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Abstract
The prenatal and early postnatal period is a key developmental window for nutrition status, and high-fat exposure in this

period has been shown to be associated with type 2 diabetes, obesity and other features of metabolic disorders later in

life. The present study was designed to investigate the underlying molecular mechanisms and role of relative genes

involved in this process. We investigated the impact of prenatal and early postnatal exposure to a high-saturated-fat diet

on the regulation of the Wnt signaling pathway and myogenic genes in skeletal muscle of rat offspring as well as the

serum and muscle physiological outcomes. Timed-pregnant Sprague-Dawley rats were fed either a control (C, 16% kcal

fat) or high-saturated-fat diet (HF, 45% kcal fat) throughout gestation and lactation. After weaning, female offspring were

fed a control diet to generate two offspring groups: control diet-fed offspring of control diet-fed dams (C/C) and control

diet-fed offspring of HF diet-fed dams (HF/C). The serum glucose of the HF/C offspring (5.58+0.26 mmol/L) was

significantly higher than that of C/C offspring (4.97+0.28 mmol/L), and the Homeostasis Model Assessment-Insulin

Resistance of HF/C offspring (2.00+0.11) was also significantly higher when compared with C/C (1.84+0.09).

Furthermore, HF/C offspring presented excessive intramuscular fat accumulation (1.8-fold, P , 0.05) and decreased

muscle glycogen (1.3-fold, P , 0.05), as well as impairment of muscle development at the age of 12 weeks. Meanwhile, we

observed the repression of Wnt/b-catenin signaling and myogenic genes in HF/C offspring. The present study indicates

that prenatal and early postnatal exposure to a high-saturated-fat diet suppresses the development of skeletal muscle and

myogenic genes via Wnt/b-catenin signaling, and the inappropriate muscle development could potentially contribute to

the predisposition of offspring to develop metabolic-syndrome-like phenotype in adulthood.
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Introduction

The high-fat dietary pattern is common throughout the
world, and is believed to increase the morbidity of
diet-related chronic diseases such as diabetes and
obesity.1 – 4 Early-life (prenatal and early postnatal period)
is a key developmental window to nutrition exposure, and
excessive nutritional supply during this period has been
shown to be associated with type 2 diabetes, obesity and
other features of metabolic disorders, such effects being
independent of adult nutritional environment factors.5,6

This association has been explained by the ‘fetal program-
ming hypothesis’ or ‘fetal origins of adult disease hypoth-
esis’, which indicates that nutritional influences during
early-life development lead to fetal adaptations that can
cause structural, physiological and metabolic changes.7 – 9

Animal studies demonstrated that the rat offspring whose
mothers were fed a high-fat diet exhibited elevated whole
body adiposity, reduced insulin sensitivity, poor glycemic
control, elevated tissue triglyceride content and increased
blood pressure.10 – 12 A study in humans has shown that
children of obese mothers demonstrated early indicators of
obesity predisposition, including increased body mass
index, elevated body fat content and reduced energy expen-
diture.13 Although the physiological consequences of a
high-fat diet in early life have been widely studied, the
underlying molecular mechanisms remain unclear and the
role of relative genes has not yet been elucidated.

In humans, skeletal muscle composes 40–50% of the body
weight of adults, making it quantitatively the most impor-
tant tissue for glucose and fatty acid metabolism. In vivo
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studies have also demonstrated that skeletal muscle is the
principal site of glucose uptake, accounting for about 85%
of glucose disposal.14 As the Wnt signaling pathway plays
a critical role in muscle development, and also participates
in the development of metabolic syndrome,15,16 we therefore
propose that prenatal and early postnatal exposure to
high-saturated-fat (HF) influences the Wnt signaling
pathway in skeletal muscle, and subsequently induces
alterations of the downstream target myogenic genes,
which could then be responsible for the mechanism under-
lying physiological consequences of prenatal and early post-
natal exposure to HF. In the present study, we fed a
high-saturated-fat diet to pregnant dams during gestation
and lactation to investigate Wnt signaling and myogenic
genes in offspring; we also examined the potential connec-
tions between maternal exposure to HF and metabolic out-
comes in adult offspring, including body weight, glucose
metabolism, intramuscular fat and muscle development.

Materials and methods

Animals and treatment

Timed-pregnant Sprague-Dawley rats (80 days old;
Shanghai Slac Laboratory Animal Inc., Shanghai, China)
were at day 1 of gestation, determined by taking vaginal
swabs of females co-housed with males, and randomly
assigned to two groups (each group n ¼ 6): control (20%
protein, 16% fat and 64% carbohydrate, by calories) or HF
diet (20% protein, 45% fat and 35% carbohydrate, by cal-
ories) throughout gestation and lactation periods. The HF
diet and control diet were modified according to the
AIN-93 diet formula (Table 1). The fat in the HF group
was mainly composed of lard, which is rich in saturated
fatty acids fat (saturated fatty acids provide 18% of calories
in the HF group versus 5% for the control group). The essen-
tial fatty acids of both diets meet the requirement for growth
and development of dams and pups.17 Animals were indivi-
dually housed in standard polycarbonate cages and main-
tained in a humidity- and temperature-controlled room on
a 12-h light–dark cycle with access to water and chow

ad libitum. Twenty-four hours after birth, litter sizes were
standardized to 10 pups to minimize variation in offspring
nutrition status during suckling. Female offspring were
fed a control (C) diet after weaning at age three weeks to
generate two offspring groups: control diet-fed offspring
of control diet-fed dams (C/C) and control diet-fed off-
spring of HF diet-fed dams (HF/C). Rat offspring were
sacrificed at two time points: the first was at the age of
three weeks (n ¼ 10 per group) and the second was when
they were 12 weeks old (n ¼ 10 per group). The animal pro-
tocol for this study was approved by the Animal Care and
Welfare Committee of Shanghai Jiao Tong University,
School of Medicine.

Blood sample collection and analysis

Blood samples were collected from the heart after overnight
fasting. Serum was collected after centrifugation at 3000 g
for 15 min and stored at 2808C until subsequent analysis.
Serum aliquots were used to measure serum glucose by
the glucose oxidase method (Rongsheng Biotechnology
Inc., Shanghai, China). Serum insulin was analyzed with a
radioimmunoassay kit (RI-13K; Linco Research, St Charles,
MI, USA). The insulin resistance index was estimated by
the Homeostasis Model Assessment-Insulin Resistance
(HOMA-IR). Taking the natural log of HOMA-IR yields a
normally distributed variable for statistical analysis. Serum
triglyceride and cholesterol concentrations were measured
enzymatically using an automatic biochemistry analyzer
(Hitachi 7600, Tokyo, Japan).

Muscle histology and analysis

The gastrocnemius muscle of both hind legs was dissected
out, trimmed of fat and connective tissues, and weighed.
One was snap-frozen in liquid nitrogen, and stored at
2808C until subsequent analysis. The other was frozen in
isopentane cooled in liquid nitrogen and then processed
for sectioning by cryostat (Leica CM1900; Nussloch,
Germany) after being embedded in OCT compound
(Sakura Finetek USA, Torrance, CA, USA). Sections
(10 mm) were stained with hematoxylin and eosin (H&E)
or Oil Red O (Sigma Chemical Co., St Louis, MO, USA),
and then photographed using a fluorescence microscope
(Nikon Eclipse80i, Tokyo, Japan). Five fields per section
and five sections per sample were randomly selected for
quantification of muscle fiber area using NIS-Elements AR
software (Nikon Inc.).

Muscle triglyceride and glycogen analysis

Gastrocnemius muscle samples were dissected free of inner
and outer adipose tissue, connective tissue and blood
vessels by microdissection under a stereo microscope as pre-
viously described.18 Samples were then rinsed thoroughly
in saline solution to remove all lipid droplets.
Intramuscular triglyceride (TG) content was assayed using
a method described previously.19 Briefly, approximately
0.1 g of frozen tissue was homogenized in chloroform/
methanol (1 mL, 2:1 vol/vol) over ice. Homogenates were

Table 1 Diet composition

Control (C) High fat (HF)

Macronutrients (% of total kcal)

Protein 20 20

Carbohydrate 64 35

Fat 16 45

Ingredient (g/kg)

Casein 200 200

L-Cystine 3 3

Corn starch 437.2 72.8

Maltodextrin 100 100

Sucrose 102 172

Cellulose 50 50

Soybean oil 25 25

Lard 47 177.5

Mineral mix� 35 35

Vitamin mix† 10 10

Choline 2 2

�Mineral mix (AIN-93): (Research Diets) product no. S10026 for rodent
†Vitamin mix (AIN-93): (Research Diets) product no. V10001 for rodent
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shaken overnight before adding 0.6% NaCl, and then the
samples were centrifuged at 1500 g for 10 min to separate
the phases. The TG-containing organic layer was separated
and air-dried. The isolated lipids were re-suspended in
250 mL ethanol and then determined spectrophotometri-
cally. Muscle glycogen content was measured spectrophoto-
metrically by using a commercially available assay kit
(Nanjing Jianchen Bioengenieering Inc., Nanjin, China).

Real-time quantitative reverse transcription
polymerase chain reaction

Frozen muscle samples were ground with a mortar and
pestle in liquid nitrogen, and total RNA was isolated with
TRI reagent (Sigma). All purified RNA samples exhibited
A260/A280 ratios �1.6. A high-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA,
USA) was used for reverse transcription of 2 mg of total
RNA in a 20 mL reaction volume. The entire procedure
was performed in a DNA 2720 Thermal Cycler (Applied
Biosystems). The samples were heated at 378C for two
hours for reverse transcription followed by 858C for five
seconds to inactivate reverse transcriptase and terminate
the reaction. To measure the relative amount of mRNA for
our genes of interest, cDNA samples were analyzed in a
96-well plate using a 7300 Real-Time PCR System
(Applied Biosystems) and iTag SYBR Green Supermix
with ROX (Bio-Rad, Hercules, CA, USA). The reactions
were activated at 958C for 10 min accompanied by 35
cycles of 958C for 15 s and 608C for one minute. The riboso-
mal protein L7a mRNA level was also measured for the nor-
malization of data. After polymerase chain reaction (PCR), a
dissociation curve was generated by a stepwise increase of
the temperature from 55 to 958C to ensure that a unique
product was amplified in the reaction. Primers for quantita-
tive PCR were designed using Vector NTI software
(InforMax Inc., Frederick, MD, USA) as follows: Wnt1,
(þ1663) CCCCGTGACCTCTCTGTGTATCAC and (þ1742)
TGAAGCCCAGGTGTGGTGGTT; Wnt3a, (þ210) CAAG
GCGGGCATCCAAGAGT and (þ281) CTGTTGCTGACAG
TGGTGCAGTTC; Wnt5a, (þ1256) GCGTGGCTATGACC
AGTTTAAGA and (þ1357) TCCACAATCTCCGTGCAC
TTT.

Nuclear extraction and Western blotting

Frozen muscle samples (200 mg) were ground in liquid
nitrogen and then washed twice with ice-cold phosphate-
buffered saline and pelleted by centrifugation at
1600 rpm. Samples were lysed with fresh lysis buffer
(10 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid [HEPES] pH 7.9, 10 mmol/L sodium chloride,
1.5 mmol/L magnesium chloride, 1 mmol/L ethylene glycol
bis(2-aminoethyl) tetraacetic acid, 0.2 mol/L sucrose,
1 mmol/L dithiothreitol, 1 mmol/L phenylmethylsulfonyl
fluoride, 1� protease inhibitor cocktail, 4� phosphatase
inhibitor cocktail 1, 4� phosphatase inhibitor cocktail 2,
0.5% NP-40) on ice for five minutes and centrifuged again.
Lysis of the re-suspended pellet was repeated twice to
collect crude nuclei. Nuclei were sonicated on ice. Nuclear

protein extracts were then collected from the supernatants
after centrifugation at 10,000 g. The Lowry assay was
used to determine protein content, and samples containing
40 mg of protein were resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. After electrotransfer
onto a polyvinylidene fluoride membrane (0.2 mm;
Bio-Rad) using a wet transfer protocol, 10% milk in Tris-buf-
fered saline/Tween-20 (30 mmol/L Tris base pH 7.6,
200 mmol/L NaCl and 0.1% Tween 20) was used to block
the membrane for one hour at room temperature and
then the membrane was incubated with 1:1000 rabbit polyclo-
nal antibody against b-catenin (#9587; Cell Signaling
Technology, Danvers, MA, USA), 1:2000 Mouse
Anti-MyoD1 Monoclonal Antibody (MAB3878, Millipore,
Temecula, CA, USA) in 10% milk at 48C overnight. After incu-
bation with goat anti-rabbit secondary antibody (Kirkegaard
& Perry Laboratories, Gaithersburg, MD, USA), Western
blot images were captured and analyzed by a Chemi Doc
system (Bio-Rad). An anti-CREB antibody (RB-17000P0;
NeoMarkers, Fremont, CA, USA) was used as an internal
control for each sample.

Statistical analysis

Values are expressed as means+SEM and differences
between C/C and HF/C were evaluated using least signifi-
cant differences pos hoc tests after one-way analysis of var-
iance. Level of significance was set at P , 0.05. All
analyses were conducted using SPSS 16.0 software (SPSS
Inc., Chicago, IL, USA).

Results

Body weight, food intake and serum analysis

The HF fed dams were slightly heavier than controls during
the gestational period at the end of gestation (369.6+ 10.3 g
versus 355.4+ 11.5 g), but the difference was not statisti-
cally significant (Figure 1a). The offspring were weighed
within 24 h after birth and weekly thereafter. The body
weight of HF/C was higher than that of C/C from week 2
to week 6, while the body weight of both groups showed
no significant difference at birth and from weeks 7 to 12
(Figure 1b). The HF/C offspring had significantly higher
serum glucose (P , 0.05) as well as ln (HOMA-IR)
(P , 0.05) when compared with C/C. There were no signifi-
cant differences in serum insulin and lipid profiles between
C/C and HF/C offspring (Table 2).

Muscular histological analysis and physiological
observations

The muscle fiber structure tested by using H&E staining
appeared normal and did not differ qualitatively between
the HF/C and C/C pups (Figure 2a). However, image
quantification results showed that the mean area of
muscle fiber was smaller in HF/C compared with C/C
muscle (P , 0.05, Figure 2c). The wet weight of bilateral
gastrocnemius (trimmed of fat and connective tissues) in
C/C was heavier than the HF/C pups (P , 0.05,
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Figure 2e). Differences between lipid droplets were observed
in Oil Red O staining between the HF/C and C/C pups. The
red droplets stained in the HF/C pups were more than those
observed in the C/C pups in all samples examined
(Figure 2b). The quantitative determination revealed that
the intramuscular triglyceride content was about 1.8-fold
higher in the HF/C than in the C/C group (P , 0.05,
Figure 2d). Furthermore, the muscle glycogen concentration
in the HF/C was lower than that of C/C pups (P , 0.05,
Figure 2f).

Wnt gene mRNA expression in skeletal muscle

The mRNA expressions of the Wnt signaling family, includ-
ing Wnt1, Wnt3a and Wnt5a, was examined. At the age of

three weeks, there was no difference in Wnt1 and Wnt5a
gene mRNA expression between C/C and HF/C offspring,
whereas Wnt3a expression was higher in C/C than in HF/C
(Figure 3a). At the age of 12 weeks, the mRNA expression
of Wnt1 decreased 1.9-fold (P , 0.05) in HF/C female off-
spring compared with that of C/C, and the mRNA
expression of Wnt3a decreased 2.0-fold (P , 0.05) in HF/C
female offspring when compared with C/C, while that of
Wnt5a did not change (Figure 3b).

Nuclear b-catenin and MyoD protein concentrations
in skeletal muscle

Nuclear b-catenin accumulation is the marker of the acti-
vated canonical Wnt signaling pathway and results in the
activation of target genes. To detect the nuclear b-catenin
protein concentration in female offspring skeletal muscle,
nuclear protein samples were subjected to Western blot
analysis. Nuclear b-catenin protein was significantly lower
in the skeletal muscle of HF/C female offspring when com-
pared with C/C at weeks 3 and 12 (Figure 4a; P , 0.05), a
result that is consistent with the trend observed in the
mRNA expression of Wnt genes. The Wnt/b-catenin signal-
ing pathway has been reported to activate MyoD in stem
cells.20 In the current study, the MyoD protein concentration
was down-regulated by 2.0-fold in HF/C female offspring
when compared with C/C at week 3 (P , 0.05). Although
the MyoD protein concentration in the HF/C was also
lower than the C/C group at week 12, the difference was
not significant (P ¼ 0.07) (Figure 4b). This result indicates
that altered Wnt/b-catenin signaling decreased the MyoD
protein concentration in the skeletal muscle of female
offspring.

Discussion

It is well recognized that a maternal HF diet has a long-term
influence on fetal and postnatal development.21 – 23 Our
experiment indicates that prenatal and early postnatal
exposure to a high-saturated-fat diet increased fasting serum
glucose and HOMA-IR significantly in female adult off-
spring. HF/C rat offspring also exhibited an increased intra-
muscular fat accumulation and decreased muscle glycogen
concentration. Excessive intramuscular fat accumulation is
considered to disrupt normal muscle insulin sensitivity
and therefore constitutes a reliable marker of whole-body
insulin resistance,24 while muscle glycogen content is nega-
tively correlated with fasting hyperglycemia and insulin
resistance, and so can be viewed as a marker of the develop-
ment of glucose intolerance.25 Summing up the serum and
muscle physiological observations, our rat model demon-
strated detectable signs of increased propensity for insulin
resistance after prenatal and early postnatal exposure to a
high-saturated-fat diet.

Skeletal muscle is an essential site of insulin resistance in
the context of metabolic disease, such as type 2 diabetes and
obesity.26 – 28 The early life stage is crucial for skeletal muscle
development. Bayol et al.29 reported adult offspring from
mothers fed Westernized ‘junk food’ (rich in fat, sugar

Figure 1 (a) Body weight curve of dams that were either exposed to a control

(C) or high-fat (HF) diet diet during gestation and lactation (n ¼ 6). (b) Body

weight curve of female offspring of C/C and HF/C groups (n ¼ 10). The

values represent the mean+SEM, �P , 0.05 when compared with C or C/C

groups

Table 2 Serum physiological outcomes in female offspring at the
age of week 12

C/C HF/C

Serum glucose (mmol/L) 4.97+0.28 5.58+0.26�

Serum insulin (pmol/L) 200.36+16.85 209.76+27.43

ln (HOMA-IR) 1.84+0.09 2.00+0.11�

Serum TG (mmol/L) 0.98+0.17 1.03+0.20

Serum TC (mmol/L) 1.76+0.29 1.63+0.22

Values are mean+SEM, n ¼ 10. �P , 0.05 to C/C versus HF/C

Homeostasis Model Assessment-Insulin Resistance (HOMA-IR) ¼ serum

glucose (mmol/L) � serum insulin (pmol/L)/(22.5 � 6.965), and then the

natural logarithm of HOMA-IR was taken to become normal distribution
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and salt) in pregnancy and lactation displayed reduced
muscle force regardless of the post-weaning diet. The
present study showed decreased wet weight of gastrocne-
mius and smaller muscle fiber area in HF/C pups, which
indicated prenatal and early postnatal exposure to a
high-saturated-fat diet impaired skeletal muscle develop-
ment. Stannard et al. reported that poor fetal skeletal
muscle development impairs glucose and fatty acid metabo-
lism by skeletal muscle in response to insulin stimulation,
and thus predisposes offspring for developing diabetes
and obesity in adulthood.

By conveying information from the cell surface to the
nucleus, the Wnt signaling pathway regulates embryonic
development and influences cell fate determination. The
Wnt family, including wnt1, wnt3a and wnt5a, act by
binding to Frizzled proteins on target cells, which, in turn,
induce the signaling cascade and lead to an accumulation
of b-catenin in the nucleus.30,31 Acting in a complex with
members of the T-cell factor/lymphoid enhancer factor
(TCF/LEF) family of transcription factors, b-catenin acti-
vates its target gene transcription.32,33 In the current study,
we observed that prenatal and early postnatal exposure to
a high-saturated-fat diet suppressed the canonical Wnt/

b-catenin signaling pathway in female offspring, including
the mRNA expression of Wnt1 and Wnt3a and nuclear
accumulation of b-catenin protein.

There are studies confirming that Wnt/b-catenin signal-
ing plays vital roles in muscle development, during both
the embryogenic specification of muscle and adult muscle
regeneration.34,35 The activation of the Wnt signaling
pathway leads to the transformation of nonmyogenic cells
into the myogenic lineage.36,37 MyoD-mediated transactiva-
tion was inhibited in muscle cells when b-catenin was
deficient or the interaction between MyoD and b-catenin
was disrupted, demonstrating that b-catenin directly inter-
acts with MyoD and enhances its transcriptional activity
to induce muscle differentiation.38 In this study, consistent
with the reduced protein concentrations of nuclear
b-catenin in the skeletal muscle of HF/C offspring, the
protein concentration of MyoD, a myogenic marker,39,40

was also decreased in HF/C offspring, suggesting that
MyoD is likely down-regulated by the Wnt/b-catenin sig-
naling pathway.

Skeletal muscle usually is made up of a mixture of fast
glycolytic and slow oxidative twitch muscle fibers, and
the ratio of fast twitch to slow twitch muscle determines

Figure 2 Muscular physiological observations in female offspring at age 12 weeks. Histological assays including hematoxylin and eosin (a) and Oil Red O stain-

ing (b) of gastrocnemius of female offspring (�200 magnification). Individual muscle fiber area (c), intramuscular triglyceride concentration (d), bilateral gastro-

cnemius wet weight (e) and muscle glycogen concentration (f ). Values are means+SEM, n ¼ 10. �P , 0.05. (A color version of this figure is available in the online

journal)
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the metabolic properties and the function of individual
muscle.41 It was reported that MyoD transcripts correlate
with the proportions of fast glycolytic and slow oxidative
muscle fibers, and MyoD is prevalent in fast twitch
muscle.42 In the present study, gastrocnemius muscle, con-
taining both glycolytic and oxidative muscle, was chosen
to determine the MyoD protein concentration. In future
studies, other types of muscle, such as slow oxidative
twitch muscle, should be examined to understand better
the influence of maternal HF diet on the development of
different types of muscle.

In summation, the current study showed that the female
offspring of high-saturated-fat-diet-fed dams presented a
tendency of development of insulin resistance as well as
lesion of muscle development at age 12 weeks. In addition,
we observed the repression of Wnt/b-catenin signaling and
myogenic genes by prenatal and early postnatal exposure to
a high-saturated-fat diet. Taken together, we suggest that
prenatal and early postnatal exposure to high-saturated fat
suppresses the development of skeletal muscle and myo-
genic genes via Wnt/b-catenin signaling in female off-
spring, and this inappropriate muscle development during
early life could potentially contribute to the predisposition
of offspring to develop a metabolic-syndrome-like pheno-
type in adulthood.
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