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A maternal cafeteria diet during gestation and lactation
promotes adiposity and impairs skeletal muscle
development and metabolism in rat offspring at weaning

Stéphanie A. Bayol, Bigboy H. Simbi and Neil C. Stickland

Department of Veterinary Basic Sciences, The Royal Veterinary College, University of London, Royal College Street, London NW1 0TU, UK

We examined the effects of a maternal cafeteria diet on skeletal muscle and adipose tissue
development in the offspring at weaning. Rats born to mothers fed the cafeteria diet either
during gestation alone or during both gestation and lactation exhibited a 25% reduction in
muscle cross-sectional area with approximately 20% fewer fibres compared with pups fed a
balanced chow diet. Maintaining the cafeteria diet during lactation increased intramuscular
lipid content and fat pad weights characterized by adipocyte hypertrophy but not hyperplasia.
These pups also had elevated muscle IGF-1, IGF-1 receptor, and PPAR~y mRNA levels, which may
indicate an attempt to maintain normal insulin sensitivity. The increased adiposity and elevated
IGF-1,IGF-1 receptor and PPAR~y mRNAs were not seen in the pups rehabilitated to the balanced
diet during lactation. However, these pups exhibited reduced muscle cell proliferation (PCNA)
withreduced insulin receptor and a trend towards reduced glucose transporter (GLUT)-4 mRNAs
when compared with pups fed a balanced chow diet, indicating possible alterations in glucose
uptake by muscle tissue. Therefore, rats born to mothers fed a cafeteria diet during gestation
alone or during both gestation and lactation exhibited impaired skeletal muscle development
and metabolic disorders normally associated with insulin resistance as early as the weaning stage.
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Around 15-20% of children are overweight in Western
societies and the proportion is predicted to increase
(Ogden et al. 2002; Lobstein & Frelut, 2003). Obese
children are more likely to remain obese into adulthood
(Mossberg, 1989) with a higher incidence of type-2
diabetes, heart disease, cancer and arthritis (Must et al.
1992) leading to a reduced quality of life as well as
important economic consequences through healthcare
and sick-leave. Obesity and related disorders are generally
attributed to high intake of processed food or ‘junk-food’
diets, which contain high amounts of calories, fat, salt
and refined sugars, combined with a lack of exercise
(Marx, 2002; BBC, 2003). However, there is now growing
evidence that obesity and related disorders may be
programmed during the fetal life of an individual.
Evidence for the fetal programming of obesity and related
disorders comes from studies on maternal under-nutrition
where it was shown that low birth weight individuals
were more likely to develop hyperphagia, diabetes,
cardiovascular diseases and a sedentary behaviour into
adulthood (Barker, 1993; Barker et al. 1993; Vickers et al.
2001). However, nowadays in Western societies maternal
under-nutrition only concerns a small percentage of
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the population because of abundant food supplies. In
contrast, the consumption of high-calorie processed foods
predominates in the western world but their influence on
fetal development remains to be characterized (Armitage
et al. 2005).

In this study, we have investigated the influence of
feeding pregnant rats a cafeteria diet, either during
gestation alone or during both gestation and lactation,
on skeletal muscle and adipose tissue cellularity and
on the expression of genes involved in muscle growth
and metabolism in the offspring at weaning. The gene
expression analyses included genes that constitute the
insulin-like growth factor (IGF) system, namely IGF-1,
IGF-1 receptor (IGF-1R), IGF-binding protein (BP)-4 and
IGFBP-5 (Florini et al. 1996); a marker of cell proliferation,
the proliferating cell nuclear antigen (PCNA) (Jaskulski
et al. 1988; Johnson & Allen, 1993); a marker of quiescent
and activated satellite cells, M-cadherin (Cornelison &
Wold, 1997); the myogenic factor myoD; the myogenic
inhibitor myostatin (McCroskery et al. 2003); the insulin
receptor (InsR); the glucose transporter (GLUT)-4; and
two markers of adipocyte differentiation and lipid
synthesis, namely the peroxisome proliferator-activated
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receptor (PPAR)-y and adipsin (Wilkison et al. 1990;
Rieusset et al. 1999; Lapsys et al. 2000).

We present evidence that maternal over-feeding
on Sunk-food’ during pregnancy can have an even
greater influence on fetal development than maternal
under-nutrition. Rats exposed to a cafeteria diet during
gestation and lactation exhibited impaired skeletal muscle
development and increased adiposity. Such a diet also
induced the onset of cellular and molecular metabolic
disorders that are normally associated with insulin
resistance and type-2 diabetes in the offspring. These
disorders were observed as early as the end of lactation.

Methods
Animals

Eighteen virgin female Wistar rats (230 &= 5 g) purchased
from Charles River (Kent, UK) were individually housed
with Wistar males in wire-bottomed cages. On the day a
copulation plug was found, the females were isolated and
assigned to one of three nutritional groups. The control
(C) group (n=6) was given free access to a balanced
standard rat chow diet RM3 (SDS Ltd, Betchworth,
Surrey, UK) throughout gestation and lactation. The two
other groups were given a cafeteria diet (Rothwell &
Stock, 1979), which consisted of an ad libitum choice
of palatable processed food with a high fat and/or high
sugar content including muffins, jam doughnuts, biscuits,
cheese, marshmallows, potato crisps and chocolate bars
in addition to rat chow (RM3). The general nutritional
information for 100 g of RM3 chow, as provided by the
manufacturer, was 363.3 kcal (1521.1 kJ), 22.39% proteins,
55.73% carbohydrates including 5.75% sugars, 3.27% fat
including 0.70% saturated fat, 15.43% fibres and 0.32%
sodium. The average nutritional information for 100 g
of cafeteria food given to the rats, as provided by the
manufacturer, was 416.5 kcal (1743.8 kJ), 9.17% protein,
47.04% carbohydrates including 24.95% sugars, 19.15%
fat including 8.54% saturated fat, 3.02% fibres and 0.38%
sodium. The daily amounts of food eaten by the animals
were not measured in this study but adult rats given
cafeteria style food have been reported to increase their
overall energy and fat intake but their protein intake is
unchanged while carbohydrate intake is similar or higher
compared with rats fed control chow (Esteve ef al. 1994;
Llado et al. 1995). In one of these two groups of rats, the
CDW group (cafeteria diet up to weaning), the cafeteria
diet was maintained throughout gestation and lactation
(n=6). In the other, the CDG group (cafeteria diet during
gestation), the cafeteria diet was maintained throughout
gestation alone followed by rehabilitation to rat chow given
ad libitum (RM3) during lactation (n=6).

The litters used in this study contained between
10 and 15 live pups at birth to limit birth weight
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variations due to litter sizes; outsized litters were not
included. All animals were given free access to water
and were maintained in a light, temperature and
humidity controlled environment (14:10h light—dark
cycles; 20 £ 2°C; 45% relative humidity). The weights
of mothers and pups were recorded every morning. On
the 21st day post partum the pups were killed by CO,
inhalation. The semitendinosus muscles were dissected
and flash frozen in freezing isopentane for subsequent
histological analyses. The gastrocnemius muscles were
frozen in liquid nitrogen for gene expression analyses and
the perirenal fat depots (Krakower et al. 1988) were fixed
in buffered formalin (BDH, UK). Histological analyses of
muscle and adipose tissues were performed in six and five
litters per group, respectively. The results for each litter
were the average of six pups per litter and litter results
rather than individuals were analysed statistically. The
gene expression analyses were performed in six litters per
group and in one pup per litter chosen randomly while
excluding the smallest and largest littermates at birth.
All samples were collected within 10—15 min of kill and
were stored at —80°C until further analyses except for
the formalin-fixed fat pads, which were stored at room
temperature.

Histology

The semitendinosus muscles were sectioned (10 um)
in the mid-belly region and stained with toluidine
blue, haematoxylin and eosin (H&E), Hoechst 33258
(Sigma, UK) and oil red O for determination of
muscle cross-sectional area, fibre number, nuclei
number and intramuscular lipid accumulation,
respectively.

The fat pads were fixed in buffered formalin (BDH,
UK) and were processed for wax embedding in a Shandon
Citadel 2000 automatic tissue processor (Shandon
Scientific Ltd, UK). The wax blocks were then mounted
and 6 um thick sections were cut using a Microm HM360
microtome (Microm international, UK). Sections were
stained with H&E for subsequent measurements.

The Kontron image analysis software (Zeiss, Germany)
was used to determine adipocyte sizes and numbers in
adipose tissue as well as intramuscular lipid content
and muscle fibre and nuclei numbers per muscle
cross-sectional area. Adipocyte sizes and numbers were
measured in five different microscopic frames chosen
randomly such that between 160 and 400 cells were
measured from each sample. Intramuscular fat area was
measured in the whole semitendinosus cross-sectional
area. Muscle fibres and nuclei were counted in five
microscopic frames per section chosen randomly which
represented 7-10% of the whole muscle cross-sectional
area.
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Table 1. Primers in the 5'-to 3’ direction used for the real time PCR analyses

Primer Sequence 5'-to 3’ Product size bp  Accession number
IGF-1 forward GCTTGCTCACCTTTACCAG 300 M17335
IGF-1 reverse AAGTGTACTTCCTTCTGAGTCT —_ —
IGF-1R forward CATGCAGGAGTGTCCATCAG 194 NM_052807
IGF-1R reverse CTCGCCGGATGTTAATAAGC —_ —
IGFBP-4 forward CAGTGCCCATGATCACAG 236 X81582
IGFBP-4 reverse TGTTTGGGGTGGAAGTTG — —
IGFBP-5 forward GATCGCAGAAAGAAGCTGAC 272 NM_012817
IGFBP-5 reverse GTCCACACACCAGCAGATGC — —
PCNA forward CTTAGCACTAGTATTTGAAGCACC 143 NM_022381
PCNA reverse GTGCAAATTCACCAGATGG — —
M-cadherin forward ATGTGCCACAGCCACATCG 238 M74541
M-cadherin reverse TCCATACATGTCCGCCAGCC — —
MyoD forward ACTACAGCGGCGACTCAGAC 208 M84176
MyoD reverse GTGGAGATGCGCTCCACTAT — —
Myostatin forward GCTCTTTGGAAGATGACGATT 99 AF019624
Myostatin reverse CATTTGGGCTTTCCATCC — —
InsR forward ATCTCCTGGGATTCATGCTG 196 M29014
InsR reverse TACTGGGTCCAGGGTTTGAG — —
GLUT4 forward CTTGGGTTGTGGCAGTGAG 217 D28561
GLUT4 reverse AGGACCAGTGTCCCAGTCAC — —
PPARy forward CCCTGGCAAAGCATTTGTAT 222 AB011365
PPARy reverse ACTGGCACCCTTGAAAAATG —_ —_
Adipsin forward CCTACATGGCTTCAGTGCAA 204 M92059
Adipsin reverse CCGGGTGAAGCACTACACTT — —

RNA isolation

Total RNA was extracted from the gastrocnemius
muscles using Tri-Reagent (Sigma, UK) and dissolved
in Sigma pure water (Sigma, UK). The total RNA
was then treated with 1unit per ug total RNA of
RQ1 RNase-free-DNase (Promega, Southampton, UK)
to prevent possible chromosomal DNA contamination.
Spectrophotometry was used to quantify and check the
purity (260/280 nm ratio) of the total RNA (Gene Spec I,
Naka Instruments, Japan). The integrity of the RNA
was checked by formaldehyde gel electrophoresis and
visualization of intact 18S and 28S ribosomal RNA bands
under UV light.

Reverse transcription

One microgram of total RNA from each sample was
reverse transcribed using the Ominiscript RT kit (Qiagen,
Crawley, UK) with 5 pmol of random hexamer primers
(Invitrogen, Paisley, UK) and 0.5 units of RNAse inhibitor
(Roche, Switzerland) in a 20 ul reaction volume. The
reverse transcription of all samples used in each sub-
sequent real time PCR run was carried out simultaneously
using the same master-mix to prevent variability in the
reverse transcription efficiency between samples.
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Real time (RT) quantitative PCR

The real-time PCR analyses were performed using a
protocol developed by Owino et al. (2001) and Hameed
et al. (2003), as previously described (Bayol et al. 2004).
All primers and mRNA accession numbers used for the
real-time PCR are listed in Table 1. The primers were
designed using the Primer-3 Web-Software (Whitehead
Institute for Biomedical Research, MA, USA), such
that the sequences amplified overlapped two different
exons. All primers were synthesized by MWG-Biotech
(Germany). Real-time PCR were performed in the Opticon
2 light cycler (M] Research Inc, MA, USA) with 2 ul
c¢DNA product from the reverse transcription reaction
using SyBR green detection (Qiagen, UK). The relative
concentrations of the target sequences in control and
overfed samples were calculated by the Opticon 2 Light-
cycler software (M] Research Inc., MA, USA) from a
standard curve created with serial dilutions of standard
DNA (target sequence of interest), which were included
with each run. For each transcript analysis, the standards
and samples were run simultaneously on the same 96-well
PCR plate using the same SyBR green master-mix. Each
standard and sample was run in duplicate on the same PCR
plate and the average of each duplicate value was used for
subsequent statistical analyses. Each real-time PCR run
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Table 2. Body and tissue weights of 21-day-old rat pups born to mothers fed
either chow ad libitum during both gestation and lactation (C), the cafeteria
diet during gestation followed by chow ad libitum during lactation (CDG) or the
cafeteria diet during both gestation and lactation (CDW)

C CDG CcDW
Body weight at birth 6.64 +0.23 6.33+0.16 6.38 +0.23
Body weight at weaning 56.56 + 2.21 50.81 + 1.46 52.85 +4.03
Daily growth rate 2.33+0.10 2.11+£0.06 2.22+0.18
Gastrocnemius muscle 0.17 £ 0.01 0.16 £ 0.01 0.13+£0.01
Perirenal fat pad 0.50 + 0.097 0.59 + 0.057 1.22+0.17°

Results are weight (g) shown as means =+ s.e.m.; n = 6 litters per group; different
letters indicate statistically significant differences (P < 0.05) by ANOVA followed

by Tukey’s post hoc analysis.

was carried out in duplicate to check reproducibility of
the results. The relative concentrations of target sequences
in each run were expressed as numbers of copies and
were normalized to one microgram of total RNA. All
PCR products were checked for specificity and purity
from a melting curve profile performed by the light-
cycler software at the end of each run. The PCR products
were further checked for size and specificity by agarose
gel electrophoresis. They were subsequently sequenced by
ABC (Advanced Biotechnology Centre, Imperial College
London, UK) and checked by BLAST analyses (NCBI,
USA) to ensure homology of the amplification products
to the mRNA of interest.

Statistical analyses

Statistical analyses were performed using SPSS v. 12.0 for
Windows (SPSS Inc., IL, USA). All results were analysed
by the Levene’s test for homogeneity of variance and
differences between the C, CDG and CDW groups were
analysed by one-way ANOVA followed by either Tukey’s
or the Games-Howell post hoc test when Levene’s values
were greater than 0.05 or below 0.05, respectively. Results
were considered statistically significant when P < 0.05 and
were considered as trends when 0.05 < P < 0.10.

Ethical considerations

The animal work was approved by the Royal Veterinary
College Ethics and Welfare committee and was carried out
under the UK Animals (Scientific Procedures) Act 1986.

Results

Animals and tissue weights

Results in Table 2 show that the cafeteria diet did not affect
the body weight of pups at birth (C vs. CDG, P =0.58;
CDG vs. CDW, P=0.99; C vs. CDW, P=0.67) or at
weaning (C vs. CDG, P = 0.34; CDG vs. CDW, P = 0.86; C

vs. CDW, P =0.62). Similarly, the daily postnatal growth
rates were not affected (C vs. CDG, P =0.45; CDG vs.
CDW; P=0.82, C vs. CDW, P =0.79). The cafeteria diet
did not affect the weight of the gastrocnemius muscle at
weaning (C vs. CDG, P =0.92; CDG vs. CDW, P =0.37;
C vs. CDW, P =0.21) (Table 2); however, maintaining the
cafeteria diet during both gestation and lactation induced
an increase in the perirenal fat pad weight in the CDW
group compared with both the C and CDG groups (C vs.
CDG, P=0.84; CDG vs. CDW, P=0.004; C vs. CDW,
P=0.001).

Results also showed that on the 21st day of
pregnancy the body weights of mothers fed the cafeteria
diet (456.2 £ 11.5 g, mean =+ s.e.m.) tended to beincreased
compared with mothers fed the control diet (422.6 £ 9.5 g)
(P=0.076). At weaning the maternal body weights were
comparable between the three groups examined (data not
shown).

Histological analysis of fat pads

To determine the cellular nature of the increased perirenal
fat pad weight, we performed histological analyses (H&E)
of this tissue. Figure 1A and B shows a dramatic adipocyte
hypertrophy in the CDW group which was confirmed
by image analyses (Fig. 1B). The average adipocyte area
was increased in the CDW group (2289.6 & 84.3um?)
compared with C and CDG groups (C vs. CDG, P = 0.84;
CDG vs. CDW, P < 0.001; C vs. CDW, P < 0.001) but was
comparablein the C (837.0 & 107.84um?) and CDG groups
(906.7 & 63.7um?). The adipocyte density (number of
adipocytes per screen) was decreased in the CDW group
(32.8 + 1.5 adipocytes per screen) compared with both
C (81.0 9.3 adipocytes per screen) and CDG (72.5 + 4.8
adipocytes per screen) groups but there were no differences
between the C and CDG groups (C vs. CDG, P =0.60;
CDG vs. CDW, P =0.002, C vs. CDW, P < 0.001). Because
white adipose tissue is mostly composed of adipocytes,
we estimated the relative number of adipocytes in each
fat pad by multiplying adipocyte densities by fat pad
weights. Results showed that the relative number of
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adipocytes was similar in the three nutritional groups
(C vs. CDG, P=0.72; CDG vs. CDW, P=0.47; C vs.
CDW, P =0.90) (Fig. 1C), indicating that the three diets
did not influence adipocyte differentiation in the fat
pads of the offspring. Therefore, the increased fat pad
weight observed in the CDW group (Table 2) was caused
by increased accumulation of lipids within adipocytes
(hypertrophy) rather than by increased adipocyte number
(hyperplasia).

Intramuscular fat analysis

Microscopic analyses of oil red O stained muscle sections
enabled a distinction to be made between intramuscular
lipids localized within fibres (Fig.2A) and the lipids
localized in the connective tissue (adipocytes) within
muscle (Fig.2B). Results (Fig.2C) showed that pups
from the CDW groups exhibited an increased total lipid
accumulation per muscle cross-sectional area compared
with the CDG group (P=0.04). The same trend was
observed between the CDW and the C groups (P = 0.05)
but the total intramuscular lipid accumulation was
comparable between the C and CDG groups (P = 0.41).
The oil red O stain analyses also showed that the levels of
lipids accumulated within muscle fibres were comparable
between the C and CDG groups (P = 0.99) but there was
a trend towards an increased accumulation in the CDW
group compared with both the C (P = 0.07) and the CDG
(P =10.07) groups (Fig. 2C). The amount of intramuscular
lipids localized within the connective tissue was increased
in the CDW group compared with both the C (P =0.02)
and CDG groups (P = 0.005) and was also increased in
the C group compared with the CDG group (P =0.03)

A
Figure 1. A maternal cafeteria diet

induces adipocyte hypertrophy in the

offspring

Histological analyses of perirenal fat pads c

of 21-day-old rat pups born to mothers fed
either chow ad libitum during gestation
and lactation (C, L), the cafeteria diet
during gestation followed by chow ad
libitum during lactation (CDG, ) or the
cafeteria diet during gestation and
lactation (CDW, ). A, H&E stained 6 um DG
thick sections from each nutrition group.
B, adipocyte area results. C, an estimation
of adipocyte numbers. Results are

means =+ s.e.M., n = 5 litters; different
letters indicate statistically significant
differences (P < 0.05), by ANOVA followed
by Tukey's post hoc analysis. Scale bars are

50 pum. o
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(Fig. 2C). Results also showed that the C, CDG and CDW
groups stored 34.0%, 50.1% and 70.7% of their total
intramuscular lipids within muscle fibres, respectively,
indicating a greater proportion of intramyocellular lipids
accumulation in the CDW group.

Histological analyses of skeletal muscle

Figure 3A shows that pups from both the CDG
(P=0.01) and CDW (P =0.005) groups exhibited a
reduction in semitendinosus muscle cross-sectional areas
by approximately 25% compared with the C group but
there were no differences between the CDG and CDW
groups (P=0.96). The number of muscle fibres per
cross-sectional area in the semitendinosus muscle was
also reduced in both the CDG (P=0.002) and CDW
(P=0.005) groups by about 20% compared with the
C group (Fig. 3B), with no differences between the CDG
and CDW groups (P = 0.87). The number of nuclei per
cross-sectional area was reduced by about 21% in the CDG
group compared with the C group (P =0.03); a similar
trend (about 17% reduction) was observed in the CDW
versus C groups (P = 0.07) but there were no differences
between CDG and CDW groups (P = 0.85) (Fig. 3C).

Gene expression analyses

The IGF system. The IGF system is a well-characterized
regulator of muscle growth (Florini et al 1996) and
metabolism (Cusi & DeFronzo, 2000). At weaning,
the levels of IGF-1 mRNA were increased in the
gastrocnemius muscle from the CDW group compared
with both C (P=0.04) and CDG (P=0.015) groups

b
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(Fig. 4). IGF-1 mRNA levels were similar between C and
CDG groups (P=0.88). A similar transcription profile
was observed for IGF-1R, also expressed at higher levels
in the CDW group compared with both C (P =0.02)
and CDG (P =0.001) groups (Fig. 4) but no differences
were seen between the C and CDG groups (P=0.11).
IGFBP-4 (C vs. CDG, P=0.87; C vs. CDW, P=0.32;
CDG vs. CDW, P=0.15) and IGFBP-5 (C vs. CDG,
P =10.85; C vs. CDW, P=10.29; CDG vs. CDW, P=0.11)
mRNA levels were not affected by the three diets examined
(Fig. 4).

Cell proliferation, satellite cell activity and regulators
of myogenesis. Levels of PCNA mRNA, a marker of
cell proliferation (Jaskulski et al. 1988), were reduced in
offspring from the CDG group compared with the C group
(P=0.02) but there were no differences between CDG
vs. CDW (P =0.16) and CDW vs. C (P=0.51) (Fig. 4).
Levels of M-cadherin mRNA, a marker of satellite cells
(Cornelison & Wold, 1997), tended to be increased in the
CDW group compared with the C group (P =0.06) but
there were no differences between the C vs. CDG groups
(P=0.81) and the CDG vs. CDW groups (P =0.18)

1x10° | ab a

total IM fat

IM fat in fibres
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(Fig. 3). mRNA levels for the myogenic regulatory factor
MyoD (C vs. CDG, P=0.29; C vs. CDW, P =10.18; CDG
vs. CDW, P = 0.95) and the myogenic inhibitor myostatin
(Cvs.CDG, P =0.96; C vs. CDW, P = 0.72; CDG vs. CDW,
P =0.56) were comparable between the three nutrition
groups examined (Fig. 4).

Metabolism and adiposity. The levels of InsR mRNA
were reduced in the CDG group compared with both
C (P=0.03) and CDW (P =0.01) groups but were not
different between the C and CDW groups (P=0.91)
(Fig.4). There was a trend towards reduced GLUT-4
mRNA levels in the CDG group compared with the
C group (P=0.08) but GLUT-4 mRNA levels were
comparable between C versus CDW groups (P =0.93)
and CDG versus CDW groups (P=0.16) (Fig.4). The
levels of PPARy mRNA were increased in the CDW group
compared with both C (P=0.02) and CDG (P=0.01)
groups with no differences between C and CDG groups
(P=0.96) (Fig.4). There were no differences in adipsin
mRNA expression between the C, CDG and CDW groups
(Cvs.CDG, P=0.97; Cvs. CDW, P = 0.56; CDG vs. CDW,
P =0.43) (Fig. 4).

il

IM fatin CT

Figure 2. A maternal cafeteria diet promotes intramuscular fat accumulation in the offspring

Histological analyses (oil red O) of intramuscular (.m.) lipid accumulation in the semitendinosus muscles of
21-day-old rat pups born to mothers fed either chow ad libitum during gestation and lactation (C, ), the cafeteria
diet during gestation followed by chow ad libitum during lactation (CDG, E) or the cafeteria diet during gestation
and lactation (CDW, |). A, lipids accumulated within muscle fibres (CDW group). B, lipids accumulated in the
connective tissue (C group). C, quantified results from image analyses. Results are means + s.e.M., n = 6 litters;
different letters indicate statistically significant differences (P < 0.05); *0.05 < P < 0.10, by ANOVA followed by

Games-Howell post hoc analysis. Scale bars are 50 um.
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Discussion

In this study, Wistar rats were fed either a balanced chow
diet during gestation and lactation or a cafeteria diet
during gestation followed by chow during lactation, or a
cafeteria diet during gestation and lactation. The influence
of the three diet regimes on the offspring was examined
at weaning (21 days post partum). Results showed that
the three diets did not influence birth weights, which
is consistent with a previous report by Holemans et al.
(2004), and postnatal growth rates. However, pups fed the
cafeteria diet during gestation and lactation, exhibited a
markedly increased adiposity at weaning. The increased
adiposity was characterized both by an increase in fat pad
weight as well as intramuscular lipid deposition.

Adipose tissue is the site of safe storage of fat and is
indispensable for normal metabolic function. A lack of
adipose tissue leads to insulin resistance soon after birth
(Moitra et al. 1998) and is responsible for accumulation
of fat in the ‘wrong places’ (Friedman, 2002; Hegarty
et al. 2003). The build up of fat in organs other than
adipose tissue is believed to alter the normal function
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of these organs and leads to insulin resistance and
diabetes. Therefore, an increased number of adipocytes
would potentially increase an individual’s fat storage
capacity within adipose tissue and would prevent the
accumulation of fat in organs that are poorly designed
for this function. We therefore examined whether rats
exposed to a cafeteria diet early in life would develop such
a protective mechanism and thus examined the cellular
nature of the increased fat pad weight observed in the
CDW group. Results showed that the marked increased
fat pad weight in the rats fed the cafeteria diet throughout
gestation and lactation was caused by adipocyte hyper-
trophy alone and that this marked hypertrophy was
not accompanied by increased adipocyte differentiation.
Therefore, a protective mechanism involving increased
adipocyte number to increase fatty acid storage capacity
within adipose tissue did not seem to have taken place in
rat offspring at weaning following early exposure to a high
calorie diet.

Skeletal muscle is another site of fatty acid storage.
However, intramyocellular fat accumulation disrupts
normal muscle insulin sensitivity and therefore constitutes
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Figure 3. A maternal cafeteria diet impairs skeletal muscle development

Histological analyses of muscle area (A), number of muscle fibres (B) and nuclei per cross sectional area (C) in the
semitendinosus muscles of 21-day-old rat pups born to mothers fed either chow ad libitum during gestation and
lactation (C,"), the cafeteria diet during gestation followed by chow ad libitum during lactation (CDG, E) or the
cafeteria diet during gestation and lactation (CDW, H). Results are means + s.e.M., n = 6 litters; different letters
indicate statistically significant differences (P < 0.05), *0.05 < P < 0.10 by ANOVA followed by Tukey’s post hoc

analysis.
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a reliable marker of whole-body insulin resistance
(Hegarty et al. 2003). Our study shows that pups fed
the cafeteria diet during gestation and lactation exhibited
an increased intramyocellular fat accumulation. They
also exhibited preferential muscular fat accretion within
muscle fibres (70.7%) rather than in connective tissue
(29.3%) which was almost the reverse situation that was
observed in the C group where only 34% of total intra-
muscular fat was localized within muscle fibres. These
results suggest that not only did pups from the CDW group
exhibit adipocyte hypertrophy (that was not accompanied
by increased adipocyte differentiation) but also they
exhibited fat accretion in skeletal muscle fibres, which
is known to disrupt the normal metabolic function of
this tissue. Therefore rat offspring from mothers fed a
cafeteria diet during gestation and lactation exhibited signs
of increased propensity for insulin resistance detectable as
early as the end of lactation.

The molecular mechanism for intramyocellular fat
accretion in offspring from the CDW group may involve
PPARy. PPARy is a regulator of adipogenesis expressed
at high levels in adipocytes (Rieusset et al. 1999) and at
lower levels in muscle fibres (Lapsys et al. 2000). In muscle,
PPARYy regulates lipid metabolism (Lapsys et al. 2000) and
muscle-specific knockout leads to adiposity and insulin
resistance (Norris ef al. 2003). In this study, the increased
intramuscular fat content and preferential accretion within
muscle fibres observed in the CDW group correlated
with increased muscle PPARy mRNA. However, PPARy
transcription rate did not correlate with that of adipsin, a
marker of adipocyte differentiation that is not expressed
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in skeletal muscle (Lapsys et al. 2000). Unchanged
adipsin levels suggest that the increased intramuscular
adiposity in the CDW group was not accompanied by
increased intramuscular adipocyte differentiation and
thus increased PPARy levels are likely to be linked to
increased lipid synthesis within muscle fibres in the CDW
group. It is also interesting to note that pups from the
CDW group exhibited both an increased muscle PPARy
transcription and increased adipose tissue weight. A
similar correlation has been found in obese humans where
it was proposed that increased muscle PPARy expression
was a compensatory mechanism to help maintain normal
insulin sensitivity (Kruszynska et al. 1998).

Skeletal muscle not only serves to produce movement
and force but is also a major metabolic organ responsible
for 70-80% of whole body insulin-stimulated glucose
uptake (DeFronzo et al. 1981). Therefore, alterations in
skeletal muscle development may influence an individual’s
long-term ability to exercise and regulate glucose homeo-
stasis. Such alterations have been demonstrated in rats
born to nutritionally restricted mothers (Bedi et al. 1982;
Prakash et al. 1993; Martin et al. 2000; Vickers et al.
2001; Vickers et al. 2003) but the influence of maternal
over-feeding on skeletal muscle development has not
been previously investigated. We therefore performed
histological analyses of the semitendinosus muscles at
weaning. This muscle was chosen because fibres are
arranged in parallel to the line of muscle (Roy et al.
1984), and thus counting fibres within the mid belly
region is a good indicator of the total number of muscle
fibres that constitute this muscle. Results showed that the

Figure 4. A maternal cafeteria diet affects the expression of genes involved in muscle growth and

metabolism in the offspring

Relative gene expression analyses using real-time PCR and SyBR green detection in the gastrocnemius muscles
of 21-day-old rat pups born to mothers fed either chow ad libitum during gestation and lactation (C,[), the
cafeteria diet during gestation followed by chow ad /ibitum during lactation (CDG, ) or the cafeteria diet during
gestation and lactation (CDW, B). Results are means =+ s.e.m., n = 6; different letters indicate statistically significant
differences (P < 0.05), *0.05 < P < 0.10 by ANOVA followed by Tukey’s post hoc analysis.
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maternal cafeteria diet induced a marked reduction in
the semitendinosus cross-sectional area (approximately
25%) and in the number of fibres (approximately 20%)
that formed in this muscle at weaning. Furthermore, the
number of muscle fibres was comparable in the CDG and
CDW groups suggesting that returning to a balanced diet
during lactation did not restore muscle fibre numbers
to control levels. In rats, muscle fibre hyperplasia ends
around the time of weaning (Rayne & Crawford, 1975).
Therefore, there is strong evidence to suggest that the
muscle atrophy and fibre hypoplasia observed in weanling
rats exposed to the cafeteria diet during gestation will
remain into adulthood. In a previous study carried out
in our laboratory (Bayol et al. 2004), using the same
strain of rats, even a maternal restriction to 40% of
ad libitum did not cause a reduction in fibre number in
the offspring, suggesting that maternal overfeeding may be
more detrimental than severe under-nutrition on skeletal
muscle development.

The marked muscle fibre hypoplasia observed in the
cafeteria fed pups was not, however, accompanied by a
reduction in the gastrocnemius muscle weight at weaning.
We cannot fully explain this discrepancy. However at
weaning, rats have only acquired around a quarter of their
adult sizes and their muscles are small; it is therefore
possible that changes in muscle weights may be more
marked when the animals are fully grown.

The muscle atrophy and fibre hypoplasia observed in
the CDG group was accompanied by reduced numbers
of nuclei when compared with pups fed a balanced diet
and a similar trend was observed in the CDW group.
Therefore maternal overfeeding reduced the overall rate
of muscle cell proliferation in the offspring from gestation
to weaning. The transcription profile of PCNA, a protein
required for cell proliferation (Jaskulski et al. 1988),
directly correlated with muscle nuclei numbers at weaning
in the three groups examined, suggesting that the reduced
muscle cell proliferation was continuing at day 21 post
partum in the pups exposed to the cafeteria diet. Reduced
muscle cell proliferation at weaning may lead to long-term
reduced muscle growth potential in the pups exposed to
the cafeteria diet and possibly a reduced ability to exercise
and impaired glucose homeostasis.

Results also showed a reduction in InsR mRNA
levels in the CDG group compared with the C group
and the same trend was observed for the glucose
transporter GLUT-4 mRNA. InsR and GLUT4 are key
regulators of insulin-stimulated glucose uptake into
muscle. Muscle-specificablation of GLUT4 induces insulin
resistance whereas InsR ablation has more subtle effects
on glucose homeostasis because of the compensatory
role of IGF-1R (Minokoshi et al. 2003). However, double
inactivation of InsR and IGF-1R in muscle induces severe
insulin resistance (Fernandez et al. 2001). The reduced
InsR levels in the CDG rats were not accompanied
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by simultaneously increased IGF-1R mRNA levels to
compensate for the lack of InsR. This suggests a possible
reduced glucose uptake by muscle tissue in the CDG
rats, which may also explain the reduced muscle cell
proliferation observed in this group.

The IGF-1 system is a key regulator of muscle growth via
satellite cell activation and protein synthesis (Barton-Davis
et al. 1999). Upon activation, satellite cells proliferate,
and some daughter cells fuse with the adjacent fibres and
thus donate their nuclei while others return to quiescence
to replenish the pool of satellite cells. Quiescent and
activated satellite cells express M-cadherin while MyoD
is only detected in activated satellite cells (Cornelison &
Wold, 1997) and myostatin inhibits satellite activation
(McCroskery et al. 2003). Most IGF-1 actions in muscle
tissue are mediated through the IGF-1R and are locally
modulated by the insulin-like growth factor binding
proteins. The two major IGFBPs in muscle are IGFBP-4
and IGFBP-5 and their respective roles are linked to
muscle cell proliferation and myotube differentiation
(Ewton & Florini, 1995). In this study, offspring from
the CDW group exhibited a marked increase in both
IGF-1 and IGF-1R mRNA suggesting that the increased
IGF-1 signal in this group would be further enhanced
by an increase in both ligand and receptor. However,
the increased IGF-1 signal in the CDW group was not
accompanied by simultaneous marked changes in PCNA,
M-cadherin, MyoD, IGFBP-4, IGFBP-5 and myostatin
mRNAs; furthermore muscle atrophy was observed in this
group. Therefore, the increased IGF-1 signal in the CDW
group did not resultin increased muscle growth at weaning
and did not trigger the up-regulation of genes involved
in muscle growth, which is not consistent with the well
characterized mitotic and myotrophic properties of IGF-1.
This suggests that either the intracellular pathway down-
stream of IGF-1R leading to muscle growth is impaired
or that the increased IGF-1 signal is linked to a biological
function other than muscle growth in the CDW group.
Since IGF-1 also exhibits insulin-like metabolic properties
and systemic injections of IGF-1 can improve insulin
sensitivity in diabetic patients (Cusi & DeFronzo, 2000), it
is possible that the increase in muscle IGF-1 and IGF-1R
observed in pups from the CDW group may be linked to
the regulation of muscle insulin sensitivity via autocrine
and paracrine actions.

This study shows that ratsborn to mothers fed a cafeteria
diet during gestation and lactation exhibited muscle
atrophy and fibre hypoplasia accompanied by intra-
muscular lipid accumulation and increased adipose tissue
weight. These cellular characteristics were accompanied
by increased muscle IGF-1, IGF-1R and PPARy mRNA
levels consistent with possible molecular adaptations
to maintain normal insulin sensitivity. The increased
adiposity was prevented when pups were rehabilitated to a
balanced diet during lactation but the muscle atrophy and
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fibre hypoplasia remained. These animals also exhibited
reduced muscle InsR levels which were not compensated
by increased IGF-1R and a trend towards reduced GLUT4
expression indicating a possible reduction in glucose
uptake by muscle tissue. Therefore, when compared with
offspring born to mothers fed a balanced diet, rats fed a
maternal cafeteria diet during gestation exhibited impaired
myogenesis as well as cellular and molecular metabolic
adaptations that are normally associated with the onset of
insulin resistance, as early as the end of lactation.
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