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Abstract
Aims/hypothesis Accumulating evidence suggests that ma-
ternal obesity may increase the risk of metabolic disease in the
offspring. We investigated the effects of established maternal
diet-induced obesity on male and female offspring appetite,
glucose homeostasis and body composition in rats.
Methods Female Wistar rats were fed either a standard chow
(3% fat, 7% sugar [wt/wt]) or a palatable obesogenic diet
(11% fat, 43% sugar [wt/wt]) for 8 weeks before mating and
throughout pregnancy and lactation. Male and female
offspring of control and obese dams were weaned on to
standard chow and assessed until 12 months of age.
Results Atmating, obese damswere heavier than control with
associated hyperglycaemia and hyperinsulinaemia. Male and
female offspring of obese dams were hyperphagic (p<0.0001)
and heavier than control (p<0.0001) until 12 months of age.
NEFA were raised at 2 months but not at 12 months. At

3 months, OGTT showed more pronounced alteration of
glucose homeostasis in male than in female offspring of obese
animals. Euglycaemic–hyperinsulinaemic clamps performed
at 8 to 9 months in female and 10 to 11 months in male
offspring revealed insulin resistance in male offspring of
obese dams (p<0.05 compared with control). Body compo-
sitional analysis at 12 months also showed increased fat pad
weights in male and female offspring of obese animals.
Conclusions/interpretation Diet-induced obesity in female
rats leads to a state of insulin resistance in male offspring,
associated with development of obesity and increased
adiposity. An increase in food intake may play a role.
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Abbreviation
GIR Glucose infusion rate

Introduction

The metabolic syndrome is defined as a cluster of metabolic
abnormalities [1] centred on obesity in association with
insulin resistance, dyslipidaemia and hypertension, which
together predispose an individual to diabetes and cardio-
vascular disease [2]. With the worldwide explosion of
overweight and obesity in industrialised countries, meta-
bolic syndrome has reached epidemic proportions, with
approximately one-third of the population in the USA and
Europe being affected [3]. Metabolic syndrome in children
and adolescents in Western countries is also increasing,
mainly due to the concomitant epidemic of overweight and
obesity [4]. While the major causal factor is considered to
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be changes in lifestyle with poor physical activity and
abundance of high-energy foods [5], evidence from animal
and human studies now implicates events in the earliest
stages of life, suggesting that aberrations in intra-uterine
environment can ‘program’ metabolic syndrome in the
offspring in later life [3, 6–8]. The evidence includes
studies in human cohorts, which have suggested that
maternal obesity is a risk factor for development of
childhood metabolic syndrome or obesity [9–11]. Children
of obese mothers also have increased risk of higher BMI in
adult life [12]. While a shared post-natal environment and
genetic susceptibility are likely contributors [13], the
greater influence of maternal than paternal BMI on
childhood BMI reported in some cohort studies may
indicate an independent influence of the intrauterine
environment on offspring adiposity [14]. Maternal gesta-
tional diabetes, which is strongly associated with maternal
obesity, has also been associated with offspring childhood
obesity [15]. Together, the studies cited have led to
development of the ‘fetal overnutrition hypothesis’.

Animal studies addressing this hypothesis avoid the
influences of genetic traits and control for postnatal
environmental influences. Studies from our laboratories
and others have shown that a maternal diet rich in animal
fat during gestation and lactation leads to the development
of an offspring phenotype with characteristics of the
metabolic syndrome even when offspring are reared on a
normal diet [16–20]. However, these dietary manipulations
were made only during the short period of gestation and
lactation and rodents fed a diet rich in fat alone are
generally resistant to the development of obesity [16].

In this study we investigated the offspring of Wistar rats
in which obesity was induced by feeding a highly palatable
diet enriched in fat and simple sugars from weaning
throughout adult life and pregnancy. After 2 months on
the diet, the animals were mated and the experimental diets
maintained throughout pregnancy and lactation. All off-
spring were weaned on to a standard chow diet. In the
offspring insulin resistance was assessed in both sexes when
young and at adulthood using OGTT and euglycaemic–
hyperinsulinaemic clamp. Offspring body composition, food
intake, relevant plasma analytes and pancreatic insulin
content were also determined.

Methods

Animals and diets Virgin female Wistar rats aged 21 days
(Janvier, Le Genest Saint Isle, France) (body weight: 50±
1.3 g) were housed individually with free access to a
control standard chow diet (7% simple sugars, 50%
polysaccharide, 3% fat, 15% protein [wt/wt], energy
14.64 kJ/g RM3; SDS, Witham, UK) or a highly palatable

obesogenic diet enriched in lard and simple sugars (10%
simple sugars, 29% polysaccharide, 23% fat [17% animal
lard], 23% protein [wt/wt], energy 18.83 kJ/g) (RM AFE
45% FAT 16% SUC; SDS), and supplemented by free
access to sweetened condensed milk (approx 55% simple
sugars, 8% fat, 8% protein [wt/wt], energy 16.736 kJ/g;
Nestlé, Brussels, Belgium) diluted (1:1, wt/wt) in tap water.
All animals were housed under standard conditions (light on
07:00–21:00 hours; temperature 20±2°C; humidity 50±10%)
with free access to water.

The animals were fed the control (n=14) or the obese
diet (n=16) for 60 days prior to mating, and during
gestation (∼21 days) and lactation (21 days). Food intake
and body weight were assessed three times a week until
mating and daily during gestation/lactation by weighing the
food and condensed milk consumed.

Females were allowed to deliver spontaneously. Within
24 h of delivery the litter size was assessed, pups weighed
and sexed, and litters culled to eight pups (four males and
four females where possible). After sexing at birth, pups
were not sexed again until weaning to avoid disturbance of
the litter. Pups were weighed daily until weaning at 21 days.
At weaning, all pups were removed from dams, housed
individually and fed the control diet. Body weight and food
intake were assessed three times a week.

Rats were bred according to Belgian regulations on animal
welfare. The study protocol was approved by the animal use
Ethical Committee of the Université catholique de Louvain.

Blood sampling and analysis of plasma variables (dams
and offspring) After 2 months on the diet and prior to
mating, dams were fasted overnight and tail vein blood
samples collected into ice-cold heparinised tubes. The same
protocol was used with non-fasted dams at gestational
days 10 to 11 and overnight-fasted offspring of 2 and
12 months of age. Plasma was separated immediately after
sampling by centrifugation (8,000×g, 10 min, 4°C) and
stored at −80°C. All plasma analyses were performed at the
RIVM (Bilthoven, the Netherlands) on an autoanalyser
(Hitachi 912; Roche Diagnostics, Almere, the Netherlands)
using the following commercial kits: Gluco-Quant/HK,
Triglycerides-GPO-PAP, Cholesterol-CHOD-PAP (Roche
Diagnostics, Brussels, Belgium); NEFA-C (Wako Chem-
icals, Neuss, Germany); rat insulin ELISA kit (Mercodia,
Upsala, Sweden); and rat leptin ELISA kit (Biovendor,
Modrice, Czech Republic).

OGTT (offspring) Insulinaemic and glycaemic responses to
an OGTT were determined in 3-month-old male and female
offspring (four males, four females per litter) after an
overnight fast according to Merezak et al. [21]. After
collection of a basal blood sample, 0.7 ml/100 g body
weight of a 50% glucose solution (wt/vol., 2.78 mol/l) was
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administered by gavage. Tail venous blood samples were
collected in ice-cold heparinised tubes at 15, 30, 60, 120
and 150 min to measure glucose and insulin. Glucose
homeostasis was assessed by calculating the AUC of
glucose and insulin.

Euglycaemic–hyperinsulinaemic clamp (offspring) Eugly-
caemic–hyperinsulinaemic clamps were carried out accord-
ing to Perrin et al. [22], but in awake and semi-restrained
animals. Females (one per litter) were studied at 8 to
9 months and males (one per litter) at 10 to 11 months. A
polyethylene catheter was inserted into the right jugular
vein under xylazine/ketamine anaesthesia, externalised on
top of the skull and secured with dental cement. Animals
were injected with finadyne (1 g/kg body weight; Schering-
Plough, Maarssen, the Netherlands) for analgesia following
surgery. The jugular catheter was used for intravenous
infusion and blood samples were taken from the tail vein.
Clamps were conducted at least 7 days after surgery to
allow recovery from surgical stress.

Overnight-fasted rats were infused (6 mU kg−1 min−1)
with human neutral insulin (Actrapid HM, 100 U/ml; Novo
Industries, Copenhagen, Denmark) diluted in saline. Blood
glucose was maintained at the basal level (6 mmol/l) through
adjusted perfusion of glucose solution. Blood samples (25 µl)
were collected at 5 min intervals for measurement of plasma
glucose (Glucose Analyser II; Beckman) and a 100 µl sample
was taken at baseline and during euglycaemia for insulin
measurement. Total blood volume removed during the whole
clamp experiment was equal to 850 µl and replaced by saline.
The glucose infusion rate (GIR), a measure of whole-body
glucose utilisation, was calculated as the amount of glucose
perfused during a 1 h period of steady-state glycaemia and
expressed as mmol glucose kg−1 min−1.

Body composition (offspring) At 12months of age, offspring
(one of each sex per litter) were killed and the pancreas,
adrenals, liver, heart, kidneys, brain, soleus muscle and fat
pads (mesenteric, perirenal, perigonadal, subcutaneous)
weighed and stored at −80°C.

Pancreatic insulin content (offspring) At death by killing
(12 months of age, one animal of each sex per litter),
approximately 100 to 200 mg of the pancreas (splenic part)
was homogenised in acid ethanol. Insulin content was
determined (ELISA kit, Mercodia) and expressed as pmol
insulin/mg tissue weight.

Statistical analysis Data are expressed as means±SEM,
male and female rats were analysed separately. Between-
group comparisons of body weight, food intake, OGTT and
euglycaemic–hyperinsulinaemic clamp were undertaken by
two-way ANOVA followed by the Bonferroni post-hoc test.

Between-group comparisons of plasma variables, pancreat-
ic insulin content and body composition were made using
Student’s t test. The non-parametric Mann–Whitney test
was used when data were not normally distributed according
to the Kolmogorov–Smirnov test. A value of p<0.05 was
considered statistically significant. Data were analysed using
GraphPad Prism (GraphPad Software, San Diego, CA, USA).
In all cases, n refers to the number of litters in each group. In
all experiments (except the clamps) more than one animal of
each sex from each litter was studied. To avoid sibling bias,
data from male or female littermates were averaged to
provide one data point for each sex for each litter.

Results

Dams: food intake, growth curves and plasma variables at
80 days of age Female rats fed the obese diet gained more
weight than control females (Fig. 1 a). This was associated
with raised energy intake (obese 400.1±5.9 kJ/day, days 20
to 60, compared with control 252.7±1.3 kJ/day; p<0.001)
(Fig. 1 c). After 60 days on the diet, fasting plasma
concentrations of glucose, insulin and leptin were signifi-
cantly increased in obese compared with control females
(p<0.05) (Table 1). Lipids remained unaffected by the diet.

Fig. 1 Growth curves (a) and average daily energy intake (c) of
female Wistar rats (dams) weaned on to control (white diamonds, n=
14) or obesogenic (black diamonds, n=16) diets for 60 days. b, d
Curves as above (a, c) during lactation and gestation respectively.
Results are expressed as mean±SEM. p<0.0001 by ANOVA (a–d);
*p<0.05, **p<0.01, ***p<0.001 vs control (post hoc test)
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Dams: food intake, growth curves, plasma variables during
gestation and lactation At mating, obese females weighed
more than control females (303±9 g vs 258±3g, p<0.001).
During gestation, body weight of both obese and control
dams increased similarly and body weight of obese females
remained significantly higher than control. The same
observation was made for food intake. A few days after
delivery, no significant difference in body weight and food
intake between obese and control females was observed
(Fig. 1).

Table 1 shows plasma variables at days 10 to 11 of
gestation. Plasma glucose, insulin and leptin were signifi-
cantly increased in obese compared with control animals
(p<0.05). Lipids remained unaffected by the diet.

Offspring: birthweight, litter size and growth curves during
lactation Litter size of obese pregnancies was increased
(obese 14.5±0.7 pups, n=15, vs control 10.6±0.6 pups,
n=15, p<0.001) and although litter mass was also higher
(obese 90.3±4.0 g, n=15, vs control 73.7±3.0 g, n=15,
p<0.01), within each litter offspring of obese dams had
lower birthweights than control (6.25±0.11 g, n=15, vs
6.88±0.12 g, n=15, p<0.001). The litter female:male sex
ratio, an imbalance of which could contribute to litter
birthweight differences, was not significantly different
between groups (female:male obese 1.5±0.4, n=15, vs
control 1.3±0.2, n=15).

After litter size was reduced to eight pups in all litters
(four of each sex), individual pup weights were assessed
daily until weaning but animals were not sexed at weighing
until weaning. Progressively, pups of obese dams became
heavier than control (ANOVA p<0.001). Post hoc analysis
revealed no difference in pup weights until 12 days of age,
when weights diverged significantly until weaning at day 21
(64.5±2.2 g, n=13, vs 55.7±1.3g, n=15, p<0.001) (Fig. 2).

Offspring: post-weaning food intake and growth curves By
4 weeks of age, i.e. 1 week after weaning, there was no

difference in bodyweight between male and female offspring
of obese and control dams. As the animals matured, male
offspring of obese dams again became heavier than control
(ANOVA, p<0.0001) and demonstrated hyperphagia as
shown by an increase in weekly food intake (ANOVA,
p<0.0001). Differences were less pronounced in female
offspring of obese dams, although both weight and food
intake were greater than control offspring (p<0.0001). In
contrast to male offspring, body weight and average daily
food intake curves of female offspring from obese and
control groups converged at week 52 (Fig. 3).

Offspring: plasma variables at 2 and 12 months of age At
2 months of age, the plasma concentration of NEFA was
significantly increased in male and female animals of obese
dams compared with control (p<0.05) (Table 2). In males
alone, the leptin concentration was raised in the same group
(p<0.05).

Table 1 Plasma variables measured in female rats on experimental diet as indicated

Variable Dams at day 60 after weaning (fasting) Dams at days 10–11 of gestation (non-fasting)

Control (n=6) Obese (n=9) Diet effect p value Control (n=5) Obese (n=9) Diet effect p value

Glucose (mmol/l) 5.5±0.2 6.3±0.2 0.0195 5.2±0.1 5.9±0.2 0.047

Insulin (pmol/l) 8.68±3.5 79.9±19.1 0.0097 158.0±24.3 340.3±46.9 0.019

Triacylglycerol (mmol/l) 0.70±0.08 0.55±0.04 NS 1.21±0.22 0.77±0.12 NS

NEFA (mmol/l) 0.95±0.07 0.74±0.07 (0.0584) 0.79±0.11 0.83±0.07 NS

Total cholesterol (mmol/l) 1.26±0.08 1.17±0.06 NS 0.93±0.07 0.79±0.07 NS

Leptin (pg/ml) 861±231 3,169±381 0.0005 2,480±321 6,899±633 0.0003

Values are expressed as means±SEM

p values in parentheses almost reach significance

Fig. 2 Growth curves of the pups (male and female) from dams fed the
control (white diamonds, n=15) or obesogenic (black diamonds, n=13)
diets during lactation. Results are expressed as mean±SEM. p=0.0015
by ANOVA; *p<0.05, **p<0.01, ***p<0.001 vs control (post hoc test)

1136 Diabetologia (2009) 52:1133–1142



At 12 months of age, plasma concentrations of glucose,
insulin, cholesterol, NEFA and triacylglycerol were not
significantly different between the two offspring groups
(Table 2).

Offspring: OGTTs at 3 months of age In males, no
difference in fasting plasma glucose and insulin concentra-
tions was observed amongst the groups. An increase of the
AUC for glucose showed marginal significance (p=0.055). In
females, no difference in basal glucose and insulin was
observed among the groups. Glucose and insulin responses
of female offspring of obese dams were not significantly
impaired when compared with control (Fig. 4).

Offspring: euglycaemic–hyperinsulinaemic clamps In 8- to
9-month-old female offspring of obese dams, overnight
fasting plasma insulin concentration was not significantly
increased compared with control offspring (274.3±97.3 vs
170.2±41.7 pmol/l). At steady-state euglycaemia, no
significant difference was observed between female off-
spring of both groups for GIR (0.126±0.009 vs 0.138±
0.015 mmol kg−1 min−1) and plasma insulin concentration
(663.3±170.2 vs 460.1±45.1 pmol/l).

In 10- to 11-month-old males, overnight fasting plasma
insulin was significantly increased in offspring of obese

Fig. 3 Body weight (a, b) and average weekly food intake (c, d) of
male (a, c) offspring (control: white squares, n=15; obese: black
squares, n=10) and female (b, d) offspring (control: white circles, n=
15; obese: black circles, n=8) fed standard chow diet from weaning.
Results are expressed as mean±SEM. p<0.0001 by ANOVA (a–d);
*p<0.05, **p<0.01, ***p<0.001 vs control (post hoc test)

Table 2 Plasma variables measured in fasted male and female offspring at 2 and 12 months of age

Variable 2 months 12 months

Control
(Male n=15;
female n=15)

Obese
(Male n=13;
female n=12)

Diet effect p value Control
(Male n=10;
female n=8)

Obese
(Male n=9;
female n=8)

Diet effect p value

Glucose (mmol/l)

Male 6.8±0.1 6.5±0.2 NS 6.4±0.2 6.3±0.3 NS

Female 6.7±0.2 6.3±0.3 NS 6.6±0.3 6.3±0.3 NS

Insulin (pmol/l)

Male 119.8±19.1 95.5±17.4 NS 114.6±19.1 142.8±34.7 NS

Female 145.8±19.1 97.2±19.1 NS 107.65±13.9 137.2±15.6 NS

Total cholesterol (mmol/l)

Male 1.27±0.08 1.14±0.10 NS 1.32±0.10 1.34±0.07 NS

Female 1.36±0.10 1.19±0.09 NS 1.38±0.15 1.30±0.10 NS

NEFA (mmol/l)

Male 0.66±0.06 0.98±0.08 0.002 0.54±0.05 0.56±0.03 NS

Female 0.63±0.06 0.90±0.09 0.019 0.54±0.08 0.54±0.06 NS

Triacylglycerol (mmol/l)

Male 0.84±0.12 0.88±0.08 NS 0.88±0.16 0.90±0.08 NS

Female 0.71±0.06 0.79±0.07 NS 1.05±0.18 0.91±0.11 NS

Leptin (pg/ml)

Male 2,793±304 3,898±448 0.038 5,338±484 5,515±905 NS

Female 3,052±407 3,857±401 NS 6,364±842 5,749±1,380 NS

Values are expressed as means±SEM
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dams compared with control (421.9±114.6 vs 151.1±
38.6 pmol/l, p<0.05). At steady-state euglycaemia, GIR was
decreased (∼29%) in male offspring of obese dams compared
with control (0.135±0.003 vs 0.175±0.017 mmol kg−1 min−1,
p<0.05). The plasma insulin concentration measured at
euglycaemia was also increased in male offspring of that
group compared with control (1423.7±229.2 vs 791.8±
76.4 pmol/l, p<0.05).

Offspring: pancreatic insulin content at 12 months of
age At 12 months of age, the pancreatic insulin content was
not significantly different between male offspring in the obese
and control dams (30.6±4.9 vs 35.1±5.8 pmol/mg tissue
weight) or between the respective female offspring groups
(23.4±5.0 vs 31.3±2.0 pmol/mg tissue weight).

Offspring: body composition at 12 months of age Male and
female offspring of obese dams showed a twofold increase
in fat pad mass compared with control. Females, but not
males, of the same group showed a significant increase in
weight of the adrenals, heart and kidneys (Table 3).

Discussion

This study has shown that male and to a lesser extent
female offspring of dams rendered obese by long-term

high-energy feeding developed a metabolic syndrome-like
phenotype characterised by increased adiposity and insulin
resistance. Sex-related differences were observed, with
male offspring more prone to develop precocious alter-
ations of glucose homeostasis than females.

The concept of developmental programming, first
proposed by Barker and colleagues in the 1990s [23], has
been extensively demonstrated in human and animal studies
focusing on the effects of maternal malnutrition [7].
Westernised societies are now confronted not with maternal
undernutrition, but with an epidemic of obesity. Relatively
little is known about the persistent consequences of
maternal obesity for the developing offspring. Some studies
in rodents have assessed influences of maternal high-energy
diets using only a short time window, generally less than
14 days prior to mating or only during gestation and/or
lactation, and have generally failed to achieve obesity in the
dam [16, 19, 20, 24–26]. A few, using a prolonged feeding
period to induce obesity [17, 27, 28], have generally
switched from a high-energy diet to a control diet post-
delivery [28], potentially inducing changes of the milk
composition [29]. Since lactation may be a critical period
for neonates in the programming of obesity, these protocols
may affect the offspring phenotype [30]. Moreover, many
studies used a high-fat diet without added sugar, which
does not induce obesity in rodents unless fed for extensive
periods [28]. In our model, approximately 11% of energy was
provided by saturated fat and 43% from simple sugars,

Fig. 4 Plasma glucose (a–d) and insulin (e–h) response after an OGTT
performed in 3-month-old male (a, b, e, f) (control: white squares, n=
10; obese: black squares, n=8) and 3-month-old female (c, d, g, h)
offspring (control: white circles, n=8; obese: black circles, n=8). The

respective incremental AUCs of glucose (b, d) and insulin (f, h) are also
shown. Results are expressed as mean±SEM. p=0.0266 (a, b), p<
0.0001 (c, d), p=0.0575 (e, f), p=0.2777 (g, h) by ANOVA; *p<0.05
vs control (post hoc test)
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equivalent to high value within the normal dietary range in
man, and hence reflective of human diet and obesity [31].

A direct effect of maternal obesity as such on the
development of key features of metabolic syndrome in
offspring has been suggested by studies in transgenic animals;
adult wild-type progeny of obese and insulin-resistant
heterozygous leptin receptor-deficient (Leprdb/+) mice
showed an increase of fat mass [32, 33]. Using an identical
diet to that of the present study, we have also recently shown
a similar increase in fat mass in the offspring of obese mice,
proving commonality of this model in different rodent
species [34]. Further support for generation of obesity in
the offspring of obese dams comes from Bayol et al., who
showed that offspring of rats that were fed a ‘junk food’ diet
(including highly palatable foods such as chocolate, crisps
and doughnuts) in pregnancy and lactation developed
increased fat mass after weaning on to a normal diet [35,
36]. In contrast to the present study, this was more
predominant in females than males [35].

We cannot exclude a direct effect of elements of the
obesogenic diet on the developing offspring. Indeed, the
offspring of rats fed a fat-enriched diet during the gestation
and/or lactation periods without development of overt
maternal obesity also developed an increase in body fat
mass [16, 37]. Male offspring of dams fed a diet enriched in
saturated fatty acids (from 2 weeks prior to mating) showed
a greater reduction in insulin sensitivity than offspring of
dams on unsaturated fat diets [38], demonstrating the
importance of the fatty acid composition of high-fat diets.

Indeed, the saturated fat component of the diet of the obese
dams was high in the present study, although there was
proportionately more carbohydrate than fat in the diet. With
regard to a possible independent influence of the enriched
carbohydrate element of the diet, less is known. Others [39]
have shown that offspring of female rats fed a high-
carbohydrate diet (80% carbohydrate, 7% fat) for 3 weeks
before mating, and during gestation and lactation did not
show any increase in body fat at 15 weeks of age when
compared with animals fed a diet high in saturated fats.
When intragastric feeding (75% carbohydrate, 5% fat) for
3 weeks prior to pregnancy and during pregnancy was used
to rapidly induce maternal obesity, offspring showed
increased adiposity compared with controls, but only when
both controls and experimental offspring were fed a high-
fat diet [28]. However, this protocol differed from that in
the present study as the pups were cross-fostered to a
control-fed dam. In view of these reports and given the
composition of the diet used in the present study (11% fat,
43% carbohydrates), it is likely that maternal body
composition itself plays a major role on development of
increased body mass in the offspring.

Insulin resistance is central to metabolic syndrome. Here,
we have shown that male offspring of the obese dams were
insulin-resistant, whereas there was no evidence for this in
females at the age studied. This finding was suggested using
OGTT and confirmed by the euglycaemic–hyperinsulinaemic
clamp. While others have reported insulin resistance in
normally fed offspring prenatally exposed to an obesogenic

Table 3 Body composition of male and female offspring at 12 months of age

Variable Male Female

Control (n=5) Obese (n=6) Diet effect p value Control (n=4) Obese (n=5) Diet effect p value

Body weight (g) 502±29 612±3 0.032 300±9 372±17 0.013

Pancreas (g) 0.157±0.011 0.173±0.008 NS 0.139±0.021 0.130±0.003 NS

Adrenals (g) 0.058±0.004 0.061±0.004 NS 0.067±0.004 0.085±0.003 0.017

Liver (g) 11.2±0.6 12.6±0.6 NS 8.0±0.7 9.3±0.7 NS

Heart (g) 1.6±0.1 1.9±0.1 NS 1.0±0.1 1.3±0.1 0.010

Kidneys (g) 3.4±0.1 3.6±0.2 NS 2.2±0.1 2.6±0.1 0.030

Brain (g) 2.3±0.1 2.3±0.1 NS 2.0±0.1 2.1±0.1 NS

Soleus muscle (g) 0.230±0.015 0.231±0.15 NS 0.140±0.012 0.145±0.003 NS

Mesenteric WAT (g) 4.5±1.0 8.6±1.6 (0.073) 5.8±0.4 9.0±1.1 0.040

Perigonadal WAT (g) 6.6±0.7 10.9±1.6 0.049 8.4±0.8 13.6±1.6 (0.055)

Perirenal WAT (g) 5.8±1.0 13.1±2.5 0.031 3.6±0.3 7.3±1.3 0.046

Subcutaneous WAT (g) 6.3±0.9 12.1±2.0 0.033 3.6±0.5 7.7±1.6 (0.063)

Total WAT (g) 23.3±3.4 44.8±7.2 0.034 21.4±1.4 37.7±5.7 0.042

Values are expressed as means±SEM

WAT, white adipose tissue

p values between parentheses almost reach significance
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diet [28, 34] and in offspring of fat-fed dams [26], no
previous study has used this ‘gold standard’ method to assess
peripheral insulin resistance in offspring of obese dams. We
have therefore provided unequivocal evidence that insulin
resistance can be ‘programmed’ in offspring by diet-induced,
maternal obesity in the rat.

The mechanisms underlying the development of insulin
resistance remain to be determined, and future studies will
ascertain whether this is a primary effect, for example through
persistent alteration of insulin signalling pathways, or whether
it is related to the development of adiposity in the offspring. In
our 3-month-old males, which already showed evidence of
impaired glucose tolerance, plasma concentrations of NEFA
were raised (measured at 2 months). As NEFA are the product
of adipose tissue lipolysis and in the obese state have been
strongly implicated in the pathogenesis of peripheral insulin
resistance, they could play a causative role [40].

The greater food intake in the offspring of the obese dams,
which was evident from 10 weeks of age, may play a role in
influencing the increased fat mass observed in the adult
offspring. Since we have also observed hyperphagia in the
offspring of obese mice fed the same diet [34], persistent
alteration in regulation of appetite-controlling pathways may
play a causative role in the development of increased
adiposity in both species. Food intake has not been rigorously
assessed by others addressing the same hypothesis [28],
although Bayol et al. [35, 41] have implicated altered food
preference (for ‘junk food’ over standard chow) in develop-
ment of obesity in offspring of dams fed the ‘junk food’ diet
throughout pregnancy and lactation, but not when exposed to
the diet during pregnancy only. Similarly no difference was
shown in food intake in the offspring of obese dams exposed
to this obesogenic diet during gestation alone [28].

The suggestion that appetite could be developmentally
regulated is supported by a growing body of evidence.
Mechanistically, insulin, glucose and leptin have been
implicated in the developmental programming of appetite in
other models. In the present study, the pregnant dams
(days 10–11) showed clear hyperinsulinaemia and hyper-
glycaemia, suggesting a phenotype similar to human gesta-
tional diabetes. Ideally, plasma analytes should have been
assessed on the same day rather than over a 2 day period (days
10–11), but this is unlikely to have had a major influence on
data interpretation. Moreover, adult offspring from a murine
model of gestational diabetes (heterozygous C57BL/KsJ-
Leprdb/+) [32] and from a rat model of diabetes induced by
streptozotocin [42] showed hyperphagia, increased adiposity
and alterations of the glucose homeostasis.

There is now an increasing focus on the lactation period,
which is recognised as a crucial ‘window’ for the program-
ming of appetite in later life [8]. Plagemann’s group has
shown litter size reduction (and resultant overfeeding in
neonatal life) promotes offspring hyperphagia and obesity in

adult life [30]. Although litter size was standardised in the
present study, enrichment of the milk composition would be
anticipated to have a similar effect to small litter rearing.
Leptin plays a major role in the control of appetite [43] and
elegant studies have shown that this peptide can influence
the development of neuronal projections between arcuate and
paraventricular nuclei of the neonatal hypothalamus, thereby
influencing appetite regulatory pathways [44, 45]. It has
therefore been proposed that altered leptin exposure during
neonatal life could induce leptin resistance, promoting
hyperphagia and obesity [8, 46]. To address this hypothesis,
further studies should rigorously assess the postnatal leptin
profile in milk composition, as well as the neonatal leptin
profile in this model. Although not undertaken in the present
study, weight and leptin profiles should preferably be
assessed separately in male and female pups in view of the
marked sex-related differences observed in adult offspring.

To our knowledge this study is the first to demonstrate
differing degrees of insulin resistance between male and
female offspring of obese rats. Sex-related differences are
commonly described in other models although no mecha-
nism has been identified [47, 48]. However, the design of
our study in this regard was not ideal, as, for practical
reasons, female offspring were studied at a younger age
(8–9 months) than the males (10–11) months. While we
cannot categorically state that the difference in age did not
contribute to the sex-related difference observed in insulin
resistance, our recent report on the offspring of obese mice
[42] also showed that glucose intolerance was predomi-
nantly observed in males. Moreover, we have also previously
shown a male predominance of insulin resistance in adult
offspring of rats fed a lard-rich diet [49]. Also, there was a
marginally significant difference in insulin resistance in
males, but not in females at 3 months. Nonetheless, the
relationship between the abnormalities observed and the
normal processes of ageing, which we shall be exploring
next, could provide interesting insights into premature
development of age-related diseases, especially diabetes.

The increased litter size in the obese pregnancies was of
interest and to our knowledge not previously reported. The
associated reduction in pup size was small and there was no
evidence of catch-up growth in the restricted litters
followed longitudinally. Numerous studies have shown that
fetal growth restriction is associated with a greater risk of
insulin resistance and obesity in later life, and we cannot
discount a persistent effect of modest fetal growth restric-
tion relative to controls in this study. However, in the
absence of rapid catch-up growth, as observed in severely
growth-restricted pups from undernourished dams, it seems
unlikely that this plays an important role in elaboration of
the phenotype [50].

In conclusion, we have shown that obesity in female rats,
manifested to a degree that in humans would translate into a
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clinically obese BMI, leads to a state of insulin resistance in
male offspring and development of increased adiposity in
offspring of both sexes. We propose that a developmentally
acquired increase in food intake plays an important role in
fat accumulation. Further studies using cross-fostering
protocols will determine the relative influences of maternal
diet-induced obesity during gestational and post partum
periods, as well as addressing the role of the postnatal leptin
status. Studies in man should not only address associations
between maternal body and offspring body composition,
but also relationships with offspring appetite.
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