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Abstract
The offspring of women in the poorest socio-economic groups in Western societies have an increased risk of developing non-communicable
disease in adult life. Deprivation is closely related to the consumption of a diet with an excess of energy (sugar and fat), salt and a shortage of key
vitamins. To test the hypothesis that this diet adversely affects the development and long-term health of the offspring, we have formulated two
rodent diets, one with a nutrient profile corresponding to the diet of pregnant women in the poorest socio-economic group (DEP) and a second
that incorporated current UK recommendations for the diet in pregnancy (REC). Female rats were fed the experimental diets for the duration
of gestation and lactation and the offspring compared with those from a reference group fed the AIN-93G diet. The growth trajectory of DEP and
REC offspring was reduced compared with the AIN-93G. The REC offspring diet had a transient increase in adipose reserves at weaning, but by
30 weeks of age the body composition of all three groups was similar. The maternal diet had no effect on the homoeostatic model assessment
index or the insulin tolerance of the offspring. Changes in hepatic gene expression in the adult REC offspring were consistent with an increased
hepatic utilisation of fatty acids and a reduction in de novo lipogenesis. These results show that despite changes in growth and adipositymaternal
metabolic adaptation minimises the adverse consequences of the imbalanced maternal diet on the metabolism of the offspring.
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Inadequate nutrition in early life has been linked to an increased
risk of the offspring developing metabolic, cardiovascular and
other non-communicable diseases in adult life(1). Data from
historical events (e.g. Dutch Hunger Winter, The Leningrad
Siege)(2,3) or birth cohorts dating from the 1920s and 1930s (e.g.
Helsinki Birth Cohorts)(4,5) suggest that inadequate maternal
nutrition due to starvation or poverty was a common theme
associated with poor long-term health(6,7). However, over the
last 75 years there have been big changes in human diets,
especially in developedWestern nations, where the prevalence
of famine has diminished as changes in agricultural practices
and industrial development have increased food production.
As a result, the diet of those in the poorest socio-economic
groups now contains low-cost, energy-dense, processed
food, which is poor in micronutrients(8,9). These diets provide
excessive amounts of energy, in the form of fat and refined
sugar, but at the same time still suffer from multiple mild-
micronutrient deficiencies(10,11). This imbalanced diet creates
the phenomenon of hidden malnutrition(12) and may be an
important factor in the relationship between social depriva-
tion and an increased risk of ill health in adult life.

Animal studies have proven valuable in investigating the
mechanisms underlying the phenomenon known as the
developmental origins of health and disease. Restricted fetal
and neonatal growth caused by deficiencies of individual key
nutrients in the maternal diet (reviewed by(13–15)) leads to a
range of adverse outcomes including changes in the offspring’s
insulin action(16,17), appetite(18) and adiposity(19,20). Similar
outcomes have also been reported when animals are fed diets
containing excess nutrients, including high-fat diets(21,22) or
high-fat diet with additional salt(23,24), sucrose(25,26) or sweet-
ened condensed milk(27,28). However, these approaches fail to
emulate the real-life situation and have been criticised for
creating extreme and unrealistic imbalances of individual
nutrients(29). Additionally, these models do not address the
complex interactions between macro- and micro-nutrients. For
example, the daily requirement of thiamine is related to energy
metabolism, especially the utilisation of carbohydrate, and as a
result the requirement changes depending on the carbohydrate
content of the diet(30,31). Although severe micronutrient defi-
ciency is rare inWestern societies, mild deficiency is common(32)

and it is possible that the oversupply of macronutrients, coupled

* Corresponding author: Dr W. D. Rees, email w.rees@abdn.ac.uk

† Present address: Food Innovation Technologies Research Group, Life Sciences, TÜBİTAK Marmara Research Center, Gebze 41470, Kocaeli, Türkiye.

Abbreviation: HOMA, homoeostatic model assessment.

British Journal of Nutrition (2024), 131, 630–641 doi:10.1017/S0007114523002210
© The Author(s), 2023. Published by Cambridge University Press on behalf of The Nutrition Society. This is an Open Access article, distributed
under the terms of the Creative Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use,
distribution and reproduction, provided the original article is properly cited.

https://doi.org/10.1017/S0007114523002210 Published online by Cam
bridge U

niversity Press

mailto:w.rees@abdn.ac.uk
https://doi.org/10.1017/S0007114523002210
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0007114523002210&domain=pdf
https://doi.org/10.1017/S0007114523002210


with multiple mild micronutrient deficiencies, may be as serious
as a major deficiency or excess of a single nutrient.

The aim of this study was to develop a rodent diet, which
reflected the imbalanced diet eaten by pregnant women in
deprivedWestern populations and to use this in an animalmodel
to investigate the long-term consequences for the offspring. The
semi-synthetic diet used in these experiments was formulated
using information on the diet of pregnant women from the most
socio-economically deprived group in Scotland (as defined by
the Scottish Index of Multiple Deprivation) described in the
study of Haggarty et al.(9) By using a semi-synthetic diet, we
aimed to overcome the difficulties posed by the inherrent
variability of diets based on natural products. A semi-synthetic
diet also takes into account the differences in metabolic rate
between humans and rodents by adjusting the proportions of
micronutrients using the principles of energy density(33,34). As a
comparison, we also formulated a second semi-synthetic rat diet,
which broadly followed the current UK recommendations
for diet in pregnancy, that is, with lower levels of saturated
fat, free sugars and salt, increased quantities of PUFA and the
recommended micronutrient profile. There are a number of key
differences between these two diets and the AIN-93G diet,
widely used in experiments with rats and mice, so a third group
of animals fed this diet was included as a reference population.
This study reports the growth and metabolism of the offspring of
dams fed the deprived (DEP), recommended (REC) and AIN-
93G (AIN) diets for the duration of gestation and lactation.

Methods

Diet formulation

The macronutrient and micronutrient composition of the
experimental diets is shown in Tables 1 and 2.

The macronutrient composition of the deprived rodent diet
(DEP) was the same as that of women in the most deprived

group (decile 10) of the Scottish Index of Multiple Deprivation,
containing by weight 16·4 % protein, 17·8 % fat and 59·8 %
carbohydrate(9). Protein was provided as a mixture of casein and
wheat gluten in the ratio 3:2, to reflect the proportion of animal-
based protein (60·3 % of total protein intake) in typical human
diets(35). Since casein is poor in sulphur amino acids, an
additional 15 mg L-cystine was added per g casein in the diet.
Carbohydrates were partitioned between sucrose (free sugar)
and a mixture of maize starch and maltodextrin, the latter added
to improve the pelleting qualities of the diet. A variety of different
fat sources (soyabean oil, anhydrous milk fat, olive oil, lard, beef
tallow, maize oil) were used in the diet to mimic the fatty acid
profiles of the human diet. The proportions of each component
were determined empirically using a Microsoft Excel spread-
sheet, changing the quantities of each component until a total of
17·8 g of fat per 100 g of diet comprising 44·3 % SFA, 37·9 %MFA
and 17·7 % PUFA was achieved.

The micronutrient content of the diet was based where
possible on the data of Haggarty et al.(9) The quantities of each
micronutrient were adjusted by following principles of nutrient
density(33,34). As there was no information on the choline intakes
of Scottish women, the choline content was chosen to reflect
the lower value for the intake of American women, which was
260 mg/d(36). The final micronutrient composition of the diet is
shown in Table 2.

A second experimental diet was formulated, incorporating
the current advice of the UK Scientific Advisory Committee on
Nutrition(37), namely that 50 % of the metabolisable energy
should be derived from carbohydrates (no more than 5 % from
free sugars), no more than 35 % of the daily energy should be
from fats, with the remainder derived from protein. The total
energy intake recommended for women aged 19–34 years is 9·1
MJ/d, increased by 0·8MJ/d in the last trimester of pregnancy and
a further 0·14 MJ/d during lactation. Practical considerations
precluded the preparation of more than one experimental diet,
and a single diet was formulated providing the equivalent

Table 1. Diet formula

Component

AIN-93G DEF REC

g/kg kJ/kg % energy g/kg kJ/kg % energy g/kg kJ/kg % energy

Maize starch 398 6646·6 39·5 256·7 4286·9 22·7 469 7832·3 43·4
Maltodextrin 132 2204·4 13·1 70·0 1169·0 6·2 70 1169·0 6·5
Sucrose 100 1670·0 9·9 243·7 4069·5 21·6 39·3 656·3 3·6
Cellulose 50 33·8 60
Casein 200 3340·0 19·9 98·3 1642·0 8·7 98·3 1642·0 9·1
Gluten 65·6 1094·7 5·8 65·6 1094·7 6·1
L-cystine 3 50·1 0·3 1·5 24·6 0·1 1·5 24·6 0·1
Soyabean oil 70 2639·0 15·7 26·0 980·2 5·2 26 980·2 5·4
Anhydrous milk fat 38·0 1432·6 7·6 19 716·3 4·0
Olive oil 5·0 188·5 1·0 21 791·7 4·4
Lard 40·0 1508·0 8·0 20 754·0 4·2
Beef tallow 51·0 1922·7 10·2 25 942·5 5·2
Maize oil 7·0 263·9 1·4 30 1131·0 6·3
Cholesterol 0·6 21·1 0·1 0·3 11·3 0·1
Choline chloride 2·0 0·6 2·0
Vitamin mix 10·0* 165·5 1·0 10·0 165·5 0·9 10·0 165·5 0·9
Mineral mix 35·0* 103·5 0·6 35·0 103·5 0·5 35·0 146·0 0·8
Sodium chloride 17·3 7·7
Total 1000 16 819 100·0 1000·0 18 873 100 999·8 18 057 100·0

*The AIN-93G diet used vitamin and mineral pre-mixes described elsewhere(72).
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of 9·94 MJ/d, that is, slightly more energy than recommended in
the pre-mating and early gestation periods and slightly less
during lactation. The fatty acid profile was adjusted to meet the
recommendations(38) for fatty acids, namely that SFA, MUFA and
PUFA should provide 11, 13 and 6·5 % of daily energy intakes
and that in addition, linoleic acid and α-linolenic acid should
provide at least 1 and 0·2 % of total energy, respectively. The
micronutrient composition of the REC diet was based on the
Reference Nutrient Intakes(38) for pregnant and lactating women
aged between 19 and 50 years and adjusted for energy density.
The choline content of the REC diet corresponded to the
recommended adequate intake of 450 mg/d for pregnant
women(39). Where there were no recommendations, values for
the AIN-93G diet were used. The final composition of the REC
diet is shown in Tables 1 and 2.

Animals

All experimental procedures were approved by the ethical
review committee of the University of Aberdeen and conducted
in accordance with the UK Animals (Scientific Procedures) Act,
1986. Animals were always provided with tap water and
housed with an illumination photoperiod of 12L:12D in plastic

cages on sawdust bedding under constant conditions of
temperature and humidity.

The study was conducted with three separate batches of
experimental animals with a total of sixty-six Female Hooded
Lister Rats (Charles River UK Ltd Margate, Kent CT9 4LT). On
arrival at approximately 10 weeks of age, animals were fed stock
diets for an acclimatisation period of approximately 3 d. At the
start of the experiment, animals were randomly assigned to one
of the three experimental diets, which was fed ad libitum for 3
weeks to adapt them to the diet. At 16 d, during the adaptation
period, the body composition of the dams was measured byMRI
(EchoMRI) as described previously(40). The animals (body
weights of 200–250 g) were then mated with normal males of
the same strain. After mating animals continued to be fed the
experimental diets throughout gestation. The subsequent
allocation of the animals is shown in Table 3.

On gestation day 21, some animals were anaesthetised with
isoflurane and killed by exsanguination. A sample of maternal
bloodwas collected by cardiac puncture. Fetuses were weighed,
killed by decapitation and a pooled sample of trunk blood was
collected. After discarding the smallest and largest fetuses, four
male and four female fetuses were chosen at random from each
litter for further dissection. Tissues were frozen in liquid N2 and
stored at −70°C prior to further analysis.

The remaining animals were allowed to give birth and within
48 h the litters were culled to eight pups, retaining, where
possible, four males and four females from each litter. A small
number of animals in each group failed to nurse their pups and
were euthanised. Over the course of lactation, the dams
continued to be fed the experimental diets ad libitum. Pups
and damswereweighed daily until weaning. After post-natal day
16, food pellets were provided inside the cages to familiarise
pups to the diet. On post-natal day, nineteen pupswere removed
from the dam and weaned onto the same experimental diets fed
to the dam. At 26 d of age, the offspring were offered a mix
containing equal quantities of the experimental diet and
standard rat chow diet for 3 d before being weaned to standard
chow diet (CRM, Special Diets Services).

Weaned pups were randomly allocated to group housing so
that cages contained animals from all three maternal diet groups
and fed standard rat chow diet (CRM, Special Diets Services) ad
libitum for the remainder of the experiment. All offspring were
weighed three times weekly. The body composition of the
animals was measured by MRI. Blood samples were obtained
from the tail vein on weeks 23, 28 and 29.

Table 2. Vitamin and mineral pre-mix formula

Vitamin mix (use 10 g/kg)

DEP REC

g/kg g/kg

Nicotinic acid 3·879 3·879
Ca pantothenate 0·989 0·989
Pyridoxine-HCl 0·473 0·473
Thiamin-HCl 0·337 0·337
Riboflavin 0·332 0·332
Folic acid 0·050 0·050
Biotin 0·006 0·006
Vitamin B12 (cyanocobalamin) (0·1% in mannitol) 0·900 0·900
Vitamin E (all-rac-a-tocopheryl acetate) 1·7029 1·702
Vitamin A (all-trans-retinyl palmitate) 0·065 0·065
Vitamin D3 (cholecalciferol) 0·0005 0·0005
Vitamin K1 (phylloquinone) 0·075 0·075
Powdered sucrose 991·9 991·9

Mineral mix (use 35 g/kg) DEP REC
g/kg g/kg

Calcium carbonate anhydrous 146·6 164·1
Potassium phosphate monobasic 267·0 116·6
Potassium citrate, tripotassium monohydrate 327·4 388·1
Potassium sulphate 46·6 46·6
Magnesium oxide 29·1 27·9
Ferric citrate 2·924 3·411
Zinc carbonate 1·028 0·705
Sodium meta-silicate·9H2O 1·450 1·450
Manganous carbonate 0·0599 0·6300
Cupric carbonate 0·1382 0·1532
Chromium potassium sulfate·12H2O 0·2750 0·2750
Boric acid 0·0815 0·0815
Sodium fluoride 0·0635 0·0635
Nickel carbonate 0·0318 0·0318
Lithium chloride 0·0174 0·0174
Sodium selenate anhydrous 0·0087 0·0094
Potassium iodate 0·0471 0·0100
Ammonium paramolybdate·4H2O 0·0079 0·0079
Ammonium vanadate 0·0066 0·0066
Powdered sucrose 177·1 249·9

Table 3. Allocation of experimental animals

AIN-93G DEP REC

Number of animals
Animals mated 22 22 22
Pregnant 19 18 18
Killed at D21 of gestation 9 7 8
Failed to nurse litter 3 2 2
Successfully weaned pups 7 9 8

Offspring week 4 19M 20F 20M 23F 22M 25F
Offspring week 10 19M 20F 20M 23F 22M 25F
Offspring week 21 16M 14F 18M 14F 20M 15F
Offspring week 36 9M 10F 10M 7F 13M 12F
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Food intake and activity

The activity and food intake of the offspring were assessed on
two separate occasions. The first measurements were conducted
when the offspring were between 4 and 6weeks of age followed
by a second set of observations between 11 and 14weeks of age.

For the first series of observations, animals were individually
housed for a 7-d period in instrumented observation cages
(Phenotyper, Noldus). Due to a limited number of cages, animals
were randomly assigned in small batches. Food consumption
wasmeasured daily. Themovement of the animals was recorded
by a video camera and subsequently analysed by EthoVision XT
Software (Noldus).

For the second series of observations, offspring were
individually housed in cages fitted with an IR monitor system
to assess activity. Food and water consumption was measured
over the first 4 d. On the fourth day and for a further 3 d, a
sucrose preference test was conducted using a two-bottle
choice procedure. In addition to the regular water bottle, the
animals were offered a second bottle containing a 1 % (wt/vol)
sucrose solution. During the sucrose preference test, bottles
were counterbalanced across the cages to control for side
preference. The amount of sucrose and water consumed each
day was calculated in g.

Insulin tolerance test

Insulin tolerance tests were performed on the offspring at 29/30
weeks of age. Animals were fasted for 6 h, and a baseline
blood sample (approximately 250 μl) was obtained by tail
puncture and stored in a tube containing 3 μl of (15 %) EDTA.
Insulin solution (0·75 mg/kg body weight) was administered by
intraperitoneal injection. Over the following 90 min, a few drops
of blood were taken from tail to measure blood glucose by the
glucometer (AlphaTRAK, Abbott Laboratories). Animals con-
tinued to be monitored until blood glucose concentrations had
recovered to normal levels. Data were plotted as change in
glucose concentration over time, and the AUC was calculated
using a trapezoidal function (Microsoft Excel).

Homoeostatic model assessment

Animals were fasted overnight, and a blood samplewas taken by
tail puncture the following morning. Homoeostatic model
assessment (HOMA) index was calculated by the following
formula: HOMA = (glucose (mmol/l) × insulin (μmg/ml))/22·5.
Glucose was measured by the glucometer, and plasma insulin
wasmeasured by the ELISA (10-1250-01Mercodia) following the
manufacturer’s instructions. Insulin concentrations were deter-
mined using the standard curve.

Necroscopy

At 34–37weeks of age, offspringwere deeply anaesthetisedwith
Euthatal (200 mg/ml sodium pentobarbital, Merial Animal
Health) with a dose rate of 3 ml/kg body weight administered
by intraperitoneal injection. Blood was collected by cardiac
puncture prior to intracardial perfusion with 0·9 % NaCl solution
to remove blood. Organs were removed, weighed and frozen in
liquid N2. Samples were then stored at −70°C until analysis.

Gene expression

Total RNAwas extracted from samples of liver using RNeasyMini
Kit (Qiagen). Samples of 200 ng total RNA were reverse
transcribed using the TaqMan Reverse Transcription Reagents
Kit (Applied Biosystems) primed with random hexamers. The
levels of cDNA were measured using custom TaqMan™ Array
Cards using TaqMan® Gene Expression Assays described in
online Supplementary Table 1. The relative target quantity (Rq)
was calculated using the Thermo Fisher Connect Dashboard
Relative Quantification qPCR Software using 18s, GAPDH and
YWHAZ as internal standards.

Statistics

Power analyses were conducted a priori using G * Power
3.1.9.4(41). Birth weight was chosen as a primary outcome, and
an effect size of 0·7 was calculated from the descriptive statistics
of a previous study(42). With an α level of 0·05, the total sample
size required to achieve power of 0·8 was n 24 (3 groups of n 8).
Calculations post hoc using the hypothesised effect size and the
total sample size of 24 indicated that the actual power achieved
in this study was 0·955.

Data are presented as means ± SEM and analysed by ANOVA
where group sizes were balanced. For logistical reasons animals
were bred in three separate groups (experiments) and in some
cases animals had to be further divided into separate batches for
assessments, these factors together with the variability associ-
ated with animal breeding resulted in imbalanced group sizes.
Data from imbalanced groups were analysed by linear mixed
model (REML –Genstat 17th Edition); terms for experiment, litter
size, sex, diet and diet–sex interaction formed the fixed model
and dam formed the randommodel. If required, additional terms
(weight at the start and batch) were added to the fixed model.
These results are presented as predicted means ± SED.

Results

At the start of the experiment, there were no differences in the
weight or body composition of the animals (P> 0·05, data not
shown). Animals were fed the experimental diets for a
3 week adaptation period before mating and in this time the
animals fed the REC diet gained themost weight (Table 4). At the
end of the adaptation period, animals fed the REC diet had
approximately 20 % more body fat compared with the animals
fed the AIN diet. Theweight gain and body fat content of animals
fed the DEP diet was intermediate between those fed the AIN
and REC diets. The animals fed the DEP diet consumed
approximately 8 % less food than those fed the AIN and REC
diets (Table 5) and their energy intakewas not different from that
of the AIN fed animals despite the higher energy content of the
diet. In contrast, there was no decrease in food intake in the REC
fed animals and this accounted for the differences in body fat at
mating.

Following mating, animals in all three diet groups increased
their food intake (Table 5) and in gestation week 1 consumed
similar quantities of diet. As a result, the energy intake of the DEP
and REC fed animals was higher than the group fed the AIN diet.
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Animals fed the DEP diet gained approximately 21 % more
weight in the first week of gestation compared with those fed the
AIN and REC diets (Table 4). However, as gestation progressed
food intake fell and the total weight gain over the course of
gestation was similar in all three diet groups.

The birth weight of the pups, litter size and sex ratios
were similar in all three groups (Table 4). There were some
subtle changes in the pattern of post-natal growth of the pups
(Fig. 1(a)), with the pups of dams fed AIN gaining less weight
between days 7 and 8 than those of the dams fed DEP and REC
diets (P= 0·022); however, this was temporary and the pups in
the AIN group then recovered and gained more weight between
days 14 and 15 (P= 0·023).

The food intake of the dams increased after they had given
birth, with animals in all three groups having similar intakes
in the first 2 weeks of lactation. In the third week of lactation, the
AIN fed animals ate slightly more (Table 5). There was a

tendency (P= 0·058) for energy intake to be higher in the DEP
and REC fed animals during the first week after birth, but,
thereafter, energy intakes were similar in all three groups. The
body weight of the dams fed the DEP and REC diets decreased
more than those fed the AIN diet (Fig. 1(b)) (repeated-measures
ANOVA diet × time interaction P= 0·003).

There were no differences in the weight of the pups when
they were weaned on post-natal day 19. A small number of male
pups were killed on post-natal day 19 and dissected to measure
organ weights (Table 6). The maternal diet did not change the
weights of the liver, brain and kidneys; however, the hearts of
pups from dams fed the REC diet were approximately 13 %
heavier than those of pups from dams fed the DEP diet
(P= 0·039). The epididymal fat pads of the pups from REC fed
dams were also heavier than those of the pups from AIN fed
animals with intermediate values for the DEP fed animals
(P= 0·021).

Table 4. Dam characteristics during gestation (Means values with their standard error of the means)

AIN DEP REC P

Mean SEM Mean SEM Mean SEM Diet

n 22
Pre-mating weight gain (g) 30·0a 3·1 35·9a,b 2·0 39·5b 2·5 0·035
Body weight at mating (g) 263·4 5·0 267·9 3·9 275·6 6·1 n.s.
Fat at mating (% body weight) 20·0a 0·7 21·8a,b 0·7 23·4b 0·8 0·009
Weight gain gestation days 1–7 32·2a 2·3 39·0b 2·6 35·2a,b 2·1 0·030
Weight gain gestation days 8–14 32·3 0·9 32·7 1·6 30·7 0·9 n.s.
Weight gain gestation days 15–21 68·3 3·2 66·8 3·4 65·7 3·0 n.s.

n 7 n 9 n 8
Litter size 12·1 1·2 12·1 1·1 14·0 1·0 n.s.
Birth weight (g) 5·0 0·2 5·2 0·1 5·3 0·2 n.s.
Sex ratio (M:F) 1·2 0·2 0·9 0·1 1·1 0·2 n.s.

All values are mean ± SEM (pre-mating n 22 for all groups and gestation AIN n 19, DEP n 18 and REC n 18.
Data are compared by one-way ANOVA.
Values with unlike superscript within rows are significantly different (P< 0·05). n.s. = P> 0·05.

Table 5. Dam food intake in gestation and lactation (Means values with their standard error of the means)

ANOVA

AIN DEP REC

PMean SEM Mean SEM Mean SEM

Food intake (g/d)
Pre-mating 18·9b 0·5 17·4a 0·3 19·1b 0·5 0·019
Average gestation 1–7 21·6 0·4 20·8 0·5 22·3 0·5 0·095
Average gestation 8–14 20·6 0·6 19·4 0·7 20·0 0·7 0·465
Average gestation 15–21 18·8 0·9 17·2 0·9 17·7 0·7 0·379
Average lactation 1–7 23·3 1·0 23·8 0·7 25·1 1·4 0·468
Average lactation 8–14 36·8 1·6 34·0 1·6 35·9 1·5 0·437
Average lactation 15–18 47·9b 2·5 41·4a 1·6 44·3a,b 1·2 0·032

Energy (kJ/d)
Pre-mating 318·0 8·2 328·9 6·1 344·0 8·7 0·064
Average gestation 1–7 363·7a 7·0 392·2b 10·1 402·4b 8·5 0·006
Average gestation 8–14 346·5 10·5 366·8 13·3 361·5 11·8 0·452
Average gestation 15–21 316·7 15·3 324·4 17·3 320·1 12·3 0·935
Average lactation 1–7 392·3 16·8 450·0 12·5 453·6 24·4 0·058
Average lactation 8–14 618·7 26·3 641·3 29·3 648·4 27·8 0·760
Average lactation 15–18 806·0 42·8 781·0 31·0 799·8 21·1 0·807

All values are mean ± SEM (pre-mating n 22 for all groups; gestation AIN n 19, DEP n 18 and REC n 18 and for lactation AIN n 7, DEP n 9 and REC n 8).
Data are compared by one-way ANOVA.
Values with unlike superscript within rows are significantly different (P< 0·05).
n.s. = P> 0·05.
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Post-natal growth and body composition of the offspring

After post-natal week 4, offspring from all three maternal diet
groups were given ad libitum access to standard rat chow diet.
At 4weeks of age, therewere no differences in the liveweights of
the offspring (Table 7); however, by 30 weeks of age, the weight
of offspring in theDEP groupwas 6–8 % less than the offspring of
dams fed the AIN diet. Similarly, the offspring of dams fed the
REC diet weighed 9–12 % less than the animals in the AIN group.
This decrease in live weight was matched by a corresponding
decrease in the lean tissue mass (Table 7). At 4 weeks of age, the
offspring of the REC group had the highest proportion of body
fat, approximately 11 % higher than in the DEP group and
approximately 19 % higher than in the AIN group (P< 0·001).
However, this difference was transient and by 30 weeks of age
animals in all three groups had similar body composition with no
difference in fat as a proportion of body weight between the
different maternal diet groups. Post-mortem measurements of
organ weights at 37 weeks (online Supplementary Table 2)
showed that the overall body weight was reflected in the
absolute weights of the major organs. There were no differences
in tissue weights expressed as proportions of body weight,
indicating symmetrical growth of the organs in all three diet
groups.

Food intake and activity of the offspring

The ad libitum food intakes of the offspring were measured on
two occasions, at 4–6 weeks of age and again at 11–14 weeks of
age (Table 8). In the first period, between 4 and 6 weeks of
offspring of the dams fed the REC diet ate less and gained less
weight than those in the AIN and DEP groups. The differences
were numerically more pronounced in the female offspring of
REC fed dams, which consumed approximately 15 % less food
and gained approximately 20 % less weight, compared with the
males where the difference was approximately 5 %. When food
intake was reassessed at 11–14 weeks of age (Table 8), both
weight gain and food intake were similar in the offspring from all
three maternal diet groups.

The activity of the animals was measured at the same time as
food intake by followingmovement via a camera placed over the
cage (4–6 weeks) or by measuring breaks in an IR beammonitor
(11–14 weeks). In both cases, there was no difference in the
activity of animals from the different maternal diet groups or
changes to the circadian pattern of activity.

When the adult animals were offered a choice of sucrose or
water, the animals consumed more sucrose solution. However,
there were no differences between the maternal diet groups in
the absolute amount consumed or in the ratio of sucrose to water
(Table 8).

Glucose homoeostasis in the offspring

Steady-state β cell function and insulin sensitivity in the
offspring were assessed using the HOMA calculated from fasted
blood samples taken at weeks 23, 28 and 29(43). Although there
was some variation between the different batches of animals
(Table 9) and between themale and female offspring, therewere
no differences due to the maternal diet. In addition, the animals
were also subjected to an intraperitoneal insulin tolerance test at
29 weeks of age and the AUC is shown in Table 9. The results of
the insulin tolerance test were comparable to the HOMA values
and were similar for the three maternal diet groups.

Hepatic gene expression in the offspring

To evaluate de novo lipogenesis and β-oxidation, the expression
of genes involved in fat metabolism was measured in the liver of
the offspring at 37 weeks of age (Table 10). The abundance of
the mRNA for acetyl CoA carboxylase (Acaca) was approx-
imately 20 % higher in the livers of offspring from dams fed the
DEP diet compared with those from dams fed the REC diet,
whereas the abundance of fatty acid synthase (Fasn) was
unchanged. The abundance of mRNA coding for liver-type
carnitine palmitoyl CoA oxidase (Cpt1a) and acyl CoA oxidase
(Acox1), involved in fatty acid oxidation, was unchanged. In
addition to a nearly 20-fold difference in the expression of CD36
betweenmales and females, therewas also a 35–90 % increase in
expression in the offspring of both sexes from REC fed dams
compared with the offspring of dams fed the DEP diet. The
expression of regulators in the PPAR family was unchanged by
the maternal diet; however, expression of the Srebp-1c mRNA
was approximately 20 % less in offspring of dams fed the REC
diet compared with the offspring of DEP fed dams.

Fig. 1. Growth in lactation. Mean body weight of pups (upper panel) and dam
weight (lower panel) during the lactation phase. Closed circle AIN, closed
triangle DEP and open circle REC. Error bars=SEM, AIN n 7, DEP n 9 andREC
n 8 litters.
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Discussion

Rodents have been widely used to investigate the mechanisms
linking obesity and maternal overnutrition to a subsequent
increase in the risk of the offspring developing non-communi-
cable diseases. However, it is challenging to create a
reproducible experimental diet that effectively models the
complex balance of macro- and micro-nutrients in human
foods. Diets composed of natural products such as the cafeteria
diet are unsuited tometabolic studies because animals self-select
diet components with the result that each animal has a unique
diet that differs from every other(44). Our aim was to create a diet
prepared from purified components, eliminating this variability
and also taking into account the higher metabolic rate of rodents
by adjusting the micronutrient content to maintain the nutrient
density(33). This study shows that despite a persistent reduction
in the lean tissue growth of the offspring of dams fed both the
DEP and REC diets, these changes did not translate into impaired
glycaemic control or to increases in adiposity in the adult

offspring. There was however some evidence for changes in
hepatic lipidmetabolism, suggesting important differences in the
long-term effects on lipid metabolism.

Inevitably, the formulation of a semi-synthetic diet requires
some compromises. For example, in humans a large proportion
of the animal protein is from meat, so ideally part of the protein
source would have a digestibility and amino acid profile
corresponding to that of meat. However, to the best of our
knowledge there is no suitable purified meat protein available
and dried meat products are not suitable as they are of variable
composition and contain endogenous lipids and minerals. As a
result, we chose to use casein, a milk protein, as the animal
protein component of the diet. A similar approachwas also taken
for the plant-based protein component of the diet, with gluten
chosen in preference to soya protein as the latter may contain
phyto-oestrogens. The total fibre content of the DEP diet (3·3 %
byweight) corresponds to the proportion of fibre recorded in the
diet diaries; however, the patterns in the human diet are more

Table 7. Post-natal growth of the offspring

REML Week no

Males Females

SED Batch Litter size Sex Diet
Sex ×
dietAIN DEP REC AIN DEP REC

Weight (g) 4 60·2 52·5 58·0 53·6 49·9 53·5 3·6 n.s. n.s. <0·001 n.s. n.s.
10 334·7 329·3 322·0 212·0 202·4 198·3 7·1 n.s. 0·029 <0·001 n.s. n.s.
21 554·8a 536·7a,b 508·6b 279·7 257·4 255·8 12·6 <0·001 n.s. <0·001 0·018 n.s.
30 648·4a 612·6b 594·9b 314·3a 292·3a,b 279·8b 16·2 n.s. n.s. <0·001 0·028 n.s.

Fat (g) 4 8·5 7·8 9·7 7·5 7·5 9·0 0·7 n.s. n.s. 0·002 n.s. n.s.
10 51·9 49·2 48·4 38·4a 34·0b 34·4b 1·8 0·030 0·004 <0·001 0·027 n.s.
21 105·7 98·5 98·5 57·8a 46·1b 55·2a 4·5 <0·001 n.s. <0·001 0·044 n.s.
30 134·9 127·3 132·7 64·4 55·5 59·3 8·5 n.s. n.s. <0·001 n.s. n.s.

Lean (g) 4 48·1 41·8 45·2 43·1 39·5 41·9 2·8 n.s. n.s. <0·001 n.s. n.s.
10 272·9 271·6 267·3 169·7 164·6 160·7 6·4 n.s. n.s. <0·001 n.s. n.s.
21 407·7a 384·3b 411·6a 215·6a 202·2a,b 191·6b 10·6 <0·001 n.s. <0·001 0·041 n.s.
30 474·9a 430·5b 450·5a 236·9a 210·2b 225·3a,b 12·8 n.s. n.s. <0·001 0·017 n.s.

Fat (%) 4 14·1a 14·8a 16·5b 13·9a 15·1a 16·7b 0·5 0·003 <0·001 n.s. <0·001 n.s.
10 15·5 15·0 15·0 18·2 16·7 17·4 0·7 0·017 n.s. <0·001 n.s. n.s.
21 19·1 18·3 19·2 20·6 17·8 21·5 1·1 n.s. n.s. 0·049 n.s. n.s.
30 20·7 20·9 22·3 20·6 19·0 20·6 1·7 n.s. n.s. n.s. n.s. n.s.

Fat:lean 4 0·176a 0·187a 0·212b 0·174a 0·193a 0·214b 0·007 0·002 <0·001 n.s. <0·001 n.s.
10 0·190 0·182 0·182 0·228 0·206 0·215 0·010 0·030 n.s. <0·001 n.s. n.s.
21 0·261 0·241 0·255 0·271 0·228 0·287 0·018 n.s. n.s. n.s. n.s. n.s.
30 0·285 0·288 0·311 0·276 0·249 0·276 0·029 n.s. n.s. n.s. n.s. n.s.

Data analysed by REML. Data are estimated means plus SED.
Numbers of animals are given in Table 3.
Values with unlike superscript within rows differ by more than 2× SED.
n.s. = P> 0·05.

Table 6. Body and organ weights of male pups at weaning

AIN DEP REC

PMean SEM Mean SEM Mean SEM

Male pup weight at weaning (g) 31·6 1·74 33·0 0·91 33·7 1·15 n.s.
Liver (% body weight) 3·71 0·07 3·57 0·08 3·55 0·1 n.s.
Kidney (% body weight) 1·19 0·03 1·12 0·04 1·04 0·12 n.s.
Heart (% body weight) 0·83a,b 0·05 0·75a 0·02 0·86b 0·02 0·039
Brain (% body weight) 3·73 0·12 3·74 0·06 3·63 0·11 n.s.
Epididymal Fat (% body weight) 0·16a 0·02 0·19a,b 0·01 0·24b 0·01 0·021

All values are mean ± SEM (AIN n 6, DEP n 15, REC n 10).
Data are compared by one-way ANOVA.
Values with unlike superscript within rows are significantly different (P< 0·05).
n.s. = P> 0·05.
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Table 9. Glucose metabolism in the offspring

Males Females

SED Batch Sex Diet Sex × dietAIN DEP REC AIN DEP REC

HOMA 23 weeks 10·16 9·65 6·33 3·35 2·74 2·93 1·84 0·662 <0·001 0·237 0·164
HOMA 28 weeks 10·51 12·44 6·86 3·92 4·64 3·59 2·11 0·003 <0·001 0·122 0·146
HOMA 29 weeks 11·06 12·01 7·21 4·73 5·05 3·07 2·42 0·010 <0·001 0·150 0·598
ITT AUC
(mmol/l x min)

361·8 396·5 342·0 269·4 309·1 271·8 34·0 0·042 <0·001 0·362 0·724

Data analysed by REML. Data are estimated means plus SED.
Numbers of animals are given in Table 3.
Values with unlike superscript within rows differ by more than 2× SED.
n.s. = P> 0·05.

Table 8. Offspring food intake

REML

Males Females

SED Batch
Wt at
start Sex Diet Sex × dietAIN DEP REC AIN DEP REC

4–6 weeks of age
Wt gain (g) 52·1 51·2 48·8 38·0a 36·3b 30·4c 2·3 0·277 <0·001 <0·001 0·006 n.s.
Average food intake (g/d) 18·5 18·2 17·6 17·8a 17·0a 15·3b 0·7 <0·001 <0·001 <0·001 0·029 n.s
Mean distance – night 20 165 20 341 19 678 23 541 23 412 22 553 2199 <0·001 – 0·021 n.s. n.s.
Mean distance – day 18 640 17 939 17 899 19 484 21 222 19 550 1883 <0·001 – 0·068 n.s. n.s.

11–14 weeks of age
Wt gain (g) 21·9 20·0 18·2 10·3 8·5 11·8 4·5 <0·001 <0·001 n.s. n.s. n.s.
Average food intake (g/d) 26·3 25·6 26·7 25·3 25·5 25·9 1·2 <0·001 <0·001 n.s. n.s. n.s.
Average water intake (g/d) 26·6 25·1 26·6 24·0 22·2 23·5 2·2 <0·001 <0·001 n.s. n.s. n.s.
Mean beam breaks/night 7029 6944 7067 8631 7960 7651 503·4 <0·001 – <0·001 n.s. n.s.
Mean beam breaks/d 5183 5419 5038 6223 5821 6123 364·1 <0·001 – <0·001 n.s. n.s.

Sucrose preference test
Average food intake (g/d) 24·6 23·8 25·1 28·9 28·4 26·7 2·6 <0·001 <0·001 n.s. n.s. n.s.
Average sucrose intake g/d 35·3 32·6 37·9 41·3 38·0 41·8 6·8 0·042 <0·001 n.s. n.s. n.s.
Average water intake g/d 2·6 2·6 2·6 2·9 3·3 4·3 0·9 0·014 0·481 n.s. n.s. n.s.

Data analysed by REML.
Data are estimated means plus SED.
Numbers of animals are given in Table 3.
Values with unlike superscript within rows differ by more than 2× SED.
n.s. = P> 0·05.

Table 10. Hepatic gene expression in the offspring (Means values with their standard error of the means

Males Females

AIN DEP REC AIN DEP REC Two-way ANOVA

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Sex Diet Sex × diet

Acaca 0·82 0·08 1·10 0·17 0·82 0·08 0·73 0·06 1·06 0·19 0·87 0·09 n.s. 0·048 n.s.
Fasn 0·70 0·03 1·12 0·22 0·68 0·10 1·40 0·09 1·45 0·17 1·45 0·21 <0·001 n.s. n.s.
Cd36 1·43a 0·19 1·12a 0·10 1·52a 0·31 27·52b 2·77 20·59b 4·18 38·15c 1·95 <0·001 <0·001 0·002
Cpt1a 0·97 0·07 1·01 0·13 0·96 0·05 0·64 0·07 0·87 0·09 0·90 0·14 0·047 n.s. n.s.
Acox1 1·08 0·06 1·28 0·17 1·03 0·08 0·75 0·03 0·92 0·11 0·98 0·07 n.s. n.s. n.s.
Ppara 1·10 0·10 0·91 0·05 1·01 0·05 0·48 0·05 0·71 0·15 0·58 0·05 <0·001 n.s. n.s.
Pparg 1·57 0·13 1·27 0·27 1·34 0·13 0·59 0·06 0·67 0·06 0·54 0·06 <0·002 n.s. n.s.
Ppargc1a 0·98 0·12 1·09 0·21 1·15 0·27 1·53 0·22 2·32 0·19 1·69 0·25 <0·003 n.s. n.s.
Srebf1 0·98c 0·07 1·01c 0·10 0·81b,c 0·05 0·50a 0·05 0·59a,b 0·08 0·45a 0·03 <0·006 0·037 n.s.

Expression calculated as relative quantity (Rq) compared with 18s, GAPDH and YWHAZ internal standards and given in arbitrary units.
Data analysed by two-way ANOVA.
Data are estimated means ± SEM (n 6 for each group).
Values with unlike superscript within rows are significantly different (P< 0·05).
n.s. = P> 0·05.
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diverse and will include soluble fibre types. Soluble and
insoluble fibre are both reported to be beneficial to rats, and
further studies are required to understand the importance of
soluble fermentable fibres in high energy diets.

Analysis of the diets as prepared showed that the fatty acid
profile was as expected, including the presence of trans-fatty
acids, which are relatively abundant in poor quality diets(45).
Unlike the AIN diet, which did not contain detectable levels of
trans-fatty acids, the DEP and REC diets, respectively, contained
0·12 g and 0·05 g/100 g of diet. In the case of the DEP diet, this
correspond to 0·7 % of energy from trans-fatty acids and is
comparable to the levels reported for humans.

The main feature of both the DEP and REC diets is their
greater energy density compared with the commonly used
AIN diet. Feeding pregnant rats high-sucrose(46) or cafeteria
diets(47,48) produces small but rather variable increases in the
adiposity in the pups at weaning, suggesting that additional
energy in the maternal diet is being transferred to the
offspring. However, despite the DEP diet having a higher
energy content, the proportion of fat as a percentage of body
weight at weaning was comparable to that of pups from dams
fed the AIN diet. In contrast, the weanlings of animals fed the
REC diet, which also had a higher energy content than the AIN
diet, was increased by approximately 20 %. Previous studies in
rats(49) suggest that this additional body fat in the weanlings is
derived from lipid accumulated during the early stages of
gestation. Although both DEP and REC diets provide more
energy than the AIN diet, the DEP fed animals reduced their
food intake during the pre-mating period so that the
accumulation of lipid was comparable to that of animals fed
the AIN diet. Although dietary fat is an important regulator of
food intake in rodents(50), the results suggest that additional
interactions, possibly involving the differing fatty acid
profiles, micronutrient composition or salt content, have
differentially affected the regulation of food intake in this
critical period.

The excess adiposity in the REC offspring was, however,
short lived and had disappeared by 10 weeks of age. This was
due to a transient decrease in food intake in the weeks
immediately after weaning and once the excess fat in the REC
animals had been lost, the offspring in all three groups went on
to have similar proportions of fat to lean over the remainder of
the experiment. The rat has a strong appetite control that
regulates body composition(51) and a similar short-term
decrease in food intake to normalise body composition has
been reported in other models of maternal overfeeding(52).
Systematic reviews of rodent studies have concluded that
feeding obesogenic diets over the course of gestation and
lactation had no effect on the appetite of the offspring(53), and
these results suggest that this is also true of the offpring of dams
fed DEP or REC diets. Long-term effects on appetite appear to
be restricted to dietary treatments, which create severe
undernourishment of the dams and a much greater decrease
in the growth of the offspring, for example, animals limited to
30 % of the ad libitum intake(54), or fed low-protein diets(55).
Translating these results to humans would imply that changes
in appetite regulationmay be a consequence of stunting but not
of the imbalances typical of the Western diet.

There is also evidience to suggest that the maternal diet may
programme hedonistic feeding behaviours in the offspring(56).
For example, the offspring of dams fed cafeteria diet during
pregnancy and lactation show a preference for the same range
of fat, sugar and salt-rich foods in adult life(57). In this study,
hedonistic responses were assessed using a sucrose preference
test in which animals were presented with a choice of drinking
water or sucrose solution. Offspring from all three diet groups
showed a marked preference for sucrose solution demonstrat-
ing a capacity to experience hedonic pleasure(58). However,
there were no differences between the diet groups, suggesting
that the diets used in this study had no effect on the hedonistic
response to sweet foods. This implies that there may be some
form of conditioned behaviour induced by the cafeteria diet, for
example, responding to the extremes of sweetness or the
constant variety of the diet. It would be interesting to test this by
conducting a more direct comparison of the cafeteria and semi-
synthetic diets.

Although the ratio of fat to lean tissue in the adult offspring
was unchanged by the maternal diet, there were changes in the
overall growth trajectory, comparable to the effects seen in the
offspring of dams fed cafeteria(59) or high-fat diets(60). The adult
body weight of the offspring of dams fed the DEP and REC diets
was approximately 10 % less than that of those fed the AIN diet.
One of the main objectives in the formulation of the AIN-93G
diet was to maintain the dam’s body weight in lactation(61) and
as a result the AIN diet contains more protein of a higher quality
(20 % w/w of casein) than the DEP and REC diets (16·4 % w/w
of a mixture of casein and gluten). Changes in the amino acid
supply resulting from the increased protein supply in the AIN
diet (Dasgin manuscript in preparation) or increased accumu-
lation of intramuscular lipid(59) may be factors affecting lean
tissue growth in the period up to weaning. There may also be
changes in growth trajectory of the offspring in the post-
weaning period as the REC offspring reduced their food intake
to compensate for the excess of adiposity at weaning.
However, reducing food intake to limit energy intake has the
additional effect of reducing protein intake, with a consequen-
tial effect on lean tissue growth.

A relationship between poor early growth and adult glucose
metabolism is well established in animal models. For example,
feeding rats a low-protein diet (the AIN 93M maintenance diet
containing 8 % casein) during gestation and lactation reduces
the adult body weight of the offspring by 5–15 % and changes
insulin secretion and fatty acid oxidation(62). However, despite
a decrease in adult weight, comparable to that of the low-
protein offspring, the insulin tolerance and the HOMA index of
the DEP or REC offspring did not differ either from one another
or from the AIN group. Changes in insulin action have also been
reported in the offspring of rats fed high-fat diets; however, a
systematic review(13) noted a number of inconsistencies
between studies. For example, some studies have used diets
with much higher proportions of fat, up to 60 % of energy
content from fat(63) compared with 32 % in the current
experiment and these unrealistic levels of dietary lipid may
have exceeded the capacity of maternal metabolism to protect
the offspring. A limitation of the present study is the relatively
short adaptation period when the dams were fed the diet prior
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to mating. Elevated plasma TAG caused by diets high in
sucrose(64) and fat(65) has been associated with the develop-
ment of insulin resistance, and it is unclear whether resistance
would have developed in the relatively short period when
animals were fed the experimental diets before mating. It is
possible that feeding the diet for a longer period prior to mating
may have increased the adipose reserves of the dams and
induced insulin resistance, which may, in turn, have limited the
capacity to protect the developing fetus. Strain-specific effects
may also be important, since the Hooded Lister strain of rats
used in the present study is relatively insensitive to obesity and
metabolic dysfunction.

Although physiological measurements showed no lasting
changes in metabolism, there were changes in hepatic gene
expression in the REC offspring consistent with altered lipid
metabolism. There was a marked increase in the expression of
the fatty acid translocase CD36 in the REC compared with the
DEP offspring, which would be expected to facilitate the uptake
of long-chain fatty acids(66). At the same time, the abundance of
the mRNA for SREBP-1c and one of its targets, acyl-CoA
carboxylase (Acaca or Acc-1), were lower in the REC compared
with the DEP offspring. As Acc-1 is the first step in the de novo
synthesis of fatty acids(67,68), these changes may be indicative of
reduced lipogenesis. Overall, these results are consistent with an
increased hepatic utilisation of fatty acids with a concomitant
reduction in de novo lipogenesis by the REC offspring. It has
been suggested that a shift in metabolism, which promotes lipid
utilisation at the expense of glucose, may reduce the develop-
ment of insulin resistance(69).

Although there were no interactions between diet and the
sex of the offspring in relation to growth or glucosemetabolism,
sex-specific effects were aparent in the expression of CD36. A
similar change in the expression of genes of lipid metabolism
specific to the female offspring of mice fed a high fat Western
diet was observed in microarray studies of hepatic gene
expression(70). Since the expression of CD36 is much higher in
females due to its stimulation by oestrogen and growth
hormone(71), there may be underlying sex-specific effects of
maternal diet on lipid metabolism mediated through the female
sex hormones.

In conclusion, although numerous studies of high-fat diets
suggest long-term changes in glycaemic control and adiposity
in the offspring(13), the present results suggest that diets that
replicate many of the features of socio-economically deprived
human diets produce more limited effects. Despite changes in
growth and adiposity, maternal metabolic adaptation mini-
mises the adverse consequences of the imbalanced maternal
diet on the metabolism of the offspring, limiting them to
changes in hepatic gene expression. Since the changes in gene
expression are indirect measures of lipid metabolism, it will be
interesting to make more direct measurements in these
offspring and to extend the studies to other tissues including
skeletal and cardiac muscle. Since exposure to obesogenic
diets in the real world does not cease at weaning, these
changes in gene expression may also modify the response of
the offspring to a high-fat or high-sucrose challenge in
adult life.
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