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Abstract

Objective: Using an animal model, we have previously shown that preeclampsia results in long-term adverse neuromotor
outcomes in the offspring, and this phenotype was prevented by antenatal treatment with pravastatin. This study aims to
localize the altered neuromotor programming in this animal model and to evaluate the role of pravastatin in its prevention.

Materials and Methods: For the preeclampsia model, pregnant CD-1 mice were randomly allocated to injection of
adenovirus carrying sFlt-1 or its control virus carrying mFc into the tail vein. Thereafter they received pravastatin (sFlt-1-pra
“experimental group”) or water (sFlt-1 “positive control”) until weaning. The mFc group (“negative control”) received water.
Offspring at 6 months of age were sacrificed, and whole brains underwent magnetic resonance imaging (MRI). MRIs were
performed using an 11.7 Tesla vertical bore MRI scanner. T2 weighted images were acquired to evaluate the volumes of 28
regions of interest, including areas involved in adaptation and motor, spatial and sensory function. Cytochemistry and cell
quantification was performed using neuron-specific Nissl stain. One-way ANOVA with multiple comparison testing was used
for statistical analysis.

Results: Compared with control offspring, male sFlt-1 offspring have decreased volumes in the fimbria, periaquaductal gray,
stria medullaris, and ventricles and increased volumes in the lateral globus pallidus and neocortex; however, female sFlt-1
offspring showed increased volumes in the ventricles, stria medullaris, and fasciculus retroflexus and decreased volumes in
the inferior colliculus, thalamus, and lateral globus pallidus. Neuronal quantification via Nissl staining exhibited decreased
cell counts in sFlt-1 offspring neocortex, more pronounced in males. Prenatal pravastatin treatment prevented these
changes.

Conclusion: Preeclampsia alters brain development in sex-specific patterns, and prenatal pravastatin therapy prevents
altered neuroanatomic programming in this animal model.
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Introduction To investigate preeclampsia, we and others have used an animal
model with a preeclampsia-like phenotype induced by over-
expression of the anti-angiogenic soluble FMS like tyrosine kinase
(sFIt-1) using an adenovirus vector. This model is based on

evidence that women with pre-eclampsia have elevated serum sFIt-

which can lead to prematurity and its associated risks. Though the 1, decreased vascular endothelial growth factor (VEGF) and
ultimate etiology of preeclampsia remains elusive, research has

focused on abnormal vascular adaptation during placental
development. Specifically, abnormal trophoblast invasion and
spiral artery remodeling lead to a hypoxic placenta, release of
vasoactive factors and cytokines into the maternal circulation, and
endothelial dysfunction [2]. This produces a syndrome of maternal
hypertension, proteinuria, and other end-organ damage.

Preeclampsia complicates 5-8% of pregnancies and causes
significant maternal and neonatal morbidity and mortality [1].
Churrently, the only effective therapy is delivery of the pregnancy,

placental growth factor (PIGF), and impaired angiogenesis [3—4].
Opverexpressing sklt-1 in the murine model leads to hypertension,
altered vascular and endothelial responses, and other manifesta-
tions of preeclampsia [5-6]. In addition, we showed that pups
born to “preeclamptic” dams are more susceptible to hypoxic
ischemic injury, have altered candidate gene expression in the
brain, and as adults perform worse on neuromotor assays testing
vestibular function, balance, and locomotor coordination com-
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pared with pups born to control mothers, all in a gender-specific
manner [7-8]. These findings are in accordance with various
epidemiologic studies showing altered neuromotor fetal program-
ming in infants born to preeclamptic mothers [9-14].

Due to the similarities between preeclampsia and adult
cardiovascular disease, we and others have shown, using animal
models of preeclampsia, that antenatal treatment with pravastatin
leads to improved blood pressures, vascular reactivity and pup
growth [15-17]. Further, treatment with pravastatin increased
VEGT and PIGF while decreasing sFIt-1 [18-19]. These findings
have occurred with no increase in pup resorption, deformation, or
changes in maternal cholesterol levels [16-17]. Additionally, we
demonstrated that prenatal treatment of these mice with
pravastatin prevented fetal programming of abnormal neuromotor
function and gene expression in the offspring. Specifically it
restored performance on assays testing vestibular function,
balance, and locomotor coordination as well as expression of
genes involved in neuronal migration, myelination, apoptosis and
oxidative stress to levels similar to control (unpublished data) [8].
The objectives of this study were to localize regions of the brain
that are associated with preeclampsia’s fetal programming of long-
term neuromotor abnormalities and to determine the effect of
maternal therapy with pravastatin in these regions.

Materials and Methods

Ethics Statement

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. All
procedures involving animals were approved by the Institutional
Animal Care and Use Committee JACUC) at the University of
Texas Medical Branch, Galveston, Texas (Protocol #0411077)
and Johns Hopkins University, Baltimore, Maryland (Protocol
#MO11M420). All efforts were made to minimize suffering.

Animals

Timed pregnant CD-1 mouse dams (Charles Rivers Laborato-
ries, Wilmington, MA) were housed in groups of no more than 6 in
a temperature- and humidity-controlled room in 12 hour light-
dark cycle with access to regular chow and water ad lkbitum.
Certified personnel and veterinary staff provided regular mainte-
nance and animal care according to our IACUC guidelines.

Experimental Protocol

The preparation of adenovirus carrying sFlt-1 and the murine
immunoglobulin G2Fc (mFc) fragments, as well as the generation
and validation of the preeclampsia-like model, have been
described in detail elsewhere [4-6]. In brief, we used a
replication-deficient recombinant adenovirus vector that leads,
after a single injection, to hepatocyte transduction, which allows
sustained in vivo transgene expression and secretion into the
systemic circulation.

At day 8 of gestation, pregnant CD-1 mice were randomly
allocated to tail vein injection with either adenovirus carrying sFlt-
1 (10° plaque-forming units in 100 uL) or adenovirus carrying
equal concentration of the murine immunoglobulin G2Fc (mFc
group; control). The sFlt-1 dams were then allocated to receive
either water (sFlt-1 group) or pravastatin (sFlt-1-pra). Pravastatin
(Sigma-Aldrich, St Louis, MO) was dissolved in water at a
concentration that gives a final dose of 5 mg/kg/d based on the
daily water consumption of pregnant mice, which has been
previously determined [15]. The mFc group received water. This
protocol resulted in the following groups: mlc, sFlt-1, and sFlt-1-
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pra. An mFc-pravastatin group was not used as previous studies in
our laboratory showed no adverse outcomes for this group [15—
16]. Mice were allowed to deliver on days 19-21 of gestation, and
maternal treatment allocation was continued through weaning.
Offspring were culled, housed in sibling groups, and fed a standard
laboratory diet.

At 6 months of age, male [(mFc (n=9), sFlt-1 (n = 3), and sFlt-1-
pra (n=6)] and female [(mFc (n=6), sFlt-1 (n = 3), and sFlt-1-pra
(n=10)] offspring were anesthetized using 1% ketamine/xylazine
by intraperitoneal injection. Mice were perfused with 4% ice-cold
paraformaldehyde after transcardiac perfusion of sterile normal
saline. Whole brains were dissected and post-fixed in 4%
paraformaldehyde at room temperature for a minimum of 1 week
to ensure proper fixation. Prior to imaging, brain samples were
then transferred into phosphate-buffered saline (PBS) for 3 days to
wash out paraformaldehyde.

Brain Imaging

Whole brains underwent magnetic resonance imaging (MRI).
We performed ex vivo MRI studies on a vertical bore 11.7 Tesla
magnetic resonance scanner (Bruker Biospin, Billerica, MA) using
a 15-mm diameter volume coil as the radiofrequency transmitter
and receiver. Three-dimensional T2 weighted images of mouse
brains were acquired using a fast spin echo sequence with the
following parameters: echo time (TE)/repetition time (TR) =40/
2000 ms, resolution =0.08 mm x0.08 mm x0.08 mm, echo train
length =8, number of average =2. The imaging resolution and
contrast were sufficient for automatic volumetric characterization
of the mouse brains and 28 substructures of interest (Table 1). The
detailed image analysis was described in our previous study [20].
Briefly, two blinded examiners manually processed the magnetic
resonance (MR) images. Using an existing mouse brain atlas,
which is based on T2-weighted images and structural segmenta-
tion according to Paxinos’ atlas [21], the atlas and its correspond-
ing structural segmentations were transformed together with those
of the individual subject images. Images were analyzed using
DiffeoMap software (www.mristudio.org) to allow quantitative
measurement of volume changes between the template and subject
images.

Cytochemistry

As previous work in this model has shown alteration in gene
expression of a neuronal migration protein (unpublished data), we
selected Nissl stain. Following MRI acquisition, whole brains were
washed in 1X PBS for 30 min five times. The samples were
processed for histochemical staining by immersing in 30% sucrose
until saturation and cryosectioned at 20 pm thickness. Nissl
staining for endoplasmic reticulum granular bodies was performed
by using Cresyl violet. Briefly, sections were incubated with a 0.5%
solution of Cresyl echt violet (Chroma-Gesellschaft, Roboz, Inc.,
Gaithersburg, MD) in sodium acetate buffer for 5 min followed by
a brief rinse in tap water. The stain was differentiated in 1% glacial
acetic acid in 95% ethanol until white matter tracts were visible
from gray matter. After dehydration with gradient ethanol, the
tissue was cleared in Hemo-De and mounted with distyrene
plasticizer and xylene (Fluka Chemical, Sigma-Aldrich, St. Louis,
MO). The neurons were identified by dark blue-positive staining.
All photographs used for quantification were taken with Zeiss
AxioPlan 2 Microscope System (Jena, Germany) attached to a
Canon EOS Rebel Camera (Tokyo, Japan) through a 40 objective
lens. Cell count was performed by Image J 1.37V (National
Institute of Health, Bethesda, MD) on randomly chosen 7-8 fields
in frontal cortex per animal. The experiments were performed in
triplicate for all treatment groups.
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Table 1. Regions of Interest Imaged Via MRI in the Brains of
6-Month Old Male and Female Offspring.

Regions of Interest

Accumbens Nucleus Inferior Colliculus

Amygdala Internal Capsule
Anterior Commissure Lateral Globus Pallidus

Caudate Putamen Neocortex

Cerebellum Olivary Pretectal Nucleus
Cingulum Periaqueductal Gray
Claustrum Piriform Cortex

Endopiriform Nucleus Septum Pellucidum

External Capsule Stria Medullaris

Fasciculus Retroflexus Submammillothalamic Nucleus

Fimbria Stria Terminalis
Fornix Superior Colliculus
Hippocampus Thalamus
Hypothalamus Ventricles

doi:10.1371/journal.pone.0100873.t001

Statistical Analysis

Analysis was performed using Prism 5 (GraphPad Software Inc.,
La Jolla, CA). For tissue volume comparison, Shapiro-Wilk test
was used to assess for normality and one-way ANOVA with
Newman-Keuls multiple comparison analysis was performed.
Two-way ANOVA was performed on cell count data with post-
hoc Bonferroni test. Data are reported as mean = SEM. A two-
tailed p<<0.05 was considered statistically significant.

Results

Male sFlt-1 offspring showed decreased fimbria (p=0.04),
periaquaductal gray (p<<0.0001), and stria medullaris (p<<0.0001)
volume, and increased lateral globus pallidus (p=0.01) and
neocortex (p=0.02) volume compared with male offspring from
the mFc control group (Figure 1). Prenatal pravastatin treatment
restored volumes to those similar in controls (p<<0.05), though only
a trend was seen at the lateral globus pallidus and neocortex.
Whole brain and cerebellar volumes were similar between groups.

Female sFIt-1 offspring showed decreased volume in the inferior
colliculus (p=0.04) and thalamus (p<<0.0001) compared with
female mFc control offspring (Figure 2). A similar trend was seen
in the lateral globus pallidus, but only the sFlt-1-pra group reached
significance when compared to sFlt-1 offspring (p =0.02). Female
sklt-1 offspring also showed increased brain volumes at the stria
medullaris (p = 0.01) and fasciculus retroflexus (p = 0.01) compared
with female mFc control offspring (Figure 2). Prenatal pravastatin
treatment restored volumes in all of these areas to levels similar to
those seen in controls except in the fasciculus retroflexus where its
effect enhanced that of preeclampsia exposure. Similar to male
offspring, there were no differences in cerebellar and whole brain
volumes between groups.

As seen in MRI volumetric analysis, male and female offspring
had opposite effects at the ventricles (Figure 3). Nissl staining
correlated with these findings. The ventricles and periventricular
tissue show the respective decreased and increased ventricular
volume seen in male (p=0.02) and female (p<<0.05) sklt-1
offspring when compared to mFc control offspring. The prava-
statin-treatment group offspring neuroanatomy appears similar to
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controls, though this does not reach significance in females. On
Nissl staining at the level of the neocortex, glial cells were smaller
than neurons and had darker nuclei but no clearly visible Nissl
bodies in the cytoplasm (Figure 4). There were no differences in
neuronal size between groups. Total cell counts between groups
showed a significant decrease in sFIt-1 offspring when compared to
both mlFc control and sFlt-1-pra offspring. This was seen in both
male and female offspring brains. When analyzed by cell type, this
decrease in cell number in the sFlt-1 offspring is driven only by
neurons while no change was seen in glia. Moreover, the effect of
pravastatin was greater in male offspring.

Discussion

The regions of interest affected in this study participate in
multiple tasks including learning, adaptation, memory, emotion,
motor function, and the processing of reward, sensory input, and
pain (Table 1). Those which demonstrated significant changes
between treatment groups are described in Table 2. We have
previously reported that adult offspring of “preeclamptic” mice
display impaired performance on neuromotor testing of vestibular
function, balance, and locomotor coordination in gender-specific
patterns [8]. Additionally, expression of genes involved in
neuronal migration, myelination, apoptosis and oxidative stress
in the hypothalamus and frontal cortex were altered in these
offspring (unpublished data). The correlation between prenatal
insults, neurodevelopmental impairment, and neuroimaging
irregularity is well established [20,22-24]. Similar to our data, a
mouse model of intrauterine inflammation, also a feature of
preeclampsia, resulted in sex-specific long-term sequelae in
offspring as measured by neurobehavioral assays, MR brain
imaging, and cytochemical analysis [25]. However, our current
study is the first to assess by neuro-radiology the sex-specific
neuroprogramming responsible for changes in locomotor perfor-
mance following exposure to a “preeclamptic” milieu, as well as
the utility of maternal pravastatin prenatal treatment in preventing
this fetal programming. Our neuroimaging findings are reinforced
by abnormal Nissl staining which revealed decreased neuronal cell
number in sFlt-1 offspring. Given our prior data showing altered
gene expression of a neuron-specific migration protein, Reelin
(unpublished data), this may suggest that an in-utero insult
involving neuronal migration leads to the long-term anatomic and
neuromotor outcomes reported. Others have also shown an
association between impaired expression of Reelin at various
stages of neurodevelopment and long-term adverse outcomes [23-
24,26]. As this protein is critical to the ultimate cellular
architecture of the brain, it may offer a possible mechanism by
which developmental insults translate into long-term adverse
outcomes.

Used in this work was an animal model of preeclampsia induced
by angiogenic imbalance. This can also affect other organs such as
the liver and kidneys, lead to intrauterine hypoxia, oxidative stress,
and other stressors during development but resolves following
delivery. This is in contrast to chronic hypertension, which is not
characterized by angiogenic imbalance. These mice are not
hypertensive prior to sFlt-1 overexpression nor do they remain so
following delivery. The mechanism of angiogenic imbalance,
overexpression of sFlt-1, also resolves following delivery [27].
Thereby this study can better mimic the transient gestational
occurrence of this disease.

The association between preeclampsia and adverse neurologic
outcomes and other chronic adult diseases has been well
documented [9-14,28-29]. It is thought that hypoxia, oxidative
stress, and abnormal vascular and endothelial activity that occur in
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Figure 1. Altered Brain Volumes in 6 Month Old Male Offspring Brain. Regions of interest were analyzed by 1-way ANOVA in 6 month old
male mice offspring born to pregnant CD1 mice injected either with an adenovirus carrying sFlt-1 or adenovirus carrying mFc fragment. Mice injected
with sFlt-1 were treated with either pravastatin or water to result in three groups of offspring animals: mFc (n=9), sFlt-1 (n=3), and sFlt-1-pra (n=6).
Data are reported as mean = SEM. The sFlt-1 group offspring showed decreased volumes at the fimbria (A; p=0.04), periaqueductal grey (B; p<
0.0001), and stria medullaris (C; p<<0.0001) when compared to the mFc control offspring. Increased volumes were seen at the lateral globus pallidus
(D; p=0.01) and neocortex (E; p=0.02). The overall ameliorative effect of pravastatin exposure in utero is seen. Not shown are brain regions with

similar volumes between groups.
doi:10.1371/journal.pone.0100873.g001

the setting of preeclampsia [2] contribute to an adverse uterine
which is associated with alterations in gene
expression during critical periods of fetal development resulting
in long-term adverse effects in adult offspring. Statins are known to
have pleiotropic properties, including improvement of endothelial
dysfunction, inhibition of inflammatory and coagulation cascades,
increased nitric oxide synthesis, antioxidant properties, and
immunomodulatory actions [30-32]. It is plausible that statins
improve the uterine environment during development which may
ultimately prevent the fetal programming of adverse outcomes.
Consistent with this, prenatal pravastatin exposure has been
shown to prevent the development of adverse cardiovascular
profiles in offspring of dams exposed to high cholesterol diet [33]
and improve maternal vascular phenotype in our sFlt-1 model
[15-16]. Statins also show promise in ameliorating other
neurologic conditions such as hypoxic-ischemic and traumatic
brain injury, Alzheimer’s and Multiple Sclerosis disease models
[34-38].

In this model, a replication-deficient adenovirus is used, and
circulating levels have been documented to fall rapidly after 3
weeks [39]. Given the 2 week gestational period of CD-1 mice, if
transplacental transfer is assumed, levels should fall well before
weaning. This may leave a window of fetal susceptibility to
transgenic overexpression. However, the designers of this vector
believe that transplacental transfer is unlikely (personal commu-
nication). Furthermore, CD-1 heterozygosity for VEGF 1is

environment
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uniformly lethal which suggests that we would have seen increased
pup resorption or death in our sFlt-1 group. This did not occur,
arguing against transplacental transfer of the adenovirus-sklt-1
complex and subsequent fetal hepatic transduction [6,39]. This is
also indirectly supported by studies attempting fetal gene therapy
using various adenoviruses in which only intra-amniotic or direct
fetal administration of the virus vector is used to achieve adequate
fetal expression [40-43]. Similarly, pravastatin is a hydrophilic
statin and subject to efflux transporters at the placenta and blood
brain barrier [44-48]. We therefore believe that the ability of
pravastatin to achieve the changes seen in offspring born to
preeclamptic dams are not due to direct effects of pravastatin on
the offspring but rather through amelioration of the intrauterine
environment.

In accordance with data of offspring born to preeclamptic
women which showed male-dominated adverse outcomes [11-13],
in this study, only adult male sFlt-1 offspring showed decreased
volume at the fimbria and periaquaductal grey, which function in
spatial reasoning, memory, and pain modulation respectively [49—
50]. At the inferior colliculus, thalamus, fasciculus retroflexus, and
lateral globus pallidus, centers of auditory and motor regulation,
only females showed altered volumes [51-54]. Moreover, in
regions where both sexes are affected, the changes in volume in
adult male and female offspring were in opposite directions.
Whereas males showed loss of volume at the stria medullaris, and
gain in volume at the lateral globus pallidus which are involved
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Figure 2. Altered Brain Volumes in 6 Month Old Female Offspring Brain. Regions of interest were analyzed by 1-way ANOVA in 6 month old
female mice offspring born to pregnant CD1 mice injected either with an adenovirus carrying sFlt-1 or adenovirus carrying mFc fragment. Mice
injected with sFlt-1 were treated with either pravastatin or water to result in three groups of offspring animals: mFc (n=6), sFlt-1 (n=3), and sFlt-1-pra
(n=10). Data are reported as mean = SEM. The sFlt-1 group offspring showed decreased volumes at the inferior colliculus (A; p =0.04), thalamus (B;
p<<0.0001), and lateral globus pallidus (C; p=0.02) when compared to the mFc control offspring. Increased volumes were seen at the stria medullaris
(D; p=0.01), and fasciculus retroflexus (E; p=0.01). The overall ameliorative effect of pravastatin exposure in utero is seen. Not shown are brain

regions with similar volumes between groups.
doi:10.1371/journal.pone.0100873.9g002

pain, reward, and voluntary movement regulation respectively
[55-56], females showed the opposite effect. Furthermore, the
ventricular volume was decreased in males but increased in
females. Advanced age, trauma, and a number of neurologic
diseases are associated with increased ventricular volumes,
presumably due to atrophy of surrounding parenchyma [57-59].
However the decrease in ventricular volume along with the
neocortical volume increase seen in males may reflect pathologic
cellular disorganization. This may result from altered neuronal
migration or a lack of synaptic “pruning” which is essential for
maturation of substructural brain connectivity and ultimate
neurodevelopmental performance [60-62].

It is important to note, that at baseline, brain development
diverges between genders. For example, diffusion tensor imaging
via MRI of developing human brains has been used to study white
matter architecture and underlying tracts, and in this way an
overall “connectome” of the brain has been studied. Ingalhalikar,
et al studied healthy human brains at ages 822 and correlation
with brain function suggested superior motor and spatial ability in
the male connectome and better memory and social cognition in
the female connectome [63].

In addition to intrinsically differing pathways of brain develop-
ment, when an insult occurs during the fetal period, susceptibility
for long-term adverse sensorimotor and neurodevelopmental
outcomes is also varies by gender. Generally, male offspring bear
a greater burden of diagnoses such as cerebral palsy, autism,
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ADHD, and neurodevelopmental delay than their female coun-
terparts [64—66]. One mechanism may be disparate circulating
androgen concentrations between males and females during
embryonic development which have effects on downstream brain
morphology and behavior [66]. Testosterone and its metabolite
dihydrotestosterone are inversely proportional to adult brain
injury, whereas estrogen appears to be neuroprotective [66].
Similarly, in models of neonatal hypoxia-ischemia, male rats show
increased tissue damage and behavioral effects. Infante, et al
showed that adverse locomotor outcomes were seen in offspring of
affected pups, and gender bias was noted, suggesting an epigenetic
mechanism as well [67]. The presence of a fragile Y chromosome
which is susceptible to DNA modifications such as methylation
may explain this [66,68]. Additionally, imprinting occurs at
different stages based on gender, so timing of a developmental
insult is also significant [69]. Other factors such as maternal diet
and social interaction have been implicated in epigenetic
alterations [70]. Finally, a portion of differing vulnerability to
perinatal insult may be due to sex-specific cell-death pathways
activated by hypoxia or oxidative stress [71-73].

Sex-specificity is not limited to the effect of in-utero preeclamp-
sia exposure. Response to the pravastatin preventive therapy in
this model also varies by gender. This was seen in volume
restoration as measured by MRI (Figures 1-2) as well as in
restoration of control-level neuronal cell counts based on Nissl
staining (Figure 4). In the latter, male offspring exhibit a more
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Figure 3. Magnetic Resonance Images of 6 Month Old Offspring Brains. Three-dimensional T2-weighted images of whole brain were
obtained using a vertical bore 11.7 Tesla MRI scanner. Here in these representative coronal slices, the ventricles and periventricular tissue of male (A)
and female (B) offspring are outlined in coronal view, allowing comparison between treatment groups. A decrease in ventricular volume was seen in
male sFIt-1 offspring (A: sFlt-1) when compared to controls (A: mFc). Pravastatin exposure (A: sFlt-1-pra) reversed this effect. An opposite trend was
seen in the female sFlt-1 offspring brain (B: sFlt-1) when compared to control (B: mFc) and pravastatin-treatment offspring (B: sFlt-1-pra). Nissl staining
of coronal sections at a single ventricle and its periventricular tissue in adult offspring brains at 40 X magnification is shown in panels C and D. In
these representative images, male offspring showed a decrease in volume in sFlt-1 (C: sFlt-1) offspring when compared to control (C: mFc). In-utero
pravastatin exposed male offspring (C: sFlt-1-pra) showed normalization of ventricular shape and size. An increase in ventricular volume is seen in
female sFlt-1 offspring brains (D: sFlt-1) when compared to control (D: mFc). Though complete resolution is not seen, there is improvement in
ventricle size in the pravastatin-exposed female offspring (D: sFlt-1-pra). These representative images correlate with MRI volumetric data for male (E:
mFc (n=9), sFlt-1 (n=3), sFlt-1-pra (n =6)) and female (F: mFc (n=6), sFlt-1 (n =3), sFlt-1-pra (n = 10)) offspring brains as analyzed by 1-way ANOVA.
The male sFlt-1 offspring had significantly decreased volume when compared to mFc controls and the pravastatin treatment group in males (E:

p=0.02), whereas the opposite effect was seen in female offspring (F: p<<0.05).

doi:10.1371/journal.pone.0100873.9g003

significant increase in neurons in sFlt-1-pra offspring. Explanations
could include a small sample size or a different dose-response to
this drug in female mice. Statins have shown sex-specificity in
outcomes following statin use for stroke and heart attack
prevention [74-75]. Related study in this preeclampsia model
has shown varying responses to pravastatin for both cardiovascular
and metabolic parameters in offspring [76-77]. Future research
should build on this growing literature of sex-specific effects and
targeted therapy.

Our study has limitations. First, our results were obtained in an
animal model of preeclampsia that is based on the angiogenic
imbalances early in pregnancy. Most animal models lack some
features of preeclampsia in humans thus making extrapolation or
application of our results somewhat challenging clinically. Second,
the lack of mFc control group treated with the pravastatin in the
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current work is acknowledged. The authors’ aim is to consider the
clinical relevance of the potential for pravastatin as a preventive
therapy for women at risk for or with a history of preeclampsia. In
clinical practice, there is no current circumstance in which a non-
hypertensive gravida would be treated with pravastatin. Though it
may be of academic interest, it would be poorly relevant to clinical
practice to test the role of this drug in a control group. Given the
previously reported data which showed no difference between mFc
control mice treated with water and the mFc control mice treated
with pravastatin, we made a decision to reserve our animal
resources for treatment groups most applicable to our human
patient population. Additionally, the safety of this drug in human
literature has been reported in multiple studies with no evidence of
teratogenicity identified [78-84].
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Figure 4. Altered Cortical Cell Counts in 6 Month Old Offspring Brain. Nissl staining of neocortex of 6 month old mice offspring shown here
at 40 X magnification in panels A (male) and C (female). Neurons were identified by dark-blue positive staining. Glial cells were smaller than neurons
and had darker nuclei but no clearly visible Nissl bodies in the cytoplasm. A decrease in positive staining is seen male and female sFlt-1 offspring (A:
sFlt-1, C: sFlt-1) when compared to controls (A: mFc, C: mFc) and pravastatin treatment group offspring (A: sFlt-1-pra, C: sFlt-1-pra). Total cell count as
well as neuronal and glial cell counts were performed on randomly chosen 7-8 fields in the frontal cortex per animal and analyzed by 2-way ANOVA
(n=3 for all groups by gender). Data are reported as mean * SEM. Male data are seen in Panel B, and female data in Panel D. Significant decreases in
total cell count are seen in both male and female sFlt-1 offspring when compared to controls (p<<0.0001) and sFlt-1-pra (male and female p<<0.0001),
though the female sFlt-1-pra group remained significantly different from mFc controls (p =0.001). There is no difference in glial cell count between all
three groups. Neuronal cell count appears to drive this total cell count difference. The male sFlt-1 offspring (B) show a significant decrease in neurons
when compared to mFc controls (p=0.0003) and sFlt-1-pra offspring (p=0.001). Female sFlt-1 offspring (D) show a similar drop in neuronal count
versus mFc controls and sFlt-1-pra offspring (p<<0.0001), with pravastatin-exposed offspring remain significantly different from mFc controls
(p=0.03).

doi:10.1371/journal.pone.0100873.g004
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Third, small sample size of sFlt-1group animals may confound
our findings of statistically significant outcomes. However, this is
balanced by consistency across this model in phenotypic and
mRNA expression patterns (unpublished data) [8] as well as
support of existing epidemiologic data [9-14]. Fourth, in this
work, we examined offspring brains at a single time-point of 6
months, which was designed to evaluate long-term adulthood
outcomes. It is possible that the findings may change with age as
brain plasticity has been shown to overcome some developmental
insult. Indeed, there is variation in the ages of developmental
abnormalities reported from early to late childhood and adulthood
in human studies [9-14], so further investigation at multiple time
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points is warranted. Finally, preeclampsia onset and severity in
humans are highly variable and difficult to predict. Determining
when to start pravastatin and which patients are the best
candidates is likely to be challenging. Further studies may shed
some light on these issues. Nevertheless, our data support human
epidemiologic data by showing adverse neurologic outcomes
following in utero exposure to preeclampsia.

Conclusion

In summary, we demonstrated that adult offspring born to
preeclamptic dams exhibit altered brain development which is
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Table 2. Functions of Brain Regions with Significant Volume Changes Seen in MRI Imaging of Adult Mouse Brains.

Regions of Interest Function

Fasciculus Retroflexus
Fimbria Spatial reasoning and memory
Inferior Colliculus Processing of auditory data
Lateral Globus Pallidus
Neocortex

Periaqueductal Gray Descending pain modulation
Stria Medullaris Processing of pain and reward
Thalamus

Ventricles

Regulation of movement; processing of reward and motivation

Inhibitory regulation of voluntary movement

Generation of motor function, spatial reasoning, sensory perception

Subcortical regulation of sensory and motor function

Storage of cerebrospinal fluid, enlarged in certain disease processes

doi:10.1371/journal.pone.0100873.t002

prevented by prenatal pravastatin treatment. These data support
our prior findings of abnormal neuromotor function and gene
expression in this sFlt-1 mouse model of preeclampsia, the first to
our knowledge to examine long-term adverse neurologic outcomes
and pravastatin for prenatal prevention. This research builds on
prior literature and also highlights the importance of understand-
ing the sex-specific effects of developmental insults both in-utero
and beyond as well as sex-specific response to treatment. These
and other data support a role for further research into the effect of
preeclampsia on long-term offspring outcomes and pravastatin as
a therapy for preeclampsia prevention.

References

1. American College of Obstetricians and Gynecologists (2002) Diagnosis and
management of preeclampsia and eclampsia. ACOG Practice Bulletin No. 33.
Obstet Gynecol 99: 159-167.

2. Redman CW, Sargent IL (2005) Latest advances in understanding preeclampsia.
Science 308:1592-1594.

3. Levine RJ, Maynard SE, Qian C, Lim KH, England 1], et al. (2004) Circulating
angiogenic factors and the risk of preeclampsia. N Engl ] Med 350: 672-683.

4. Maynard SE, Min JY, Merchan J, Lim KH, Li J, et al. (2003) Excess placental
soluble fms-like tyrosine kinase 1 (sFlt) may contribute to endothelial dysfunction,
hypertension, and proteinuria in preeclampsia. J Clin Invest 111(5): 649-658.

5. Lu F, Bytautiene E, Tamayo E, Gamble P, Anderson GD, et al. (2007) Gender-
specific effect of over-expression of sFlt-1 in pregnant mice on fetal programming
of blood pressure in the offspring later in life. Am J Obstet Gynecol 197: 418e1—
418e5.

6. Lu F, Longo M, Tamayo, Maner W, Al-Hendy A, et al. (2007) The effect of
over-expression of sFlt-1 on blood pressure and the occurrence of other
manifestations of preeclampsia in unrestrained conscious pregnant mice.
Am J Obstet Gynecol 196(4): 396.¢1-7.

7. Costantine M, Rea CH, Tamayo E, Ghulmiyyah LM, Wen T, et al. (2008)
Susceptibility to hypoxic-ischemic (HI) injury in rat pups born to mothers with
preeclampsia induced by sFlt-1 overexpression. Am J Obstet Gynecol 199(6):
S40.

8. Carver AR, Tamayo E, Perez-Polo JR, Saade GR, Hankins GD, et al. (2014)
The effect of maternal pravastatin therapy on adverse sensorimotor outcomes of
the offspring in a murine model of preeclampsia. Int ] Dev Neurosci 33: 33-40.

9. Ehrenstein V, Rothman K]J, Pederson L, Hatch EE, Sorensen HT (2009)
Pregnancy-associated hypertensive disorders and adult cognitive function among
Danish conscripts. Am J Epidemiol 170(8): 1025-1031.

10. Many A, Fattal A, Leitner Y, Kupfermine M]J, Harel S, et al. (2003)
Neurodevelopmental and cognitive assessment of children born growth
restricted to mothers with and without preeclampsia. Hypertens Pregnancy
22(1): 25-29.

11. Mann JR, McDermott S, Bao H, Hardin J, Gregg A (2010) Pre-eclampsia, birth
weight, and autism spectrum disorders. J Autism Dev Disord 40: 548-554.

12. Mann JR, McDermott S (2011) Are maternal genitourinary infection and pre-
eclampsia associated with ADHD in school-aged children? J Atten Disord 15(8):
667-673.

13. van Wassenaer AG, Westera J, van Schie PEM, Houtzager BA, Cranendonk A,
et al. (2011) Outcome at 4.5 years of children born after expectant management
of early-onset hypertensive disorders of pregnancy. Amer J Obstet Gynecol 204:
510.e1-9.

PLOS ONE | www.plosone.org

Acknowledgments

The authors acknowledge the contributions of Mollie McDonnold, MD
and Charmaine Rea for technical assistance in the laboratory.

Author Contributions

Conceived and designed the experiments: ARC JL JZ SM GRS MMC IB.
Performed the experiments: ARC MA JL ET PG ZH JZ. Analyzed the
data: ARC MA JL. ZH JZ SM MMC IB. Contributed reagents/materials/
analysis tools: JL. ZH JZ SM GRS MMC IB. Wrote the paper: ARC GRS
MMC IB.

14. Whitehouse AJ, Robinson M, Newnham JP, Pennell CE (2012) Do hypertensive
discases of pregnancy disrupt neurocognitive development in offspring? Paediatr
Perinat Epidemiol 26(2): 101-108.

15. Costantine MM, Tamayo E, Lu F, Bytautiene E, Longo M, et al. (2010) Using
pravastatin to improve the vascular reactivity in a mouse model of soluble Fms-
like tyrosine kinase-1-induced preeclampsia. Obstet Gynecol 116(1): 114-120.

16. Fox KA, Longo M, Tamayo E, Kechichian T, Bytautiene E, et al. (2011) Effects
of pravastatin on mediators of vascular function in a mouse model of soluble
Fms-like tyrosine kinase-l-induced preeclampsia. Am J Obstet Gynecol 205:
366.¢1-5.

17. Kumasawa K, Ikawa M, Kidoya H, Hasuwa H, Saito-Fujita T, et al. (2011)
Pravastatin induces placental growth factor (PGF) and ameliorates preeclampsia
in a mouse model. Proc Natl Acad Sci USA 108(4): 1451-1455.

18. Saad AF, Kechichian T, Yin H, Sbrana E, Longo M, et al. (2014) Effects of
pravastatin on angiogenic and placental hypoxic imbalance in a mouse model of
preeclampsia. Reprod Sci. 21(1): 138-145.

19. Singh J, Ahmed A, Girardi G (2011) Role of complement component Clq in the
onset of preeclampsia in mice. Hypertension 58(4): 716-724.

20. Zhang J, Peng Q, Li Q, Jahanshad N, Hou Z, et al. (2010) Longitudinal
characterization of brain atrophy of a Huntington’s disease mouse model by
automated morphological analyses of magnetic resonance images. Neuroimage
49(3): 2340-2351.

21. Paxino G, Franklin KBJ (2001) The mouse brain in stereotaxic coordinates, 2™
ed. San Diego: El Sevier Academic Press. 296 p.

22. Chau V, Synnes A, Grunau RE, Poskitt KJ, Brant R, et al. (2013) Abnormal
brain maturation in preterm neonates associated with adverse developmental
outcomes. Neurology 81(24): 2082-2089.

23. Brosda J, Dietz F, Koch M (2011) Impairment of cognitive performance after
reelin knockdown in the medial prefrontal cortex of pubertal or adult rats.
Neurobiol Dis 44(2): 239-247.

24. Folsom TD, Fatemi SH (2013) The involvement of Reelin in neurodevelop-
mental disorders. Neuropharmacology 68: 122-135.

25. Dada T, Rosenzweig JM, Al Shammary M, Firdaus W, Al Rebh S, et al. (2014)
Mouse model of intrauterine inflammation: Sex-specific differences in long-term
neurologic and immune sequelae. Brain Behav Immun 38: 142-150.

26. Golan MH, Mane R, Molczadzki G, Zuckerman M, Kaplan-Louson V, et al.
(2009) Impaired migration signaling in the hippocampus following prenatal
hypoxia. Neuropharmacology 57(5-6): 511-522.

27. Bytautiene E, Lu F, Tamayo EH, Hankins GDV, Longo M, et al. (2010) Long-
term maternal cardiovascular function in a mouse model of sFlt-1-induced
preeclampsia. Am J Physiol Heart Circ Physiol 298: H189-H193.

June 2014 | Volume 9 | Issue 6 | €100873



28.

30.

31.

36.

37.

38.

39.

40.

41.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gluckman PD, Hanson MA, Cooper C, Thornburg KL (2008) Effect of in-utero
and carly-life conditions on adult health and disease. N Engl J Med 359(1): 61—
73.

. Machon RA, Mednick SA, Huttunen MO (1997) Adult major affective disorder

after prenatal exposure to an influenza epidemic. Arch Gen Psychiatry 54(4):
322-328.

Liao JK (2005) Effects of statins on 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibition beyond low-density lipoprotein cholesterol. Am J Cardiol
96(5A): 24F-33F.

Mooradian AD, Haas M], Batejko O, Hovsepyan M, Feman SS (2005) Statins
ameliorate endothelial barrier permeability changes in the cerebral tissue of
streptozotocin-induced diabetic rats. Diabetes 54(10): 2977-2982.

Sacco RL, Liao JK (2005) Drug insight: statins and stroke. Nat Clin Pract
Cardiovasc Med 2(11): 576-584.

. Elahi MM, Cagampang FR, Anthony FW, Curzen N, Ohri SK, et al. (2008)

Statin treatment in hypercholesterolemic pregnant mice reduces cardiovascular
risk factors in their offspring. Hypertension 51(4): 939-944.

. Hoglund K, Blennow K (2007) Effect of HMG-CoA Reductase Inhibitors on -

amyloid peptide levels: implications for Alzheimer’s disease. CNS Drugs 21(6):
449-462.

. Kumar A, Sharma N, Gupta A, Kalonia H, Mishra J (2012) Neuroprotective

potential of atorvastatin and simvastatin (HMG-CoA reductase inhibitors)
against 6-hydroxydopamine (6-OHDA) induced Parkinson-like symptoms. Brain
Res 1471: 13-22.

Li A, Lv S, Yu Z, Zhang Y, Ma H, et al. (2010) Simvastatin attenuates
hypomyelination induced by hypoxia-ischemia in rats. Neurol Res 32(9): 945
952.

Mahmood A, Goussev A, Kazmi H, Qu C, Lu D, et al. (2009) Long-term
benefits after treatment of traumatic brain injury with simvastatin in rats.
Neurosurgery 65(1): 187-192.

Paintlia AS, Paintlia MK, Singh I, Skoff RB, Singh AK (2009) Combination
therapy of lovastatin and rolipram provides neuroprotection and promotes
neurorepair in inflammatory demyelination model of multiple sclerosis. Glia
57(2): 182-193.

Wei K, Kuhnert F, Kuo CJ (2007) Recombinant adenovirus as a methodology
for exploration of physiologic functions of growth factor pathways. J Mol Med
86(2): 161-169.

Chagraoui H, Giraudier S, Vainchenker W, Wendling F (2001) Adenoviral
supply of active transforming growth factor-beta 1 (TGF-betal) did not prevent
lethality in transforming growth factor-betal-knockout embryos. Eur Cytokine
Netw 12(4): 561-567.

Senoo M, Matsubara Y, Fujii K, Nagasaki Y, Hiratsuka M, et al. (2000)
Adenovirus-mediated in utero gene transfer in mice and guinea pigs: tissue
distribution of recombinant adenovirus determined by quantitative Tagman-
polymerase chain reaction assay. Mol Genet Metab 69(4): 269-276.

. Kikuchi N, Nakamura S, Ohtsuka M, Kimura M, Sato M (2002) Possible

mechanism of gene transfer into early to mid-gestational mouse fetuses by tail
vein injection. Gene Ther 9(22): 1529-1541.

Davies LA, Varathalingam A, Painter H, Lawton AE, Sumner-Jones SG, et al.
(2008) Adenovirus-mediated in utero expression of CFTR does not improve
survival of CFTR knockout mice. Mol Ther 16(5): 812-818.

Hatanaka T (2000) Clinical pharmacokinetics of pravastatin. Clin Pharmaco-
kinet 39(6): 397-412.

. Kikuchi R, Kusuhara H, Abe T, Endou H, Sugiyama Y (2004) Involvement of

multiple transporters in the efflux of 3-hydroxy-3-methylglutaryl-CoA reductase
inhibitors across the blood-brain barrier. J Pharmacol Exp Ther 311(3): 1147
1153.

Nanovskaya TN, Patrikeeva SL, Paul J, Costantine MM, Hankins GDV, et al.
(2013) Transplacental transfer and distribution of pravastatin. Am J Obstet
Gynecol 209(4): 373.e1-5.

Sierra S, Ramos MC, Molina P, Esteo C, Vasquez JA, et al. (2011) Statins as
neuroprotectants: A comparative in vitro study of lipophilicity, blood-brain
barrier penetration, lowering of brain cholesterol, and decrease of neuron cell
death. J Alzheimers Dis 23(2): 307-318.

Zarek J, DeGorter MK, Lubetsky A, Kim RB, Laskin CA, et al. (2013) The
transfer of pravastatin in the dually perfused human placenta. Placenta 34(8):
719-721.

Cassell JC, Duconseille E, Jeltsch H, Will B (1997) The fimbria-fornix/cingular
bundle pathways: A review of neurochemical and behavioral approaches using
lesions and transplantation techniques. Prog Neurobiol 51(6): 663-716.
Gebhart GF (2004) Descending modulation of pain. Neurosci Biobehav Rev
27(8): 729-737.

Bajo VM, King AJ (2013) Cortical modulation of auditory processing in the
midbrain. Front Neural Circuits 6:114.

Prevosto V, Sommer MA (2013) Cognitive control of movement via the
cerebella-recipient thalamus. Front Syst Neurosci 7: 56.

Klooster J, Vrensen GF, Muller L], van der Want JJ (1995) Efferent projections
of the olivary pretectal nucleus in the albino rat subserving the pupillary light
reflex and related reflexes. A light microscopic tracing study. Brain Res 688(1-2):
34-46.

Paul MJ, Indic P, Schwartz WJ (2011) A role for the habenula in the regulation
of locomotor activity cycles. Eur J Neurosci 34(3): 478-488.

. Ellison G (1994) Stimulant-induced psychosis, the dopamine theory of

schizophrenia, and the habenula. Brain Res Brain Res Rev 19(2): 223-239.

PLOS ONE | www.plosone.org

Pravastatin Prevents Altered Fetal Brain Development in Preeclampsia

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Stephenson-Jones M, Kardamakis AA, Robertson B, Grillner S (2013)
Independent circuits in the basal ganglia for the evaluation and selection of
actions. Proc Natl Acad Sci USA 110(38): E3670-E3679.

Leung KK, Bartlett JW, Barnes J, Manning EN, Ourselin S, et al. (2013)
Cerebral atrophy in mild cognitive impairment and Alzheimer disease: Rates
and acceleration. Neurology 80(7): 648-654.

Movsas TZ, Pinto-Martin JA, Whitaker AH, Feldman JF, Lorenz JM, et al.
(2013) Autism spectrum disorder is associated with ventricular enlargement in a
low birth weight population. J Pediatr 163(1): 73-78.

Wilde EA, Hunter JV, Newsome MR, Scheibel RS, Bigler ED, et al. (2005)
Frontal and temporal morphometric findings on MRI in children after moderate
to severe traumatic brain injury. J Neurotrauma 22(3): 333-344.

Beckmann H (1999) Developmental malformations in cerebral structures of
schizophrenic patients. Eur Arch Psychiatry Clin Neurosci 249 Suppl 4: 44-47.
Huang H, Shu N, Mishra V, Jeon T, Chalak L, et al. (2013) Development of
brain structural networks through infancy and childhood. Cereb Cortex (In
press).

Zhan Y, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, et al. (2014)
Deficient neuron-microglia signaling results in impaired functional brain
connectivity and social behavior. Nat Neurosci 17(3): 400-406.

Ingalhalikar M, Smith A, Parker D, Satterthwaite TD, Elliott MA, et al. (2014)
Sex differences in the structural connectome of the human brain. Proc Natl Acad
Sci USA 111(2): 823-828.

Peacock JL, Marston L, Marlow N, Calvert SA, Greenough A (2012) Neonatal
and infant outcome in boys and girls born very prematurely. Pediatr Res 7(3):
305-310.

Suren P, Bakken IJ, Aase H, Chin R, Gunnes N, et al. (2012) Autism spectrum
disorder, ADHD, epilepsy, and cerebral palsy in Norwegian children. Pediatrics

130(1): e152-158.

Hill CA, Fitch RH (2012) Sex differences in mechanisms and outcome of
neonatal hypoxia-ischemia in rodent models: implications for sex-specific
neuroprotection in clinical neonatal practice. Neurol Res Int 2012:867531.
Infante SK, Rea HC, Perez-Polo JR (2013) Transgenerational effects of neonatal
hypoxia-ischemia in progeny. Int J Dev Neurosci 31(6): 398-405.

Gabory A, Roseboom TJ, Moore T, Moore LG, Junien C (2013) Placental
contribution to the origins of sexual dimorphism in health and diseases: sex
chromosomes and epigenetics. Biol Sex Differ 4(1): 5.

Wagner AK, Fabio A, Puccio AM, Hirschberg R, Li W, et al. (2005) Gender
associations with cerebrospinal fluid glutamate and lactate/pyruvate levels after
severe traumatic brain injury. Crit Care Med 33(2): 407-413.

McCarthy MM, Auger AP, Bale TL, De Vries GJ, Dunn GA, et al. (2009) The
epigenetics of sex differences in the brain. J Neurosci 29(41): 12815-12823.
Herson PS, Palmateer J, Hurn PD (2013) Biological sex and mechanisms of
ischemic brain injury. Transl Stroke Res 4(4): 413-419.

Zhu C, Xu F, Wang X, Shibata M, Uchiyama Y, et al. (2006) Different
apoptotic mechanisms are activated in male and female brains after neonatal
hypoxia-ischaemia. J Neurochem 96(4): 1016-1027.

LiH, Pin S, Zeng Z, Wang MM, Andreasson KA, et al. (2005) Sex differences in
cell death. Ann Neurol 58(2): 317-321.

Bushnell CD, Griffin J, Newby LK, Goldstein LB, Mahaffey KW, et al. (2006)
Statin use and sex-specific stroke outcomes in patients with vascular disease.
Stroke 37(6): 1427-1431.

Gutierrez J, Ramirez G, Rundek T, Sacco RL (2012) Statin therapy in
prevention of recurrent cardiovascular events: a sex-based meta-analysis. Arch
Intern Med 172(12):909-919.

McDonnold M, Tamayo E, Kechichian T, Urrabaz-Garza R, Longo M, et al.
(2013) The effect of prenatal pravastatin treatment on altered fetal programming
of cardiovascular function in a preeclampsia-like murine model. Am J Obstet
Gynecol 208(1): S28-529.

McDonnold M, Tamayo E, Kechichian T, Gamble P, Longo M, et al. (2014)
The effect of prenatal pravastatin treatment on altered fetal programming of
postnatal growth and metabolic function in a preeclampsia-like murine model.
Am ] Obstet Gynecol 210(6): 542.el—7.

“ostantine MM, Cleary K, Eunice Kennedy Shriver National Institute of Child
Health and Human Development Obstetric—Fetal Pharmacology Research
Units Network (2013) Pravastatin for the prevention of preeclampsia in high-risk
pregnant women. Obstet Gynecol 121(2 Pt 1): 349-353.

Edison RJ, Muenke M (2004) Mechanistic and epidemiologic considerations in
the evaluation of adverse birth outcomes following gestational exposure to
statins. Am J Med Gen 131A: 287-298.

Kazmin A, Garcia-Bournissen F, Koren (2007) Risk of statin use during
pregnancy: a systematic review. J Obstet Gynaecol Can. 29(11): 906-908.
Ofori B, Rey E, Berard A (2007) Risk of congenital anomalies in pregnant users
of statin drugs. Br J Clin Pharmacol 64(4): 496-509.

Taguchi N, Rubin ET, Hosokawa A, Choi J, Ying AY, et al. (2008) Prenatal
exposure to HMG-CoA reductase inhibitor: effects on fetal and neonatal
outcomes. Repro Tox 26(2): 175-177.

Peterson EE, Mitchell AA, Carey JC, Werler MM, Louik C, et al. (2008)
Maternal exposure to statins and risk for birth defects: a case series approach.
Am J Med Gen 146A(20): 2701-2705.

Winterfield U, Allignol A, Panchaud A, Rothuizen LE, Merlob P, et al. (2013)
Pregnancy outcome following maternal exposure to statins: a multicentre

prospective study. BJOG 120(4): 463-471.

June 2014 | Volume 9 | Issue 6 | €100873



