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ARTICLE INFO ABSTRACT

Amdf—’ history: Vulnerability of the fetus upon maternal obesity can potentially occur during all developmental phases. We
Recefved 25 June 2013 aimed at elaborating longer-term health outcomes of fetal overnutrition during the earliest stages of develop-
Received in revised form 20 October 2013 ment. We utilized Naval Medical Research Institute (NMRI) mice to induce pre-conceptional and gestational obe-
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Available online 23 November 2013 sity and followed offspring outcomes in the absence of any postnatal obesogenic influences. Male adult offspring

developed overweight, insulin resistance, hyperleptinemia, hyperuricemia and hepatic steatosis; all these
features were not observed in females. Instead, they showed impaired fasting glucose and a reduced fat mass

g?;vsvgds. and adipocyte size. Influences of the interaction of maternal diet  sex concerned offspring genes involved in
Peri-conceptional fatty liver disease, lipid droplet size regulation and fat mass expansion. These data suggest that a peri-
Pregnancy conceptional obesogenic exposure is sufficient to shape offspring gene expression patterns and health outcomes
Offspring in a sex- and organ-specific manner, indicating varying developmental vulnerabilities between sexes towards
Prngam{ﬂil?g metabolic disease in response to maternal overnutrition.

Sex-specificity © 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Human epidemiological studies show that the offspring's risk of de-
veloping obesity in later life is strongly associated with maternal obesity
[1]. Among the various perinatal risk factors for the development
of childhood obesity, pre-conceptional maternal obesity confers the
strongest risk [2,3]. This finding is supported by evidence of a decreased
offspring obesity risk subsequent to maternal weight-loss surgery [4].

It seems likely that more than one critical time window during
development plays a role in programming offspring disease risks [5].
To address this hypothesis, animal studies are needed in order to sepa-
rate the wide range of confounding exposures and factors during the
developmental phases that can influence offspring health outcome.
Various animal models have already been used to address the
transgenerational impact of diet-induced obesity by fetal exposures
throughout pregnancy and also the lactation period [5], which repre-
sents a critical time window for programming in rodents [6,7]. In
humans, this period of developmental plasticity most likely corresponds
to the third trimester of pregnancy and may expand into postnatal life
[8]. However, only very few rodent studies have specifically investigat-
ed the transgenerational effects of maternal pre-gravid obesity and dur-
ing the gestational period [9,10], although an impact on oocyte and
early embryo development has been suggested [11,12].

Whereas rodent offspring outcomes have so far mostly been deter-
mined in males [13], few studies have analyzed the impact of an
adipogenic exposure during the pregnancy and lactation period by com-
paring both sexes separately, as reported from rat [14-16] and mouse
models [17-19]. In humans, associations between parental body mass
index and children's weight and body fat are reported to be sex-
dependent, an observation not being explained as yet [20,21]. Develop-
mental components to sex-specific differences in human disease risk
have also been reported for several common disorders [22], such as in
diabetes [23].

Most rodent studies utilized inbred mouse strains such as C57BL/6)
that upon obesogenic feeding develop pronounced obesity already
being complicated by hyperinsulinemia, hyperleptinemia, and dyslipid-
emia [17,24,25]. However, in the human situation, a substantial propor-
tion of fertile obese women still have largely compensated metabolic
homeostasis [26,27]. We hypothesized that exposure during the earliest
developmental stages of life even to milder forms of maternal obesity
is already sufficient to induce programming of long-term health risks
in offspring of each sex. Thus, we aimed at utilizing a mouse model
showing less pronounced maternal adiposity during early developmen-
tal stages. For this purpose, we took advantage of the outbred Naval
Medical Research Institute (NMRI) mouse stock that is less vulnerable
to the consequences of high-fat feeding than the C57BL/6] strain [28].

In the offspring of NMRI dams, we assessed long-term phenotypic
outcomes, metabolic features, and underlying gene expression profiles
in each sex separately and at different life times. Offspring were trans-
ferred to foster dams to specifically preclude programming influences
during lactation and were subsequently grown up in the absence of
any additional postnatal high-fat diet exposure. Nevertheless, in later
life of offspring we demonstrated signs of metabolic disease associated
with differential gene expression patterns that strikingly differ between
sexes and that are evoked by the obesogenic environment of dams in
the pre-conceptional period and early phase of development.

2. Materials and methods
2.1. Experimental design

Male and female NMRI mice (RjHan:NMRI; originally Swiss mice
transferred to the US Naval Medical Research Institute, then to the
Central Institute for Laboratory Animal Breeding, Hannover, Germany
in 1958) were purchased from Janvier (Le Genest St Isle, France). This
outbred stock is characterized by an albino appearance, a rapid growth

rate, a high success of reproduction, and large litter sizes [29]. Mice were
maintained under specific pathogen-free conditions in the closed barrier
facility of the Gene Center Munich at 23 °C, 40% humidity and with a
12 h light/dark cycle (lights on at 7 AM). All animals had free access to
their specific rodent diet and water ad libitum. All experiments were ap-
proved by the Committee on Animal Health and Care of the local govern-
mental body of the state of Bavaria and performed in strict compliance
with the European Economic Commission (EEC) recommendations for
the care and use of laboratory animals (European Communities Council
Directive of 24th November 1986 [86/609/EEC]).

28 female NMRI mice at 3 weeks of age were randomly distributed
into a total of 3 groups. Two groups (7 mice each) received the D12492
high-fat, high-calorie diet (HFD) (E15741-34; Ssniff, Soest, Germany)
or the control diet to D12492 (CD) (Ssniff; Table 1, Supplemental Fig.
A.1). We used the term “HFD” being aware that apart from a high-
saturated fat content, the carbohydrate composition was characterized
by a ratio of 10:1 of sugar to starch. The third group (foster mothers,
14 mice) received a standard maintenance rodent diet (MD) (V1536,
Ssniff; Table 1) after arrival to the animal facility (Supplemental
Fig. A.1). Body weight was monitored every three days and body compo-
sition was measured weekly. At the age of 12 weeks, mice were mated
and screened for vaginal plugs every morning and evening. Females of
the experimental groups remained on their specific diets and those of
the foster group were on CD during pregnancy and lactation to ensure
that any postnatal dietary exposure of offspring was only to CD.

The term “peri-conceptional” was used to refer to maternal obesity
prior to conception and during the earliest developmental phases
including early gestational periods equivalent to the first and second
trimesters in humans. Pregnant females were weighed and their body
composition was analyzed every three days. All animals were allowed
to give birth naturally. Within 12 h after birth, each litter of the two
experimental groups (HFD, CD) was adjusted to a size of 8 animals by
culling surplus pups, and directly transferred to one of the dams of
the foster group, which gave birth the same day and whose pups were re-
moved (Supplemental Fig. A.1). All litters in each maternal group were
greater than 8 pups and none of the dams were excluded due to large var-
iations in litter size. To avoid any selection influence of the experimenter,
offspring were randomly chosen regardless of sex, size or other features.

Offspring were weighed every three days. At day 21, all offspring
were weaned onto CD. Thereafter, body composition of offspring was
monitored weekly and from week eight onwards every two weeks up
to 5 months of life, when mice became too large for analysis of body
composition. At age 9 months, offspring were sacrificed. In a separate

Table 1
Diet compositions.

High-fat, high-calorie Control Maintenance

diet (HFD) diet (CD) diet (MD)
Crude nutrients (g/100g)*
Crude protein 241 24.1 193
Crude fat 34.0 5.1 34
Crude fiber 6.0 6.4 5.0
Crude ash 6.1 6.2 6.5
N free extracts 27.0 54.7 55.3
Myristic acid (C14:0) 1.03 0.06 0.01
Palmitic acid (C16:0) 8.06 0.70 0.47
Stearic acid (C18:0) 5.61 037 0.08
Oleic acid (C18:1) 12.13 144 0.62
Starch 2.2 26.0 375
Sugar / dextrines 224 26.1 4.7
Energy (%) derived from
Protein 19.0 27.0 33.0
Carbohydrates 21.0 60.0 58.0
Fat 60.0 13.0 9.0
Total energy (MJ/kg) 214 15.1 13.0

N, nitrogen.
2 Single diet components are denoted in g per 100 g diet.
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