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Maternal nutrient restriction affects properties of skeletal
muscle in offspring
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Maternal nutrient restriction (NR) affects fetal development with long-term consequences on

postnatal health of offspring, including predisposition to obesity and diabetes. Most studies have

been conducted in fetuses in late gestation, and little information is available on the persistent

impact of NR from early to mid-gestation on properties of offspring skeletal muscle, which was

the aim of this study. Pregnant ewes were subjected to 50% NR from day 28–78 of gestation

and allowed to deliver. The longissimus dorsi muscle was sampled from 8-month-old offspring.

Maternal NR during early to mid-gestation decreased the number of myofibres in the offspring

and increased the ratio of myosin IIb to other isoforms by 17.6 ± 4.9% (P < 0.05) compared

with offspring of ad libitum fed ewes. Activity of carnitine palmitoyltransferase-1, a key enzyme

controlling fatty acid oxidation, was reduced by 24.7 ± 4.5% (P < 0.05) in skeletal muscle of

offspring of NR ewes and would contribute to increased fat accumulation observed in offspring

of NR ewes. Intramuscular triglyceride content (IMTG) was increased in skeletal muscle of NR

lambs, a finding which may be linked to predisposition to diabetes in offspring of NR mothers,

since enhanced IMTG predisposes to insulin resistance in skeletal muscle. Proteomic analysis by

two-dimensional gel electrophoresis demonstrated downregulation of several catabolic enzymes

in 8-month-old offspring of NR ewes. These data demonstrate that the early to mid-gestation

period is important for skeletal muscle development. Impaired muscle development during this

stage of gestation affects the number and composition of fibres in offspring which may lead to

long-term physiological consequences, including predisposition to obesity and diabetes.
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Failure of the fetus to achieve its optimal growth
potential remains a major unsolved obstetric problem.
Compromised growth in utero is associated with
increased risk of neonatal death and long-term morbidity
(Redmer et al. 2004). Many clinical disorders during
gestation, including those of genetic, metabolic, vascular,
coagulative, autoimmune and infective origins, result in
poor fetal growth and development (Cetin et al. 2004).
Whereas the primary causes are diverse, reduced fetal
growth is by definition generally secondary to inadequate
nutrition. Reduced oxygen delivery arising from reduced
uterine and umbilical blood flow is often an additional
insult in the total picture of intrauterine growth restriction
(IUGR).

Sub-optimal nutrition during fetal development has
long-term consequences in postnatal life, including
predisposition of offspring to obesity and diabetes (Selak
et al. 2003; Ozanne & Nicholas Hales, 2005). However,
most studies of fetal nutrient restriction (NR) have been

conducted at a late stage in gestation, and little information
is available about the impact on offspring musculature of
maternal NR in the early stages of gestation.

The fetal period is crucial for skeletal muscle
development, because no net increase in the number
of muscle fibres occurs after birth (Glore & Layman,
1983; Greenwood et al. 2000; Nissen et al. 2003). Skeletal
muscle has a lower priority in nutrient partitioning
compared with the brain and heart in response to the
challenges the fetus faces during development, rendering
it particularly vulnerable to nutrient deficiency (Bauman
et al. 1982; Close & Pettigrew, 1990).We previously
showed that NR from early to mid-gestation resulted
in a reduction in the number of fetal skeletal muscle
fibres, which might be related to a downregulation of
mTOR signalling (Zhu et al. 2004). Skeletal muscle
is the main site for the utilization of fatty acids and
glucose (Petersen & Shulman, 2002). Impairment of
skeletal muscle development due to NR from early to
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mid-gestation is likely to contribute significantly to the
well-described predisposition of offspring of nutrient
restricted mothers to obesity and diabetes (Ozanne &
Nicholas Hales, 2005; Zambrano et al. 2005). The objective
of this study was to determine if maternal NR from early
to mid-gestation alters the muscle fibre composition and
lipid metabolism of offspring skeletal muscle.

Methods

Animals

All animal procedures were approved by the University of
Wyoming Animal Care and Use Committee. A detailed
description of animal maintenance procedures has been
published previously (Vonnahme et al. 2003). Briefly,
white face ewes of mixed breeding were weighed on
day 20 of gestation to enable calculation of individual
diets on a metabolic body weight basis (weight0.75).
The diet consisted of a pelleted beet pulp (79.7% total
digestible nutrients (TDN), 93.5% dry matter (DM), and
10.0% crude protein). Rations were delivered on a DM
basis to meet the total TDN required for maintenance
for an early pregnant ewe (NRC requirements) (NRC,
1985). A mineral/vitamin mixture: 51.43% sodium
triphosphate, 47.62% potassium chloride, 0.39% zinc
oxide, 0.06% cobalt acetate, and 0.50% ADE vitamin
premix (3629 000 IU vitamin A, 3629 000 IU vitamin D3,
and 181 000 IU vitamin E per kg) was included with the
beet pulp pellets to meet requirements.

On day 21 of gestation, all ewes were placed in individual
pens and fed control rations. On day 28, half of the
ewes were randomly assigned to a control-fed group
(100% NRC requirements, CF) and the other half to a
nutrient-restricted group (50% NRC requirements, NR).
The two groups were balanced for weight and body
condition score. Body condition score can be used to
estimate the energy reserve available to ewes (Sanson
et al. 1993). Beginning on day 28 of gestation, and
continuing at 7 day intervals, ewes were weighed and
rations adjusted up for weight gain and down for weight
loss. The average weights of ewes on day 28 gestation
were 78.27 ± 3.36 and 72.47 ± 2.89 kg, respectively, for
CF and NR treatments which were similar, and were
80.00 ± 3.37 and 64.86 ± 1.33 kg, respectively, on day 78
gestation which differed (P < 0.01). This was due to a
6.86 ± 0.68% body weight gain in the CF ewes and a
10.50 ± 0.39% body weight loss in the NR ewes by day 78
gestation.

At day 78 of gestation, all ewes were fed control diets
meeting 100% of NRC requirements. At term, body weight
of CF and NR-realimented ewes were similar. Ewes in
each group were allowed to lamb. All lambs were given
free access to a standard commercially available creep feed
(Lamb Creep B30 w/Bovatec; Ranch-Way Feeds, Ft Collins,

CO, USA) from birth to weaning. At 120 ± 2 days of age,
wether lambs were weaned, and pairs of lambs of the
same treatment group were placed in pens containing a
feeder and waterer. Lambs were weighed at weekly intervals
thereafter and transitioned to a high-concentrate feed
(All-American Show Lamb Grower; Ranch-Way Feeds)
with partial rations of hay until the concentrate could be
utilized as their sole diet. Lambs were fed this concentrate
ad libitum until they were slaughtered (Ford et al. 2006).
Lambs were then slaughtered at the University of Wyoming
abattoir using captive bolt stunning and exsanguination, a
procedure recommended by Federation of Animal Science
Societies, USA (FASS, 1999). Longissimus dorsi (Ld) and
semitendenosus muscles were weighed and sampled. Two
small pieces of muscle (approximately 1 g) were cut out
from the centre of the Ld muscle; one piece was snap-frozen
in liquid nitrogen and was used for biochemical analysis,
and one piece was placed in fresh paraformaldehyde before
being embedded in paraffin. In addition, the kidney and
pelvic fat were collected and weighed. The carcass weight
was obtained after removing the hide, head and viscera.

Immunoblotting

Ld muscle (0.1 g) was powdered in liquid nitrogen and
homogenized in a polytron homogenizer (7 mm diameter
generator) with 400 μl of ice-cold buffer containing
137 mm NaCl, 50 mm Hepes, 2% SDS, 1% NP-40, 10%
glycerol, 2 mm PMSF, 10 mm sodium pyrophosphate,
10 μg ml−1 aprotinin, 10 μg ml−1 leupeptin, 2 mm

Na3VO4, 100 mm NaF, pH 7.4. The protein content of
lysates was determined by the Bradford method (Bio-Rad
Laboratories, Hercules, CA, USA) (Du et al. 2004).

Each Ld muscle homogenate was mixed with an equal
volume of 2× standard SDS sample loading buffer.
A Hoefer mini-gel system was used for casting gels
and running electrophoresis. Gradient gels of 5–20%
were used for SDS-PAGE separation of proteins. After
electrophoresis, the proteins on the gels were transferred
to nitrocellulose membranes in a transfer buffer containing
20 mm Tris-base, 192 mm glycine, 0.1% SDS and
20% methanol (Du et al. 2004). Membranes were
incubated in a blocking solution consisting of 5%
non-fat dry milk in TBS/T (0.1% Tween-20, 50 mm

Tris-HCl, pH 7.6, and 150 mm NaCl) for 1 h. Membranes
were incubated overnight in primary antibodies with
1:200 dilution for anti-Glut 1 and –Glut 4 antibodies,
and 1:1000 dilution for anti-actin antibody in TBS/T
with 1% non-fat dry milk. Polyclonal anti-Glut 1 and
–Glut 4 antibodies were purchased from Santa Cruz
Biotechnology, Inc. (CA, USA; catalogue numbers sc-7903
and sc-1607, respectively) and monoclonal anti-actin anti-
body (JLA20) was purchased from Developmental Studies
Hybridoma Bank (Iowa City, IA, USA). After the primary
antibody incubation, membranes were washed three times

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society



J Physiol 575.1 Nutrient restriction and offspring muscle 243

for 5 min each with 20 ml of TBS/T. Membranes were
then incubated with horseradish-peroxidase-conjugated
secondary antibody at proper dilution for 1 h in
TBS/T with gentle agitation. After three 10 min washes,
membranes were visualized using ECL Western blotting
reagents (Amersham Biosciences) and exposure to film
(MR; Kodak, Rochester, NY, USA). Density of bands was
quantified by using an Imager Scanner II and ImageQuant
TL software (Zhu et al. 2004).

Histochemical examination

Ld muscle samples were fixed in 4% (w/v)
paraformaldehyde in phosphate buffer (0.12 m, pH 7.4),
embedded in paraffin, and cut into 10 μm sections.
Sections were rehydrated by using a series of incubations
in xylene and ethanol solutions, and then stained with
haematoxylin and eosin for standard light microscopy.
Ten fields were randomly selected for quantification of
muscle fibre diameters. The majority of muscle fibres
were circular and, thus, diameter was easily measured.
For irregular muscle fibres, however, a maximum and
a minimum distance of the two opposite sides of the
muscle fibre circle were measured, and the average value
was regarded as the diameter of the fibre. The diameter of
10 muscle fibres was measured per field and 100 muscle
fibres for each muscle sample were quantified using the
Image J 1.30v software (National Institutes of Health,
USA). Muscle fibre diameter was measured in a blind
fashion. Averaged data were used for calculations. The
percentage of muscle fibre numbers were calculated based
on the total fibre number per examined area, where the
number of CF lambs was regarded as 100% (Greenwood
et al. 1999).

Identification of myofibre isoforms

Ld muscle samples (0.1 g) were homogenized in 500 μl
of buffer containing 250 mm sucrose, 100 mm KCl, 5 mm

EDTA and 20 mm Tris/HCl, pH 6.8. The homogenate
was filtered through nylon cloth to remove debris and
centrifuged at 10 000 g for 10 min. The pellet obtained
was resuspended in 500 μl of washing buffer containing
200 mm KCl, 5 mm EDTA, 0.5% Triton X-100 and 20 mm

Tris/HCl pH 6.8. The suspension was centrifuged at
10 000 g for 10 min. The pellet containing purified
myofibrillar proteins was resuspended in 200 μl water and
300 μl of standard 2× sample loading buffer, and then
boiled for 5 min. After centrifugation at 12 000 g for 5 min,
the supernatant was used for electrophoresis.

The stacking gels consisted of 4% acrylamide
(acrylamide:bis, 50:1), 5% (v/v) glycerol, 70 mm Tris/HCl,
pH 6.7, 0.4% (w/v) SDS, 4 mm EDTA, 0.1% (w/v) APS and
0.01% (v/v) TEMED. The separation gel contained 5%
(w/v) glycerol, acrylamide:bis (50:1) at a concentration
8%, 200 mm Tris, pH 8.8, 4 mm EDTA, 0.4% (w/v)

SDS, 0.01% (v/v) TEMED, and 0.1% (w/v) ammonium
persulphate. The upper running buffer consisted of 0.1 m

Tris/HCl, pH 8.8, 0.1% (w/v) SDS, 150 mm glycine, and
10 mm mercaptoethanol, and the lower running buffer
consisted of 50 mm Tris/HCl, pH 8.8, 0.05% (w/v) SDS,
and 75 mm glycine. Gels were run at 4◦C in a Hoefer
SE 600 (Hoefer Scientific, San Francisco, CA, USA) unit,
at constant 100 V for 24 h (Bamman et al. 1999). After
electrophoresis, gels were silver stained, and scanned with
a densitometer to determine the amount of each myosin
isoforms, and percentage composition was reported.
Silver staining was conducted using a kit from Bio-Rad
Laboratories.

Carnitine palmitoyltransferase-1 (CPT-1) activity
measurement

Ld muscle samples were homogenized in 10 vols buffer
(w/v) containing 0.25 m sucrose, 0.2 mm EDTA, and
50 mm Tris/HCl, pH 7.5, at 9500 r.p.m. by a polytron
homogenizer (7 mm diameter generator) for 10 s. The
homogenate was centrifuged at 500 g for 10 min at 4◦C
to precipitate debris, and the supernatant was centrifuged
at 13 000 g to pellet mitochondria. The mitochondria were
resuspended in homogenization buffer, and mitochondrial
preparation protein content was determined by the
Bradford method (Bio-Rad Laboratories). The CPT-1
activity was measured in a buffer containing 100 mm

Tris/HCl, pH 8.0, 0.1% Triton X-100, 1 mm EDTA,
0.01 mm palmitoyl CoA, 0.5 mm DTNB, with/without
1.25 mm l-carnitine. The reaction was monitored at
412 nm with a spectrophotometer (Bieber et al. 1972). The
CPT-1 activity was calculated as the difference between
the rates in the presence and absence of l-carnitine, and
expressed either as micromoles of CoA released per minute
per gram of muscle, or as nanomoles of CoA released per
minute per milligram of mitochondrial protein.

Intramuscular triglyceride (IMTG)

After removing all visible fats, Ld muscle samples (0.5 g)
were homogenized in 10 ml of 2:1 chloroform/methanol.
Triglycerides were extracted and saponified in 4%
ethanolic KOH. Free glycerol concentration in these
samples was then determined spectrophotometrically as
previously described (Schenk et al. 2005). Pure glycerol
was used as the standard for quantification. The content of
IMTG was expressed as millimoles of glycerol per kilogram
of muscle.

Two-dimensional electrophoresis

Ld muscle samples (0.1 g) were homogenized in a
polytron homogenizer (7 mm diameter generator) with
400 μl of ice-cold buffer containing 137 mm NaCl, 50 mm

Hepes, 1 mm MgCl2, 1 mm CaCl2, 1% NP-40, 10% glycerol,
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2 mm PMSF, 10 mm sodium pyrophosphate, 2.5 mm

EDTA, 10 μg ml−1 aprotinin, 10 μg ml−1 leupeptin, 2 mm

Na3VO4, and 100 mm NaF, pH 7.4 (Zhu et al. 2004).
Muscle homogenate (40 μl) was transferred to

600 μl of lysis buffer containing 8 m urea, 4%
CHAPS, and 20 mm Tris/HCl, pH 7.4. The mixture
was shaken at 4◦C for 1 h and centrifuged at 12 000 g
for 10 min at 4◦C. The supernatant containing the
soluble protein was collected and used to rehydrate
commercially available immobilized-pH-gradient (IPG)
strips (pH 3–10, 1 × 17 cm, Bio-Rad Laboratories).
Rehydration of strips was conducted under manufacturer’s
instructions, followed by isoelectric focusing with a
maximal voltage of 8000 V to reach 100 000 voltage hours.
The strip was equilibrated in solution 1 (6 m urea, 2%
SDS, 30% glycerol, 50 mm Tris/HCl, pH 8.8, 1% DTT)
and solution 2 (6 m urea, 2% SDS, 30% glycerol, 50 mm

Tris/HCl, pH 8.8, 2% iodoacetamide with 0.01% bromo-
phenol blue) for 15 min each. The strip was loaded
onto a precast 5–20% 200 × 200 mm gradient gel for
second-dimension separation. To fix the strip on top of
gradient gel, low melt agarose solution (0.188 m Tris/HCl,
pH 8.8, 0.1% SDS, 9% glycerol, 1% agarose, 0.01% bromo-
phenol blue) was heated to 65◦C and then pipetted onto
the IPG strip, followed by second-dimension SDS electro-
phoresis. Electrophoresis was conducted in electrophoresis
solution (25 mm Tris base, 192 mm glycine, 1 g l−1 SDS) at
5◦C, with 10 W per gel. After the front dye line arrived
at the end of the gel, the gels were removed and fixed
(40% ethanol, 10% acetic acid) before being stained with
Coomassie blue. After staining, gels were scanned by an
Image Scanner II (Amersham Biosciences) (Arthur et al.
2002).

Quantitative analysis of protein expression and in-gel
trypsin digestion

Image Master (Amershan Biosciences) software was used
for matching and quantitative analysis of the protein
spots on the gels according to manufacturer’s instructions.
Proteins with differential expression (P ≤ 0.05) were
selected for identification by a matrix assisted laser
desorption ionization time of flight (MALDI-TOF) mass
spectrometer. Briefly, protein spots with differential
expression were excised, cut into 1 mm3 pieces, and
washed two more times with 50% acetonitrile, 50 mm

ammonium bicarbonate for 15 min, with gentle shaking,
or until the Coomassie dye had been completely removed.
Gel pieces were dehydrated in 100% acetonitrile for
5 min and incubated in a solution containing 50 mm

ammonium bicarbonate and 10 mm dithiothreitol for
30 min at 56◦C, and then incubated in another solution
containing 50 mm ammonium bicarbonate and 55 mm

iodoacetamide (freshly made) for 30 min in the dark. The
gel pieces were washed with acetonitrile, air dried, and

rehydrated with 20 μg ml−1 trypsin (sequencing grade;
Promega, Madison, WI, USA) in 50 mm ammonium
bicarbonate. Then, gel pieces rehydrated with trypsin
were incubated at 37◦C overnight. After centrifugation
at 12 000 g for 5 min, supernatant (containing tryptic
peptides) was transferred to a sterile centrifuge tube. An
aliquot of extraction solution (25–50 μl, comprising 60%
acetonitrile and 1% TFA) was added to the gel pieces and
agitated gently by vortexing at the lowest setting for 10 min.
The above step was repeated once and supernatants were
pooled together. Supernatants were dried under vacuum,
and 5 μl of resuspension solution (50% acetonitrile, 0.1%
TFA) was added to each tube to resolve peptides (Arthur
et al. 2002).

Mass spectrometry and protein identification

Peptides were mixed with an equal volume of
10 mg ml−1 α-cyano-4-hydroxycinnamic acid in 65%
acetonitrile/0.3% trifluoroacetic acid, and applied to
the steel plate for MALDI-TOF peptide fingerprinting
analysis. The instrument (Voyager DE-STR; Applied
Biosystems, Foster City, CA, USA) was set at a positive
ion reflector mode, and the laser strength and voltage were
optimized to obtain the greatest signal:noise ratio.

Proteins were identified by searching against MSDB
and NCBInr protein database through the Mascot
Peptide Mass Fingerprint software, which is available
free for academic use at http://www.matrixscience.com/.
The search parameters were as follows: the fixed
carbamidomethyl modification was chosen; up to one
missed cleavage was allowed; and peptide tolerance was
set at 1.0 Da (Kwon et al. 2003; Vitorino et al. 2004).

Statistical analysis

Data were analysed as a complete randomized design
using GLM (General Linear Model of Statistical Analysis
System, SAS, 2000). The differences in the mean values
were compared by the Tukey’s multiple comparison, and
means ± s.e.m. are reported. Statistical significance was
considered as P < 0.05.

Results

Live weight of offspring of NR ewes was increased and
absolute and relative amount of kidney and pelvic fat was
greater than that of CF lambs (P < 0.05, Table 1). Total
and relative mass of the semitendinosus and Ld did not
differ between offspring of NR and CF ewes (Table 1).
NR increased Ld muscle fibre diameter (P < 0.05, Fig. 1).
However, the number of muscle fibres was not reduced,
though there was a trend of reduction in NR offspring
(P < 0.10, Fig. 1).

Each muscle fibre type has its corresponding myosin
isoform, which was analysed by SDS-PAGE
electrophoresis. The ratio of myosin IIb was increased
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Table 1. Selected fat and muscle weight of 8-month-old wether lambs

Category CF NR

Live weight (kg) 56.80 ± 1.23 61.72 ± 1.62∗

Carcass weight (kg) 28.83 ± 0.92 31.62 ± 1.01†
Kidney and pelvic fat (kg) 0.46 ± 0.05 0.68 ± 0.06∗

Left Ld muscle (g) 776.5 ± 12.1 775.7 ± 30.0
Left semitendinosus muscle (g) 166.4 ± 4.4 169.3 ± 3.9
Kidney and pelvic fat (% carcass weight) 1.66 ± 0.12 2.18 ± 0.20∗

Left Ld muscle (% carcass weight) 2.71 ± 0.11 2.46 ± 0.08†
Left semitendinosus muscle (% carcass weight) 0.58 ± 0.02 0.54 ± 0.02†

CF, control fed; NR, nutrient restricted; Ld, longissimus dorsi. Means ± S.E.M.
within a measurement differ ∗P < 0.05 and †P < 0.10.

by 17.6 ± 4.9% (P < 0.05) in skeletal muscle of offspring
NR ewes (Fig. 2), with a corresponding reduction in the
ratio of type IIa muscle fibres by 69.1 ± 21.9% (P < 0.05)
compared with offspring of CF ewes. No significant
difference was detected in Glut 1 and Glut 4 contents in
skeletal muscle of offspring of NR ewes (Fig 3A and B).
The activity of CPT-1, a key enzyme controlling fatty acid
oxidation, was decreased (24.7 ± 4.5%, P < 0.05) in Ld
of offspring of NR ewes when expressed as muscle weight
(Fig. 3C). However, no difference in CPT-1 activity
was evident when expressed relative to mitochondrial
protein concentration (Fig. 3D). The IMTG was higher
(31.8 ± 10.7%, P < 0.05) in muscle of offspring of NR
ewes compared with muscle of offspring of CF ewes
(Fig. 3E).

Two-dimensional gel electrophoresis showed a total of
27 protein spots with differential expression (P < 0.05,
Fig. 4). Of these, 11 protein spots were tentatively
identified by peptide finger printing using MALDI-TOF
mass spectrometry (Table 2). Of proteins identified to be
down-regulated in skeletal muscle of NR lambs, most of
them were enzymes either in mitochondria or associated
with glucose metabolism.

Figure 1. Muscle fibre number and diameter of 8-month-old offspring of control fed and nutrient-
restricted ewes
A, average diameter of muscle fibres; B, muscle fibre number. (n = 8 per group). CF, control fed; NR, nutrient
restricted. ∗P < 0.05; †P < 0.10. Data are means + S.E.M.

Discussion

Fetal NR occurs frequently in human pregnancy (Wu et al.
2004). The causes vary from hyperemesis gravidarum to
conditions in which maternal nutrition and/or uterine
nutrient delivery is reduced by voluntary or imposed
maternal nutrient intake or uterine vascular disease. The
average loss of initial body weight of ewes during NR at the
level used in our study was about 7.5% (Vonnahme et al.
2003), very similar to the 5–10% initial body weight loss
observed in patients with hyperemesis gravidarum (Philip,
2003). We observed that NR confined to the period from
early to mid-gestation caused metabolic damage to skeletal
muscle development of offspring.

During prenatal muscle development, primary
myofibres are first formed, followed by the formation
of secondary myofibres (Beermann et al. 1978). The
secondary myofibres are derived from muscle precursor
cells which are initially maintained in a proliferating
undifferentiated state (Swatland, 1973). Those precursor
cells differentiate into myoblasts and fuse to form
secondary myofibres parallel to primary myofibres
(Beermann, 1978). Limited availability of nutrients
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Figure 2. Composition of myosin isoforms in longissimus dorsi muscle of 8-month-old offspring of CF
and NR ewes
∗P < 0.05. Data are means + S.E.M.; n = 8 per group.

influences the proliferation of precursor cells and may
reduce the number of secondary and total myofibres in
fetuses. We previously observed that when measured at
78 days of gestation fetal muscle fiber number was reduced

Figure 3. Glut 1 and Glut 4 protein
abundance, activity of carnitine
palmitoyltransferase-1 (CPT-1) and
intramuscular triglyceride content in
skeletal muscle of 8-month-old offspring of
CF and NR ewes
A, Glut 1 immunoblot and statistical data; B,
Glut 4 immunoblot and statistical data; C, CPT-1
activity based on muscle weight; D, CPT-1
activity based on mitochondrial protein; E,
intramuscular triglyceride content. ∗P ≤ 0.05.
Data are means + S.E.M.; n = 8 per group.

due to NR in the period day 28 to day 78 of gestation (Zhu
et al. 2004). This reduction in muscle fibre number is
mainly due to reduction in secondary myofibre number
(Zhu et al. 2004). In another report, peri-conceptional
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Table 2. Identified proteins with differential expression (P < 0.05) between skeletal
muscle of CF and NR lambs

Fold increase Molecular mass
Protein or decrease pI (kDa)

Protein upregulated due to NR
p21 1.85 ± 0.20 4.81 24.0
Fatty acid binding protein 2.01 ± 0.41 5.27 13.1
Histidine-tRNA ligase 1.64 ± 0.20 5.72 57.9

Protein downregulated due to NR
ATP synthase, H+ transporting −3.45 ± 1.25 5.10 56.3
Aldehyde dehydrogenase −2.18 ± 0.37 6.15 50.5
NADPH-cytochrome reductase −1.34 ± 0.07 5.28 71.5
Tropomyosin beta −1.79 ± 0.20 4.66 32.8
Glutathione S-transferase −2.00 ± 0.32 6.24 25.9
Triosephosphate isomerase −1.41 ± 0.11 6.87 6.9
Muscle-specific enolase −1.43 ± 0.10 7.60 47.0
Glucose-regulated protein ERp57 −4.76 ± 1.06 6.23 57.3

50% NR of pregnant sheep reduced the total muscle
fibre number of fetal muscle by about 20% (Quigley
et al. 2005). Muscle fibre number at birth is of critical
importance because the number of muscle fibres is fixed
at this point (Greenwood et al. 2000; Nissen et al. 2003).
Skeletal muscle is the main site for the utilization of
glucose and fatty acids (Guo & Zhou, 2004; Krebs &
Roden, 2004) and is the primary tissue responsible for
insulin resistance in obese and type 2 diabetic subjects
(Kemp et al. 2003; Lowell & Shulman, 2005).The reduction
in skeletal muscle mass during fetal development may
therefore have long-lasting irreversible negative physio-
logical consequences for offspring, including predisposing
offspring to obesity, diabetes and muscle weakness
(Stannard & Johnson, 2004; Zambrano et al. 2005).
Human infants who are small at birth are at greater

Figure 4. Two-dimensional gel electrophoresis of longissimus dorsi
A, skeletal muscle from an offspring of a CF ewe; B, skeletal muscle from an offspring of a NR ewe. Arrows show
protein spots with visible differential expression (n = 5 per group).

risk for type 2 diabetes and obesity (Forsen et al. 2000;
Harding, 2003; Eriksson et al. 2004). Decreased muscle
mass is a major factor in low birth weight (Hediger et al.
1998; Eriksson et al. 2004). On the other hand, mice with
enhanced fetal skeletal muscle growth and hyperplasia due
to a muscle-specific-myostatin knockout are resistant to
diabetes and obesity induced by high glucose and fat diets
(J. Yang, University of Hawaii, personal communication).
Therefore, the reduced muscle fibre number and the ratio
of muscle mass to body weight observed in this study may
have contributed to the glucose intolerance observed in
these lambs, as reported elsewhere (Burt et al. 2005).

In addition to muscle mass, muscle fibre type
composition affects the oxidative capacity of muscle.
The oxidative capacity of muscle fibres generally follows
the order of type I ≥ type IIa ≥ type IIb (He et al. 2001).
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Muscle fibre type composition also affects insulin
sensitivity. GLUT4 is found in larger amounts in
type I and IIa muscle fibres than in type IIb muscle
fibres (Daugaard & Richter, 2001; Gaster et al. 2001).
The insulin sensitivity of muscle fibres follows the
order of type I ≥ type IIa ≥ type IIb (He et al. 2001).
Insulin-resistance in skeletal muscle is associated with an
increased number of type IIb muscle fibres (Nyholm et al.
1997). Thus, the altered fibre distribution in NR offspring
we have observed would be expected to reduce the insulin
sensitivity and glucose utilization of skeletal muscle.
Indeed, less efficient glucose utilization was observed in
these lambs at 8 months of age (Burt et al. 2005). In support
of this, the content of Glut 4 was lower in skeletal muscle
of NR lambs. These data strongly support the concept that
the impairment of fetal skeletal muscle development as a
result of early maternal NR predisposes skeletal muscle
of offspring to insulin resistance. In keeping with this
conclusion, rats whose mothers are fed a low protein
diet during pregnancy and lactation show reduced skeletal
muscle expression of various components of the insulin
signalling cascade (Ozanne et al. 2005).

Our observation that the activity of CPT-1, a key enzyme
controlling fatty acid oxidation, was decreased in muscles
of lambs exposed to NR is consistent with the increased
proportion of type IIb myofibres. In rats, surgically
induced IUGR at late gestation impairs mitochondrial
function and oxidative capacity of skeletal muscle (Selak
et al. 2003). It is of importance in this regard that CPT-1
is located on the mitochondrial membrane. Further, our
data suggested that this reduction in CPT-1 activity in NR
muscle was due to a reduction in mitochondria density
rather than their function, since no difference in CPT-1
activity was observed between CF and NR muscle after
adjusting for the difference in mitochondrial density.

Reduction in CPT-1 activity would tend to reduce
the fatty acid oxidation in NR muscle, leading to an
accumulation of IMTG. Indeed, the IMTG content
in muscle of offspring of NR ewes was higher than
in muscle of offspring of CF ewes. Accumulation of
intracellular lipids due to insufficient fatty acid oxidation
by mitochondria leads to the suppression of insulin
signalling (Lowell & Shulman, 2005), and insulin
resistance (Krebs & Roden, 2004). These results are also
in line with our observation that lambs of ewes exposed
to maternal NR had 48% more renal and pelvic fat than
control lambs (Table 1). This increased level of obesity
would be compatible with decreased fatty acid oxidation.

To further demonstrate the mechanisms responsible for
the alteration of skeletal muscle properties in NR lambs, we
compared the protein profiles of CF and NR skeletal muscle
by two-dimensional electrophoresis. We observed that
several enzymes which are either located in mitochondria
or are involved in energy metabolism are downregulated
in skeletal muscle of offspring of NR compared with CF

animals. This finding would also suggest that the ability of
glucose and fatty acid utilization in skeletal muscle of NR
offspring was impaired. Decreased glucose and fatty acid
oxidation predisposes offspring to obesity and diabetes.
Indeed, offspring delivered by dams that experienced
maternal NR during pregnancy were fatter than control
animals, in agreement with previous reports (Bispham
et al. 2003; Symonds et al. 2004; Desai et al. 2005).

We previously observed that maternal NR down-
regulates mTOR signalling in fetal skeletal muscle at day 78
gestation (Zhu et al. 2004). Because mTOR signalling
controls protein synthesis (Du et al. 2005; Latres et al.
2005), downregulation of mTOR signalling in fetal muscle
would tend to decrease the rate of protein synthesis,
reducing muscle fibre number and muscle mass as
observed in fetuses exposed to nutrient restriction (Zhu
et al. 2004). In our previous studies, we found that the
serum amino acids and glucose content were reduced in
NR fetuses (Kwon et al. 2004). Amino acids, especially
branched-chain amino acids, are known activators of
mTOR signalling. The reduction in branched-chain amino
acids in fetal serum after nutrient deficiency would
potentially downregulate mTOR signalling in fetal muscle.
These observations need to be evaluated in any attempt to
develop nutrient supplementation strategies for IUGR. We
hypothesize that nutrient supplementation by effectively
boosting fetal serum amino acids and glucose levels
would upregulate mTOR signalling and promote protein
synthesis in skeletal muscle of NR ewes. Further studies
are needed to address this hypothesis.

In summary, we have demonstrated that maternal
NR during early to mid-gestation negatively affects
skeletal muscle development of offspring with long-term
consequences. Changes induced by maternal NR include
an increase in type IIb myofibres, decreased GLUT 4
transporter, decreased activity of CPT-1, accumulation of
IMTG, and downregulation of key enzymes involved in
mitochondrial function. Together these changes may at
least partially explain the observed insulin resistance in
NR offspring and the predisposition of offspring of NR
ewes to obesity and diabetes.
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