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Antenatal antipsychotic exposure induces multigenerational and
gender-specific programming of adiposity and glucose tolerance
in adult mouse offspring
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Introduction

The advent of second-generation antipsychotics (SGAs) has
revolutionized the management of schizophrenia and other
psychoses. In contrast to first-generation antipsychotics (FGAs),
SGAs induce far fewer cases of extrapyramidal syndrome, tardive
dyskinesia and hyperprolactinaemia. However, the limited neuro-
logical side effects of SGAs must be balanced against emerging
evidence that the use of these compounds, mainly olanzapine
(OLZ) and clozapine, is associated with cardiometabolic distur-
bances, including weight gain, glucose intolerance and insulin
resistance, and lipid and blood pressure alterations [1,2]. Given
the deinstitutionalization of treatment and the availability of
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A B S T R A C T

Second-generation antipsychotics (SGAs) are well known for their metabolic side effects in humans,

including obesity and diabetes. These compounds are maintained during pregnancy to prevent the

relapse of psychoses, but they readily diffuse across the placenta to the fetus, as documented with the

widely-prescribed drug olanzapine (OLZ). However, observational studies have provided conflicting

results on the potential impact of SGAs on fetal growth and body weight, and their effects on metabolic

regulation in the offspring. For this reason, our study has tested whether antenatal exposure of CD1 mice

to OLZ influenced metabolic outcomes in the offspring of the first (F1) and second (F2) generations. In F1

mice, OLZ antenatal treatment caused a decrease in neonatal body weight in both genders, an effect that

persisted throughout life only in male animals. Interestingly, F1 female mice also displayed altered

glucose homoeostasis. F2 mice, generated by mating normal males with F1 female mice exposed to OLZ

during antenatal life, exhibited higher neonatal body weights which persisted only in F2 female animals.

This was associated with expansion of fat mass and a concordant pattern of adipose tissue gene

expression. Moreover, male and female F2 mice were glucose-intolerant. Thus, our study has

demonstrated that antenatal OLZ exposure induces multigenerational and gender-specific programming

of glucose tolerance in the offspring mice as adults, and points to the need for careful monitoring of

children exposed to SGAs during pregnancy.
�C 2017 Published by Elsevier Masson SAS.
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medications that no longer interfere with fertility, women with a
psychosis now have higher expectations of a normal quality of life.
Today, > 50% of women affected by psychoses are mothers [3,4].

However, because of the high risk of relapse of bipolar and
psychotic disorders during pregnancy and postpartum, antipsy-
chotic treatment is generally required throughout the course of
pregnancy. This raises concerns about the maternal and fetal safety
of SGAs during this period. Indeed, women taking SGA medications
gain more weight during pregnancy [5] and have an increased risk
of developing gestational diabetes [5–7]. Moreover, antipsychotic
drugs cross the placental barrier due to their small molecular size
and lipophilic or hydrophobic properties. Using the ratio of
umbilical cord to maternal plasma concentrations as an index of
placental passage of antipsychotics, Newport et al. [8] reported
that the highest placental passage was observed for OLZ (72%).
Several authors have suggested that, while fetal exposure to SGAs
was not associated with congenital limb or organ malformations, it
could promote neonatal respiratory distress and admissions to
intensive care [9–14].

Conflicting results have been observed for the impact of SGAs
on fetal growth and birth weight. Several studies have reported
that infants exposed to SGAs during pregnancy exhibit a
significantly higher risk of being large for gestational age and
having a heavier birth weight than those exposed to FGAs
[9,11,12]. In contrast, other studies have reported a greater
proportion of low birth weights among SGA-exposed newborns
[8,10]. Finally, other investigations have failed to show any impact
of SGAs on either birth weight or size [6,15–18]. These dis-
crepancies between clinical studies are most likely explained by a
combination of confounding factors that are able to interfere with
fetal growth and birth weight independently of the effects of SGAs.
Recognizing the side effects of antipsychotics, and their adverse
metabolic effects, is now receiving considerable attention due to
their impact on patient quality of life and medication adherence.
The use of animal models, which generally have good predictive
value for humans, has been crucial in making progress in this area
[19]. Indeed, rodent models are providing invaluable information
about the physiological pathways that mediate antipsychotic-
induced metabolic adverse events. Clozapine and OLZ, two SGAs
with the greatest effects on glucose homoeostasis dysregulation
and insulin resistance in clinical practice, are also more deleterious
in rodents than compounds such as ziprasidone and aripiprazole.
Moreover, OLZ provokes overweight preferentially in females,
demonstrating that SGA-induced weight gain depends on gender
in rodents [19].

Large epidemiological studies have revealed a strong associa-
tion between altered growth of the fetus/neonate and subsequent
risks of type 2 diabetes, hypertension and obesity. These
observations have led to the concept of developmental origin of
health and disease (DOHaD), which proposes that specific perinatal
environments influence the development and physiology of several
tissues or organs, thereby promoting the emergence of dysfunction
and disease later in life [20–22]. Thus, conditions of prenatal
nutrition (under- or overnutrition) represent key determinants
regulating intrauterine growth and birth weight, but also the
propensity to develop chronic cardiometabolic diseases as adults.

Yet, the importance of all the environmental factors that can
impair development still needs to be defined. In this context, it is
conceivable that, owing to their adverse metabolic effects, prenatal
exposure to SGA might induce growth alterations and late-onset
metabolic disturbances. Surprisingly, very few experimental
studies have reported on the pathophysiological consequences
of maternal SGA exposure in the offspring. Recent work has shown
that exposure of pregnant Wistar rats to aripiprazole, known to
have weak metabolic side effects in humans, did not modify body
weight and food intake in pregnant animals, whereas a significant

reduction was found in fetal and postnatal body weights of the
offspring [23]. In addition, exposure during lactation to OLZ
increased body weight in both male and female mouse neonates
[24]. Therefore, while epidemiological studies in humans have
found discordant results for the metabolic impact of maternal
exposure to OLZ, experimental data are lacking for both the short-
and long-term consequences of prenatal exposure of rodents to
this drug, whereas the availability of such information is
important, as OLZ is the most commonly prescribed OLZ during
pregnancy [25] able to cross the placenta to the fetus [8].

Thus, the aim of our present study was to determine whether
prenatal exposure of mice to OLZ could influence the growth and
metabolic fate of the offspring in the long-term. In addition, the
metabolic phenotype of second-generation (F2) animals, generat-
ed by crossing normal males with first-generation (F1) females
exposed to OLZ during fetal life, was also assessed. In fact, our
study has found that antenatal exposure to OLZ not only influences
the long-term regulation of body weight and glucose homoeostasis
in the F1 generation, but also in their F2 offspring, with effects that
appear to be sex-specific.

Materials and methods

Animals

CD1 outbred mice (Charles River Laboratories, Wilmington, MA,
USA) at an average number of 12–13 pups per litter were used for
these experiments. This mouse strain has been successfully used to
mimic the metabolic side effects of OLZ observed in humans [26–
28]. The animals were allowed access to a standard chow diet
(LASQCdiet1 Rod16-R, LASvendi, Soest, Germany) and water ad
libitum on a 12 h/12 h light/dark cycle with lights on at 0800 h. All
applicable international, national and/or institutional guidelines
for the care and use of animals were followed and approved by the
relevant ethics committee (accreditation number 01298.01).

F1 offspring were generated by mating 10-week-old females
(F0) with 12-week-old male mice; the day of vaginal plug detection
was considered embryonic day 0 (E0). At E7, a micro-osmotic
pump (Alzet model 1002, Charles Rivers Laboratories), containing
OLZ (Sigma-Aldrich, St. Louis, MO, USA) or vehicle (42.5% DMSO,
42.5% propylene glycol and 15% ethanol), was subcutaneously
implanted in the interscapular region of the pregnant mice.
Continuous administration of SGA by the micro-osmotic pump
circumvented the short plasma half-life of SGA in rodents, allowing
a plasma steady-state of OLZ to be maintained for 24 h while
limiting repeat injections and gavage [29]. The dose was calculated
to deliver 4 mg/kg/day of OLZ over the last 2 weeks of gestation
based on estimated average weight. This dose was selected on the
basis of previous studies showing metabolic effects of this OLZ
dose with the same administration protocol in adult mice
[19]. Immediately after birth, the litters were randomly equalized
to 12 or 13 neonates per group to reduce the risk of over-/
undernutrition due to litter size. The pups were weaned at 21 days,
and housed in same-sex sibling groups (n = 5–6 per cage).

The F2 generation was obtained by crossing randomized F1
adult male controls with randomized F1 adult (6-month-old)
female mice exposed or not to the antipsychotic antenatally. Their
weight (F0, F1, F2) was measured every week until the age of
11 weeks and then monthly until sacrifice, while ad libitum plasma
glucose levels of the F0 mice were measured on days 8 (G8) and 14
(G14) of pregnancy.

Statistical analysis

All results are presented as means � standard errors of the
mean (SEMs). Comparisons of group means were analyzed by
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