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Abstract
The increased consumption of diets high in saturated fats and refined sugars is a major pub-

lic health concern in Western human societies. Recent studies suggest that perinatal expo-

sure to dietary fat and/or sugar may affect behavioural development. We thus investigated

the effects of perinatal exposure to a high-fat high-sugar diet (HFS) on behavioural develop-

ment and production performance of piglets. Thirty-two non-obese sows and their piglets

were allocated to 1 of 4 treatments in a 2 × 2 factorial design, with 8-week prenatal (gesta-

tion) and 8-week postnatal (lactation and post-weaning) exposure to a HFS diet (12% satu-

rated fat, 18.5% sucrose, 1% cholesterol) or control low-fat low-sugar high-starch diets as

factors. From weaning onwards (4 weeks of age), piglets were housed in group of 3 litter-

mates (n = 8 groups/treatment) and fed ad libitum. After the end of the dietary intervention

(8 weeks of age), all the piglets were fed a standard commercial diet. Piglet behaviours in

the home pens were scored, and skin lesions, growth, feed intake and feed efficiency were

measured up to 8 weeks after the end of the dietary treatment, i.e. until 16 weeks of age. At

the end of the dietary treatment (8 weeks of age), response to novelty was assessed in a

combined open field and novel object test (OFT/NOT). During the weeks following weaning,

piglets fed the postnatal HFS diet tended to be less aggressive (p = 0.06), but exhibited

more oral manipulation of pen mates (p = 0.05) than controls. Compared to controls, piglets

fed the prenatal or postnatal HFS diet walked more in the home pen (p� 0.05), and tended

to have fewer skin lesions (p < 0.10). Several behavioural effects of the postnatal HFS diet

depended on the prenatal diet, with piglets subjected to a switch of diet at birth being more

active, and exploring feeding materials, pen mates, and the environment more than piglets

that remained on the same diet. Behaviours during the OFT/NOT were not affected by the

diet. The intake of the postnatal HFS diet drastically reduced feed intake, but improved

feed efficiency up to 8 weeks after the end of the dietary intervention, i.e. 16 weeks of age

(p < 0.0001 for both). Our study highlights the key role of prenatal and postnatal nutritional
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interactions for early behavioural development, and reveals programming effects of early

life nutrition on voluntary feed intake of piglets later in life.

Introduction
In the recent decades, modern human societies have been subjected to a rapid shift in diet com-
position, from food items high in complex carbohydrates and fibres to highly palatable and
low-cost food, high in saturated fat, refined sugars and cholesterol. The increased availability
and consumption of high-fat high-sugar (HFS) diets is a major public health concern, as it is
accompanied by adverse health consequences, including an increased incidence of obesity, car-
diovascular diseases and type-2 diabetes [1,2]. In addition, several human and animal studies
suggest that the consumption of diets or beverages rich in fat and/or refined sugars affects
behavioural and emotional processes, including anxiety/depression [3–5] and aggression
[4,6,7]. In addition to the impact of dietary fat and refined sugars on behaviours, dietary choles-
terol, another major component of the modern Western diet, has been found to affect aggres-
sion and social interactions in monkeys [8] and minipigs [9].

Inevitably, the rise in consumption of HFS diets in Western modern societies leads to an
increased exposure to these dietary components during the perinatal developmental period,
notably via the maternal diet, maternal milk or early life diet. It is now widely accepted that
perinatal conditions, and notably prenatal and early life nutrition, can have long-lasting
impacts on health and behaviours [10,11]. Accordingly, growing evidence indicates that peri-
natal exposure to high levels of dietary fat and/or sugars, often associated with maternal obe-
sity, has strong programming effects on health [12,13] and behaviour of offspring in later life,
as reviewed by Sullivan et al. [14]. In non-human male primates [15] and rats [16], increased
aggressive behaviours have been reported in offspring of mothers fed a high-fat diet. In rats
[17] [18,19], mice [20] and non-human primates [15], offspring exposed to a maternal high-fat
diet also showed increased anxiety-like behaviours in a variety of tests later in life. On the other
hand, some studies have reported reduced anxiety-related behaviours and motor activity, and
increased exploration and social behaviours in rats exposed to a cafeteria diet (i.e. high in both
refined sugars and saturated fat) via the maternal diet [21] or via the post-weaning diet [22].

Research in animal models has revealed the impact of perinatal nutrition on health and
behaviours in later life. There is, however, a large variability in methodologies between studies,
resulting in equivocal research findings. First, while the majority of studies have addressed the
effects of diets enriched in fat alone, only a few studies have used diets enriched in both fat and
refined sugars. Yet, in modern Western societies, excessive consumption of fat is frequently
associated with the consumption of excessive amounts of refined sugars [23]. Furthermore, in
most published studies, mothers became obese as a result of the long-term intake of a high-fat
or high-energy diet, making it hard to disentangle the effects of the diet per se from those of the
maternal health status [14,24]. In addition, very little is known on the effects of maintaining
the offspring on the high-fat and/or high-sugar diet after weaning, which would be highly rele-
vant for human nutrition, since the early diet of children often resembles their parents’ eating
habits [25,26]. Finally, as far as we know, no study has investigated the differential impact of
prenatal vs. postnatal nutrition on behavioural development.

While the large majority of the studies performed on rodents have yielded substantial scien-
tific knowledge for future research on perinatal nutrition, the metabolic and physiological dif-
ferences between rodents and humans complicate the translation of research findings into
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applications in human health and nutrition [27]. The pig is a highly social species that shares
several similarities with humans in terms of intestinal and brain anatomy and physiology
[28,29]. The pig therefore emerges as a pertinent animal model to study the influence of early
nutrition on spontaneous behaviours, e.g. aggression and social interactions, and responses to
specific stimuli during behavioural tests, e.g. anxiety- or fear-related behaviours.

We investigated the effects of prenatal and/or postnatal exposure to a HFS diet on the beha-
vioural development of piglets. To that aim, the effects of prenatal and/or postnatal exposure to
a diet enriched in saturated fat, sucrose, and cholesterol was compared with exposure to control
diets, low in these components but high in starch. We hypothesized that 8-week prenatal
(through the maternal diet during gestation) and/or 8-week postnatal (through maternal milk
during the suckling period and piglet feed after weaning) exposure to the HFS diet would have
adverse effects on behaviours, skin lesions as an indicator of aggression [30], and emotional
reactivity (i.e. anxiety- or fear-related behaviours) of piglets after weaning. Behavioural record-
ings are discussed in relation to measurements of growth, feed intake and feed efficiency.

Materials and Methods
The Animal Care and Use Committee of Wageningen University has approved this
experiment.

Animals and housing
A total of 32 multiparous sows and their litters (Tempo × Topigs 20) from the Swine Innova-
tion Centre of Wageningen UR (VIC, Sterksel, The Netherlands) were used. The experiment
was carried out in 2 successive replicates, with 16 sows per replicate. During gestation, the sows
were housed in groups of 4 or 5 sows in pens (12 m2) with individual feeding stalls (230
cm × 72 cm). Room temperature was maintained at 18–20°C. One week before the expected
parturition date, sows were housed in individual farrowing pens (240 cm × 180 cm) distributed
in 2 rooms, and with partly solid (65%) and partly slatted (35%) floors. Distribution of sows
over and within the 2 rooms was balanced for treatment. A jute bag was available in the pen
until after parturition to be used as nesting material. During the suckling period, sows were
confined in a farrowing crate, and a creep area with plastic flooring and a heating lamp above it
was available for the piglets. Room temperature was maintained at a minimum of 23°C. Piglets
remained in the sow’s farrowing pen with littermates until weaning. Within 3 days after birth,
if needed, piglets were cross-fostered within dietary treatment groups to balance litter sizes. At
4 days of age, piglets were ear-notched for identification, received iron injections and had their
tails docked. During gestation and lactation, the sows had ad libitum access to water and
rooms had a natural light-dark cycle.

At weaning (i.e. 4 weeks of age), 3 female piglets with a birth weight the closest to the aver-
age birth weight of the females of the litter were selected per litter. Piglets with a birth weight
less than 600 g and with a history of leg problems or long-term medication were excluded from
selection. After weaning, the selected piglets were transported to the experimental farm Carus
(Wageningen UR, The Netherlands) and housed in groups of 3 littermates in pens (280
cm × 180 cm) distributed in 2 identical and adjacent rooms. Pens were enriched with wood
shavings and equipped with a chain with screws attached to it as a toy. Distribution of piglets
over and within the 2 rooms was balanced for treatment. Seventy Litres of fresh wood shavings
and, at the end of the dietary treatment (i.e. 8 weeks of age), 50 g of straw were added daily in
the pens. Piglets had ad libitum access to a feeder and a drinking nipple. A heating lamp was
provided for the first 4 post-weaning weeks. During the first 2 post-weaning weeks, room tem-
perature was maintained at a minimum of 25°C. Room temperature was then decreased to
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22°C for the 2 following weeks, and to 20°C for the rest of the experiment. Lights were on from
7:00 h to 19:00 h, and pop radio music was broadcasted live in the rooms during light time.

Dietary treatments
Four experimental diets were formulated (Table 1), with 3 control diets: for the sows, a stan-
dard gestation diet and a standard lactation diet; for the piglets, a standard starter diet; and a
HFS diet for both sows and piglets, i.e. an “all-in-one” diet high in saturated fat (lard), sucrose,
and cholesterol. All the sows and piglets were fed standard commercial diets before the start of
the experiment (i.e. before day 59 of gestation) and/or after the end of the dietary treatment (i.
e. 8 weeks of age). All diets were provided as pellets. The control diets were formulated to meet
or exceed the recommendations for animals’ requirements by CVB [31].

During the last 8 weeks of gestation, half of the sows received the HFS diet and the other
half the standard gestation diet. Starting on the day of parturition, half of the sows of each
group received the HFS diet and the other half the standard lactation diet during the 4 weeks of
lactation. Starting on the day of weaning, the piglets were fed the HFS diet or the standard
starter diet for 4 weeks, so that they remained on the same treatment as their mothers during
lactation. Consequently, piglets were allocated to one of 4 dietary treatments in a 2 × 2 factorial
design, with 8-week prenatal/ 8-week postnatal exposure to the HFS or control diets (CON) as
factors: HFS/HFS, CON/HFS HFS/CON, and CON/CON treatment. Allocation to the treat-
ments was balanced for sow parity, and treatments were evenly distributed between replicates,
as well as within and between the rooms during gestation, lactation and after weaning.

During gestation and lactation, the sows were restrictedly fed twice daily to meet the normal
energy recommendations for pregnant and lactating sows. As the organoleptic properties of
the HFS diet strongly differed from that of the gestation and lactation diets, gradual feed transi-
tions over 4 days (i.e. 25%, 50%, 75%, 100% of the HFS diet in the total feed ration and vice
versa) were done to prevent neophobic responses of the sows when exposed to a change in diet.
Additionally, from 16 days before weaning, piglets also received the HFS or control starter diet
(0.12 kg/piglet/day) as a creep feed to facilitate the transition to solid feed after weaning. Piglets
were fed ad libitum.

Measurements
Weighing, feed intake and skin lesions. Piglets were weighed at birth. Piglets and feed

refusals were weighed on 3 occasions, i.e. on the day of weaning (4 weeks of age), at the end of
the dietary treatment (8 weeks of age), and 8 weeks later (16 weeks of age). Average daily gain
(ADG, kg/day), average daily feed intake (ADFI, kg of feed/day) and gain to feed ratio (G:F, i.e.
a measure of feed efficiency) were calculated per pen from weaning to the end of the treatment
and from the end of the treatment to 8 weeks later. Net energy (NE, MJ) intake and the gain:
NE intake ratio were also presented. On the day of weaning, and 7, 14 and 21 days later, the
number of skin lesions was counted on the front, middle and rear parts of the body of standing
piglets in the home pen, according to the procedure of Turner et al. [30]. Scratches (i.e. superfi-
cial lesions) and deep wounds (i.e. haemorrhages) were differentiated.

Behavioural observations in the home pen after weaning. On the day of weaning, and 15
and 27 days after weaning, behaviours of weaned piglets were scored live using 2-min instanta-
neous scan sampling for 6 h/day during 6 sessions of 1 h (8:00–9:00 h, 9:15–10:15 h, 10:30–
11:30 h, 14:00–15:00 h, 15:15–16:15 h, 16:30–17:30 h). The behaviours (S1 Table) were
recorded using a Psion hand-held computer with the Observer 5.0 software package (Noldus
Information Technology B.V., Wageningen, The Netherlands).
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Table 1. Ingredient and nutrient composition of the experimental diets1.

Gestation diet Lactation diet Starter diet HFS diet

Ingredient composition (%)

Barley 34.0 26.1 24.2 15.0

Wheat 19.9 29.0 23.2 16.9

Wheat bran 15.0 10.0 ‒ 5.00

Soybean meal 11.0 14.0 22.6 10.0

Maize 10.0 12.0 25.0 ‒

Dehydrated sugarbeet pulp 5.00 ‒ ‒ ‒

Sugarbeet molasses ‒ 3.00 ‒ ‒

Vegetable fat 2.00 ‒ ‒ ‒

Sucrose ‒ ‒ ‒ 18.5

Animal fat (Lard) ‒ ‒ ‒ 12.0

Cholesterol ‒ ‒ ‒ 1.00

Peas ‒ ‒ ‒ 7.00

Potato protein ‒ ‒ ‒ 5.00

Soybean hulls ‒ ‒ ‒ 5.00

Calcium carbonate 1.20 1.15 1.70 1.50

Dicalcium phosphate 0.85 1.50 ‒ 1.60

Monocalcium phosphate ‒ ‒ 1.35 ‒

Premix 0.50 0.50 0.50 0.50

Sodium chloride 0.45 0.45 0.40 0.60

Acidifying agent 0.10 0.10 0.10 ‒

Phytase 0.01 0.01 0.01 ‒

Sodium bicarbonate ‒ ‒ ‒ 0.40

Soy oil ‒ 2.00 0.45 ‒

L-lysine HCl ‒ 0.20 0.34 ‒

L-threonine ‒ 0.04 0.08 ‒

DL-Methionine ‒ ‒ 0.11 ‒

L-tryptophan ‒ ‒ 0.02 ‒

Nutrient composition (g/kg DM)2

Sugar 46.0 60.0 45.0 225

Crude fat 51.0 50.0 37.0 147

Starch 420 439 466 238

Crude protein 166 178 207 171

Crude fibre 59.0 43.0 35.0 48.0

Crude ash 60.0 64.0 66.0 61.0

NDF 210 167 127 128

ADF 74.0 56.0 46.0 59.0

NSP 266 217 187 169

fNSP 149 120 121 100

Lysine3 6.00 8.20 11.3 8.60

Methionine + cystine3 4.80 5.00 6.90 4.80

Threonine3 4.60 5.40 7.00 5.80

Tryptophan3 1.70 1.80 2.30 1.80

DM (g/kg) 878 873 876 918

NE (MJ/kg DM) 10.7 10.9 11.0 13.2

1 DM: dry matter; NDF: neutral detergent fibre; ADF: acid detergent fibre; (f)NSP: (fermentable) non-starch polysaccharides; NE: net energy.
2 Based on calculated values [31].
3 Standardized ileal digestible.

doi:10.1371/journal.pone.0154698.t001
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Feed preference tests. The day after the end of the dietary treatment (i.e. 8 weeks of age)
and 8 weeks later, the piglets were subjected to a two-choice feed preference test. The control
starter diet and the HFS diet were distributed in excess to estimated intake in two adjacent feed-
ers at 9:00 h. Feed refusals were weighed at 16:00 h, i.e. after 7 h of access to the feed. If needed,
feed was added in the feeders to ensure that no feeder was emptied throughout the night. Feed
refusals were weighed again at 9:00 h the next day, i.e. after 24 h of access to the feed. Assign-
ment of the diets to the left and right feeders was counterbalanced across pens, dietary treat-
ment and testing days to avoid any laterality bias.

Novel environment and novel object test. Starting 5 days after the end of the dietary
treatment, 2 piglets per pen were individually subjected to a combined open field (OFT) and
novel object test (NOT) [32,33]. Before the tests, the piglets were habituated to the experiment-
ers in their pens for 7 days. Each day, the experimenters entered each pen in random order,
and stayed in each pen for approximately 5 min. First the experimenter sat in the pen (d 1 and
2), squatted (d 2 and 3), stood still in the pen (d 3 to 4), and finally walked in the pen (d 5 to 7).
Each day, the experimenter allowed the piglets to approach spontaneously and tried to touch
their nose, head, and body. At the end, the experimenter could walk at a normal pace around
the pen and touch all piglets without signs of stress.

The tests were carried out on 2 consecutive days with half of the pigs being tested on day 1
and the other half on day 2, balanced for treatment. The test arena was 5.27 x 5.25 m with
wooden black walls (1.2 m high) and concrete floor. The arena was located in a room adjacent
to the piglets’ home pens. The OFT started when the piglet had entered the arena with all 4
hooves and the door was closed. After 5 min, the NOT started by dropping a metal bucket
from the ceiling until it touched the floor at the centre of the test arena, resulting in a sudden
noise. The bucket was then left on the floor for 5 min. After each test, faeces were removed
from the test arena, which was cleaned with water and cleanser, and dried with towels. The
order of testing was balanced for treatment and room. During the tests, behaviours and pos-
tures (S2 Table) were scored live using Psion hand-held computers with the Observer 5.0
software package (Noldus Information Technology, Wageningen, The Netherlands). The
tests were also recorded on video to perform a posteriori analyses of locomotion patterns
in the arena using the Ethovision XT 10 video tracking software (Noldus Information Tech-
nology B.V., Wageningen, The Netherlands). The variables calculated in Ethovision were:
the time spent in the centre, walls, observer, entrance and novel object zones (Fig 1), the
latencies (s) to enter the centre and novel object zones, and the total distance (m) covered
during the tests.

Saliva sampling and cortisol analysis. The day before the end of the dietary treatment,
the piglets were habituated to the saliva collection procedure: they were allowed to chew on 2
cotton buds simultaneously for 1 min at least twice during the morning. Saliva samples were
then collected at the end of the dietary treatment and 8 weeks later to determine basal cortisol
levels. The day of the OFT/NOT, saliva samples were collected from each piglet in the home
pen 10 min before (t0), and 15, 30 and 60 min after the piglet entered the test arena. Saliva was
systematically sampled in the morning, before feeding. On the days of sampling, saliva was
collected by allowing the pigs to chew on 2 cotton buds simultaneously until they were thor-
oughly moistened. The cotton buds were placed in plastic tubes (2 buds per tube, Sarstedt,
Etten-Leur, The Netherlands) directly after sampling and stored on ice until all samples were
taken. Then, samples were centrifuged at 1560 × g for 10 min at 4°C and stored at -20°C until
further analyses. Salivary cortisol concentrations (ng/mL) were measured in duplicate using a
radioimmunoassay kit (COAT-A-COUNT1, Siemens Healthcare Diagnostics, Los Angeles,
USA) modified and validated for pigs [34], with an intra-assay CV of 4% and an inter-assay
CV of 5%.
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Statistical analyses
Statistical analyses were conducted using SAS version 9.1.3 (Statistical Analysis Software; SAS
Institute, Cary, NC, USA). If the model residuals were not normally distributed, the statistical
analyses were performed on (arcsin) square root or logarithmically transformed data. Two
pens were excluded from the study because of a methodological error in replicate 2, resulting
in n = 8 pens for CON/HFS and HFS/CON treatments, and n = 7 pens for HFS/HFS and
CON/CON treatments. Data are presented as (untransformed) means ± SEMs. The upper
limit for the statistically significant effect was set at p� 0.05, with 0.05< p� 0.10 considered
as a trend.

Effects of dietary treatment. Litter size at farrowing was analysed using a mixed model
with prenatal diet and replicate as fixed effects. BW of piglets was averaged per pen. BW at
birth was analysed using a mixed model with prenatal diet and replicate as fixed effects. BW,
ADG and ADFI after weaning were analysed using mixed models with prenatal diet, postnatal
diet, their interactions and replicate as fixed effects. BW at birth was included as covariate for
BW at weaning. BW at weaning was included as covariate for BW after weaning, ADG, G:F
and ADFI. Including BW at birth as a covariate for BW at weaning, and BW at weaning as a
covariate for BW, ADG, G:F and ADGI after weaning did not change the results. Piglet behav-
iours in the home pen after weaning were averaged per pen and per day. Weaning is a major
stressor for piglets, and the behaviours on the day after weaning may therefore reflect the
response of piglets to this stressor rather than display their normal time budget. Indeed, behav-
iours on this day differed profoundly from behaviours 15 and 27 days later, and were therefore
analysed separately. Behaviours on the day after weaning were analysed using a mixed model
that included the fixed effects of prenatal diet, postnatal diet, their interactions and replicate.
Behaviours at 15 and 27 days after weaning were analysed using a repeated mixed model with
prenatal diet, postnatal diet, day, their interactions and replicate as fixed effects. As preliminary

Fig 1. Zones in the open field and novel object tests. The zones were defined using the Ethovision XT 10
video tracking software to perform a posteriori analyses of locomotion patterns in the arena.

doi:10.1371/journal.pone.0154698.g001
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analyses showed that the number of skin lesions on the day of arrival to the home pen signifi-
cantly differed from the number of lesions 7, 14 or 21 days after weaning, these data were ana-
lysed separately. The numbers of skin lesions the day of weaning were analysed using a mixed
model that included the fixed effects of prenatal diet, postnatal diet, their interactions and rep-
licate. Skin lesions at 7, 14 and 21 days after weaning were analysed using a repeated mixed
model with prenatal diet, postnatal diet, day, their interactions and replicate as fixed effects.
Piglet nested within pen, prenatal diet, postnatal diet and replicate was the experimental unit.
In each treatment group (HFS/HFS, CON/HFS, HFS/CON, CON/CON), intake of the control
starter diet during the two-choice feed preference tests was compared with the intake of the
HFS diet by paired Student’s t tests. Salivary cortisol levels were averaged per pen and per sam-
pling time. A mixed repeated model was used to estimate the fixed effect of prenatal diet, post-
natal diet, sampling time, their interactions and replicate on salivary basal cortisol levels (at
the end of the treatment and 8 weeks later), or cortisol levels before and after the OFT/NOT
(before, and 15, 30 and 60 min after testing). Pen nested within prenatal diet, postnatal diet
and replicate was the experimental unit.

Principal component analysis. A Principal Component Analysis (PCA) was conducted
on the variables from the OFT/ NOT to examine whether variation in behavioural responses
of the pigs (n = 63 piglets in total) could be summarized in a limited number of factors. In
both the OFT and NOT, ‘jumping’, ‘comfort behaviours’, ‘sitting’, ‘lying’ and ‘barks’ hardly
occurred, and were excluded from the analyses. ‘Nosing floor’, ‘rooting floor’, ‘nosing walls’
and ‘rooting walls’ were pooled as ‘exploring arena’. ‘Touching bucket’, ‘exploring bucket’ and
‘chewing bucket’ were pooled as ‘exploring bucket’. ‘Slow approach’ and ‘fast approach’ were
pooled as ‘approaching bucket’. ‘Urinating’ and ‘defecating’ were pooled as ‘eliminating’.
‘Squeals’, ‘grunt squeals’ and ‘screams’ were pooled as ‘high-pitched vocalisations’, while ‘long
grunts’, and ‘short grunts’ were pooled as ‘low-pitched vocalisations’. All variables were sub-
jected to a general linear model with replicate as fixed effect to obtain residuals used for the
PCA. After extraction, principal components were scaled by their standard deviations (square
roots of associated Eigenvalues) and subjected to orthogonal rotation (varimax) to obtain inde-
pendent factors. The factors retained from the PCA were analysed using a mixed model with
prenatal diet, postnatal diet and their interactions as fixed effects, and pig as the experimental
unit.

Results

Body weight and feed intake
Initial litter size was not affected by the prenatal diet (HFS: 15.38 ± 0.64 piglets, CON:
15.73 ± 0.62 piglets; F1, 30 = 0.08, p = 0.78). Data of piglets’ growth, feed intake and feed effi-
ciency are presented in Table 2. The prenatal diet did not affect piglet BW at birth (HFS:
1.48 ± 0.05 kg, CON: 1.46 ± 0.06 kg). The day of weaning (i.e. 4 weeks of age), the piglets
exposed to the prenatal HFS diet weighed more than the control piglets (HFS: 8.65 ± 0.16 kg,
CON: 8.18 ± 0.19 kg).

At the end of the treatment (8 weeks of age), the piglets exposed to the postnatal HFS diet
weighed significantly less than the control piglets (HFS: 16.06 ± 0.29 kg, CON: 19.38 ± 0.69
kg). From weaning to the end of the treatment, the piglets exposed to the postnatal HFS diet
had a lower ADG (-30%, HFS: 0.27 ± 0.01, CON: 0.39 ± 0.02 kg/day), ADFI (-12%, HFS:
0.53 ± 0.02 kg/day, CON: 0.60 ± 0.03 kg/day), and G:F (HFS: 0.51 ± 0.02 kg/kg feed, i.e. ~0.42
kg/10 MJ NE, CON: 0.65 ± 0.02 kg/kg feed, i.e. ~0.68 kg/10 MJ NE) compared to the control
piglets. The piglets exposed to the postnatal HFS diet seemed to have higher daily NE intake
than the control piglets (HFS: ~6.42 MJ NE/day, Control: ~5.78 MJ NE/day).
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Eight weeks after the end of the treatment (16 weeks of age), the piglets exposed to postnatal
HFS diet weighed significantly less than the control piglets (HFS: 66.54 ± 0.29 kg, CON:
73.42 ± 1.47 kg). From the end of the treatment to 8 weeks later, the piglets exposed to the post-
natal HFS diet had a 20% lower ADFI (HFS: 1.68 ± 0.04, CON: 2.09 ± 0.08 kg/day), but only
7% lower ADG (HFS: 0.90 ± 0.02, CON: 0.97 ± 0.02 kg/day), resulting in an increased G:F
(HFS: 0.51 ± 0.00, CON: 0.44 ± 0.01) compared to the control piglets. The prenatal diet or its
interactions with the postnatal diet did not affect piglet BW, ADG, ADFI or G:F after weaning.

Skin lesions
Day of weaning. The day of arrival to the post-weaning pen, the piglets exposed to the

prenatal HFS diet tended to have fewer skin lesions on the front (Fig 2A) and middle parts (Fig
2B) of the body than the control piglets. The piglets exposed to the prenatal HFS diet also had
fewer deep wounds on the whole body than the control piglets (Fig 2F). The postnatal diet did
not affect body lesions on the day of weaning.

Post-weaning weeks. The weeks following weaning, both the postnatal, and to a lesser
extent, prenatal HFS diet decreased the total number of skin lesions on the whole body (Fig
2D), which was mostly due to fewer scratches on the whole body (postnatal diet effect, Fig 2E),
and/or fewer lesions on the middle part of the body (postnatal and prenatal diet effect, Fig 2B).
The number of skin lesions on the rear part of the body was also affected by a prenatal
diet × postnatal diet interaction, with the CON/HFS-piglets having fewer skin lesions on the
rear part of the body than the CON/CON-piglets (Fig 2C).

Behavioural observations
Day after weaning. The prenatal diet, postnatal diet and their interactions did not affect

piglet behaviours on the day after weaning, with the exception that the piglets exposed to the
postnatal HFS diet spent more time mounting pen mates than the control piglets (Table 3),

Table 2. Body weight and average daily feed intake of piglets after weaning.

Prenatal diet Control HFS p-values

Postnatal diet Control HFS Control HFS Prenatal Postnatal Prenatal × Postnatal

Body weight (kg)

Birth 1.41 ± 0.06 1.50 ± 0.09 1.49 ± 0.09 1.48 ± 0.07 0.71 ‒ ‒

Weaning (4 weeks of age) 7.94 ± 0.34 8.43 ± 0.16 8.71 ± 0.29 8.60 ± 0.15 0.04 0.50 0.28

End treatment (8 weeks of age) 19.2 ± 1.13 15.9 ± 0.46 19.6 ± 0.91 16.3 ± 0.37 0.67 < 0.0001 0.67

8 weeks later (16 weeks of age) 73.0 ± 1.85 65.6 ± 1.66 73.8 ± 2.35 67.6 ± 1.93 0.94 0.0004 0.56

Average daily gain (kg/day)
Weaning-End of treatment 0.36 ± 0.03 0.26 ± 0.02 0.39 ± 0.03 0.27 ± 0.01 0.75 < 0.0001 0.67

End treatment-8 weeks later 0.96 ± 0.03 0.89 ± 0.02 0.97 ± 0.03 0.92 ± 0.03 0.80 0.02 0.62

Average daily feed intake (kg/day)
Weaning-End of treatment 0.58 ± 0.04 0.53 ± 0.03 0.62 ± 0.04 0.53 ± 0.03 0.82 0.05 0.75

End treatment-8 weeks later 2.11 ± 0.09 1.65 ± 0.06 2.07 ± 0.13 1.70 ± 0.06 0.49 < 0.0001 0.44

Gain to feed ratio (kg weight/kg feed)

Weaning-End of treatment 0.67 ± 0.01 0.50 ± 0.03 0.63 ± 0.03 0.52 ± 0.03 0.52 < 0.0001 0.26

End treatment-8 weeks later 0.43 ± 0.02 0.51 ± 0.01 0.45 ± 0.01 0.51 ± 0.01 0.20 < 0.0001 0.58

Data are averaged per pen and presented as means ± SEMs. Significant main effects of prenatal diet, postnatal diet or their interactions are indicated in

bold (p � 0.05) and trends are indicated in bold italics (0.05 < p � 0.10).

doi:10.1371/journal.pone.0154698.t002
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and a tendency for prenatal diet × postnatal diet interaction effects for time spent on mainte-
nance behaviours, standing and exploring pen mates. Post hoc tests did not reveal significant
pairwise differences.

Post-weaning weeks. Behavioural activity in the home pen 15 and 27 days after weaning
is presented in Table 4. As no interactions between prenatal diet or postnatal diet and time
were found, data were averaged over both observation days. The weeks following weaning,
the time spent lying and sitting/kneeling inactive was affected by prenatal diet × postnatal diet

Fig 2. Skin lesions of piglets after weaning. (A) Total lesions, (B) total scratches and (C) total deep wounds on the whole body, and total lesions in the
(D) front, (E) middle or (F) rear part of the body. Piglets were exposed to a HFS diet or a control (CON) diet 8 weeks before and/or 8 weeks after birth. Data
on the day of weaning (left of the dotted line) were analysed separately from data on 7, 14 and 21 days after weaning (right of the dotted line). Different
letters indicate a significant time effect between 7, 14 and 21 days after weaning (p� 0.05).

doi:10.1371/journal.pone.0154698.g002
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interactions. Post hoc comparisons showed that the CON/CON-piglets tended to spend more
time lying inactive than the HFS/CON-piglets (p = 0.06), with levels of the CON/HFS- and
HFS/HFS-piglets in between. The CON/CON-piglets and HFS/HFS-piglets spent more time
sitting/kneeling than the CON/HFS-piglets (p = 0.01 for both), with levels of the HFS/CON-
piglets in between. Standing inactive was increased by the postnatal HFS diet. Both the prenatal
and postnatal HFS diet increased the time spent walking.

The time spent exploring and ingesting feeding materials and exploring the environment
was influenced by prenatal diet × postnatal diet interactions. Compared to the CON/HFS -pig-
lets, the HFS/HFS-piglets spent less time ingesting feeding materials (p = 0.02). The HFS/HFS-
piglets also spent less time exploring feeding materials than the HFS/CON- (p = 0.0004)
and CON/CON-piglets (p = 0.02), while the HFS/CON-piglets explored feeding materials
(p = 0.01) more than the CON/HFS-piglets. Numerical data suggest a lower time spent explor-
ing the environment in the CON/CON- and HFS/HFS-piglets compared to the other groups.

The postnatal HFS diet tended to reduce time spent on aggression, but increased oral
manipulation of pen mates. Trends were found for an effect of prenatal diet × postnatal diet
interaction on the time spent mounting and exploring pen mates. Numerical data suggest less
time spent mounting and exploring the pen mates in the CON/CON- and HFS/HFS-piglets
compared to the other groups. The prenatal and postnatal diets did not affect the time spent on
play behaviour, elimination or maintenance behaviour.

Table 3. Behavioural activity of piglets in the home pen the day after weaning.

Prenatal diet Control HFS p-values

Postnatal diet Control HFS Control HFS Prenatal Postnatal Prenatal × Postnatal

Inactive behaviours (%)

Lying 55.0 ± 3.98 55.0 ± 2.77 59.0 ± 3.55 48.0 ± 2.59 0.66 0.11 0.12

Sitting/kneeling 1.24 ± 0.27 1.00 ± 0.46 0.93 ± 0.19 1.11 ± 0.30 0.76 0.93 0.51

Standing 6.85 ± 0.92 6.16 ± 0.55 5.35 ± 0.47 7.51 ± 1.07 0.92 0.34 0.06
Locomotion behaviours (%)

Walking 1.77 ± 0.51 2.41 ± 0.71 1.88 ± 0.46 2.22 ± 0.40 0.92 0.26 0.53

Feed-related behaviours (%)

Ingesting feeding materials 6.48 ± 1.10 6.16 ± 1.09 5.49 ± 0.59 7.01 ± 0.91 0.94 0.54 0.33

Exploring feeding materials 1.34 ± 0.27 1.06 ± 0.34 1.11 ± 0.29 1.27 ± 0.30 0.85 0.84 0.35

Exploratory behaviours (%)

Exploring environment 21.0 ± 2.41 22.8 ± 1.53 20.9 ± 2.51 26.1 ± 1.24 0.44 0.10 0.40

Social behaviours (%)

Aggressing pen mates 1.03 ± 0.38 0.76 ± 0.41 0.65 ± 0.29 1.53 ± 1.13 0.82 0.95 0.35

Manipulating pen mates 0.45 ± 0.10 0.44 ± 0.19 0.69 ± 0.20 0.56 ± 0.08 0.13 0.50 0.63

Exploring pen mates 2.17 ± 0.27 1.39 ± 0.33 1.37 ± 0.34 1.75 ± 0.26 0.48 0.52 0.08
Mounting pen mates 0.05 ± 0.03 0.37 ± 0.19 0.09 ± 0.05 0.19 ± 0.10 0.64 0.05 0.29

Playing behaviours (%)
Social, non-social and substrate playing 1.77 ± 0.55 2.04 ± 0.33 1.99 ± 0.60 1.72 ± 0.51 0.79 0.88 0.52

Other (%)
Maintenance 0.40 ± 0.15 0.23 ± 0.12 0.25 ± 0.10 0.58 ± 0.24 0.35 0.47 0.07

Eliminating 0.16 ± 0.11 0.07 ± 0.03 0.12 ± 0.07 0.21 ± 0.06 0.50 0.96 0.23

Data are presented as % of observation (means ± SEMs). Significant main effects of prenatal diet, postnatal diet or their interactions are indicated in bold

(p � 0.05) and trends are indicated in bold italics (0.05 < p � 0.10).

doi:10.1371/journal.pone.0154698.t003
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Feed preference tests
Although the CON/CON‒piglets seemed to systematically prefer the control starter diet to the
HFS diet, a statistical trend was only found for the 24‒h feed preference tests at the end of the
treatment (p = 0.06; Fig 3). The CON/HFS‒piglets seemed to prefer the HFS diet to the control
starter diet during both the 7‒h and 24‒h feed preference tests at the end of the treatment, but
the preference did not reach the threshold for significance. Eight weeks later, however, the
CON/HFS‒piglets tended to prefer the HFS diet to the control starter diet during both the 7‒h
and 24‒h feed preference tests (p = 0.05 and p = 0.08, respectively). The HFS/CON‒piglets
exhibited no consistent patterns of feed preferences during the tests (p> 0.10). The HFS/
HFS‒piglets tended to prefer the HFS diet to the control starter diet during both the 7‒h and
24‒h tests at the end of the dietary treatment (p = 0.23 and p = 0.10, respectively) and 8 weeks
later (p = 0.05 and p = 0.09, respectively).

Principal component analysis
The variables (means ± SEMs) of the OFT/ NOT are presented in S3 Table. Seven factors were
retained from the PCA (Eigenvalue> 1.2) and were labelled according to the variables loaded
on the factor (Table 5). The factors explained 78% of total variance. The factor ‘Alert OFT &
Vocalisations’ had high positive loadings for standing alert in OFT, and low- and high-pitched

Table 4. Behavioural activity of piglets in the home pen 15 and 27 days after weaning.

Prenatal diet Control HFS p-values

Postnatal diet Control HFS Control HFS Prenatal Postnatal Prenatal × Postnatal

Inactive behaviours (%)

Lying 58.3 ± 3.41 53.0 ± 2.39 52.2 ± 1.77 56.0 ± 1.72 0.51 0.74 0.05

Sitting/kneeling 1.15 ± 0.28 0.43 ± 0.09 0.94 ± 0.25 1.13 ± 0.17 0.21 0.17 0.02

Standing 1.28 ± 0.28 2.54 ± 0.65 1.93 ± 0.47 2.60 ± 0.32 0.34 0.01 0.60

Locomotion behaviours (%)

Walking 0.91 ± 0.22 1.20 ± 0.33 1.25 ± 0.45 1.71 ± 0.38 0.03 0.05 0.98

Feed-related behaviours (%)

Ingesting feeding materials 11.9 ± 0.67 13.7 ± 1.40 12.7 ± 0.98 11.2 ± 0.82 0.28 0.87 0.02

Exploring feeding materials 0.71 ± 0.11 0.54 ± 0.08 1.00 ± 0.09 0.39 ± 0.10 0.94 0.001 0.04

Exploratory behaviours (%)

Exploring environment 18.9 ± 2.07 20.7 ± 1.29 23.1 ± 1.68 19.1 ± 1.42 0.38 0.46 0.07
Social behaviours (%)

Aggressing pen mates 0.26 ± 0.12 0.08 ± 0.03 0.22 ± 0.08 0.09 ± 0.07 0.50 0.06 0.72

Manipulating pen mates 1.16 ± 0.23 1.68 ± 0.31 1.44 ± 0.21 2.55 ± 0.91 0.22 0.05 0.76

Exploring pen mates 1.78 ± 0.40 1.91 ± 0.15 2.03 ± 0.22 1.34 ± 0.21 0.50 0.24 0.08
Mounting pen mates 0.08 ± 0.05 0.21 ± 0.06 0.13 ± 0.08 0.04 ± 0.02 0.25 0.44 0.09

Playing behaviours (%)
Social, non-social and substrate playing 2.82 ± 0.61 3.20 ± 0.64 2.08 ± 0.20 2.98 ± 0.70 0.68 0.40 0.68

Others (%)
Maintenance 0.18 ± 0.06 0.19 ± 0.08 0.19 ± 0.05 0.09 ± 0.03 0.30 0.30 0.12

Eliminating 0.59 ± 0.11 0.56 ± 0.11 0.63 ± 0.06 0.68 ± 0.07 0.37 0.87 0.53

Data are presented as % of observations (means ± SEMs). Within each treatment, data from day 15 and day 27 after weaning are averaged. Significant

main effects of prenatal diet, postnatal diet or their interactions are indicated in bold (p � 0.05) and trends are indicated in bold italics (0.05 < p � 0.10).

doi:10.1371/journal.pone.0154698.t004
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vocalisations in the OFT and NOT, and high negative loadings for time spent exploring the
arena and walking in the OFT. The variables time spent in centre and novel object zones during
the NOT loaded positively, and time spent in wall and observer zones during the NOT loading
negatively on the ‘Location NOT’ factor. The factor ‘Locomotion NOT & Activity’ had high
positive loadings for distance covered and time spent walking and exploring the arena during
the NOT, and high negative loadings for time spent standing alert in the NOT and OFT. The
time spent walking and the distance covered during the OFT loaded positively, and the time
spent standing in the OFT loaded negatively in the ‘Locomotion OFT’ factor. The ‘Location
OFT’ had high positive loadings for time spent in wall, observer and entrance zones, and a high
negative loading for time spent in the centre of the OFT. The ‘Interactions with novel object’
factor had high positive loadings for the time spent walking, approaching the bucket and with-
drawing from the bucket, and a high negative loading for standing in the NOT. Finally, the fre-
quency of eliminating behaviours (i.e. defecating and urinating) in the OFT and NOT loaded
positively, and the time exploring the novel object loaded negatively in the ‘Eliminating &
Avoiding novel object’ factor. No trends or significant effects of prenatal or postnatal diet or
their interaction were found on the retained PCA factors (Table 6).

Fig 3. Feed intake (kg) during the feed preference tests. (A) 7‒h and (B) 24‒h feed preference tests done at the end of the dietary treatment, and (C)
7‒h and (D) 24‒h feed preference tests done 8 weeks later. During the tests, the piglets had the choice between the HFS diet and the control (CON)
starter diet distributed in two feeders in the home pen. Percentages above bars indicate the intake of the HFS diet relative to total intake during the test.
Symbols indicate significant differences between the absolute intake of the HFS vs. CON diet during the test: * p� 0.05; † 0.05 < p� 0.10.

doi:10.1371/journal.pone.0154698.g003
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Table 5. Loadings on the factors extracted by principal component analysis, after orthogonal rotation, of variables recorded on individual piglets.

Measures Alert OFT &
Vocalisations

Location
NOT

Locomotion NOT
& Activity

Locomotion
OFT

Location
OFT

Interactions with
novel object

Eliminating &
Avoiding novel

object

Open field test
Walking (%) -0.48 0.26 0.30 0.69 -0.03 0.11 0.10

Standing alert (%) 0.67 -0.21 -0.48 0.01 -0.11 0.04 -0.22

Standing (%) -0.14 -0.07 0.19 -0.82 0.25 -0.20 0.13

Exploring arena
(%)

-0.76 0.08 0.38 -0.09 -0.05 0.08 0.24

Low-pitched
vocalisations (freq)

0.72 0.16 0.01 0.38 0.14 0.00 0.03

High-pitched
vocalisations (freq)

0.64 0.29 0.02 0.34 0.02 -0.12 0.21

Eliminating (freq) 0.19 0.08 0.06 ‒0.01 0.14 ‒0.04 0.47
Distance covered
(m)

0.21 0.25 ‒0.01 0.74 0.15 ‒0.12 ‒0.01

Latency to centre
zone (s)

‒0.02 0.10 0.08 ‒0.28 0.04 ‒0.03 0.16

Time in the centre
zone (%)

0.06 0.05 ‒0.16 0.23 ‒0.65 0.28 0.15

Time in wall zone
(%)

0.06 0.12 0.01 ‒0.03 0.76 ‒0.23 ‒0.01

Time in observer
zone (%)

0.26 ‒0.16 ‒0.10 0.07 0.73 0.12 0.15

Time in entrance
zone (%)

-0.03 ‒0.21 ‒0.23 0.02 0.45 0.18 0.28

Novel object test
Walking (%) 0.19 ‒0.04 0.72 -0.22 ‒0.08 0.50 ‒0.15

Standing alert (%) ‒0.08 ‒0.10 ‒0.83 0.16 0.01 0.02 ‒0.02

Standing (%) 0.04 0.04 0.07 ‒0.06 0.14 ‒0.67 0.26

Exploring arena
(%)

‒0.01 ‒0.18 0.48 ‒0.12 ‒0.35 0.03 0.32

Low-pitched
vocalisations (freq)

0.74 0.11 0.20 ‒0.12 0.07 ‒0.03 0.05

High-pitched
vocalisations (freq)

0.58 0.24 0.16 ‒0.08 0.06 ‒0.14 0.11

Eliminating (freq) ‒0.07 ‒0.04 0.19 ‒0.21 0.01 ‒0.09 0.51

Distance covered
(m)

‒0.02 0.12 0.50 0.37 -0.21 ‒0.06 0.20

Latency to centre
zone (s)

‒0.03 0.25 0.16 ‒0.26 ‒0.05 0.12 ‒0.15

Time in the centre
zone (%)

0.12 0.89 ‒0.05 0.11 ‒0.13 0.13 0.13

Latency to novel
object zone (s)

‒0.18 ‒0.24 ‒0.04 ‒0.13 ‒0.10 0.18 ‒0.14

Time in novel
object zone (%)

0.08 0.87 0.02 0.08 ‒0.05 ‒0.03 ‒0.01

Time in wall zone
(%)

‒0.13 ‒0.87 0.03 ‒0.03 ‒0.13 0.01 0.04

Time in observer
zone (%)

0.01 ‒0.59 0.48 ‒0.04 0.31 0.03 0.22

Time in entrance
zone (%)

‒0.17 ‒0.31 0.55 0.05 0.15 ‒0.03 ‒0.01

(Continued)
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Salivary cortisol analyses
Compared to the prenatal control diet, the prenatal HFS diet tended to decrease basal salivary
cortisol levels measured at the end of the treatment and 8 weeks later (HFS: 2.68 ± 0.20 ng/mL,
CON: 2.26 ± 0.19 ng/mL, F1, 27 = 3.75, p = 0.06). No effects of the postnatal diet, time or their
interactions were found on basal salivary cortisol levels (p> 0.10). A significant effect of time
was found on salivary cortisol levels the day of the OFT/NOT (Fig 4), with a transient increase
in concentration 15 min after the test and a return to basal levels 60 min after the test. The day
of the OFT/NOT, the piglets exposed to the postnatal HFS diet had higher salivary cortisol lev-
els than the control piglets (HFS: 1.92 ± 0.14 ng/mL, CON: 1.61 ± 0.12 ng/mL).

Discussion
This study showed that late prenatal and/or early postnatal exposure to a diet enriched in satu-
rated fat, sucrose, and cholesterol had no evident effects on anxiety- or fear-related behaviours
in a novelty test, but impacted locomotion, social and exploratory behaviours, as well as long-
term feed intake, growth, and feed efficiency in weaned piglets.

Both prenatal and postnatal exposure to the HFS diet affected piglet aggressive behaviour in
the home pen after weaning. Piglets exposed to the HFS diet before birth had fewer skin lesions

Table 5. (Continued)

Measures Alert OFT &
Vocalisations

Location
NOT

Locomotion NOT
& Activity

Locomotion
OFT

Location
OFT

Interactions with
novel object

Eliminating &
Avoiding novel

object

Approaching
bucket (%)

‒0.08 0.17 0.13 ‒0.02 0.00 0.75 ‒0.03

Withdrawing from
bucket (%)

‒0.12 ‒0.06 ‒0.01 0.07 ‒0.04 0.80 0.19

Exploring bucket
(%)

0.24 0.11 0.30 ‒0.22 0.34 ‒0.11 ‒0.59

Variance
explained (%)

19.02 14.76 12.99 9.74 8.69 7.21 5.60

Variables were recorded in 8-week-old piglets (n = 63) during the combined open field and novel object tests. Proportions of total variation explained by

each factor are given. Loadings � 0.40 or � ‒0.40 are indicated in bold italics, and loadings � 0.50 or � ‒0.50 are indicated in bold.

doi:10.1371/journal.pone.0154698.t005

Table 6. Behavioural responses of piglets in the open field and novel object tests expressed as factor scores extracted by principal component
analysis.

Prenatal diet Control HFS p-values

Postnatal diet Control HFS Control HFS Prenatal Postnatal Prenatal × postnatal

Alert OFT & Vocalisations 0.29 ± 0.47 -0.01 ± 0.24 -0.31 ± 0.29 0.06 ± 0.31 0.38 0.96 0.32

Location NOT 0.09 ± 0.23 -0.26 ± 0.24 0.07 ± 0.17 0.01 ± 0.26 0.55 0.56 0.56

Locomotion NOT & Activity 0.37 ± 0.22 -0.12 ± 0.41 0.15 ± 0.27 -0.27 ± 0.32 0.67 0.12 0.82

Locomotion OFT -0.15 ± 0.20 -0.18 ± 0.44 0.14 ± 0.19 0.08 ± 0.17 0.49 0.84 0.51

Location OFT 0.19 ± 0.23 -0.51 ± 0.30 0.14 ± 0.20 -0.06 ± 0.22 0.75 0.12 0.43

Interaction with novel object -0.07 ± 0.45 -0.03 ± 0.21 0.30 ± 0.24 -0.12 ± 0.28 0.56 0.67 0.31

Eliminating & exploring novel object 0.13 ± 0.21 -0.03 ± 0.23 0.17 ± 0.23 -0.26 ± 0.25 0.93 0.38 0.58

Data are presented as means ± SEMs.

doi:10.1371/journal.pone.0154698.t006
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on the front and middle body parts, and fewer deep wounds on the whole body on the day of
arrival to the post-weaning pen. Lesions on the front part of the body and on the flanks are
valid indicators of reciprocal fighting [30], indicating that piglets fed the HFS diet before birth
engaged less, and with lower intensity, in reciprocal fights in the farrowing crate and/or during
transport in the truck. During the weeks following weaning, piglets exposed to the HFS diet
after birth exhibited fewer aggressive behaviours, and had fewer skin lesions on the whole body
than control piglets. Notably, compared to piglets not exposed to the HFS diet at all, piglets
exposed to the HFS diet only after birth had fewer skin lesions on the rear part of the body,
which reflect receiving un-retaliated aggression, i.e. ‘bullying’ behaviours [30]. This suggests
that the postnatal HFS diet decreased not only ‘normal’ reciprocal aggression, but also aberrant
bullying behaviours during the early post-weaning period. High-fat and high-sugar diets have
been found to exert some “comforting effects” in stressful situations, with both animals and
humans showing a tendency to consume this so-called “comfort food” following chronic stress
[35]. We speculate that chronic exposure to the HFS diet, a palatable “comfort food”, may have
alleviated the social tensions, and reduced the agonistic interactions after weaning, a stressful
event in pig husbandry.

The intake of the HFS diet after birth affected other social interactions, with more mounting
directly after weaning, and more manipulative behaviours directed at pen mates during the
weeks following weaning. Mounting is a complex social behaviour, which has been linked not
only with dominance and sexual behaviours [36], but also with motivation to play or explore,
and a high state of arousal [37,38]. Manipulative behaviours (e.g. belly nosing, chewing tail or

Fig 4. Salivary cortisol concentrations the day of the open field and novel object tests. Piglets were exposed to a HFS
diet or a control (CON) diet 8 weeks before and/or 8 weeks after birth. Saliva samples were collected 10 min before (t0), and
15 (t15), 30 (t30) and 60 (t60) min after start of the test. Different letters indicate a significant time effect (p� 0.05).

doi:10.1371/journal.pone.0154698.g004
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ears of pen mates) are known to represent re-directed exploratory or suckling behaviours in
weaned piglets [39,40]. Although excessive occurrences of these behaviours may reflect poor
adaptation to weaning [41], can cause severe skin injuries, and are not desirable on pig farms
[42,43], their frequency remained very low in our study. The increase in mounting and, possi-
bly, manipulative behaviours might thus reflect an enhanced motivation for social contact [44]
rather than an increase in negative social interactions per se.

Prior studies have reported increased agonistic behaviours with a high-fat diet in non-
human primates [15] and rats [4,16]. Others found fewer skin lesions, reduced aggression, and
increased non-agonistic social interactions in juvenile minipigs fed a diet high in fat and cho-
lesterol [9] or in juvenile monkeys fed a high-cholesterol diet [8]. We also reported decreased
aggression with a high-cholesterol diet, suggesting that dietary cholesterol may have inhibitory
effect on aggressiveness. Alternatively, we cannot rule out the possibility that the decrease in
aggression was caused by high levels of sucrose, or the combination of high levels of fat and
sugars in the HFS diet. Accordingly, Lalanza et al. [22] found increased social interactions in
juvenile rats fed a cafeteria diet high in both fat and refined sugars for 8 weeks after weaning
while intake of beverages high in sugars has been found to decrease aggression in adolescent
humans [7].

We found no evidence of dietary effects on anxiety-related behaviours in the OFT/NOT,
nor on the behavioural activity of piglets on the day directly after weaning. As stated earlier,
weaning is a stressful event, and changes in behavioural activity (e.g. increased aggression,
abnormal behaviours) are thought to reflect the piglet’s ability to cope with this stressful chal-
lenge. Taken together, our behavioural data do not support the postulate that a HFS diet would
increase stress or anxiety-related behaviours, thus contradicting prior research in rodents and
non-human primates [15,17–20]. Prior studies have confirmed that standing alert, high-
pitched vocalisations, and defecations in novelty tests are related to negative emotional states
in pigs [32,45]. This, together with the transient increased in salivary cortisol concentrations
after the test, suggests that the combined OFT/NOT is a significant stressful event, and a rele-
vant test to assess emotional reactivity in piglets. Discrepancies in results between studies may
be related to differences in diet composition. While increased anxiety levels have been found in
offspring from obese mothers fed high-fat diets [17–19], some studies have reported reduced
anxiety-related behaviours in rats exposed to a maternal high-fat high-sugar cafeteria diet [21]
or fed a cafeteria diet after weaning [22], suggesting that high-fat diets and diets combining
high levels of fat and refined sugars may have contrasted effects on anxiety-related behaviours.

It is worth noting that, although the diet did not affect behaviours during the OFT/NOT,
piglets exposed to the HFS diet after birth had higher salivary cortisol levels than control piglets
on the day of testing. This difference in cortisol levels, however, was already observed at t0, i.e.
basal level before testing, indicating that the high cortisol levels were likely not caused by an
enhanced physiological response to acute stress, but rather by a chronic difference in basal cor-
tisol levels. How the postnatal HFS diet affected cortisol levels and whether this was related to
the presence of cholesterol, a cortisol precursor, in this diet, is unclear. On the other hand, pig-
lets exposed to the HFS diet before birth tended to have reduced basal salivary cortisol levels
after weaning compared to control piglets. Lower basal serum corticosterone levels have been
found in rat offspring exposed to a maternal high-fat diet [17], while increased basal plasma
corticosterone levels have been reported in female rats fed a post-weaning high-fat diet [46],
and in male rats fed a post-weaning ‘junk food fatty diet’ [47]. These findings indicate that the
programming effects of a prenatal high-fat diet on the hypothalamic-pituitary-adrenal axis
responsivity may be different from that of a postnatal diet.

Both prenatal and postnatal exposure to the HFS diet increased the time spent walking in
the home pen during the weeks following weaning, which contradicts prior findings in rats
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[17,20–22]. It is worth noting that, while we found increasedlocomotion in the familiar home
pen, the aforementioned studies measured locomotion during novelty tests, in which locomo-
tion may have been affected by stress [48]. Alternatively, it is possible that high-fat and high-
fat/sugar diets exert differential effects on locomotion, as supported by prior studies showing
that high-fat diets and diets enriched in both fat and refined sugars had, respectively, no effect
[17,20] and inhibitory effects [21,22] on locomotion. In addition, while in prior studies the
diets often resulted in increased BW or adipose mass in the offspring, piglets fed the HFS diet
were not overweight in our study, indicating that the increase in BW induced by elevated levels
of dietary fat may be the critical parameter required to observe decreased locomotion [22].

In addition to the independent effects of the prenatal or postnatal HFS diet, we found that
several effects of the postnatal diet on behaviours depended on the prenatal diet. Piglets sub-
jected to a switch of diet at birth spent less time inactive, and more time exploring and/or
ingesting feeding materials than piglets maintained on the same treatment. Numerical data
also suggest that piglets subjected to a switch of diet at birth spent more time exploring the
environment, mounting and exploring pen mates than piglets maintained on the same diet.
Mammals have the ability to perceive in utero the flavour of the maternal feed, which reaches
the foetus through the amniotic fluid [49]. This ability enables the individual to identify, after
birth, the organoleptic properties of their early postnatal diet that were already present (or not)
in the maternal diet during gestation, which influences the development of food preferences
[50,51]. We speculate that the disruption of this “in utero-early life sensory continuum” in pig-
lets subjected to a dietary change at birth might have influenced their exploratory and social
behaviour. Indeed, the switch of feed may have stimulated exploratory behaviours (to seek for
the familiar prenatal diet), and social interactions (partly as re-directed exploratory behav-
iours). On the other hand, piglets that remained on the same diet may have been less motivated
to seek for an alternative feed, and spent more time inactive. Although further studies would be
needed to confirm this postulate, our findings emphasise the importance of the interactions
between foetal and early life nutritional factors for the development of (eating) behaviours.

In our study, piglets exposed to the HFS diet before birth were heavier at weaning than con-
trol piglets, but this effect was not sustained after weaning. This confirms prior findings in
rodents that a maternal high-fat diet increases offspring BW during the pre-weaning period,
but not necessarily later [17]. Supplementing sow diets with fat during gestation has been
found to affect both milk yield and composition [52,53], two limiting factors of piglet growth
[54,55]. We therefore assume that the increase in piglet BW at weaning was induced by an
increased milk production (and intake) and/or by changes in milk nutrient composition, e.g.
elevated levels of fat [56]. Further research should include milk analyses to disentangle the
respective role of milk composition and quantity on piglet BW at weaning.

The intake of the HFS diet after birth resulted in a 12% reduction in ADFI from weaning to
the end of the treatment. The feed preference tests revealed consistent long- and short-term
preferences for the HFS diet in piglets exposed to this diet after birth. Since piglets fed the con-
trol diet after birth did not show significant preferences for the control diet, we assume that the
preferences for the HFS diet were not only due to habituation processes, but also to a high per-
ceived palatability. Therefore, rather than from low palatability, the reduced ADFI in these pig-
lets likely resulted from high satiating effects of the HFS diet, as confirmed by behavioural data
showing that piglets fed the HFS diet after birth explored feed materials after weaning less than
control pigs, i.e. showed fewer appetitive ingestive behaviours, indicating a lower motivation
for feed [57], which may result from higher satiety. Accordingly, Besson et al. [58] found that
minipigs were more motivated to obtain a HFS diet than a control diet at the very beginning of
a progressive ratio task (i.e. higher palatability), but obtained fewer rewards in total at the end
of the task (i.e. quicker satiating effect). In our study, piglets fed the HFS diet after birth had a
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lower intake of fibres and proteins, two nutrients known to enhance satiety [59,60], than con-
trol piglets, suggesting that other factors contributed to the dietary effects on ADFI. Energy
intake appears to be a major determinant of feed intake in pigs [61], indicating that the lower
ADFI found in piglets fed the HFS diet may simply result from a higher total energy intake
(6.42 vs. 5.78 MJ NE/day).

Despite the higher caloric intake, piglets exposed to the HFS diet after birth weighed less at
the end of the treatment than control piglets, which was caused by a 30% reduction in ADG
from weaning onwards. Interestingly, G:F from weaning to the end of the dietary intervention
was also lower in piglets fed the HFS diet after birth compared to control pigs. Crude protein
[62] and amino acid (AA) levels, e.g. lysine [63], are known to be critical factors for (muscle)
growth and feed efficiency in pigs. According to recommendations for weaned piglets by CVB
[31], the HFS diet was deficient in essential AA, particularly lysine. In addition, piglets fed the
HFS diet after birth ate significantly less than the control pigs from weaning (4 weeks of age) to
8 weeks of age, which resulted in a lower AA intake relative to net energy (e.g. lysine: 4.3 vs. 6.2
g/day). The decrease in growth and feed efficiency found in piglets fed the HFS diet after birth
was thus likely caused by a lower intake and deposition of AA during the early post-weaning
period, which the pigs apparently did not compensate for by increasing their feed intake.
Another hypothesis to explain the reduced growth of piglets fed the HFS diet would be that pig-
lets had difficulties to digest the high levels of animal fat contained in the HFS diet. However,
although fat digestion has been reported to be limited in weaned piglets [64–66], the calculated
NE intake was 11% higher in the piglets fed the HFS diet than in control piglets, indicating that
a reduction in the intake of essential AA, such as lysine, rather than energy limited the growth
rate of these piglets, and thus decreased feed efficiency.

We cannot exclude the possibility that some of the behavioural changes observed in piglets
fed the postnatal HFS diet were caused by the reduction in BW gain, as a relationship between
BW gain and agonistic behaviour around weaning and regrouping in piglets has been reported
[67]. In our study, however, some behaviours were also affected by the interaction between pre-
natal and postnatal diet, suggesting that reduction in BW (gain) is likely not the only factor
underlying the effects of the HFS diet on behavioural activity, as the prenatal diet did not affect
BW (gain). Further research using pair-feeding groups of piglets of similar BW (gain) and fed
HFS or control diets would enable to disentangle the respective role of diet composition and
growth on behavioural activity.

A remarkable finding is the long-lasting effects of the postnatal HFS diet on piglet perfor-
mance. During the 8 weeks following the dietary intervention, compared to control piglets, pig-
lets fed the HFS diet after birth had a 20% decrease in ADFI, paired with a slight reduction in
ADG, resulting in a higher G:F. The improved feed efficiency, associated with the attenuation
of the effects on growth (7% vs. 30% reduction during the early post-weaning period), suggests
that, when fed a commercial diet that meets their needs for nutrients, the piglets fed the HFS
diet after birth were able to partially compensate for the growth reduction caused by AA
restriction in early life, as previously reported [68,69]. The 8-week period, however, may not
have been long enough to fully compensate. As BWmainly depends on muscle weight, one
hypothesis to explain the long-term retardation of growth would be that the postnatal HFS diet
affected myogenesis. Muscle weight depends on both myofibre number and myofibre size.
While the number of myofibres is determined mainly before birth, postnatal myofibre develop-
ment consists mainly of increase in fibre size, i.e. myofibre hypertrophy [70]. It is possible that
low AA intake in piglets fed the HFS diet during the 4 first post-weaning weeks delayed hyper-
trophic muscle growth, resulting in long-lasting changes in body composition, with reduced
muscle tissue and increased adipose tissue, contributing to the long-lasting reduction of BW.
Additionally, in contrast to the control group, feed efficiency of piglets fed the postnatal HFS
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diet remained unchanged from the early post-weaning period to the 8-week period following
the dietary intervention. This may indicate that piglets fed the HFS diet directly after birth
compensate for myofibre size and hypertrophy when exposed to a commercial diet with ade-
quate levels of AA, leading to an improved G:F ratio in these pigs.

Alternatively, it is possible that the intake of high levels of fat in the HFS diet during early
life altered early life gut development and long-term gut functioning in the HFS piglets, thus
complicating the transition to a standard diet later in life. Accordingly, de Souza et al. [65]
reported that the intake of high dietary levels of fat after weaning increased and decreased
lipase and amylase activity, respectively. They posited that these changes in the activity of
enzymes involved in lipids and starch break down may impair the piglets’ ability to cope with
a standard (high-starch low-fat) diet later in life, i.e. during the recovery period needed for
enzyme levels to rebound. Further research should consider investigating the impact of the
HFS diet on digestive enzyme activity in weaned piglets, and its potential role for long-term
performance and behavioural development.

While partial compensation for growth and feed efficiency occurred, piglets fed the HFS
diet after birth showed a large decrease in ADFI during the 8 weeks following the dietary inter-
vention. One postulate to explain the drastic and long-lasting reduction of feed intake would
be that 8-week early life exposure to the HFS diet resulted in long-lasting alterations of the sati-
ety/appetite regulation system of the piglets. These effects might be mediated by long-lasting
changes of circulating blood levels of appetite-regulating metabolites, such as leptin, ghrelin,
insulin or glucose. Accordingly, we reported a significant decrease in fasting blood insulin lev-
els during the 8-week period following the dietary intervention in piglets fed the postnatal HFS
diet compared to control piglets [71]. Further analyses, however, should be done to support the
postulate of altered appetite regulation.

Conclusions
In conclusion, the present study provides evidence that foetal or early life exposure to a diet
enriched in saturated fat, sucrose and cholesterol has subtle effects on behaviour of (non-
obese) piglets, with reduced aggression and increased locomotion, without having apparent
adverse effects on anxiety-related behaviours after weaning. The exposure to the HFS diet after
birth also induced long-lasting changes in voluntary feed intake, growth and feed efficiency
in piglets, which may have resulted from early post-weaning AA restriction. Our study also
emphasises the importance of the interactions between in utero and early postnatal nutrition
for the behavioural development of the offspring, as some behavioural effects of postnatal
exposure to the HFS diet depended on the prenatal dietary history. Further studies are needed
to determine which factors, such as maternal and offspring metabolic status, diet composition
or digestive enzymatic activity, underlie the equivocal results found between our study and
prior research in rodents. Considering the current socio-economic context characterised by the
widespread availability of diet high in fat and refined sugars, the characterisation of dietary or
metabolic factors underlying the effects of a perinatal high-fat high-sugar high-cholesterol diet
on behaviour in pigs could have interesting applications in terms of dietary recommendations
for perinatal nutrition in humans.

Supporting Information
S1 Table. Behaviours of piglets in the home pen after weaning.
(PDF)

Programming Effects of Perinatal Nutrition in Pigs

PLOS ONE | DOI:10.1371/journal.pone.0154698 May 18, 2016 20 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0154698.s001


S2 Table. Behaviours of piglets during the combined open field and novel object test.
(PDF)

S3 Table. Behaviours of piglets during the combined open field and novel object test.
(PDF)

Acknowledgments
The authors are very grateful to Fleur Bartels, Monique Ooms, Jan Wijnen, Anouschka Mid-
delkoop and Welmoed Wehkamp for all the help in conducting this experiment. We would
like to thank Rudie Koopmanschap for his assistance with the cortisol analyses, Sietse-Jan
Koopmans for his valuable advice on the study and the personnel from the experimental farms
of Carus (Wageningen) and VIC (Sterksel) for taking care of the animals and their technical
assistance. We are also very thankful to Dr. Claudia Kalbe for her invaluable help in interpret-
ing data on piglet performance. This research has been supported by a post-doctoral study
grant from the Fyssen Foundation awarded to Dr. C. Clouard. Scientific interactions with the
INRA DID’IT Metaprogramme made possible to share insights on the methodology and
results interpretation.

Author Contributions
Conceived and designed the experiments: CCWJJG BK DVL JEB. Performed the experiments:
CC. Analyzed the data: CC JEB. Wrote the paper: CCWJJG JEB DVL. Formulated the experi-
mental diets: WJJG.

References
1. Wardle J. Eating behaviour and obesity. Obesity Reviews. 2007; 8: 73–75. PMID: 17316306

2. Stein CJ, Colditz GA. The epidemic of obesity. Journal of Clinical Endocrinology & Metabolism. 2004;
89: 2522–2525.

3. Morganstern I, Ye Z, Liang S, Fagan S, Leibowitz SF. Involvement of cholinergic mechanisms in the
behavioral effects of dietary fat consumption. Brain Research. 2012; 1470: 24–34. doi: 10.1016/j.
brainres.2012.06.004 PMID: 22765913

4. Buchenauer T, Behrendt P, Bode FJ, Horn R, Brabant G, Stephan M, et al. Diet-induced obesity alters
behavior as well as serum levels of corticosterone in F344 rats. Physiology & Behavior. 2009; 98: 563–
569.

5. Abildgaard A, Solskov L, Volke V, Harvey BH, Lund S, Wegener G. A high-fat diet exacerbates depres-
sive-like behavior in the Flinders Sensitive Line (FSL) rat, a genetic model of depression. Psychoneur-
oendocrinology. 2011; 36: 623–633. doi: 10.1016/j.psyneuen.2010.09.004 PMID: 20888697

6. Solnick SJ, Hemenway D. The 'Twinkie Defense': the relationship between carbonated non-diet soft
drinks and violence perpetration among Boston high school students. Injury Prevention. 2012; 18:
259–263. doi: 10.1136/injuryprev-2011-040117 PMID: 22025524

7. DeWall CN, Deckman T, Gailliot MT, Bushman BJ. Sweetened blood cools hot tempers: physiological
self-control and aggression. Aggressive Behavior. 2011; 37: 73–80. doi: 10.1002/ab.20366 PMID:
21064166

8. Kaplan JR, Shively CA, Fontenot MB, Morgan TM, Howell SM, Manuck SB, et al. Demonstration of an
Association among Dietary-Cholesterol, Central Serotonergic Activity, and Social-Behavior in Mon-
keys. Psychosomatic Medicine. 1994; 56: 479–484. PMID: 7532867

9. Haagensen AMJ, Sorensen DB, Sandoe P, Matthews LR, Birck MM, Fels JJ, et al. High Fat, Low Car-
bohydrate Diet Limit Fear and Aggression in Gottingen Minipigs. Plos One. 2014; 9.

10. Barker DJP (1992) Fetal and infant origins of adult disease. London: BMJ Publishing Group.

11. Bateson P, Gluckman P, Hanson M. The biology of developmental plasticity and the Predictive Adap-
tive Response hypothesis. The Journal of Physiology. 2014; 592: 2357–2368. doi: 10.1113/jphysiol.
2014.271460 PMID: 24882817

12. O'Reilly JR, Reynolds RM. The risk of maternal obesity to the long-term health of the offspring. Clinical
Endocrinology. 2013; 78: 9–16. doi: 10.1111/cen.12055 PMID: 23009645

Programming Effects of Perinatal Nutrition in Pigs

PLOS ONE | DOI:10.1371/journal.pone.0154698 May 18, 2016 21 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0154698.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0154698.s003
http://www.ncbi.nlm.nih.gov/pubmed/17316306
http://dx.doi.org/10.1016/j.brainres.2012.06.004
http://dx.doi.org/10.1016/j.brainres.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22765913
http://dx.doi.org/10.1016/j.psyneuen.2010.09.004
http://www.ncbi.nlm.nih.gov/pubmed/20888697
http://dx.doi.org/10.1136/injuryprev-2011-040117
http://www.ncbi.nlm.nih.gov/pubmed/22025524
http://dx.doi.org/10.1002/ab.20366
http://www.ncbi.nlm.nih.gov/pubmed/21064166
http://www.ncbi.nlm.nih.gov/pubmed/7532867
http://dx.doi.org/10.1113/jphysiol.2014.271460
http://dx.doi.org/10.1113/jphysiol.2014.271460
http://www.ncbi.nlm.nih.gov/pubmed/24882817
http://dx.doi.org/10.1111/cen.12055
http://www.ncbi.nlm.nih.gov/pubmed/23009645


13. Dong M, Zheng Q, Ford SP, Nathanielsz PW, Ren J. Maternal obesity, lipotoxicity and cardiovascular
diseases in offspring. Journal of Molecular and Cellular Cardiology. 2013; 55: 111–116. doi: 10.1016/j.
yjmcc.2012.08.023 PMID: 22982026

14. Sullivan EL, Nousen EK, Chamlou KA. Maternal high fat diet consumption during the perinatal period
programs offspring behavior. Physiology & Behavior. 2014; 123: 236–242.

15. Sullivan EL, Grayson B, Takahashi D, Robertson N, Maier A, Bethea CL, et al. Chronic Consumption of
a High-Fat Diet during Pregnancy Causes Perturbations in the Serotonergic System and Increased
Anxiety-Like Behavior in Nonhuman Primate Offspring. Journal of Neuroscience. 2010; 30: 3826–
3830. doi: 10.1523/JNEUROSCI.5560-09.2010 PMID: 20220017

16. Raygada M, Cho E, Hilakivi-Clarke L. High maternal intake of polyunsaturated fatty acids during preg-
nancy in mice alters offsprings' aggressive behavior, immobility in the swim test, locomotor activity and
brain protein kinase C activity. Journal of Nutrition. 1998; 128: 2505–2511. PMID: 9868200

17. Sasaki A, de VegaWC, St-Cyr S, Pan P, McGowan PO. Perinatal high fat diet alters glucocorticoid sig-
naling and anxiety behavior in adulthood. Neuroscience. 2013; 240: 1–12. doi: 10.1016/j.
neuroscience.2013.02.044 PMID: 23454542

18. Rodriguez JS, Rodriguez-Gonzalez GL, Reyes-Castro LA, Ibanez C, Ramirez A, Chavira R, et al.
Maternal obesity in the rat programsmale offspring exploratory, learning and motivation behavior: pre-
vention by dietary intervention pre-gestation or in gestation. International Journal of Developmental
Neuroscience. 2012; 30: 75–81. doi: 10.1016/j.ijdevneu.2011.12.012 PMID: 22239918

19. Bilbo SD, Tsang V. Enduring consequences of maternal obesity for brain inflammation and behavior of
offspring. The FASEB Journal. 2010; 24: 2104–2115. doi: 10.1096/fj.09-144014 PMID: 20124437

20. Peleg-Raibstein D, Luca E, Wolfrum C. Maternal high-fat diet in mice programs emotional behavior in
adulthood. Behavioural Brain Research. 2012; 233: 398–404. doi: 10.1016/j.bbr.2012.05.027 PMID:
22633920

21. Wright TM, Fone KC, Langley-Evans SC, Voigt JP. Exposure to maternal consumption of cafeteria diet
during the lactation period programmes feeding behaviour in the rat. International Journal of Develop-
mental Neuroscience. 2011; 29: 785–793. doi: 10.1016/j.ijdevneu.2011.09.007 PMID: 22004940

22. Lalanza JF, Caimari A, del Bas JM, Torregrosa D, Cigarroa I, Pallas M, et al. Effects of a Post-Weaning
Cafeteria Diet in Young Rats: Metabolic Syndrome, Reduced Activity and Low Anxiety-Like Behaviour.
Plos One. 2014; 9.

23. Horgan GW,Whybrow S. Associations between fat, sugar and other macronutrient intakes in the
National Diet and Nutrition Survey. Nutrition Bulletin. 2012; 37: 213–223.

24. Francis HM, Stevenson RJ. Higher Reported Saturated Fat and Refined Sugar Intake Is Associated
With Reduced Hippocampal-Dependent Memory and Sensitivity to Interoceptive Signals. Behavioral
Neuroscience. 2011; 125: 943–955. doi: 10.1037/a0025998 PMID: 22023100

25. Birch LL, Doub AE. Learning to eat: birth to age 2 y. American Journal of Clinical Nutrition. 2014; 99:
723S–728S. doi: 10.3945/ajcn.113.069047 PMID: 24452235

26. Savage JS, Fisher JO, Birch LL. Parental influence on eating behavior: conception to adolescence.
The Journal of Law, Medicine & Ethics. 2007; 35: 22–34.

27. Spurlock ME, Gabler NK. The development of porcine models of obesity and the metabolic syndrome.
Journal of Nutrition. 2008; 138: 397–402. PMID: 18203910

28. Clouard C, Meunier-Salaun MC, Val-Laillet D. Food preferences and aversions in human health and
nutrition: how can pigs help the biomedical research? Animal. 2012; 6: 118–136. doi: 10.1017/
S1751731111001315 PMID: 22436160

29. Lind NM, Moustgaard A, Jelsing J, Vajta G, Cumming P, Hansen AK. The use of pigs in neuroscience:
Modeling brain disorders. Neuroscience and Biobehavioral Reviews. 2007; 31: 728–751. PMID:
17445892

30. Turner SP, Farnworth MJ, White IMS, Brotherstone S, Mendl M, Knap P, et al. The accumulation of
skin lesions and their use as a predictor of individual aggressiveness in pigs. Applied Animal Behaviour
Science. 2006; 96: 245–259.

31. CVB TP (2007) Chemical composition and nutritional value of feedstuffs and feeding standards. The
Hague, The Netherlands: CVB Series no 36.

32. UrsinusWW, Bolhuis JE, Zonderland JJ, Rodenburg TB, de Souza AS, Koopmanschap RE, et al. Rela-
tions between peripheral and brain serotonin measures and behavioural responses in a novelty test in
pigs. Physiology & Behavior. 2013; 118: 88–96.

33. Reimert I, Rodenburg TB, UrsinusWW, Kemp B, Bolhuis JE. Responses to novel situations of female
and castrated male pigs with divergent social breeding values and different backtest classifications in
barren and straw-enriched housing. Applied Animal Behaviour Science. 2014; 151: 24–35.

Programming Effects of Perinatal Nutrition in Pigs

PLOS ONE | DOI:10.1371/journal.pone.0154698 May 18, 2016 22 / 24

http://dx.doi.org/10.1016/j.yjmcc.2012.08.023
http://dx.doi.org/10.1016/j.yjmcc.2012.08.023
http://www.ncbi.nlm.nih.gov/pubmed/22982026
http://dx.doi.org/10.1523/JNEUROSCI.5560-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20220017
http://www.ncbi.nlm.nih.gov/pubmed/9868200
http://dx.doi.org/10.1016/j.neuroscience.2013.02.044
http://dx.doi.org/10.1016/j.neuroscience.2013.02.044
http://www.ncbi.nlm.nih.gov/pubmed/23454542
http://dx.doi.org/10.1016/j.ijdevneu.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/22239918
http://dx.doi.org/10.1096/fj.09-144014
http://www.ncbi.nlm.nih.gov/pubmed/20124437
http://dx.doi.org/10.1016/j.bbr.2012.05.027
http://www.ncbi.nlm.nih.gov/pubmed/22633920
http://dx.doi.org/10.1016/j.ijdevneu.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/22004940
http://dx.doi.org/10.1037/a0025998
http://www.ncbi.nlm.nih.gov/pubmed/22023100
http://dx.doi.org/10.3945/ajcn.113.069047
http://www.ncbi.nlm.nih.gov/pubmed/24452235
http://www.ncbi.nlm.nih.gov/pubmed/18203910
http://dx.doi.org/10.1017/S1751731111001315
http://dx.doi.org/10.1017/S1751731111001315
http://www.ncbi.nlm.nih.gov/pubmed/22436160
http://www.ncbi.nlm.nih.gov/pubmed/17445892


34. Ruis MA, Te Brake JH, Engel B, Ekkel ED, Buist WG, Blokhuis HJ, et al. The circadian rhythm of sali-
vary cortisol in growing pigs: effects of age, gender, and stress. Physiology & Behavior. 1997; 62: 623–
630.

35. Torres SJ, Nowson CA. Relationship between stress, eating behavior, and obesity. Nutrition. 2007; 23:
887–894. PMID: 17869482

36. Fredriksen B, Lium BM, Marka CH, Mosveen B, Nafstad O. Entire male pigs in farrow-to-finish pens—
Effects on animal welfare. Applied Animal Behaviour Science. 2008; 110: 258–268.

37. Hintze S, Scott D, Turner S, Meddle SL, D'Eath RB. Mounting behaviour in finishing pigs: Stable individ-
ual differences are not due to dominance or stage of sexual development. Applied Animal Behaviour
Science. 2013; 147: 69–80.

38. Clark CCA, D'Eath RB. Age over experience: Consistency of aggression and mounting behaviour in
male and female pigs. Applied Animal Behaviour Science. 2013; 147: 81–93.

39. Colson V, Martin E, Orgeur P, Prunier A. Influence of housing and social changes on growth, behaviour
and cortisol in piglets at weaning. Physiology & Behavior. 2012; 107: 59–64.

40. O'Connell NE, Beattie VE, Sneddon IA, Breuer K, Mercer JT, Rance KA, et al. Influence of individual
predisposition, maternal experience and lactation environment on the responses of pigs to weaning at
two different ages. Applied Animal Behaviour Science. 2005; 90: 219–232.

41. Oostindjer M, van den Brand H, Kemp B, Bolhuis JE. Effects of environmental enrichment and loose
housing of lactating sows on piglet behaviour before and after weaning. Applied Animal Behaviour Sci-
ence. 2011; 134: 31–41.

42. Rydhmer L, Zamaratskaia G, Andersson HK, Algers B, Guillemet R, Lundstrom K. Aggressive and sex-
ual behaviour of growing and finishing pigs reared in groups, without castration. Acta Agriculturae
Scandinavica Section a-Animal Science. 2006; 56: 109–119.

43. Beattie VE, Walker N, Sneddon IA. Effects of Environmental Enrichment on Behavior and Productivity
of Growing Pigs. Animal Welfare. 1995; 4: 207–220.

44. Worobec EK, Duncan IJH, Widowski TM. The effects of weaning at 7, 14 and 28 days on piglet behav-
iour. Applied Animal Behaviour Science. 1999; 62: 173–182.

45. Reimert I, Rodenburg TB, UrsinusWW, Duijvesteijn N, Camerlink I, Kemp B, et al. Backtest and novelty
behavior of female and castrated male piglets, with diverging social breeding values for growth. Journal
of Animal Science. 2013; 91: 4589–4597. doi: 10.2527/jas.2013-6673 PMID: 23942705

46. Boukouvalas G, Antoniou K, Papalexi E, Kitraki E. Post weaning high fat feeding affects rats' behavior
and hypothalamic pituitary adrenal axis at the onset of puberty in a sexually dimorphic manner. Neuro-
science. 2008; 153: 373–382. doi: 10.1016/j.neuroscience.2008.02.023 PMID: 18378403

47. Mitra A, Crump EM, Alvers KM, Robertson KL, Rowland NE. Effect of high-fat diet on stress responsive-
ness in borderline hypertensive rats. Stress. 2011; 14: 42–52. doi: 10.3109/10253890.2010.494746
PMID: 20666663

48. Rutherford KMD, Donald RD, Lawrence AB, Wemelsfelder F. Qualitative Behavioural Assessment of
emotionality in pigs. Applied Animal Behaviour Science. 2012; 139: 218–224. PMID: 22915833

49. Mennella JA, Johnson A, Beauchamp GK. Garlic ingestion by pregnant women alters the odor of amni-
otic fluid. Chemical Senses. 1995; 20: 207–209. PMID: 7583013

50. Beauchamp GK, Mennella JA. Flavor perception in human infants: development and functional signifi-
cance. Digestion. 2011; 83 Suppl 1: 1–6. doi: 10.1159/000323397 PMID: 21389721

51. Ventura AK, Worobey J. Early influences on the development of food preferences. Current Biology.
2013; 23: R401–408. doi: 10.1016/j.cub.2013.02.037 PMID: 23660363

52. Laws J, Amusquivar E, Laws A, Herrera E, Lean IJ, Dodds PF, et al. Supplementation of sow diets with
oil during gestation: Sow body condition, milk yield and milk composition. Livestock Science. 2009;
123: 88–96.

53. Coffey MT, Seerley RW, Mabry JW. The Effect of Source of Supplemental Dietary Energy on SowMilk-
Yield, Milk-Composition and Litter Performance. Journal of Animal Science. 1982; 55: 1388–1394.
PMID: 7161211

54. Harrell RJ, Thomas MJ, Boyd RD (1993) Limitations of sowmilk yield on baby pig growth. Cornell Nutri-
tion Conference for Feed Manufacturers. Rochester, NY, USA: Cornell University. pp. 156–164.

55. Williams IH (1995) Sow’s milk as a major nutrient source before weaning. In: Hennessy V, Cranwell P,
editors. Manipulating pig production. Werribee, Victoria, Australia: Australasian Pig Science
Association. pp. 107–113.

56. Besson M, Blat S, Guérin S, Randuineau G, Nogret I, Quesnel H, et al. High-fat high-sugar maternal
diet has consequences on milk composition and offspring's microbiota activity, metabolism and

Programming Effects of Perinatal Nutrition in Pigs

PLOS ONE | DOI:10.1371/journal.pone.0154698 May 18, 2016 23 / 24

http://www.ncbi.nlm.nih.gov/pubmed/17869482
http://dx.doi.org/10.2527/jas.2013-6673
http://www.ncbi.nlm.nih.gov/pubmed/23942705
http://dx.doi.org/10.1016/j.neuroscience.2008.02.023
http://www.ncbi.nlm.nih.gov/pubmed/18378403
http://dx.doi.org/10.3109/10253890.2010.494746
http://www.ncbi.nlm.nih.gov/pubmed/20666663
http://www.ncbi.nlm.nih.gov/pubmed/22915833
http://www.ncbi.nlm.nih.gov/pubmed/7583013
http://dx.doi.org/10.1159/000323397
http://www.ncbi.nlm.nih.gov/pubmed/21389721
http://dx.doi.org/10.1016/j.cub.2013.02.037
http://www.ncbi.nlm.nih.gov/pubmed/23660363
http://www.ncbi.nlm.nih.gov/pubmed/7161211


behavioural responses in Yucatan pigs. Journal of Developmental Origins of Health and Disease.
2015; 6 Suppl 1: S40.

57. Keen-Rhinehart E, Ondek K, Schneider JE. Neuroendocrine regulation of appetitive ingestive behavior.
Frontiers in Neuroscience. 2013; 7: 213. doi: 10.3389/fnins.2013.00213 PMID: 24298235

58. Besson M, Génissel M, Georges J, Janvier R, Val-Laillet D. Impact d'une exposition périnatale au sucre
et au gras via le régime maternel sur les capacités cognitives, les préférences et la motivation alimen-
taires de porcelets Yucatan. Nutrition Clinique et Métabolisme. 2014; 28 Suppl S1: S59–S60.

59. Souza da Silva C, Bolhuis JE, Gerrits WJ, Kemp B, van den Borne JJ. Effects of dietary fibers with dif-
ferent fermentation characteristics on feeding motivation in adult female pigs. Physiology & Behavior.
2013; 110–111: 148–157.

60. Paddon-Jones D, Westman E, Mattes RD, Wolfe RR, Astrup A, Westerterp-Plantenga M. Protein,
weight management, and satiety. American Journal of Clinical Nutrition. 2008; 87: 1558S–1561S.
PMID: 18469287

61. Cole DJA, Duckwort Je, HolmesW. Factors Affecting Voluntary Feed Intake in Pigs.I. Effect of Digest-
ible Energy Content of Diet on Intake of Castrated Male Pigs Housed in Holding Pens and in Metabo-
lism Crates. Animal Production. 1967; 9: 141-&.

62. Douglas SL, Szyszka O, Stoddart K, Edwards SA, Kyriazakis I. Animal and management factors influ-
encing grower and finisher pig performance and efficiency in European systems: a meta-analysis. Ani-
mal. 2015; 9: 1210–1220. doi: 10.1017/S1751731115000269 PMID: 25737212

63. Liao SF, Wang T, Regmi N. Lysine nutrition in swine and the related monogastric animals: muscle pro-
tein biosynthesis and beyond. Springerplus. 2015; 4: 147. doi: 10.1186/s40064-015-0927-5 PMID:
25830085

64. Cera KR, Mahan DC, Reinhart GA. Apparent Fat Digestibilities and Performance Responses of Post-
weaning Swine Fed Diets Supplemented with Coconut Oil, Corn-Oil or Tallow. Journal of Animal Sci-
ence. 1989; 67: 2040–2047.

65. de Souza TCR, Aumaitre A, Mourot J, Peiniau J. Effect of graded levels of tallow in the diet on perfor-
mance, digestibility of fat, lipogenesis and body lipid deposition of the weaned piglet. Asian-Austral-
asian Journal of Animal Sciences. 2000; 13: 497–505.

66. Jung HJ, Kim YY, Han IK. Effects of fat sources on growth performance, nutrient digestibility, serum
traits and intestinal morphology in weaning pigs. Asian-Australasian Journal of Animal Sciences. 2003;
16: 1035–1040.

67. Algers B, Jensen P, Steinwall L. Behavior andWeight Changes at Weaning and Regrouping of Pigs in
Relation to Teat Quality. Applied Animal Behaviour Science. 1990; 26: 143–155.

68. Taylor AE, Jagger S, Toplis P, Wellock IJ, Miller HM. The effects of previous dietary Lys concentration
on subsequent growth performance of two different pig genotypes. Livestock Science. 2015; 176:
121–128.

69. Degreef KH, Kemp B, Verstegen MWA. Performance and Body-Composition of Fattening Pigs of 2
Strains during Protein-Deficiency and Subsequent Realimentation. Livestock Production Science.
1992; 30: 141–153.

70. Rehfeldt C, Te Pas MF, Wimmers K, Brameld JM, Nissen PM, Berri C, et al. Advances in research on
the prenatal development of skeletal muscle in animals in relation to the quality of muscle-based food. II
—Genetic factors related to animal performance and advances in methodology. Animal. 2011; 5: 718–
730. doi: 10.1017/S1751731110002454 PMID: 22439994

71. Clouard C, Kemp B, Val-Laillet D, Gerrits WJJ, Bartels AC, Bolhuis JE. Prenatal, but not early postnatal,
exposure to a Western diet improves spatial memory of pigs later in life, and is paired with changes in
maternal pre-partum blood lipid levels. The FASEB Journal. 2016: in press.

Programming Effects of Perinatal Nutrition in Pigs

PLOS ONE | DOI:10.1371/journal.pone.0154698 May 18, 2016 24 / 24

http://dx.doi.org/10.3389/fnins.2013.00213
http://www.ncbi.nlm.nih.gov/pubmed/24298235
http://www.ncbi.nlm.nih.gov/pubmed/18469287
http://dx.doi.org/10.1017/S1751731115000269
http://www.ncbi.nlm.nih.gov/pubmed/25737212
http://dx.doi.org/10.1186/s40064-015-0927-5
http://www.ncbi.nlm.nih.gov/pubmed/25830085
http://dx.doi.org/10.1017/S1751731110002454
http://www.ncbi.nlm.nih.gov/pubmed/22439994

