in the amount of
eIF2� Ser51P and eIF2� in the maternal liver, so that there was
no difference in the ratio of phosphorylated eIF2� and eIF2�
between LP and NP groups (Fig. 5). The levels of eIF4E in the
maternal liver were not significantly different in the LP and NP
groups. The amount of phosphorylated 4E-BP1 (�-form) in the
maternal liver was 4-fold higher in the LP group (p � 0.01),
when compared with the NP group (Fig. 6). In contrast, the
phosphorylated eIF4E in the liver was not different between
the groups (Fig. 6). Protein restriction had no impact on the
amount of phosphorylated 4E-BP1 and phosphorylated
eIF4E in the skeletal muscle of the mother (Fig. 7).

Fetuses

Protein restriction during pregnancy resulted in intrauterine
growth restriction (LP, 4.30 � 0.10 g; NP, 4.80 � 0.15 g; p �
0.05). There was no difference in the litter number between the
LP (13 � 1, n � 7) and NP (15 � 2, n � 7) groups. The weight
of the placenta was significantly lower in the LP group (LP,
0.40 � 0.14 g; NP, 0.57 � 0.02 g; p � 0.05). In addition, the
fetal- placental ratio was higher in the LP group when com-
pared with the NP group (LP, 9.3; NP, 7.0; p � 0.05). The

weight of the liver was significantly lower in the LP fetuses
(LP, 0.25 � 0.05 g; NP, 0.34 � 0.11 g; p � 0.05). The weight
of the liver relative to body weight was also lower in the IUGR
pups (LP, 0.58 � 0.05, NP 0.71 � 0.10, p � 0.05). The weight
of the brain (LP, 188 � 14 mg; NP, 186 � 27 mg) and heart
(LP, 3.3 � 0.5 mg; NP, 3.2 � 0.6 mg) were not effected by
protein restriction during pregnancy.

Figure 3. Plasma urea nitrogen concentration during pregnancy. Solid square,
LP; solid diamond, NP. Data are mean � SEM of seven animals in each group.
*Urea nitrogen was significantly lower in the LP group between d 10 and 18
of pregnancy (p � 0.01). **Urea nitrogen increased significantly in the LP
group between d 18 and 21 of gestation (p � 0.01).

Figure 4. Temporal change in the rate of oxygen consumption in animals
placed on the low-protein (LP, n � 5) and normal protein (NP, n � 5) diet
during late pregnancy. Solid square, LP; solid diamond, NP. V̇O2 was signif-
icantly higher in the LP group, *p � 0.01.

Figure 5. Western blot analysis of protein extracted from the maternal liver
on d 21 of pregnancy for eIF2� and Ser51 phosphorylated eIF2�, as described
in “Methods.” The blot from four animals in each group is shown in the upper
panel, and the ratio of phosphorylated and unphosphorylated eIF2� presented
in the lower panel. Open column, NP; shaded column, LP. No significant
difference was observed between the groups.
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The analysis of the carcass showed no differences in the
water (LP, 87 � 1%; NP, 87 � 1%), protein (LP, 6.30 �
0.90%; NP, 6.57 � 1.60%), and the fat content (LP, 1.15 �
0.20%; NP, 1.06 � 0.22%) between the IUGR and the control
group.

The levels of amino acids in the fetal plasma reflected
changes in the maternal plasma, i.e. the concentration of serine,
glycine, and lysine were higher in the IUGR fetuses (p � 0.05).
Fetal plasma levels of histidine were significantly lower in the
LP group (p � 0.05). The concentration of BCAA (leucine,
isoleucine, valine) in the fetus was not altered by a low-protein
diet. The concentration of total amino nitrogen in the fetal
plasma was not different between the groups (Table 2).

Translation initiation factors. In the IUGR pups, there was
no change in the levels of eIF2� in the liver. However, Ser51

phosphorylated eIF2� was higher in the liver of IUGR pups
(p � 0.05), resulting in an increase in the ratio of phosphory-
lated and nonphosphorylated eIF2�. No such change was
evident in the fetal skeletal muscle (Fig. 8). The levels of
eIF4E, phosphorylated eIF-4E, and phosphorylated 4E-BP1
were not different in the liver and muscle of LP and NP groups
(data not shown).

DISCUSSION

Dietary protein restriction during pregnancy resulted in fetal
growth restriction, lower plasma concentration of branched
chain amino acid (BCAA) during early gestation, lower levels
of plasma urea nitrogen throughout gestation, and a higher rate
of oxygen consumption during late gestation. It was associated
with higher levels of �-form of phosphorylated 4E-BP1 in the
maternal liver and higher levels of phosphorylated eIF2� in the
fetal liver. The fetal plasma concentration of histidine was
lower in the protein-restricted group.

The adaptive responses to protein restriction during preg-
nancy should be examined in relation to progression of preg-
nancy, i.e. early (0–15 d) before the fetus is growing rapidly,
and late (16–22 d), coinciding with the period of rapid growth
of the fetus.

Early pregnancy. Although the total plasma alpha amino
nitrogen was not different in the NP and LP groups, the levels
of essential amino acids and that of BCAA were significantly
lower in the LP group. The concentration of amino acids in the
plasma is determined by their rate of appearance in and disap-
pearance from plasma. The rate of appearance of an amino acid
in plasma is dependent upon dietary protein intake and release
from the tissues as a consequence of protein breakdown. The
lower levels of essential amino acids and branched chain amino
acids in the LP group could be the result of a lower rate of

Figure 6. Western blot analysis of protein extracted from the maternal liver on d 21 of pregnancy using antibodies to phosphorylated 4E-BP1 and
phosphorylated eIF4E. The data shown are the arbitrary units of the � form of 4E-BP1 as well as the phosphorylated eIF4E. Open column, NP; shaded column,
LP. Significantly higher in the LP animals, *p � 0.01.

Figure 7. Western blot analysis of protein extracted from the maternal
skeletal muscle on d 21 of pregnancy using antibodies phosphorylated 4E-BP1
and phosphorylated eIF-4E. The analysis shown is the �-form of 4E-BP1 and
phosphorylated eIF4E. Open column, NP; shaded column, LP. No significant
differences were observed between the NP and LP groups.
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proteolysis during this period of pregnancy. A lower urea
nitrogen reflects a lower rate of oxidation of protein. The
mechanism of these responses cannot be discerned from the
present data. Pregnancy in animals and in humans is associated
with a decreased whole-body rate of protein turnover and urea
synthesis (8, 9). The data in the LP group suggest an exagger-
ation of these normal responses.

The transfer of amino nitrogen to the fetus is dependent upon
the concentration of amino acids in the maternal plasma and
the amount of specific amino acid transporter proteins in the
placenta (25, 26). Therefore, the lower essential amino acid
concentration in the maternal compartment could result in
decreased transport of amino acids to the fetus if the placental

transporters are not up-regulated (27). Data from studies of
vesicles isolated from placental trophoblast have shown a de-
creased or unchanged expression of amino acid transporter protein
in response to low-protein diet during pregnancy (11). Thus, the
unchanged or decreased amount of transporter protein, combined
with lower maternal plasma amino acid concentration, would
result in decreased transport of amino acids to the fetus. We
speculate that such a decrease in amino acid transport during early
pregnancy resulted in growth restriction in the fetus, and effected
all tissues by decreasing cell proliferation. The regulatory mech-
anisms for such an effect need to be explored.

Late pregnancy. As a consequence of rapid growth of the
fetal mass, there is an increase in demand for amino acids and

Table 2. Concentration of amino acids in the maternal and fetal plasma

NP LP

Mother
(n � 5)

Fetus
(n � 10)

Mother
(n � 5)

Fetus
(n � 10)

Leucine 151 � 39 251 � 41 159 � 23 271 � 66
Isoleucine 97 � 22 146 � 28 107 � 13 155 � 39
Valine 185 � 39 357 � 22 170 � 19 312 � 67
Phenylalanine 91 � 32 234 � 28 92 � 16 251 � 80
Tyrosine 70 � 32 217 � 28 79 � 19 249 � 78
Lysine 1068 � 298 1643 � 211 1367 � 171* 2053 � 435*
Threonine 240 � 48 350 � 55 287 � 65 379 � 125
Methionine 52 � 20 116 � 17 59 � 11 123 � 27
Glutamate 92 � 56 68 � 25 105 � 34 66 � 10
Glutamine 657 � 90 794 � 96 750 � 116 901 � 147
Alanine 528 � 207 719 � 124 529 � 149 690 � 135
Serine 213 � 79 302 � 52 372 � 69* 446 � 90*
Glycine 194 � 100 360 � 57 348 � 157* 564 � 64*
Aspartate 15 � 8 14 � 7 13 � 9 8 � 5
Asparagine 76 � 35 104 � 19 80 � 22 98 � 24
Arginine 127 � 41 245 � 44 159 � 32 215 � 53
Ornithine 54 � 21 86 � 24 90 � 21 105 � 25
Histidine 56 � 15 66 � 17 52 � 9 40 � 17*
Tryptophan 63 � 26 124 � 20 79 � 19 132 � 44
Taurine 397 � 171 446 � 84 465 � 135 360 � 44
Total �-amino nitrogen 4427 � 552 6738 � 343 5335 � 159 7419 � 1063

Data shown are in �mol/L; data are mean � SEM. Plasma samples of 10 pups from five different litters were analyzed.
* p � 0.01.

Figure 8. The upper panel shows the representative Western blot of fetal liver and skeletal muscle reacted with antibodies to eIF2� and Ser51 phosphorylated
eIF2� [NP (n � 10, from 5 litters); LP (n � 10, from 5 litters)]. The lower panel displays the total eIF2� and the ratio of phosphorylated eIF2� and total eIF2�
in fetal liver and muscle. Open column, NP; shaded column, LP. Significantly higher in the fetal liver, p � 0.05.
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other substrates during late gestation. As seen in the present
study, an increase in fetal demands was associated with an
increase in total plasma amino acid concentration, including
both essential as well as nonessential amino acids. Although
we did not quantify the rate of protein turnover, the increase in
plasma amino acid concentration is likely the consequence of
increased rate of proteolysis (turnover). The observed increase
in oxygen consumption at this stage in pregnancy may be the
result of increase in whole-body protein turnover (28). Al-
though the LP diet contained a higher amount of carbohydrates
(76%), it is unlikely that it contributed to higher energy expendi-
ture. A study in adult humans has shown that isoenergetic diet
with higher carbohydrates had no impact on the energy expendi-
ture (29). The observed increase in the energy expenditure in the
protein-restricted group in our study is also consistent with pub-
lished data in nonpregnant rats (13–16). The fetoplacental signals
responsible for the change in maternal protein metabolism remain
unknown. Such a mediator could influence protein metabolism in
the mother, either directly or indirectly via other hormones like
insulin or cytokines. Studies in nonpregnant animals and humans
placed on low-protein diet show a significant correlation between
plasma insulin and IL-6 levels and whole-body protein turnover
(30, 31).

Apart from higher levels of lysine, serine, and glycine, and
lower levels of histidine, the concentration of amino acids in
the LP fetuses was not different compared with the NP fetuses.
These findings are in contrast to human IUGR, where the
concentrations of total �-amino nitrogen and essential amino
acids were lower (32).

Translation initiation factors. Translation initiation is the
critical step in protein synthesis. Changes in the level of
translation initiation factors and/or the regulatory protein in-
volved in their phosphorylation can determine the rate of
protein synthesis. We observed a 4-fold increase in the phos-
phorylation of 4E-BP1 in the maternal liver, suggesting an
enhanced rate of hepatic protein synthesis in the LP group.
Because our data were limited to d 21 of gestation, the precise
timing of the increase in relation to advancing gestation cannot
be ascertained. These observations are consistent with those of
Mayel-Afshar and Grimble (33), who also observed a high
fractional rate of hepatic protein synthesis in pregnant rats
placed on low-protein diet. Studies in humans placed on low-
protein intake (0.6 g/kg/d) have also demonstrated an increase
in synthesis of acute phase proteins (31). These data taken
together show that hepatic response to dietary protein restric-
tion consists of an increase in protein synthesis. The increased
phosphorylation of 4E-BP1 may have been mediated by spe-
cific amino acids, e.g., leucine or by various cytokines or
hormones via the mTOR pathway as demonstrated by several
investigators (19, 20, 34).

Phosphorylation of eIF2� results in sequestration of eIF2B
(a guanidine nucleotide exchange factor) and prevents the
formation of ternary complex leading to inhibition of the first
step in translation initiation (35). We observed that phosphor-
ylated eIF2� was higher in the liver of the IUGR fetus,
indicating inhibition of protein synthesis. We also noted sig-
nificantly lower levels of plasma histidine in the IUGR pups.
The concentration of plasma histidine is inversely related to the

activity of histidine decarboxylase, whose activity has been
shown to be higher in the IUGR fetus (36). Low histidine
levels in the culture medium have been shown also to increase
phosphorylation of eIF2� (18).

In summary, data from the present study show that maternal
metabolic responses to dietary protein restriction early in preg-
nancy are aimed at conserving nitrogen. These adaptive re-
sponses result in lower plasma essential amino acid concen-
tration, resulting in decreased delivery of amino nitrogen to the
fetus and fetal growth restriction. Late in gestation, there is an
increase in maternal plasma amino acid concentration and an
increase in energy consumption and protein oxidation. Asso-
ciated with these responses, there is an increase in hepatic
protein synthesis in the mother. Increased levels of phosphor-
ylated eIF2� in the fetal liver suggest a decreased rate of
protein synthesis in IUGR fetuses.
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