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Peri-implantation and late gestation maternal
undernutrition differentially affect fetal sheep skeletal

muscle development
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Poor prenatal nutrition is associated with a greater risk of adult glucose intolerance and insulin
insensitivity in the offspring. Skeletal muscle is the primary tissue for glucose utilization,
and insulin resistance in muscle is the earliest identifiable abnormality in the pre-diabetic
patient. We investigated the effect of early and late gestation undernutrition on structure
and markers of growth and glucose metabolism regulation in the fetal triceps brachii (TB,
slow- and fast-twitch myofibres) and soleus (slow-twitch myofibres) muscles. Pregnant sheep
were fed 100% nutrient requirements (C, n = 8) or arestricted diet peri-implantation (PI,n = 9;
40%, 1-31 days gestation (dGA) (term ~147)) or in late gestation (L, n = 6; 50%, 104—127 dGA).
At 127 + 1 dGA we measured myofibre and capillary density in the fetal TB and soleus muscles,
and mRNA levels in the TB of insulin receptor (InsR), glucose transporter-4 (GLUT-4) and type 1
insulin-like growth factor receptor (IGF-1R). Total myofibre and capillary densities were lower
in the TB, but not the soleus, of PI and L fetuses. The predominant effect in the L group was on
slow-twitch myofibres. In TB, InsR, GLUT-4 and IGF-1R mRNA levels were greater in L group
fetuses. Our finding of reduced myofibre density is consistent with a redistribution of resources at
the expense of specific peripheral tissues by early and late gestation undernutrition which may be
mediated by a decrease in capillary density. The increase in key regulatory components of glucose
uptake following late gestation undernutrition may constitute a short-term compensation to
maintain glucose homeostasis in the face of fewer type I (insulin-sensitive) myofibres. However,
together these adaptations may influence the risk of later metabolic disease and thus our findings
have implications for future strategies aimed at improving maternal diet.
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Epidemiological studies link small size or thinness at
birth with an increased risk of metabolic diseases such as
glucose intolerance (Hales et al. 1991), insulin resistance
(Phillips et al. 1994) and the metabolic syndrome (Cottrell
& Ozanne, 2007) in adult life. Studies also suggest that
individuals born small have reduced muscle strength
in adult life (Sayer er al. 2004), with a consequent
increase in disability and frailty. Skeletal muscle is the
primary tissue for the utilization of glucose and insulin
resistance in muscle is the earliest identifiable abnormality
in pre-diabetic patients (Shulman, 2000). Recently, low
birth weight has been associated with defects in the
expression of insulin-signalling intermediates in young

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

adult skeletal muscle which could be a precursor of longer
term altered glucose handling (Ozanne et al. 2005). The
early developmental nutrient environment is implicated
since the offspring of women exposed to the Dutch
Winter Famine (an abrupt onset 5month period of
malnutrition from 1944 to 1945) in the first trimester
of pregnancy had an increased prevalence of coronary
heart disease, raised lipids and obesity (Ravelli ef al.
1999; Roseboom et al. 2000a,b), while famine exposure
during late gestation was associated with decreased glucose
tolerance in adult life (Ravelli et al. 1998). In accordance,
nutrient restriction during peri-implantation increases
postnatal blood pressure in sheep (Edwards & McMillen,
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2002), while a late gestational challenge from 110 days
gestation (dGA) to term resulted in glucose-intolerant
offspring at 1 year of age (Gardner et al. 2005).

All skeletal muscle fibres are formed prenatally (Glore &
Layman, 1983; Greenwood et al. 2000) and the timing of
undernutrition in gestation is likely to be important since
in the sheep, as in humans, there are three distinct waves of
myofibre development which allows a large muscle mass
to be achieved in these mammals (Maier et al. 1992).
Primary fibres develop between 32 and 38 dGA and are
used as a scaffold by developing secondary fibres from
~38 dGA, and these in turn support a third wave of
myofibre formation from 62 dGA (Wilson et al. 1992;
Maier et al. 1992). The immediate impact of maternal
undernutrition in late gestation on myofibre formation
may be mediated in part by a redistribution of cardiac
output at the expense of the peripheral tissues, including
skeletal muscle, as observed in the late-gestation sheep
fetus during hypoxia (Cohn et al. 1974; Giussani et al.
1993) and acute hypoglycaemia in late gestation (Burrage
et al. 2005). Aside from its possible immediate impact on
myofibre development, early gestation undernutrition is
associated with impaired vasodilatation of small arteries
of the femoral bed in the mid- (Nishina et al. 2003) and
late- (Ozaki et al. 2000) gestation sheep fetus and appears
to modify the peripheral cardiovascular response to a
subsequent nutrient (oxygen or glucose) restriction in late
gestation (Hawkins et al. 2000; Burrage et al. 2005) and
may have additional implications for the development of
skeletal muscle. The contribution of different muscles to
posture and locomotion is closely related to their ratio
of fast-twitch typell to slow-twitch typel (oxidative)
myofibres underpinned by the differences between the
myofibre types in terms of oxidative capacity, contraction
velocity and ATP utilization. Type I myofibres are supplied
by more capillaries than type II myofibres to support their
higher oxidative capacity. In sheep 50% maternal under-
nutrition from 28 to 70 dGA (term = 147 days) decreased
total myofibre number and increased fast myosin type IIb
isoform levels in the longissimus dorsi of 8-month-old
offspring (Zhu et al. 2006), whereas in other studies a
similar challenge decreased the proportion of fast-twitch
myofibres in the vastus lateralis of 14-day-old sheep (Fahey
et al. 2005). A peri-conceptional (—18 to 6 days post
ovulation) nutrient restriction (~50%) decreased total
myofibre number in the fetal semitendinosus muscle at
75 dGA (Quigley et al. 2005). Thus it is likely that the
effect of undernutrition in utero on skeletal muscle fibre
composition may depend on the timing of the challenge in
gestation in relation to the waves of myofibre development,
and may produce specific effects on different muscles.

The aim of this study was to investigate the effect of two
distinct periods of nutrient restriction, peri-implantation
or late gestation, on skeletal muscle morphology and
capillary density in slow-twitch myofibre (soleus) and
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mixed (triceps brachii) muscle of late-gestation fetal sheep.
Furthermore we investigated molecular markers of growth
and glucose uptake pathways associated with any changes
in myofibre composition.

Methods

All procedures were carried out with local ethics approval
and in accordance with the regulations of the UK Home
Office Animals (Scientific Procedures) Act, 1986.

Animals and study design

Welsh Mountain ewes of uniform body condition score
(BCS 2.0-3.0; Russel et al. 1969) and age were randomized
to control or diet-restricted groups, housed individually
on wheat straw and fed a complete pelleted diet with free
access to water (89.2% dry matter as fed, and provided
10.7 MJ (kg dry matter (metabolizable energy))~' and
14.8% protein) from —16 dGA (adjusted to gestational
age; AFRC, 1993). Oestrous was synchronized by removal
of a vaginal medoxyprogesterone acetate-impregnated
sponge (Veramix, Upjohn Ltd, Crawley, UK) 14 days after
insertion. One of two twin rams (randomly assigned) was
introduced for 2 days, and 0 dGA was taken as the first
day that an obvious raddle mark was observed. Maternal
weight and BCS were assessed, and maternal blood samples
(36 ml onto chilled EDTA tubes) were taken from the
jugular vein at 29 dGA (data not reported here).

Control animals (C, n=28: female (f)=4, male
(m)=4) were fed 100% of nutrient requirements
throughout gestation. Peri-implantation nutrient-
restricted animals (PI, n=9: f=4, m=5) were fed
40% of nutrient requirements from 1 to 31 dGA and
100% at all other times. Late gestation nutrient-restricted
animals (L, n = 6: f =2, m = 4) were fed 50% of nutrient
requirements from 104 dGA and 100% at all other times.

Postmortem

Pre-postmortem femoral arterial blood gases and glucose
were measured using a blood gas analyser (ABL 735;
Radiometer, Crawley, UK). Ewes and fetuses were killed
with 40 ml 1.v. sodium pentobarbitone (200 mgml™!
Pentoject, Animalcare Ltd, UK) at 127 &1 dGA (term
~147 dGA). Fetal biometry and organ weights were
recorded (data not reported here). Mid-belly muscle
samples of the triceps brachii and soleus muscles were
removed immediately after death and frozen with fibres
in a vertical orientation either by immersion into freezing
isopentane (histology) or liquid nitrogen (molecular
biology). All samples were stored at —80°C. Variations in
the sampling of the muscle section were considered during
subsequent histology validation.
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Immunohistochemistry

Primary antibodies were monoclonal mouse anti-skeletal
fast myosin, clone MY32 (to positively identify fast
myofibres; Sigma, USA) and polyclonal rabbit anti-human
von Willebrand factor (to positively identify capillary
endothelial cells; DakoCytomation, Denmark). In brief,
10 pm transverse cryosections from the mid-belly sample
of the fetal skeletal muscle were fixed in water-free
acetone at room temperature for 15 min, and endogenous
peroxidase activity was inhibited by incubation in 0.5%
hydrogen peroxide in methanol for 30 min. Non-specific
protein interactions were blocked with DMEM containing
20% fetal calf serum and 1% bovine serum albumin for
30 min and then incubated with either anti-skeletal fast
myosin antibody (1 : 100°) or anti-human von Willebrand
factor antibody (1:300) at 4°C overnight. All antibodies
were diluted in Tris-buffered saline (TBS). After
rinsing with TBS, sections were incubated for 30 min
with biotinylated anti-mouse (1:400) or anti-rabbit
(1:400) antibody. Sections were washed and treated
for 15 min with streptavidin—biotin—peroxidase complex
(14 1:200) and then for 10 min in amino ethyl carbazole.
Finally, sections for myofibre analysis were counterstained
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with Mayers haematoxylin and baked with crystal mount
(AbD Serotec, Kidlington, UK) before being mounted in
Pertex (Surgipath, Peterborough, UK). A negative control
section was processed simultaneously (methodology as
above, replacing the primary antibody with TBS). All
chemicals were from Sigma (USA), unless otherwise
stated.

Image analysis

The myofibre density and size in the sections was assessed
by using a photomicroscope (Zeiss, AxcorkepII) and
the KS-400 image analysing system (Image Associates,
Bicester, UK). Five microscopic images (validated as good
representation of overall myofibre density, with < 4.8%
error), with x 40 objective, were selected randomly from
each sectionand imported into the KS-400 image analysing
program. In each of these fields of view the total fascicular
area was calculated, and using a non-biased counting
frame, all myofibres, fast-twitch myofibres (identified
as the red positively stained fibres) and slow myofibres
(negatively stained white fibres, Fig. 1A) were counted,
and their density expressed as the number of fibres per
square millimetre of fascicle. In one representative muscle,

Figure 1. Counting fields from one representative fetus

Slides were immunostained to visualize myofibres (A; red-positive staining of fast-twitch fibres and white-negative
staining of slow-twitch fibres) and capillaries (B) in the triceps brachii, and myofibres (C; white-negative staining
of slow-twitch fibres) and capillaries (D) in the soleus muscle. A and B also show haematoxylin staining of nuclei.
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Table 1. Primer and probe sequences (5’ to 3’) used in the measurement of mRNA levels by real-time

polymerase chain reaction

Target gene Primers/probe

Insulin receptor Forward primer
Reverse primer

Probe

GLUT-4 Forward primer
Reverse primer

Probe

IGF-1 receptor Forward primer
Reverse primer

Probe

Sequence Accession No.
ACC-GCC-AAG-GGC-AAG-AC AJ844652
AGC-ACC-GCT-CCA-CAA-ACT-G
AAC-TGC-CCT-GCC-ACT-GTC-ATC-AAC-G
CCG-TGG-CAG-GAC-ATT-TGA-C AY949177
TTC-CTG-CTC-CAG-AAG-AGA-AGG-T
ATC-TCA-GCC-GTC-TTC-CGC-CGG
CTG-CAG-CGC-CTC-TAA-CTT-TGT AY162434.1

CAC-TGG-CCC-AGG-AAT-GTC-A
CAA-GAA-CCA-TGC-CTG-CAG-AAG-GAG-CA

we found similar myofibre density (< 2.5% variability) at
three distinct sites along the length of the muscle (top,
middle, bottom) suggesting that variation in muscle
sampling was unlikely to influence myofibre number. The
average cross-sectional area of the myofibres was defined
by manually drawing around 300 individual fast-twitch
and 150 slow-twitch fibres, with the cursor. Obvious
deviations from a true cross-section were excluded from
the analysis.

Capillaries were counted within the fascicular area
of a further five random fields (validated as good
representation of overall capillary density, with < 5.7%
error) with a x 40 objective (Fig. 1B) and capillary density
was expressed as capillary number per square millimetre
of fascicle. The number of fibres from the same fields
were counted and capillary/fibre ratio was calculated.
In one representative muscle, we found similar capillary
density (< 2.8% variability) and capillary: fibre ratio
(< 4% variability) at three distinct sites along the length
of the muscle (top, middle, bottom).

All measurements were made by one observer and the
intraobserver variability tested by reproducing the counts
from the same section, at different times. The intraobserver
variability was less than 5% for all variables.

RNA isolation and real-time polymerase
chain reaction

Total RNA was extracted from 127 dGA ovine fetal sheep
triceps brachii muscle using TRIzol reagent (Invitrogen,
UK) method. Quality and quantity of the RNA was
assessed by spectrophotometry (A260 nm/A280 nm), and
the integrity of the RNA was checked by formaldehyde
gel electrophoresis and the visualization of intact 18S
and 28S ribosomal RNA bands under ultraviolet light.
Total RNA from each sample was reverse transcribed
using standard protocols with random primers, RNase
inhibitor and reverse transcriptase (Promega, UK). Then,
real-time PCR (7500 Real-Time PCR System, Applied
Biosystems, Warrington, UK) was used to evaluate the
mRNA levels of InsR, GLUT-4, IGF-1R and GAPDH

(internal housekeeping gene) using primers and probes
designed with reference to published sequences (Table 1).
Primers and probes (Eurogentec, Belgium) were designed
using Primer Express Software (Applied Biosystems, USA).
GAPDH expression was measured using SYBR Green,
primers and reagents as designed and supplied in kit
form by Primer Design, UK (www.primerdesign.co.uk).
InsR, GLUT-4 and IGF-1R were expressed relative to
total RNA concentration and GAPDH expression and
the pattern of the resultant gene expression was similar
in both cases. The GAPDH ratios were adopted as the
s.E.M.s were smaller for group gene expression relative to
GAPDH compared with total RNA and were in keeping
with the use ofa housekeeping gene for this type of analysis.
Moreover, our recent observations in sheep liver suggested
that GAPDH was the least variable compared to seven
other housekeeping genes, two of them ribosomal proteins,
using a sheep housekeeping gene kit (Primer Design,
UK; EW. Anthony, L. R. Green & L. Hollis, unpublished
observations).

Data analysis

Data were normally distributed, are expressed as
mean + s.e.M. and were analysed by ANOVA with
Bonferroni post hoc tests. Statistical significance was
accepted when P < 0.05 and changes were considered as
trends when 0.05 < P < 0.1.

Results
Myofibres

In the triceps brachii the density of all myofibres was
reduced in both PI (P < 0.01) and L (P < 0.05) compared
to C fetuses (Fig. 2A). Fast myofibre density tended to be
lower in PI (P = 0.07), but not L, compared to C fetuses
(Fig. 2B). Slow myofibre density was significantly lower in
L (P < 0.05), but not PI, compared to C fetuses (Fig. 2C).
Fast (C, 187 £10; PI, 2094+ 15; L, 195+ 11 um?) and
slow (C, 307 & 16; PI, 288 + 13; L, 274 + 18 um?) fibre
cross-sectional area was similar in all nutritional groups.
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Figure 2. Myofibre density in the triceps brachii muscle of late gestation fetuses
Density of all myofibres (4), fast-twitch fibres (B) and slow-twitch fibres (C) in control (C, n = 6), peri-implantation
restricted (Pl, n = 9) and late restricted (L, n = 6) groups. *P < 0.05; **P < 0.01; 1P = 0.07.

In the soleus muscle there was no difference between
groups in myofibre density (C, 1895 4 107; P1, 1785 + 143;
L, 1734 % 195 myofibres per mm?) or cross-sectional area
(C, 463 +39; PI, 497 £+ 47; L, 481 & 55 um?).

Capillaries

In the triceps brachii the density of capillaries was reduced
in both the PI (P < 0.05) and L (P < 0.05) compared to
C fetuses (Fig. 3A). Capillary : myofibre ratio was reduced
in both the PI (P < 0.05) and L (P < 0.05) compared to C
fetuses (Fig. 3B).

In the soleus muscle there was no difference between
groups in capillary density (C, 2975 &£ 187; P1,2962 + 216;
L, 2767 £ 261 capillaries per mm?) or capillary : myofibre
ratio (C, 1.74 +0.13; PI, 1.70 & 0.10; L, 1.67 £ 0.15).

Gene expression in triceps brachii muscle

Insulin receptor mRNA levels were greater in the triceps
brachii muscle of L compared to C (P <0.001) and
PI (P <0.001) fetuses (Fig.4A). GLUT-4 mRNA levels
tended to be higher in L compared to C fetuses (P =0.1),
and were significantly higher compared to PI fetuses
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(P <0.05; Fig.4B). Typel IGF receptor mRNA levels
were significantly higher in L compared to C fetuses
(P <0.001) and PI (P <0.001) fetuses (Fig.4C). There
were no significant correlations between myofibre density
(total, type I or typeII) and insulin receptor, type 1 IGF
receptor and GLUT-4 gene expression.

There was no difference between groups in glucose
and blood gases just prior to postmortem (for all
fetuses, pH,7.378 & 0.011; Pcp,,42.02 £ 0.81 mMmHg; Po,,
15.96 &+ 0.57 mmHg; glucose, 0.77 £ 0.03 mmol I71).

Discussion

A suboptimal in utero nutrient environment is implicated
in an increased risk of glucose intolerance and insulin
resistance in adulthood. Skeletal muscle is the primary
tissue for glucose utilization and this study has shown for
the first time that both peri-implantation and late gestation
undernutrition reduced myofibre density, capillary density
and capillary : myofibre ratio in the triceps brachii, but
not the soleus muscle, of late gestation fetuses. The
decrease in myofibre density in thelate restricted group was
predominantly due to a decrease in typeI (slow-twitch)
fibres and was associated with increased insulin receptor,
GLUT-4 and the type-1 IGF receptor gene expression.
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Figure 3. Capillary density and capillary : myofibre ratio in the triceps brachii muscle of late gestation

fetuses

Capillary density (A) and capillary : fibre ratio (B) in control (C, n = 6), peri-implantation restricted (Pl, n = 9) and

late restricted (L, n = 6) groups. *P < 0.05.
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Our finding that a peri-implantation nutritional
challenge decreased the myofibre density is consistent with
other studies (Quigley et al. 2005; Zhu et al. 2006). Muscle
weights were not available in the current study; however,
previous studies suggest that myofibre density can change
without a change in muscle weight (Maxfield et al. 1998;
Quigley et al. 2005). The peri-implantation challenge
(1-31 dGA) coincides with the formation of the pool of
myogenic cells and may therefore have decreased myoblast
proliferation, and hence reduced the available pool of
myoblasts and subsequent number of myofibres. The
switch back to control nutrition in these animals at 32 dGA
and the subsequent period of nutritional ‘catch-up’ may
have encroached on the period during which primary
(32dGA) and secondary (38 dGA) myofibres emerge,
although this cannot be confirmed by the current study.
Placental growth is maximal during the first half of
gestation (Schneider, 1996) and while not investigated in
this study the peri-implantation undernutrition may have
had additional effects on primary/secondary myofibre
development through altered placental structure/function.
Indeed treatment with somatotropin from 10 to 27 dGA
has been shown to improve placental function (Rehfeldt
et al. 2001a) and increase total myofibre number in
the neonatal pig semitendinosus muscle (Rehfeldt et al.
2001b). Our late gestation challenge targeted part of
the third wave of myogenesis and its effect on myofibre
density in the triceps brachii muscle is probably through
a reduction in this tertiary fibre formation. There was
no change in the cross-sectional area of the myofibres
with undernutrition and therefore it is not likely that
our observed reduction in myofibre density was due to
larger myofibres distorting the results (larger myofibres
resulting in fewer counts), although we cannot rule out
the contribution of increased extracellular tissue. While
not assessed here, we speculate that any space created
by the decrease in muscle fibre number may have been
filled by connective tissue such as the endomysium which
surrounds each individual myofibre.

o
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Interestingly, there was no change in myofibre density
or size in the slow-twitch soleus muscle, in agreement
with previous studies using 40% maternal undernutrition
throughout gestation in the neonatal guinea pig (Ward &
Stickland, 1991). The soleus muscle may be less susceptible
to prenatal undernutrition since it has a higher proportion
of primary myofibres and previous studies have shown
that, unlike secondary fibres, they are resistant to
undernutrition (Ward & Stickland, 1991; Dwyer et al.
1994). Low birth weight is associated with reduced muscle
mass in early childhood (Hediger ef al. 1998) and impaired
muscle strength in later life (Kuh et al. 2002; Sayer
et al. 2004). In sheep, as in humans, the vast majority
of myofibres are formed prenatally, and our findings
suggest that undernutrition within critical windows of
gestation is important in determining myofibre number in
amuscle-specific manner. Such processes could contribute
to poor muscle function in addition to the natural decline
in muscle mass with advancing age.

In the L, but not the PI, group the proportion of type I
(slow-twitch) fibres was reduced in the triceps brachii
muscle. Previously, a 50% maternal undernutrition from
28 to 78 dGA increased the proportion of the myosin IIb
isoform in the longissimus dorsi muscle in 8-month-old
sheep (Zhu et al. 2006). However, maternal undernutrition
of 50% between 30 and 70 dGA decreased the fast-twitch,
and increased the slow-twitch, myofibres in the vastus
lateralis of the ovine neonate (Fahey et al. 2005). The
differences between these studies and our current findings
is likely to be due to the timing of the nutritional challenge
in relation to the waves of muscle development but may
also be due in part to the different muscle beds that were
studied. It was beyond the scope of this study to determine
the impact of the observed changes in slow-twitch fibres
on muscle function in later life. Slow-twitch fibres make
up a small proportion of total fibres in the triceps brachii,
and future studies could involve the measurement of fast
myosinisoforms. Energy consumption due to movementis
lower in the fetus than the adult, but the observed changes
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Figure 4. Insulin receptor, glucose transporter 4 and type 1 insulin-like growth factor receptor mRNA
levels of the triceps brachii muscle in late gestation fetuses

Insulin receptor (A), GLUT-4 (B) and type 1 IGF receptor (C) mRNA levels in control (C, n = 8), peri-implantation
restricted (Pl, n = 9) and late restricted (L, n = 6) groups. *P < 0.05; ***P < 0.001; 1P =0.1.
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in myofibre composition could still impact on fetal energy
requirements in the face of a poor in utero nutrient supply
since slow-twitch fibres have a higher oxidative capacity,
slower rate of ATP utilization and slower contraction
velocity compared to fast-twitch fibres. We also observed,
in the L group triceps brachii muscle, an increase in IGF
type 1 receptor mRNA, a well-characterized regulator of
fetal growth (Florini et al. 1996) and while this appears
to be inconsistent with fewer myofibres it may reflect a
compensatory increase in the expression of this gene in
response to decreased growth.

Skeletal muscle has a rich blood supply to cope with
the high energy demands of contraction. Capillary density
was reduced in the triceps brachii of PI and L fetuses.
Previous studies in sheep indicate that early gestation
undernutrition alters peripheral blood flow in late
gestation fetuses (Hawkins et al. 2000; Nishina et al. 2003),
and that reduced substrate (oxygen and other nutrients)
availability in late gestation causes a decrease in fetal
peripheral blood flow (Giussani et al. 1993; Burrage et al.
2005). Thus we speculate that a reduced flow-mediated
angiogenesis may mediate in part our observation of
reduced capillary density. The absence of a difference
between groups in pre-postmortem baseline blood glucose
does not allow us to tell if any blood flow reduction
was sustained in the peri-implantation undernutrition
group. Each myofibre is served by several capillary vessels,
slow-twitch fibres having more than the fast-twitch fibres
to sustain their higher oxidative function (Andersen,
1975; Green et al. 1981). Indeed, capillary density and
type I (slow-twitch) myofibre density are reduced in men
and women with typell diabetes (Marin et al. 1994).
Our observation of reduced capillary: fibre ratio in PI
and L fetuses suggests that each fibre was supplied
by fewer capillaries. Together with the lack of effect
on capillary or myofibre density in the soleus muscle,
these findings suggest a link between local blood flow
and skeletal muscle growth during periods of under-
nutrition. It was beyond the scope of the present
study to determine the mechanisms underlying the
link between capillary and myofibre density, but future
investigations may take direction from studies on the
effects of hypoxia (Adair, 2005) and exercise (Prior et al.
2004).

Insulin receptor and GLUT-4 receptor mRNA levels
were greater in the triceps brachii muscle from the
L group. GLUT-4 is the major glucose transporter isoform
in skeletal muscle and is the rate-limiting step in
glucose utilization. Skeletal muscle is the major site for
insulin-stimulated glucose uptake, and from the pattern
of responses we speculate that the increase in density of
two of the key components in this process may constitute
a compensatory mechanism aimed at maintaining skeletal
muscle glucose homeostasis in the face of the decrease
in myofibres (particularly slow-twitch/insulin-sensitive
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myofibres) in the L group. We do not know if the altered
mRNA levels were reflected in protein expression, and it
was beyond the scope of the present study to determine
the impact of such adaptations on postnatal glucose
handling of the offspring. Increased expression of insulin
receptor and improved GLUT-4 translocation in skeletal
muscle of suckling rats from maternal protein restriction
dams is associated with normal glucose tolerance (Gavete
et al. 2005). However, previous studies in humans and
sheep show that undernutrition in late gestation results
in glucose intolerance in adulthood (Ravelli et al. 1998;
Gardner et al. 2005). In humans, typell diabetes is
associated with a shift towards a higher proportion of the
type Il (fast-twitch) fibres, at the expense of the typel
(slow-twitch) (Marin et al. 1994) and in light of the
fact that the proportion of slow/fast myofibres is largely
determined prenatally we speculate that our observed
changes in muscle fibre composition may precede longer
term changes in glucose handling.

In conclusion our results have shown that decreased
maternal nutrient intake in early and late gestation reduces
fetal muscle fibre density in a muscle-specific manner
and may be mediated by reduced capillary density. The
increase in key regulatory components of glucose uptake
following late gestation undernutrition may constitute a
short-term compensation to maintain glucose homeo-
stasis in the face of fewer typel (insulin-sensitive)
myofibres. However, in the longer term the effects on
fibre and capillary density may have ramifications for
adult metabolic function, particularly if the postnatal
nutrient environment is plentiful (Gluckman & Hanson,
2004). Our novel findings are therefore important for
understanding the mechanisms by which poor maternal
diet in specific windows of fetal development may
impact on later risk of metabolic disease and muscle
strength.
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