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Maternal supplementation with an excess of different fat
sources during pregnancy and lactation differentially
affects feeding behavior in offspring: Putative role

of the leptin system
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Scope: This study investigates the lasting effects of maternal supplementation with different
fat sources during pregnancy and lactation on feeding behavior and energy homeostasis of their
offspring, and its relation to hypothetical effects in the development of main central structures
involved in leptin signaling.

Methods and results: Offspring of dams supplemented with olive oil, butter, or margarine
during late pregnancy and lactation were fed with normal fat (NF) diet until 4-month-old,
and then with NF or high fat (HF) diet until 6-month-old. Results showed that 21-day-old
margarine group pups presented a higher cell number in the arcuate nucleus (ARC) (females)
and higher hypothalamic ObRb/SOCS3 mRNA ratio (males). In adulthood, and under HF diet,
they displayed a lower body weight (both genders) and body fat (males) than the butter group,
a lower preference for fat food (both genders), and lower leptin levels than the olive oil (both
genders) and butter (males) groups.

Conclusions: Maternal supplementation with different fat sources during the perinatal period
may affect the development of hypothalamic structures and hence predisposition to obesity.
Margarine, compared with other fats, may program the offspring for increased leptin sensitivity
and a lower preference for fat food, thus providing relative protection against body weight gain
in adulthood, particularly under an obesogenic environment.
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1 Introduction

Human epidemiologicaland experimental animal studies
have shown that maternal nutrition during the perinatal pe-
riod, and particularly both undernutrition and overnutrition,
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influences the susceptibility to diet-related chronic diseases in
adulthood, including cardiovascular diseases, type 2 diabetes,
obesity, and cancer [1-3]. In this sense, maternal prenatal
undernutrition has been described to have long-term con-
sequences on offspring metabolic energy regulatory systems
increasing the propensity to develop obesity [4-8]. In contrast,
moderate caloric restriction during lactation in rat dams has
been associated in the offspring with a moderate protection
against obesity development in adult life and obesity-related
metabolic alterations, particularly dyslipidemia, insulin resis-
tance, and hyperleptinemia, associated with high fat (HF) diet
feeding [9, 10].

In addition to the amount of energy, differences in the
macronutrient composition of maternal diet could also elicit
different outcomes in the offspring. For instance, offspring
of dams exposed to a low protein diet during pregnancy are
more prone to exhibit hypertension, altered glucose handling,
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higher abdominal fat [11], and present enhanced preferences
for fat in adulthood [12]. Similarly, prenatal high dietary
protein exposure also results in lower energy expenditure and
higher adiposity at juvenile age in the offspring [13]. Other
studies have also shown that offspring of dams fed a HF diet
or overfeeding a varied, high fat and highly palatable “cafe-
teria diet” during pregnancy and/or lactation present greater
adiposity and body weight [14-17]. Thus, it can be generally
recognized that an early exposure to an excess of fat may have
negative effects in the late metabolic health of the offspring,
especially during fetal life and infancy, which are periods
showing the highest adaptability and vulnerability to external
factors. However, in addition to the amount of fat, the type
of fat eaten during this period may also be determinant and,
to this regard, changes in the n3/n6 ratio in breast milk have
been proposed to contribute to the increasing prevalence of
childhood overweight and obesity [18-21]. Apart from these
studies, a comparison of the programming effects of the in-
take of an excess of different types of fat during gestation
and lactation on later energy homeostasis has not been per-
formed.

The hypothalamus plays a critical role in energy homeosta-
sis, integrating leptin and other metabolic signals. Key targets
of leptin action are the orexigenic neurons within the hy-
pothalamic arcuate nucleus (ARC) that coexpress neuropep-
tide Y (NPY) and agouti-related protein (AgRP), which are
inhibited by leptin, and anorexigenic pro-opiomelanocortin
(POMC) neurons, which, by contrast, are activated by lep-
tin [22]. Knowing the importance of the hypothalamus and
of leptin signaling in the central regulation of energy bal-
ance, it seems reasonable to think that alterations of these
structures and systems occurring during early life may re-
sult in permanent changes that could be relevant for the
control of energy balance, and some data support such hy-
pothesis [7, 23]. In this sense, a decrease in the number of
cells in the hypothalamus occurring in the offspring of rat
dams exposed to caloric restriction during gestation, has been
proposed as a mechanism that predisposes to later insulin
and leptin resistance and is responsible for higher propensity
to overweight gain [5, 7]. NPY release in the hypothalamic
paraventricular nucleus, food intake, and dietary preferences
have been shown to be affected by the type of diet (rich in
carbohydrates or fat) of the mother during pregnancy and
lactation [23].

Here, we aimed to assess whether supplementation of
maternal diet with an excess of different fat sources dur-
ing the perinatal period may have different consequences on
feeding behavior and energy homeostasis in the offspring
and whether these different outcomes may be related with
the development/maturation of the main central structures
involved in leptin signaling. The selected three fat sources
are those commonly consumed in the European diets, which
are rich in different fatty acid types: butter (rich in saturated
fatty acids), olive oil (rich in monounsaturated fatty acids,
MUFA), and margarine (rich in polyunsaturated fatty acids,
PUFA).
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Table 1. Fatty acid composition of fat sources used in the exper-
imental design. Data are mean of three different mea-
surements expressed as a percentage of total fat

Fatty acids Olive oil Margarine Butter
C10:0 nd nd 2.06
C12:0 nd 4.56 6.44
C14:0 0.63 1.54 15.7
C16:0 12.7 13.9 36.9
C18:0 0.91 1.28 10.7
C20:0 nd nd 0.77
C23:0 nd nd 0.86
SFA 14.3 21.2 73.5
C16:1n7 1.05 nd 1.53
C18:1n7 1.87 1.04 0.42
C18:1n9c 70.6 20.9 16.5
C24:1 nd 1.72 0.61
MUFA 74.0 23.8 19.8
C18:2n6 7.70 41.9 1.17
C18:3n6 nd nd 0.64
C18:3n3 1.02 5.562 0.75
CLA 9,11 nd nd 0.79
C20:3n6 nd nd 0.12
C22:5n3 nd 1.48 0.52
PUFA 8.72 49.0 3.99
n—=6 7.70 42.0 1.93
n-—3 1.02 7.01 1.27
n—6/n—-3 7.53 5.99 1.51

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids; nd, nondetectable levels.

2 Material and methods
2.1 Animals and experimental design

Virgin female Wistar rats (Charles River Laboratories Spain,
SA, Barcelona, Spain), housed at 22°C with a period of
light/dark of 12 h (lights on from 08:00 to 20:00 h) and with
free access to food and water, were mated with male rats.
Day of conception (day 0 of pregnancy) was determined by
examination of vaginal smears for the presence of sperm, and
then female rats were single caged. Pregnant rats were sup-
plemented with 30% of the normal caloric intake of a group
of dams fed ad libitum in the form of different fat sources
(olive oil, margarine, or butter) from day 14 of pregnancy to
day 21 of lactation. According to the labeling, butter used
in the study contained 0.5% carbohydrates and 0.8% protein
(w/w), in addition to fat. The fatty acid profile of the different
fat sources was determined as described bellow and is shown
in Table 1. The offspring of these animals are referred to
as olive oil, margarine, and butter groups, respectively. The
offspring of dams fed ad libitum (control group) were also
followed. Supplementation of the different fat sources was
carried out by gavage once a day. At day 1 after delivery, ex-
cess pups in each litter were removed to keep ten pups per
dam (five males and five females, when possible). At day 6 and
12 of lactation, blood samples (from the saphenous vein) and
milk samples (as previously described, [24]) were obtained
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from dams. At day 12 of lactation, blood samples (from the
end of the tail) were also collected from pups and they were
pooled by sex per litter.

At weaning (21 days of life), some pups from the control,
olive oil, margarine, and butter groups were killed by decapi-
tation during the first 2 h of the beginning of the light cycle.
After killing the animals, the hypothalamus was rapidly re-
moved by using the following landmarks, i.e., frontal edge of
the optical chiasm, lateral sulci, caudal edge of the mammary
bodies, and a depth of 2 mm. Samples were immediately
frozen in liquid nitrogen and stored at —70°C until RNA
analysis. Blood was also collected and centrifuged at 1000xg
for 10 min to collect the serum, which was stored at —20°C
until analysis.

A second set of animals was kept alive and fed with stan-
dard diet until the age of 4 months; then they were divided
into two groups: one group continued under normal fat (NF)
diet (standard diet containing 3.2 Kcal/g, with 2.9% calories
from fat) and the other group was exposed to a high fat (HF)
diet (containing 4.7 Kcal/g, with 45% calories from fat, Re-
search Diets, Inc., NJ, USA). The HF diet contained 5.5%
calories from soybean oil and 39.5% from lard.

Body weight and food intake of dams during gestation and
lactation and the offspring until the age of 6 months were
followed. In addition, body fat content (by EchoMRI-700™,
Echo Medical Systems, LLC, TX, USA) of dams at weaning
and of the offspring at different ages was measured.

Blood samples were collected from the offspring at differ-
ent ages (4 and 6 months) under feeding conditions. Plasma
was obtained by centrifugation of blood at 1000 x g for 10 min,
and stored at —20°C until analysis.

The animal protocol followed in this study was reviewed
and approved by the Bioethical Committee of the University,
and national guidelines for the use and care of laboratory
animals of our university were followed.

2.2 Two-bottle preference test

Food preferences were assessed in adult animals (when they
were 3 months old) by the two-bottle preference test, as pre-
viously described [25]. Briefly, the rats had to choose between
two bottles containing either a carbohydrate (CHO)-rich lig-
uid diet or a fat-rich liquid diet. The two diets had identical
caloric density (2.31 kcal/g) and the following ingredients: for
the CHO-rich diet, 10 g/100 mL skimmed milk, 40 g/100 mL
sucrose, 4 g/100 mL olive oil, and 0.35 g/100 mL xanthan gum
(Sigma, Madrid, Spain); and for the fat-rich diet, 10 g/100 mL
skimmed milk, 10 g/100 mL sucrose, 17.3 g/100 mL olive oil,
and 0.35 g/100 mL xanthan gum. Before the test started, and
during a period of 8 days, the rats were habituated to each
bottle given individually on alternate days for 1 h, without
withdrawing the standard chow diet. The test was started 2
days after the adaptation period. Solid food was withdrawn
at the beginning of the light phase. Two bottles containing
preweighed quantities of either the CHO- or fat-rich diet were
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placed side-by-side 4 h after the beginning of the light cycle
for 1 h. The bottles were then reweighed, and the intake of
each diet was determined and corrected for spillage. Spillage
was estimated by weighing small collection plates placed un-
derneath the spout of the bottles.

2.3 Fatty acid analysis of the different fat sources

Total lipid was simultaneously saponified and methylated
according to the method of Bondia-Pons et al. [26]. Ten mi-
croliters of olive oil, margarine, or butter diluted with hexane
were transesterified in tubes containing 2.5 ug of the inter-
nal standard (tridecanoic acid from Sigma, St. Louis, MO,
USA), by adding 0.25 mL sodium methylate reagent (0.5 M)
(Flucka, Barcelona, Spain) and heated to 80°C for 10 min after
vigorous shaking. After cooling down to 25°C, samples were
esterified with 0.25 mL of boron trifluoride-methanol reagent
(Sigma) also at 80°C for 3 min. Once the tubes were cooled,
fatty acid methyl esters (FAMEs) were isolated by adding
150 L of n-hexane (Merck, Darmstadt, Germany). After
shaking for 1 min, 200 pL of a saturated sodium chloride
solution was added. Afterwards, the tubes were centrifuged
for 10 min at 4000 rpm. After drying with anhydrous sodium
sulphate (Flucka), a 90 pL aliquot of the clear n-hexane top
layer was transferred into an automatic injector vial equipped
with a volume adapter of 300 pL and used for GC.

GC analyses were performed on HP-5890 Series GC Sys-
tem (Hewlett-Packard, Waldbronn, Germany) equipped with
a flame ionization detector and a HP-5890 Series Injector.
Separation of FAMEs was carried outin a capillary column (40
m x 0.18 mm id, 0.10 wm) coated with Rtx-2330 nonbonded
stationary phase (poly 90% biscyanopropyl-10% cyanopropy-
Iphenyl) siloxane from Thames Restek UK (Saunderton, UK).
Operating conditions were as follows: the split-splitless in-
jector was used in splitless mode. The injection volume of
the sample was 1 pL. The injector and detector temperatures
were kept at 250 and 270°C, respectively. The temperature
program was as follows: initial temperature 140°C, increased
at 20°C/min to 170°C, and held at this temperature for 20
min and increased at 10°C/min to 230°C and held at this
temperature for 5 min (total run time: 31 min). Helium was
used as the carrier gas, with a head pressure of 300 kPa that
referred to a linear velocity of 27.5 cm/s at 140°C. Detector gas
flows: H,, 40 mL/min; make-up gas (N;), 40 mL/min; air, 450
mL/min. Data acquisition and processing were performed
with HP-Chemstation software for GC systems. FAMEs were
compared with purified standards (Supelco 37 component
FAME mix from Sigma). Individual fatty acids are expressed
as a percentage of total fatty acids in the sample.

2.4 RNA extraction and RT-qPCR analysis
Total RNA was extracted from the hypothalamus by Tripure
Reagent (Roche Diagnostic Gmbh, Mannheim, Germany)

according to the manufacturer’s instructions. Isolated RNA
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was quantified using the NanoDrop ND-1000 spectropho-
tometer (NadroDrop Technologies Wilmintog, Delaware
USA) and its integrity confirmed using agarose gel elec-
trophoresis.

Real-time PCR was used to measure mRNA expression
levels of ObRD, SOCS3, NPY, and POMC in hypothalamus
of the offspring of control, olive oil, butter, and margarine
dams at the age of 21 days. The ratio between the relative
expressions levels of ObRb and SOCS3 was also calculated.

A total of 0.25 pg of total RNA (in a final volume of
5 L) was denatured at 65°C for 10 min and then reverse
transcribed to cDNA using MuLV reverse transcriptase (Ap-
plied Biosystem, Madrid, Spain) at 20°C for 15 min, 42°C for
30 min, with a final step of 5 min at 95°C in a Applied Biosys-
tems 2720 Thermal Cycler (Applied Biosystem). Each PCR
was performed from diluted (1/20) cDNA template, forward
and reverse primers (1 uM each), and Power SYBER Green
PCR Master Mix (Applied Biosystems, CA, USA). Primers,
obtained from Sigma, for the different genes are described
in [27]. Real-time PCR was performed using the Applied
Biosystems StepOnePlusTM Real-Time PCR Systems (Ap-
plied Biosystems) with the following profile: 10 min at 95°C,
followed by a total of 40 two-temperature cycles (15 s at 95°C
and 1 min at 60°C). In order to verify the purity of the prod-
ucts, a melting curve was produced after each run according
to the manufacturer’s instructions. The threshold cycle (Ct)
was calculated by the instrument’s software (StepOne Soft-
ware v2.0) and the relative expression of each mRNA was
calculated as previously described with the 18 rRNA as refer-
ence gene [28].

2.5 Analyses of blood parameters

Blood glucose concentration was measured by Accu-Chek
Glucometer (Roche Diagnostics, Barcelona, Spain). Plasma
insulin concentration was determined using a rat insulin
ELISA kit (Mercodia AB, Uppsala, Sweden) following stan-
dard procedures. Plasma and milk leptin concentration was
measured using a mouse leptin ELISA kit (R&D Systems,
Minneapolis, MN, USA).

2.6 Morphometric and immunohistochemical
analysis in the hypothalamus

In the fixed brains, a coronal block containing the hypothala-
mus was cut, dehydrated in graded series of ethanol, cleared
in xylene, and embedded in paraffin. Anatomically matched
coronal sections (5 pm thick) from the hypothalamus (—2.3—
—3.3 mm posterior to bregma)—according to published co-
ordinates [29] with the help of hematoxylin/eosin-stained
sections—were cut with a microtome and mounted in Super-
Frost/Plus slides.

Immunohistochemical demonstration of NPY and aMSH
was performed with the avidin-biotinperoxidase (ABC)
method [30]. Sections were incubated sequentially at room
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temperature in the following solutions: 0.3% hydrogen per-
oxide in methanol for 10 min to block endogenous peroxi-
dase; EDTA-based solution (pH = 8.2) in microwave oven
for 30 min and 20 min on ice for antigen retrieval; 2% goat
normal serum in Tris 0.1% Triton X-100 (Tris) for 20 min
to reduce nonspecific background staining prior to incuba-
tion with primary antibody (polyclonal anti-NPY antibody
produced in rabbit, N9528 Sigma-Aldrich Co., 1:200 in Tris
with 1% BSA for 1 h and 15 min at 37°C; and rabbit anti-
aMSH antibody, AB946 Chemicon (Millipore Corporation,
Billerica, MA, USA), 1:800 in PBS 0.1% Triton X-100 with
1% BSA overnight at 4°C); biotinylated goat anti-rabbit IgG
(Vector Laboratories, Burlingame, CA, USA) 1:200 in Tris
1% BSA for 1 h at room temperature; peroxidase-labeled
ABC reagent (Vectastain ABC kit, Vector) in Tris for 30 min
at room temperature and Fast 3,3'-diaminobezidine tablet,
DAB (Sigma) in Tris for 3 min in dark room for enzymatic
development of peroxidise. Subsequently, slides were washed
with deionized water, dehydrated with increasing concentra-
tions of ethanol and xylene, mounted with Eukitt (Panreac
Quimica SA, Barcelona, Spain), and cover-slipped. Negative
controls were performed by omission of primary antibody.

ARC images from light microscopy (3/animal) were digi-
talized. The boundaries of the ARC were drawn interactively
in each cresil violet-stained section and the area and num-
ber of cresil violet-stained cells were measured using Axio-
Vision40V 4.6.3.0. software (Carl Zeiss, Imaging Solutions
GmbH, Germany). The number of immunoreactive neurons
in this nucleus was also measured. Image analysis from all
groups was examined in a blind fashion.

2.7 Statistical analysis

All data are expressed as the mean 4+ SEM.

Multiple comparisons were assessed by repeated mea-
sures ANOVA and two-way ANOVA to determine the effects
of different factors (maternal type of fat supplementation, sex,
and type of diet). Differences between groups were assessed
by one-way ANOVA followed by least significances difference
(LSD) post-hoc comparison. As we aimed to study the spe-
cific effect of different fat sources rather than the effect of
high fat supplementation in itself, we did not include the off-
spring of control dams in the ANOVA analysis. Single com-
parisons were assessed by Student’s t-test or pair t-test analy-
sis. Analyses were performed with SPSS for Windows (SPSS,
Chicago, IL, USA). Threshold of significance was defined at
p < 0.05.

3 Results

3.1 Results in dams

Dams supplemented with olive oil, margarine, or butter pre-
sented a similar body weight to control dams, both at the
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Table 2. Body weight (at the end of gestation and at the end of lactation), cumulative caloric intake (from day 14 to 20 of gestation and
during the whole lactation period), body fat content at the end of lactation, and serum and milk leptin levels on days 6 and 12 of
lactation of dams supplemented with 30% of the normal caloric intake with different fat sources (olive oil, margarine,or butter)

during late pregnancy and lactation

Gestation Control Olive oil Margarine Butter
Body weight (end of gestation) (g) 329+ 6 329+8 334+ 11 337+t6
Cumulative food intake (from day 477 + 20 531 + 16 534 + 24 570 + 14 ¢
14 to day 20) (Kcal)
Lactation Control Olive oil Margarine Butter
Body weight (end of lactation) (g) 280+ 4 271 +7 271 +12 281+ 8
Body fat content (end of lactation) 9.56 + 0.67 9.67 £ 0.25 10.97 £ 0.88 10.98 £+ 0.66
(%)
Cumulative food intake (from day 1 3509 + 52 3215+ 135 3353 + 127 3417 £ 102
to day 20) (Kcal)
Serum leptin Day 6 2073 + 415 1801 £ 225 2053 + 301 1910 £+ 278
(pg/mL)
Day 12 1947 + 259 1744 £ 199 2065 + 295 1867 + 213
Milk leptin Day 6 325+ 44 410 + 44 439 + 41 378 + 47
(pg/mL)
Day 12 394 + 51 382 + 28 (a) 535 + 55 (b) 433 + 45 (ab)

ANOVA analysis was assessed without the control group. Data are mean + SE.M. (n = 5-6). Statistics: a#b, LSD post-hoc analysis. *,

different versus control (p < 0.05, Student’s t-test).

end of gestation and lactation (Table 2). Body fat content
measured at the end of lactation was also similar between
the different groups. Notably, both olive oil- and margarine-
supplemented dams decreased the intake of chow diet to
compensate the daily fat supplementation, while the group
of dams supplemented with butter, presented a greater ac-
cumulated food intake from day 14 to day 20 of gestation
(Table 2). At day 12 of lactation, no differences were ob-
served in serum leptin concentration in nursing dams, but
margarine-supplemented dams presented a higher milk lep-
tin concentration compared to olive oil-supplemented dams
(Table 2).

3.2 Results in offspring
3.2.1 Body weight and blood parameters

The olive oil group (both males and females) exhibited lower
body weight at birth than the margarine and butter groups
(p < 0.05, one-way ANOVA), and, in the case of females,
they also showed lower body weight in comparison with con-
trols (p < 0.05, Student’s t-test) (Table 3). Females of the
margarine group showed the highest body weight at birth,
but this difference with respect to controls disappeared dur-
ing lactation. At day 12 of life, all fat-supplemented groups
showed lower body weight that controls (p < 0.05, Student’s
t-test). Animals in the olive oil group also showed lower body
weight than the margarine and butter groups (p < 0.05, one-
way ANOVA). At this age, no differences in serum leptin
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concentration were observed between the different groups
(Table 3). The lower body weight of the olive oil group was
maintained during the whole suckling period, and could be
related with lower food intake during this period, as deduced
from the lower gastric contents measured on day 21 (Table 3).
No significant differences were found in the margarine and
butter groups with respect to controls regarding body weight
at weaning.

Circulating glucose, insulin, and leptin levels of pups at
weaning are also shown in Table 3. No differences were ob-
served between groups in glucose levels either in males or
in females. Maternal intake of different fat sources had dif-
ferent effects on circulating insulin and leptin levels in male
and female offspring (sex by treatment interaction effects, p =
0.060 and p = 0.015, respectively, two-way ANOVA). Females
of the margarine group displayed lower circulating insulin
levels compared to the olive oil group. No changes in cir-
culating insulin levels were observed in males. In contrast,
olive oil group males displayed lower circulating leptin levels
compared to the margarine and butter group (p < 0.05, one-
way ANOVA); in addition, compared to controls, leptin levels
were lower in olive oil group males and higher in margarine
group males (p < 0.05, Student’s t-test).

Body weight and food intake of pups were followed until
the age of 6 months (Fig. 1). The table in this figure shows
body weight, fat content, and lean mass of animals at the ages
of 4 months (when all animals were fed with NF diet) and
6 months (with half of the animals moved from the last 2
months to a HF diet). Evolution of body weight and cumula-
tive food intake from 4 to 6 months of age are also represented
in the figure. At the age of 4 months, margarine group males
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Table 3. Body weight (at birth and at weaning), gastric contents and circulating glucose, insulin, and leptin in 21-day-old male and female
offspring of dams supplemented with 30% of the normal caloric intake with different fat sources (olive oil, margarine, or butter)
during late pregnancy and lactation

Birth Control Olive oil Margarine Butter ANOVA

Body weight (g) Males 6.58 £ 0.11 6.43 £+ 0.07 (a) 6.87 £ 0.17 (b) 6.84 £ 0.09 (b) S
Females 6.32 + 0.11 6.01 +0.09 (a) | 6.84 +0.16 (c) 1 6.43 4+ 0.09 (b) T

Day 12 Control Olive oil Margarine Butter ANOVA

Body weight (g) Males 246 £0.3 21.9+0.3(a) | 23.4+0.5(b) | 23.2+0.3(b) | S
Females 241+0.3 21.1+0.3(a) |} 228+ 0.4 (b) | 23.0+ 0.4 (b) |

Leptin (pg/mL) Males 962 + 135 996 + 115 941 + 136 902 + 92
Females 867 + 139 1037 + 138 866 + 144 886 + 82

Weaning Control Olive oil Margarine Butter ANOVA

Body weight (g) Males 45.4 + 0.6 38.8+1.0(a)l 41.5 + 2.4 (ab) 43.5 + 0.9 (b) T
Females 43.3 £ 0.8 37.2+0.7(a) } 41.1 + 1.6 (b) 42.4 + 0.8 (b)

Gastric contents (g) Males 1.175 +£ 0.112 1.086 + 0.105 (a) 1.580 + 0.256 (b) 1.468 + 0.105 (b) S
Females 1.426 £ 0.101 0.929 + 0.068 | 1.111 £ 0.177 1.338 £ 0.111 T

Glucose (mg/dL) Males 129+ 4 123+ 4 127 +£3 129 +3
Females 136 £ 3 127 £ 3 126 + 3 132 +£3

Insulin (ug/L) Males 0.058 + 0.008 0.045 + 0.006 0.072 + 0.015 0.057 +0.012 SxT
Females 0.076 + 0.011 0.091 + 0.019 (a) 0.045 + 0.010 (b) 0.078 £ 0.009 (ab)

Leptin (pg/mL) Males 1634 + 62 1329 + 106 (a) | 2169 + 197 (b) ¢ 1819 £ 83 (b) SxT
Females 1947 + 255 2009 + 157 1894 + 178 1894 + 147

ANOVA analysis was assessed without the control group. Data are mean + SEM. (n = 5-6). Statistics: S, effect of sex; T, effect of maternal
supplementation; SxT, interaction between sex and maternal supplementation, (p < 0.05, two-way ANOVA). a#b#c, LSD post-hoc analysis.

1/, different versus control (p < 0.05, Student’s t-test).

showed lower body weight compared to the butter group
(p < 0.05, one-way ANOVA), but no significant differences
were found in their body fat content or lean mass. Female
animals showed no significant differences between groups
concerning body weight, fat content, or lean mass. Neither
were any differences either found concerning cumulative
food intake between the different groups of animals during
this period, either in males or in females (data not shown).
At the age of 6 months, no significant differences were
found regarding body weight of the different groups of ani-
mals; however, it is interesting to highlight that within those
animals exposed to HF diet, only the olive oil group (both
males and females) showed higher body weight compared to
their NF-fed counterparts (p < 0.05 Student’s t-test). Never-
theless, male animals exposed to HF diet showed a higher
percentage of body fat and a lower percentage of lean mass
compared to those animals maintained under NF diet (p
< 0.05, NF versus HF, Student’s t-test), with the exception
of animals in the margarine group (Fig. 1). These animals
also showed a lower body fat percentage compared to the
butter group. Female animals in the margarine group pre-
sented a higher lean mass content than the olive oil (under
both NF and HF diets) and butter (under NF diet) groups
(p < 0.05, one-way ANOVA). Neither were significant dif-
ferences found concerning cumulative food intake between
the different groups of animals during this 2 months pe-
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riod, but, interestingly, all HF diet-fed groups presented a
higher cumulative food intake compared to their respec-
tive NF diet-fed counterparts, with the exception of mar-
garine group females that maintained a similar intake of
calories.

Figure 2 shows plasma leptin concentration of the dif-
ferent groups of animals at the ages of 4 and 6 months.
At the age of 4 months, leptin levels were not significantly
different between groups of male animals, but margarine
group females showed lower leptin levels than the olive oil
group and also lower than control animals. This tendency
was maintained at the age of 6 months in the animals main-
tained under NF diet, but differences were not significant.
At the age of 6 months, circulating leptin levels of male
animals exposed to HF diet were higher than those of an-
imals exposed to NF diet, with the exception of the mar-
garine group. These animals also displayed lower leptin levels
than the olive oil and butter groups. Female animals of the
olive oil group showed higher circulating leptin levels com-
pared to the margarine and butter groups. These animals
were the only group within females that showed higher lep-
tin levels under HF diet in comparison with those under NF
diet.

No significant differences were found concerning circu-
lating glucose levels at the ages of 4 and 6 months (results
not shown).
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Males Control Olive-oil Margarine Butter ANOVA
Body weight (g) 408 =7 399 = 7 (ab) 381+ & (b) 405 = 7 (a)
4-month | Total far content (%4) 13108 128204 13008 140= 0.6
Lean mass (%) 732=08 73.5=04 T4.5=09 722205
NF | 4s50%12 4424 10 43929 462 14
Body weight (g) D
HF 485 =19 491 = 16 # 462+ 13 486 = 13
NF 15813 170+ 08 17.1x 1.6 17615
6-month | Total fat content (%) D
HF | 229217# | 230212@b)# | 211216®) | 259+10@#
NF ToG=14 69908 To6x12 69113
Lean mass (%%) D
HF | 654x£16# 654=09% 678+10 628=09#
Females
Body weight (g) 248+ 5 243 4 2394 4 241+ 4
4-month | Total far content (%) 143 =06 144206 1344 =06 138=05
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NF | 267z6 2544 2556 256+ 8
Body weight (g) D
HF 2766 28B4 10% 26510 2729
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Figure 1. Body weight and fat content, at 4 and 6 months of age, of male and female offspring of dams supplemented with 30% of the
normal caloric intake with different fat sources (olive oil, margarine, or butter) during late pregnancy and lactation. Animals were fed with
standard NF diet until the age of 4 months and then with a NF or HF diet until the age of 6 months. The insert figures represent body weight
over time and the cumulative food intake in kcal during the last 2 months when half of the animals were fed a NF diet or HF diet. The
double line (Table) or the dotted line (Figure) indicates that the ANOVA analysis was assessed without the control group. Data are mean +
SEM. (n = 7-12). Statistics: D, effect of diet (NF or HF); DxT, interaction between diet and maternal supplementation, (p < 0.05, two-way
ANOVA). a#b, LSD post-hoc analysis. #, different from their respective NF-fed group (p < 0.05, Student’s t-test). |, different versus control
(p < 0.05, Student’s t-test). In the body weight figure: D, effect of diet; AxD, interaction between age and diet; (p < 0.05, repeated measures
ANOVA).
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Figure 2. Circulating leptin in male and female offspring of dams supplemented with 30% of the normal caloric intake with different fat
sources (olive oil, margarine, or butter) during late pregnancy and lactation, at the ages of 4 months (when all animals were fed a NF diet)
and 6 months (with half of the animals moved from the last 2 months to a HF diet). The dotted line indicates that the ANOVA analysis was
assessed without the control group. Data are mean + SEM. (n = 8-11). Statistics: T, effect of maternal supplementation; D, effect of diet;
DxT, interaction between maternal supplementation and diet (p < 0.05, two-way ANOVA). a#b, LSD post-hoc analysis. *, different from
their respective fed group (p < 0.05, Paired t-test). #, different from their respective NF-fed group (p < 0.05, Student’s t-test). 1/J, different
versus control (p < 0.05, Student’s t-test).

3.2.2 Two-bottle food preference test versus fatrich food (p < 0.05, pair t-test), and this differ-

ence was exacerbated in the margarine group. These animals
Food preferences were measured at the age of 3 months with showed a lower preference for fat-rich food compared to the
the two-bottle preference test (Fig. 3). Male animals from all other groups of animals (p < 0.05, LSD post-hoc analysis).
groups showed a significant preference for CHO-rich food Female animals showed a similar preference for CHO- and

Food preferences

Males Females
O CHO-rich 0O CHO-mich
O Fat-rich O Fat-rich

s _ 1

-
E A~ B I ]
o o o o o

Food intake (%)
[
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3B
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Control Olive-oil Margarine  Butter Control Olive-gil Margarine  Butter

Figure 3. Dietary preferences measured by the two-bottle choice test of 3-month-old male and female offspring of dams supplemented
with 30% of the normal caloric intake with different fat sources (olive oil, margarine, or butter) during late pregnancy and lactation. All
animals were under a normal fat diet. Bars represent the percentage of the amount of CHO-rich food and fat-rich food with respect to the
total food ingested in the choice test. The two diets had identical caloric density (2.31 kcal/g). The dotted line indicates that the ANOVA
analysis was assessed without the control group. Data are mean + SEM. (n = 8-11). Statistics: Within each rich diet a#b (p < 0.05, one-way
ANOVA and LSD post-hoc test). *, CHO- versus Fat-rich diet (p < 0.05, pair sample t-test).
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fat-rich food, with the exception of the margarine group that
showed a higher preference for CHO-rich food than for fat-
rich food.

3.2.3 Morphometry, immunohistochemistry, and
gene expression in hypothalamus of weaned

pups

To ascertain whether different effects of the type of mater-
nal fat supplementation during perinatal life may by related
to different programming effects on the development of hy-
pothalamic structures involved in body weight control, we
performed morphometric and immunohistochemical stud-
ies in the ARC of the hypothalamus. Expression of selected
genes involved in leptin signaling in the hypothalamus was
also measured.

Results of morphometric analysis of cresil violet-stained
cells from the ARC in weaned rats are shown in Table 4,
and representative brain sections immunostained for NPY
and aMSH in the hyphothalamc ARC nucleus are shown in
Fig. 4. In the ARC, the number of cresil violet-stained cells
and numerical density were significantly higher in margarine
group females compared to the olive oil and butter groups
(p < 0.05, one-way ANOVA). This increase was not observed
in male animals, but compared to controls, margarine group
males showed a higher numerical density (p < 0.05, Student’s
t-test).

Immunostaining for NPY in the ARC revealed that the
number of NPY" cells was differently affected by the type
of maternal fat supplementation in a sex-dependent manner
(sex by treatment interaction, p < 0.05, two-way ANOVA).
Male animals in the butter group showed a higher number
of NPY* cells compared to controls, but margarine group
females showed a higher number of NPY™ cells compared to
those of the butter group (p < 0.05, one-way ANOVA) and
to controls (p < 0.05, Student’s t-test). No differences in the
number of aMSH™ cells, or in the ratio of NPYt/aMSH*
cells were observed between groups in the immunostained
sections of the ARC.

Expression levels of selected genes in hypothalamus at
weaning (day 21) are shown in Fig. 5. ObRb mRNA levels
were affected by the type of maternal fat supplementation
(p < 0.05, two-way ANOVA). The olive oil group of animals
showed lower ObRb mRNA levels compared to the margarine
and butter groups (p < 0.05 LSD post-hoc analysis), as well
as compared to controls (p < 0.05, Student’s t-test). In addi-
tion, margarine group males presented higher ObRb mRNA
expression levels compared to controls (p < 0.05, Student’s
t-test). No significant differences were observed in SOCS3
mRNA levels between the different groups of animals. Yet, in-
terestingly, concerning the ObRb/SOCS3 mRNA ratio, which
could considered, among other parameters, as a marker of
leptin sensitivity, an interactive effect between sex and treat-
ment (p < 0.05, two-way ANOVA) was found, with male an-
imals of the margarine group showing a higher value com-
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pared to those in the olive oil and butter groups. POMC and
NPY expression levels were higher in female pups compared
to males, but no differences depending on the type of mater-
nal fat supplementation were observed; however, compared
to controls, male animals in the margarine and butter groups
displayed higher POMC mRNA levels (p < 0.05, Student’s
t-test).

4 Discussion

The intake of an excess of fat during pregnancy and lactation
may have negative consequences on the metabolic health of
offspring. Here, we have characterized the lasting effects of
maternal supplementation with different fat sources during
late pregnancy and lactation on body weight, food intake,
and food preferences of the offspring, and assessed whether
different outcomes could be attributed to different program-
ming effects on central structures involved in the regulation
of energy balance, particularly affecting leptin signaling. The
fat sources were selected because they are commonly con-
sumed in the European diets and are rich in different fatty
acid types: butter (rich in saturated fatty acids), olive oil (rich
in MUFA), and margarine (rich in PUFA). However, it has
to be pointed out that these fat sources contain not only fatty
acids, but also other ingredients, which may contribute or
even be responsible of some of the effects of these fat types.
Detrimental effects of maternal HF diet on obesity and
other related metabolic diseases in offspring have been re-
ported [14-16, 31-33], but studies were based mainly on sat-
urated fat sources. We describe here that maternal intake of
an excess of fat during the perinatal period has different out-
comes in the offspring depending on the type of fat, and the
different effects are more evident when animals are exposed
in adulthood to a HF diet. Maternal olive oil supplementation
results in a lower body weight of offspring at birth that re-
mains lower until weaning, but differences compared to the
other treated groups disappears in adulthood; however, under
the challenge of a HF diet, these animals show a greater in-
crease in body weight and fat content. Similar lasting effects
to those of olive oil are observed with maternal supplementa-
tion with butter, with regards to body weight, although with
a greater increase in body fat content when male animals are
exposed to a HF diet. In contrast, the offspring of dams sup-
plemented with margarine during the perinatal period show
a greater body weight at birth and at weaning, compared to
the offspring of dams supplemented with olive oil, but dif-
ferences disappear when the animals grow. Moreover, these
animals seem to be protected, at least to some extent, from
further development of overweight when exposed to HF diet.
These protective effects are seen when comparing with the
offspring of dams supplemented with the other fat sources,
and even with those fed a nonsupplemented control diet.
Different effects of maternal supplementation with dif-
ferent fat sources during the perinatal period on offspring
response to a HF diet in adulthood could be related, in part,
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Table 4. Morphometry and immunohistochemical analysis of the ARC nucleus. Number and numerical density of hematoxylin/eosin-
stained neurons, and number of NPY, «MSH, and the ratio NPY*/aMSH* immunoreactive neurons (NPY*, «MSH™*) within ARC
nucleus of 21-day-old male and female offspring of dams supplemented with 30% of the normal caloric intake with different fat
sources (olive oil, margarine, or butter) during late pregnancy and lactation. Numerical density is expressed as number of cells
per square millimetre

ARC Control Olive oil Margarine Butter ANOVA
Number of cells (n) Males 430 + 23 493 + 47 502 + 37 467 + 41 S
Females 409 + 14 376 + 18 (a) 465 + 21 (b) 375 + 15 (a)
Numerical density (n/mm?2) Males 1791 + 82 2177 + 204 2264 + 120 t 1821 + 167 S
Females 1726 + 99 1575 + 145 (a) 1893 4 100 (b) 1582 + 36 (a) T
Number of NPY™ neurons Males 100 £5 113+8 118 £ 10 132 +41¢ SxT
Females 107 £3 111 £+ 9 (ab) 128 + 2 (b) ¢ >98.4 + 6 (a)
Number of «aMSH* neurons Males 55.7 £ 10.5 58.0 + 11.8 74.4 +£9.9 87.9 +16.7
Females 72.3 +15.9 62.8 + 15.2 70.3 +13.0 59.2 + 8.1
Ratio NPY*/aMSH* neurons Males 2.06 + 0.49 2.12 +0.32 1.63 £ 0.13 1.70 £ 0.25
Females 1.97 £ 0.75 2.11 £ 0.50 2.14 +0.22 1.77 £ 0.18

ANOVA analysis was assessed without the control group. Data are mean + SEM (n = 5). Statistics: S, effect of sex; T, effect of maternal
supplementation; SxT, interaction between sex and maternal supplementation, (p < 0.05, two-way ANOVA). a#b, LSD post-hoc analysis.

4, different versus control (p < 0.05, Student’s t-test).

to different programming effects on the establishment of
food preferences. As previously described, we observed that
control adult male rats have a higher preference for CHO-rich
food compared to fat-rich food [9, 12]. This preference is ex-
acerbated in the offspring of margarine-supplemented dams
during the perinatal period. Adult female rats show a rather
similar preference for both types of macronutrients, butagain
those in the margarine group show a higher preference for
CHO-rich food compared to fat-rich food. These program-
ming effects on food preferences occurring in the margarine
group could be responsible, in the case of female offspring,
for the lack of increase in caloric intake when exposed to a
HF diet, with respect to the intake under a NF diet. Thus, ma-
ternal intake of different fat sources during pregnancy and
lactation might play a role influencing the long-term appetite
of the offspring.

In addition to differences in food preferences, rats from
the margarine group compared to the olive oil and butter
groups, seem to have a better response when exposed to a
HF diet. Specifically, male animals do not show a significant
increase in body fat content in comparison with their controls
under NF diet, and females appear to have a better control
of food intake. Interestingly, 6-month-old male animals in
the margarine group under HF diet display lower circulating
leptin levels compared to the other treated groups and to
controls suggesting higher sensitivity to leptin. In the case
of females, differences are only significant when comparing
with the olive oil group, which shows higher leptinemia than
controls. However, females in the margarine group already
show lower levels than the olive oil group and lower than
controls atthe age of 4 months, when all animals are under NF
diet. These results suggest that the margarine group seem to
be better prepared to face HF diet conditions, in comparison
with the other groups from dams supplemented with other fat
sources, and the leptin system could be tentatively involved
in this adaptation.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In rats, it is known that the differentiation of the neuronal
systems regulating energy homeostasis begins during gesta-
tion and continues until weaning [34,35]. Increasing evidence
supports that nutritional environment during early develop-
ment can influence the development of the hypothalamus,
exerting changes in the expression of genes critically involved
in the regulation of energy intake and expenditure that can be
permanent and related with the predisposition for adult-onset
metabolic disorders [7,36-38]. In this sense, morphometric
analysis of the hypothalamus in weaned pups reveals that fe-
males in the margarine group exhibit a significant increase
in the number of cells and cell density in the ARC com-
pared to the other treated groups. No significant changes are
found in males between the treated groups, although male
pups in the margarine group show higher cell density in the
ARC than the control group. Modification in the structure
of the hypothalamus, particularly a reduction in the number
of cells in the ARC has been found in obesity-prone models,
particularly in offspring from dams fed a low protein diet
or under energy restriction during gestation, and has been
related with the long lasting detrimental effects observed in
these animals [7, 39]. Therefore, these results suggest that
the type of fat during the perinatal period may lead to struc-
tural changes in hypothalamic centers involved in food intake
and energy expenditure in the offspring, thus providing an
anatomic basis for a different capacity to regulate food intake
and body weight. However, despite it is known that gestation
and lactation are critical periods in the differentiation of the
neuronal systems regulating energy homeostasis [34, 35], it
must be pointed out that changes described in the present
study were found at weaning and it is not known whether
they are maintained in adulthood.

In addition to changes in the total number of cells in the
ARC, female pups in the margarine group also show a greater
amount of NPY" neurons than those in the butter group and
in controls, with no significant changes in the amount of
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Figure 4. Representative brain sections immunostained for NPY and aMSH in the hypothalamic ARC nucleus of 21-day-old male and
female offspring of dams supplemented with 30% of the normal caloric intake with different fat sources (olive oil, margarine, or butter).

ARC, arcuate nucleus; 3y, third ventricle. Scale bar: 50 pm.

aMSH™ neurons or in the NPY" /aMSH™ ratio in any group.
Male pups in the butter group also show a higher amount of
NPY" neurons compared with controls. HF diet feeding dur-
ing pregnancy has been previously described to increase the
proliferation of hypothalamic orexigenic peptide-producing
neurons [40]. Conversely, Kozak et al. [23] showed that a ma-
ternal HF diet decreased NPY expression in the ventromedial
nucleus of their offspring. We show here that the effect of
maternal HF diet during the perinatal period on neuroen-
docrine system development may be dependent on the fat
source, and that an increase in the number of orexigenic
peptide-producing neurons does not necessarily imply nega-
tive consequences on the capacity to regulate energy balance,
promoting energy intake. In fact, a decrease in the num-
ber of NPY* neurons has been described in offspring from
moderate caloric-restricted dams during the first part of ges-
tation [7] and these animals display in adulthood an impaired
regulation of food intake and energy expenditure [7,8]. Here,
despite some changes in the number of NPY" neurons, we

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

do not observe any change in NPY mRNA expression lev-
els in the hypothalamus of these animals. However, since
we have studied gene expression levels only under ad libi-
tum feeding conditions, changes in NPY mRNA levels under
different nutritional conditions, e.g. fasting, cannot be ruled
out. Interestingly, margarine and butter group females show
higher mRNA expression levels of POMC compared to con-
trols. Margarine and butter group animals also show greater
hypothalamic ObRb mRNA expression levels compared to
the olive oil group, but only margarine group males show
a greater ObRb/SOCS3 ratio compared to the other treated
groups. These results support the fact that the type of fat
eaten during perinatal life may exert different programming
effects on mechanisms involved in central leptin sensitivity,
with margarine appearing to have, in these particular con-
ditions, some positive effects in comparison with other fat
sources.

Which particular components of margarine may be in-
volved in these early programming effects and through which
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Figure 5. Leptin receptor (ObRb), the suppressor of cytokine signaling 3 (SOCS3), ObRb/SOCS3, Neuropetide Y (NPY), and Pro-
opiomelacortine (POMC) mRNA expression levels in hypothalamus of 21-day-old offspring of dams supplemented with 30% of the normal
caloric intake with different fat sources (olive oil, margarine, or butter) during late pregnancy and lactation. Data are expressed as a
percentage of the mean value of male offspring of control dams. Data are mean &+ SEM of 5-7 animals per group. The dotted line indicates
that the ANOVA analysis was assessed without the control group. Statistics: S, effect of sex; T, effect of maternal supplementation; (p <

0.05, two-way ANOVA). a#b, LSD post-hoc analysis. 1/, different versus control (p < 0.05, Student’s t-test).

mechanisms they may be acting are not known yet. Leptin
has been proposed as an important neurotrophic factor dur-
ing postnatal development. A lack of leptin during early life
in mice has been shown to compromise the neuronal or-
ganization of hypothalamic nuclei involved in food intake
control [41], thus potentially affecting sensitivity to this hor-
mone in adulthood. Moreover, leptin supplementation with
physiological doses during lactation in rat pups has been de-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

scribed to prevent overweight in adulthood and other features
of the metabolic syndrome, to improve leptin sensitivity, and
to determine a lower preference for fat-rich food [25, 28, 42].
Interestingly, a postnatal leptin surge around day 10 has
been described in mice [43] and in rats [44], and alterations
in this leptin surge by changes in perinatal nutrition have
been related with long-lasting effects on metabolism includ-
ing an increased susceptibility to the detrimental effects of a
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postnatal obesogenic diet [44—46]. In this sense, margarine-
supplemented dams presented higher milk leptin concentra-
tion compared to olive oil dams at day 12 of lactation, coin-
ciding with the period of the natural occurring leptin surge.
These higher milk leptin levels do not seem to be related with
changes in maternal fat mass, suggesting a specific regulation
of some component of the margarine in the milk-borne leptin
more than the amount of maternal fat per se. Notably, males
pups of the margarine and butter group displayed higher
circulating leptin levels at weaning than those in the olive
oil group, and those in the margarine group were also higher
than those in the control group. These changes in leptin levels
are not directly reflecting changes in body weight of the pups,
but might reflect an increased maternal milk-borne leptin.
Thus, it could be speculated that the higher supply of milk-
borne leptin, and/or the moderately higher levels of plasma
leptin as well as its better signaling (increased hypothalamic
ODbRDb expression and greater ObRb/SOCS3 ratio) found in
margarine group males at the end of the suckling period may
indicate that these animals present a neuroendocrine milieu
that promotes a better establishment of the hypothalamic
homeostasis circuitry, which can be relevant to reduce the
risk of suffering obesity in adulthood. However, this latter
explanation does not apply to females, and the reasons for
the sex-dependent differences need to be further studied.

In conclusion, maternal supplementation with an excess
of fat during late pregnancy and lactation may differently pro-
gram the offspring for later predisposition to or prevention
of obesity and leptin resistance depending on the source of
fat. Supplementation with margarine, compared with other
fat sources, may program the offspring for increased leptin
sensitivity in adulthood and a lower preference for fat food,
and hence provide relative protection against body weight
gain in adulthood, particularly under an obesogenic envi-
ronment. Differential effects depending on the type of fat
on the development of hypothalamic structures involved in
food intake control could be one of the underlying molecular
mechanisms responsible for the different outcomes.
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