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Résumé

Selon I'OMS, la retard de croissance intra-utérine (RCIU; 10% en dessous du poids normal
pendant la grossesse) affecte 5-10% des grossesses et est une cause principale de la morbidité et
de la mortalité périnatales. Dans notre étude précédente sur un modele de souris transgénique de
prééclampsie (R"A"), nous avons constaté que 1’entrainement physique (ExT) avant et pendant la
grossesse réduisait la pression artérielle maternelle et empéchait la RCIU en améliorant le
développement placentaire. Dans le cadre de mon projet, nous avons confirmé les bénifices de
I’ExT dans un modele de RCIU (souris déficiente en p57Kip 2 (p57'/+). Ainsi, nous avons observé
la présence de RCIU, d’une masse placentaire réduite, d’une augmentation de la pathologie
placentaire ainsi qu’une plus petite taille des portées chez les souris p57”" sédentaire. L’EXT
prévient la RCIU ainsi que tous les parametres mentionnés ci-haut. Nous avons observé que
l'expression du facteur de croissance de I’endothélium vasculaire, un régulateur clé de
l'angiogenese lors de la croissance placentaire, était réduite dans le placenta des souris p57'/+ et
normalisée par I’ExT. Nous avons également trouvé que l'expression en ARN dans le placenta de
2 facteurs inflammatoires (interleukine-1p et MCP-1) était augmenté chez les souris sédentaires
p577" alors que ceci n’était pas présent chez les souris entrainées, ce qui suggére que
l'inflammation placentaire peut contribuer a la pathologie placentaire. Toutefois, contrairement
aux souris R'A", le systéme rénine-angiotensine placentaire chez les souris p57'/+ était normale
et aucun effet de ’EXT a été observé. Ces résultats suggerent que I’ExT prévient la RCIU en
normalisant la pathologie placentaire, I’angiogenese et I’inflammation placentaire.

Mots-clés: RCIU, entrainement physique, p57°"2, angiogenése, inflammation, systéme rénine-

angiotensine



Abstract

Intrauterine growth restriction (IUGR) refers to the condition in which the baby's estimated
weight is below the 10th percentile of babies of the same gestational age. It affects 5-10% of
pregnancies and is a major cause of perinatal morbidity and mortality. In our previous studies in
a transgenic preeclampsia mouse model (R'A" mice), we found that exercise training (ExT)
before and during pregnancy reduced maternal blood pressure (BP), and prevented IUGR by
improving placental development. Here, we confirm the benefits of ExT in a mouse model of
IUGR without preeclampsia (p57°"* KO (p57""). We confirmed the presence of [UGR, reduced
placental mass, increased placental pathology, smaller litter size and increased number of non-
viable pups per litter in sedentary p57”" mice. EXT prevented IUGR as well as normalized all the
mentioned parameters. The expression of the vascular endothelial growth factor (VEGF), a key
regulator of angiogenesis required for normal placental development, was reduced in pregnant
p57"" mice and normalized by ExT. The expression of 2 inflammatory factors (interleukin-14
and MCP-1 mRNA) in placenta was elevated in KO sedentary mice and MCP-1 was normalized
by ExT, proposing that placental inflammation may contribute to placental pathology. However,
in contrast to R"A" mice, the placental RAS in p5 77" mice was found to be normal and there was
no effect of ExT. Taken together, these results suggest that exercise training prevents intrauterine

growth restriction by improving angiogenesis, placental alterations and placental inflammation.

Key words: IUGR, Exercise training, Angiogenesis, Placenta, Inflammation, p57"">
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Chapter 1:
INTRODUCTION



1. Intrauterine growth restriction (IUGR)
1.1. Definition and epidemiology

Intrauterine growth restriction (IUGR)/Fetal growth restriction (FGR) refers to a condition in
which a fetus is unable to reach its genetically determined potential size. In fact, it is a
pathological reduction in an expected pattern of fetal growth that occurs in utero. IUGR is thus a
major cause of perinatal morbidity and mortality'. Traditionally, in North America the standard
definition of IUGR is a birth weight below the 10th percentile for gestational age. However,
adverse consequences and mortality are also increased in infants with birth weights between 10th
and 15th percentile. Conversely, many neonates whose weights are below the 10th percentile are
healthy which are known as small for Gestational Age (SGA) babies °. Indeed, the SGA group
includes fetuses that are constitutionally but not pathologically small and may reflect a normal
pattern in a given population '. Several definitions of IUGR are accepted in different areas of the
world. In Europe, for example, an abdominal circumference (AC) below the 10th or 5th percentile
is the preferred diagnostic criteria. Published definitions include: weight at birth <2500 g, EFW
(estimated fetal weight) <10th percentile, AC <10th percentile, EFW <10th percentile with
abnormal Doppler indices in the umbilical artery or middle cerebral artery, and AC <10th
percentile with abnormal umbilical artery or middle cerebral artery Doppler studies. Other

diagnostic criteria utilize the fetus as a control for itself °, or use customized fetal growth standards

4

The prevalence of IUGR is about 5%-10% in the general obstetric population. Studies show that

each year 18 million babies are born with low birth weight worldwide, half of which are born in
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Asia °. Fetal Growth restriction is the second main cause of perinatal morbidity and mortality

while prematurity is the leading cause °.

1.2. IUGR risk factors:

Generally, the population at high risk for [UGR are women with low socioeconomic status, low weight
before pregnancy, low weight gain during pregnancy, history of preterm delivery, stillbirth and

previous pregnancies affected by [IUGR "', Other risk factors are described as follow (Table 1).

1.2.1. Maternal nutrition

The specific responses of fetal growth to acute under nutrition at different points in pregnancy are still
unclear. One study on the birth reports during the Dutch famine of 1944-1955 showed that only if the
famine exposure happens late in pregnancy will result in low birth weight and declined crown-to-heel
length In contrast another revealed that, mothers of appropriate for gestational age (AGA) infants ate
more servings of carbohydrate rich food and fruit, and were more likely to have taken folate and
vitamin supplements than mothers of SGA infants at the time of conception. There was also an
association between Iron supplementation when taken in the last month of pregnancy and a diminished
risk of SGA . These results suggest that malnutrition in early or late pregnancy may result in small for

gestational age infants.

1.2.2. Multiple births

Newborns from multiple births are generally smaller than singletons. An analysis of birth weight and
gestational age in twins and triplets in Norway showed that the intrauterine growth of both male and
female twin diverged considerably from singletons starting at approximately 30 weeks of

gestation '*. Also monochorionic twins are twice more at the risk for [TUGR compared to dichorionic

15



twins "°. In a retrospective study of multi-fetal pregnancies it was revealed that birth weight of

quadruplets and quintuplets was significantly lower than triplets '°.

1.2.3. Smoking

Smoking has been considered as one of the important risk factors for [UGR. One study on the impact
of maternal exposure to environmental tobacco smoke on IUGR in a sample of 6866 singleton births
represented a significant decrease in the mean birth weight of infants of active smoking mothers. This
reduction was minimal but still present for mothers who stopped smoking after recognizing their
pregnancy. Also, environmental tobacco smoke exposure in 1797 of 5507 non-smoking mothers
decreased the mean birth weight of their infants by 53g'’. Another study in Sweden demonstrated that

babies of smoking mothers were at an increased risk for decreased head circumference, <32 cm ' '¥,

1.2.4. Adolescent pregnancies

It is reported that infants of adolescent mothers experienced almost twice the rates of preterm delivery
(21.3%) and low birth weight (12.6%) compared to older mothers aged between 20 and 39 years "°.
Generally, adolescents most likely to become pregnant are those with insufficient nutritional status and
unfavorable socio-economic status which may contribute to the higher rate of [IUGR observed in this

population *°.

1.2.5. Substance abuse

It is well known that alcohol and drug consumption are harmful to the developing embryo and fetus,
and in the majority of cases cause [IUGR. What we know as fetal alcohol syndrome includes pre- and
postnatal growth deficiency, a “characteristic” facial appearance, microcephaly, mental retardation, and
occasional major malformations *'. In a 1-year study on all live singleton infants whose mothers were
exposed to cocaine, it was observed that low birth weight (<2500 g) was more common among

cocaine-exposed infants compared to non-exposed (31% versus 10%). In fact, cocaine use was
16



associated with a decrease in birth weight (154 g), length (1.02 cm), head circumference (0.69 cm), and
duration of gestation (0.74 weeks). The birth-weight deficits were larger for infants born from mothers
who used cocaine in combination with other drugs (195 g) and for infants born to mothers who
specifically admitted using crack (200 g) *2. Another study in china showed that mothers who had
abused narcotics and heroin had SGA babies in 27.5% of pregnancies. The babies born to drug addicted
mothers were on average 629 g lighter which was significantly different from the infants of the non-

addicted mothers *°.

1.2.6. Inter-pregnancy interval

A shortened interval between pregnancies is associated with adverse perinatal consequences **. A
research in Utah, USA showed that infants conceived 18—23 months after a previous live birth had the
lowest risks of negative perinatal outcomes. However, in this study shorter intervals were related to

higher risks for low birth weight *°.

1.2.7. High altitude

High altitude seems to reduce birth weight independently of other factors. It was found in a study in
Colorado that birth weights at high altitude (27443100 m) were reduced due to TUGR . The
association between ethnicity and high altitude was also assessed in a study done in Tibet. Tibetans
experience less altitude-associated [IUGR than Chinese and have reduced levels of prenatal and
postnatal mortality. When comparing the link between birth weight and altitude among these and other
high-altitude populations, the results showed that those who have been living the longest at high
altitude had the least altitude-associated IUGR. In general, the pregnant Tibetans had higher umbilical
artery blood flow velocity and distributed a higher portion of common iliac blood flow to the umbilical
artery compared to the Chinese women *’. This might propose the occurrence of an evolutionary

adaptation **.

17



1.2.8. Congenital infections

Infections acquired in utero may often cause IUGR such as rubella *°, cytomegalovirus *°, herpes virus
3 and toxoplasma gondi which is less common than the others **. Moreover, HIV-Infected infants often

suffer from IUGR *.

1.2.9. Genetic and chromosomal factors

Chromosomal abnormalities are found in up to 7% of neonates with IUGR , which is over 10 times
higher than in AGA (appropriate for gestational age) infants®* . Moreover, the genomic imprinting,
through which several genes in the human genome are differentially expressed based on whether they
are located on the maternal or paternal chromosome, may play a role in embryonic and fetal growth.
This has led to the theory that genomic imprinting regulates embryonic and fetal growth *°. Silver-
Russell syndrome which represents an extreme syndrome of IUGR and dysmorphic features, as well as
maternal uniparental disomy (UPD: the inheritance of both chromosomes of a chromosome pair from
only one parent) of human chromosome 7 has been observed in approximately 10% of these cases 36,
Other known imprinted genes where [IUGR is the most common feature are maternal UDP14, maternal
UDP20 and paternal UDP6q24 *’. Also p57 “P* which is a paternally imprinted gene ** has been related

to severe growth restriction *°.

1.2.10. Preeclampsia and eclampsia

FGR can be related to preeclampsia (PE) as a result of impaired trophoblast invasion into the placental
bed. In normal pregnancy, occlusion of the spiral arterioles by the endovascular trophoblast at the
implantation site and the anatomical destruction of the distal spiral arteriole contribute to improved
uterine blood flow. Failed interstitial invasion of spiral arterioles may lead to failure in local angiogenic
and systemic cardiovascular adaptation signals that could be the main reason for early onset of [UGR

and PE %,
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Table 1: Fetal growth restriction risk factors

» Aneuploidy (trisomy 13, 18 and 21, triploidy, uniparental disomy)
Fetal » Fetal malformations (gastroschisis, omphalocele)
» Multiple gestation
» Infection (toxoplasmosis, rubella, cytomegalovirus, herpes)
» Hypertension
» Diabetes
» Renal disease
» Vascular disease
» Inflammatory bowel disease
Maternal » Hypoxia (pulmonary disease, cardiac disease)
» Systemic lupus erythematosus, antiphospholipid syndrome
» Thrombophilia (Factor V Leiden heterozygote, Prothrombin)
» Genetic (for instance, gene G20210A heterozygote, MTHFR
heterozygote)
» Maternal uterine malformations (myomas, bicornuate, or septate uterus)
» Residing at high altitude
» Placenta praevia
Placental » Placental tumors
» Mosaicism
» Low socioeconomic status
» Malnutrition
Environmental » Smoking
» Alcohol
>

Drugs (cocaine, heroin, methadone, cocaine therapeutic agents)

19




1.3. Etiology

Growth and development of the fetus/embryo are complex biological procedures which are
affected by different factors such as genetic, epigenetic, maternal age, environmental factors, etc.
*! These factors can influence the size and efficiency of the placenta, uteroplacental transfer of
nutrients and oxygen from mother to fetus, the endocrine environment of the fetus, and metabolic

pathways ****

. Normal fetal growth consists of two phases. The first phase or embryonic life
which starts from fertilization till the end of the 8" week includes proliferation, organization and
differentiation of the embryo while the second phase, which we know as fetal life, starts at the end
of week 8 and involves continuing growth and functional maturation of the different tissues and
organs of the fetus **. The maternal-fetal-placental unit acts in harmony to fulfil the needs of the
fetus, while supporting the physiological changes of the mother. The fetus has an inherent growth
potential which results in a healthy newborn with appropriate size in normal situation. Studies
showed that in TUGR, placentation is impaired ***’. Dysregulation of endocrine-related factors
such as, growth factor deficiencies, mainly insulin and the insulin-like growth factors (IGF) or
their signaling pathway, often induce ITUGR *>**. Moreover, assessment of uterine, placental and
umbilical blood flow shows that in growth restricted fetuses blood flows are decreased on both
sides of the placenta. It is also reported that there is less placental exchange of essential nutrients

such as amino acids in IUGR fetuses both in vitro and in vivo *.

1.3.1. Normal placentation

Placentation starts with implantation of the blastocyst in the uterine epithelium and differentiation
into embryonic and extra-embryonic tissues *°. The trophectoderm of the blastocyst is the

epithelium that is responsible for development of the human placenta. In other word, it is

20



necessary for successful embryonic development as it is integral in the transfer of nutrients from
the mother to the child. °'. Uteroplacental circulation is not fully established until the end of the
first trimester. One proposed theory based on the observations of ex vivo histologic analysis of
hysterectomy specimens of first-trimester placentas to explain the uteroplacental circulation states
that trophoblasts invade decidual spiral arteries and form trophoblastic plugs. These trophoblastic
plugs obstruct maternal blood flow into the intervillous space and prevent flow until the end of
first trimester of pregnancy (10—12 weeks) 2. Thus, human placental development during the first
ten weeks of gestation occurs in a low oxygen environment with a PO, (oxygen pressure)
measured at < 15 mmHg >. The plugs then loosen and permit continuous maternal blood flow into
the intervillous space *. As a result, the low oxygen state changes and the pressure increases, so
that the developing villous tree of the chorioallantoic placenta is then exposed to maternal blood

with higher oxygen content.

1.3.2. Placental dysfunction in [UGR

Normal placental development is necessary for normal fetal growth. Failure of one or more of the
components of the placentation process may result in pregnancy complications like preeclampsia,
IUGR and placental abruption. There is considerable evidence showing that placentation is
deficient in TUGR ***’. Histologically, the features that can be observed in placenta from TUGR
fetuses include: damage to branching angiogenesis with long unbranched intermediate and
terminal villi, altered cytotrophoblast proliferation, trophoblast apoptosis, fibrin deposition,
syncytial knotting and bridging, and enhanced villous maturation **. It is assumed that the reduced
secretion of placental growth hormones (PGH) and IGF-1 which are some of the important

determinants of fetal growth contribute to placental dysfunction > (Figure 1).
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In IUGR, absence of endovascular trophoblast invasion of the myometrial segments of the spiral
arterioles produces a high resistance vasculature in these arterioles. This lack of transformation
leads to hypoperfusion, hypoxia, re-perfusion injury, oxidative stress and ultimately, to signs of
villous tree maldevelopment in the second half of the pregnancy *°. Villous cytotrophoblasts in
IUGR have an augmented sensitivity to cell death in hypoxic situations when compared to normal
pregnancies > . Although apoptosis is considered to be a normal part of villous trophoblast

60, 61

turnover and syncytiotrophoblast formation from cytotrophoblast , in pregnancies complicated

with TUGR this is augmented and produces an increase in syncytial knots °*. This is also the case
in the villi in [IUGR and has been detected by the expression of cleavage products of caspase 62-64,
In IUGR, excess injury of the villous trophoblast layer decreases the functional mass of
syncytiotrophoblast and restricts the capacity of the villi to transport nutrients. Furthermore, the
microscopic injury has functional effects on placental permeability, as a-fetoprotein and small

molecular weight compounds are able to pass between the maternal and fetal circulations 63,66
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Figure 1: structure of placenta and placental villi .
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1.3.3. Histopathology of placental injury

There are several stimuli and mediators that may contribute to the observed injury to the
chorioallantoic villi but the most important one is oxidative stress . Oxidative stress can be
caused by ischemia in the placenta as a result of the insufficiently developed spiral arterioles.
Indeed the production of reactive oxygen species (ROS) which promote oxidative stress
contributes to tissue injury in many diseases including IUGR ®. Studies show that the placentas of
pregnancies complicated with IUGR demonstrate obvious signs of oxidative stress '°. Moreover,
hypoxia, ischemia, or both may contribute to placental injury via mechanisms other than ROS
generation, as variable organ blood flow also activates the complement cascade °* 7" 2.
Dysregulated complement activation in non-pregnant patients mediates immunological injury in
the heart, lung and kidney, and recent data indicate that it also plays a role in abnormal human

pregnancy . For example, the kidneys of women with preeclampsia show deposition of

complement split products in their glomeruli ™*.

1.4. Classification

Growth during intrauterine life occurs during different stages. For example, growth in length
happens in early prenatal life (during the 3, 4™ and 5™ month) while weight gain develops later in
prenatal life (during the last 2 months of gestation) **. Depending on the time of adverse

intrauterine environment, [UGR fetuses are classified as symmetric or asymmetric. In symmetric

growth restriction, the entire fetus body is proportionally small (small weight, length, and head
circumference). In this situation, the adverse environment has happened early in pregnancy which
can be as a result of genetic factors or congenital infections, syndromes, or toxic effects in early

gestation "°. On the other hand, in asymmetrical IUGR, adverse intrauterine environment happens
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later during gestation. In this case, most of the energy is conducted for the maintenance of vital
organs such as the brain and heart whereas liver, muscle and fat are less developed which results in
smaller weight but normal length ’°. In asymmetrical IUGR , we observe normal head
circumference but small abdominal circumference, skinny limbs, and thinned skin as a result of

decreased liver size, muscle mass and subcutaneous fat’’.

1.5. IUGR and diseases later in life

Intrauterine life adapts the fetus to become mature and also overcome postnatal insults. During this
period, the fetus goes through critical stages of tissue growth and elevated cell division. If the
organism is affected in these critical periods it may have an important impact on organ development
78 1t has been reported in animals and also in some human cases that [IUGR is associated with
increased prevalence of many adult diseases . In addition, results of a study by Park et al.
demonstrated that low protein diet during pregnancy causes long-lasting changes in the liver and

skeletal muscle mitochondria in the offspring ™.

1.5.1. IUGR and metabolic syndrome

According to the literature, there is an association between IUGR and the development of
metabolic syndrome later in life, a condition associated with obesity, arterial hypertension,

28190 There is a

hypercholesterolemia, impaired glucose tolerance, and diabetes mellitus type
hypothesis to explain this condition which is known as the thrifty phenotype or Barker’s
hypothesis. 1t proposes that in the case of an impaired intrauterine environment, such as nutrient

restriction, the intrauterine milieu creates a “reprogramming” of the endocrine—metabolic status of

the fetus in order to reach short-term survival benefits, although, it may be harmful in the long
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term °'**°1*2, Barker was able to demonstrate that, the smaller the birth weight or the weight at 1

year of age, the greater was the prevalence of metabolic syndrome in adult life.

According to the thrifty phenotype, the connection of low birth weight and insulin resistance or
diabetes in adulthood may be a result of fetal malnutrition due to poor nutritional reserves of the
mother, not adequate flow of the blood in uterus, or destruction of nutrients in the placenta *".

Hypothalamic-pituitary-adrenal (HPA) axis overacts by changing its set point in response to the

94-98

adverse intrauterine environment, which can lead to increased cortisol levels . This situation is

969 The HPA over-activation has been observed

similar to what can be seen with chronic stress
in both experimental animals and newborns with [IUGR and both showed elevated cortisol levels in
umbilical cord blood '® '°!. This increase in cortisol during intrauterine life causes endothelial
damage which contributes to the development of cardiovascular diseases. Furthermore, growth
restricted babies have a reduced muscle mass and this deficiency will persist because the crucial
period for muscle growth is at ~30 weeks in utero, and there is little cell replication after birth. As
such, if they gain weight rapidly in childhood, they are more likely to increase their fat mass rather
than their muscle mass, leading to a disproportionately high fat mass in later life resulting in an
increase in the development of obesity and insulin resistance *. Ozanne et al. found decreased
expression of specific insulin-signaling proteins, such as, protein kinase C (PKC) zeta, p85alpha,
pl10beta and GLUT4, in low birth weight subjects compared to controls '°* and it was also shown
that, children born small for gestational age have reduced adiponectin levels, an adipokine with

insulin-sensitizing and antiatherogenic properties '®*, which may increase the risk for developing

diabetes type 2.

Moreover, studies in Europe, North America, and India have shown association between coronary

heart disease and small size at birth '°*, as well as a study in Finland which reported that the
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cumulative incidence of hypertension requiring medication was 20.2% in those weighing <3 kg at

birth compared to 12.3% in those weighing >4 kg '*.

1.5.2. IUGR and reproduction problems

Some studies have demonstrated a link between IUGR and adrenarche (early sexual maturation),
elevated prevalence of functional ovarian hyper-androgenism as well as the development of polycystic
ovary syndrome '**'%_ Moreover, there has been reports of decreased uterine volume and smaller

1911 which both may have a negative effect on

fraction of ovarian follicles in girls born with [UGR,
fertility. Although it has not been clarified yet, there seems to be an association between IUGR and

reproductive function

1.6. Clinical diagnosis of IUGR:

Abnormal fetal growth is suspected when there is a subnormal uterine size detected by abdominal

"2 Indeed, abdominal palpation

palpation and direct measurement of the symphyseal-fundal distance
has a sensitivity of 30% for detecting SGA fetuses, while the symphysis-fundal distance has a
sensitivity of 27-86% and specificity of 80-93% '"*. Ultrasound has also been used for accurate

pregnancy dating and for the diagnosis of IUGR, although it is reported that IUGR remains undetected

in about 30% of routinely scanned cases and it is falsely detected in 50% of cases ',

1.6.1. Serum biochemistry

In SGA and IUGR affected pregnancies, biochemical markers have been proposed. An increased
maternal Serum alpha-fetoprotein (AFP) is correlated with an elevated risk of low birth weight ''>. Also
low levels of maternal serum pregnancy-associated plasma protein A (PAPP-A) (at the lowest 5th

percentile) are associated with higher risk of a SGA infant ''. There are also other placental markers
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like human chorionic gonadotropin (hCG), ADAM12 (A Disintegrin and Metalloprotease), placental
protein 13 (PP13), serum soluble Fas (sFas) and placental growth factor (P1IGF), amongst others.
However, studies have shown that all of these markers are below the detection rate warranted for large
population screening ''"'?2. In low-risk populations, a combination which includes PP13, PAPP-A,
ADAMI12, activin A, or inhibin A, measured in the first or early second trimester and uterine artery
Doppler in the second trimester, reveal sensitivities of 60%—80% and specificities >80%. Studies are
still required to estimate the full potential of evaluating combining multiple markers and ultrasound in

screening for [UGR.

1.6.2. Uterine artery doppler:

Since the 1980s, many progresses have been made in the utilisation of uterine artery Doppler in
obstetrical practice, particularly, in the detection of maternal perfusion abnormalities in PE and [IUGR
123123 Gince trophoblastic invasion was thought to be completed by the second trimester of pregnancy,
most of the studies were performed between 20 and 24 weeks of gestation. However, some believe that
trophoblastic invasion peaks in the first trimester, so it would be more appropriate to screen for growth
restriction in that period '*°. Although, the sensitivity of this test is not that high (24% and 16%

: 127,12
according to some reports) 2/ ¥

, women with a high uterine artery resistance index (RI), are 5.5 times
more likely to have TUGR '**. In more recent studies, they attempted to add serum biochemistry factors
like PAPPA in order to increase detection rates. Unfortunately, sensitivity of these tests still remains

117,129
low .
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1.7. Evaluating fetal wellbeing

1.7.1. Fetal heart rate monitoring

Fetal heart rate analysis is extensively used to detect pregnancies at high risk. It aims to determine fetal
well-being by estimating the fetal heart rate baseline, variability, and periodic changes. A normal
reactive test is likely to reflect adequate oxygenation of the fetal central nervous system. Since it is
interpreted by visual inspection, it is prone to a significant intra-observer and inter-observer variation
and therefore, there is a high rate of false positive. In premature fetuses, particularly those with IUGR,
interpretation is challenging '**. Computerized fetal heart rate analysis was introduced to decrease
discrepancies in the interpretation. However, it was showed that the results from computerised

cardiotocographic analysis agreed closely with visual assessment ',

1.7.2. Biophysical profile

Ensuring fetal well-being and determining the optimal timing for delivery of an IUGR fetus is the
primary goal of fetal specialists. However, the optimal method to use for fetal testing is also debatable;
in the United States, the most frequently used test is the biophysical profile, whereas in Europe,
cardiotocography (computerized fetal heart rate monitoring) is the preferred method "'

The fetal biophysical profile (BPP) is a method for assessing fetal asphyxia and/or chronic hypoxia and
is the most acceptable method of fetal well-being evaluation in the North America. It consists of a
number of measurements including the amniotic fluid volume, fetal tone, fetal movements, fetal
breathing movements, and fetal heart rate monitoring. In a normal situation, each parameter has a value

of two out of total points of ten **'**,
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1.7.3. Doppler velocimetry of blood flow

Doppler blood flow has significantly changed the management of IUGR. We use it to assess vascular
resistance and end organ function. There are three types: Doppler assessment of the umbilical artery
(UA), middle cerebral artery (MCA) and ductus venous (DV). When the UA blood flow from the fetus
to the placenta is determined, the placental vessel resistance can be evaluated. MCA detects fetal
cerebral blood flow and DV reflects alterations in fetal cardiac function. In severe cases of [IUGR the
DV is abnormal '*>'*®, UA is the most frequently used Doppler test in women diagnosed with [IUGR. It
has the ability to distinguish IUGR caused by placental problems from SGA fetuses. Indeed,
monitoring IUGR pregnancies with UA Doppler decreases the mortality rate and lowers the need for

antepartum admissions, labor induction, and Caesarean deliveries "

, as when IUGR is diagnosed,
clinical management is performed by more frequent surveillance of fetal weight (every 2 weeks), along
with UA and if available MCA and DV and in case of observation of adverse conditions like no
change in fetal growth and decline in amniotic fluid index or fetal tone or gross movements more

intensive surveillance (e.g., 2 to 3 times per week) or admission to hospital and delivery planning will

. 139
be considered "

1.7.4. Histopathological and molecular diagnostics

Currently, sampling of amniotic fluid, fetal blood, maternal blood, and feto-placental or
transabdominally obtained placental tissues is possible. Placental villi from human IUGR pregnancies
show distinctive alterations in “hypoxic trophoblast signature transcripts”, for example, upregulation of
transcripts for VEGF, connective tissue growth factor, follistatin-related protein, N-Myc downstream-
regulated genel, and adipophilin (ADRP), and downregulation of human placental lactogen and

PHLDA?2 '* have been shown. For instance, dysregulation of transcripts like CRH, IGF1, IGF2,
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AGTRI, leptin, and sFlt have also been described ! These techniques are novel; nevertheless, the
potential combination of fetal biophysical testing and informatics-based molecular analysis may prove

useful in the future management of [IUGR ''.

1.8. Clinical management of IUGR

Currently, there are no standard prenatal therapies which are designed to specifically improve fetal
growth or reverse the complications of [UGR. For management of [UGR, It is important to improve
nutrition, stop smoking, avoid drug use, and control maternal disorders such as hypertension and renal
dysfunction. If there is an infectious disease, it should be treated. Sonography is essential to identify
fetal malformations particularly if lethal and offer fetal karyotyping. Previous studies demonstrated that
administration of glucose or amino acids, and low-dose aspirin to the mother did not show a significant

142-143 1t was also observed that smoking cessation and antimalarial

impact on perinatal outcomes
therapy appeared to prevent IUGR, but they were not effective if [IUGR was already established.
Particularly, some studies propose that balanced energy/protein supplements may be beneficial in
reducing the risk of [TUGR '* %, Experimental evidence from humans and animal models indicate that
amino acid transport from mother to fetus and fetal amino acid metabolism are disturbed in TUGR '¥'.
As we know, accretion of amino acids into proteins is an essential component of fetal growth.
Therefore, maternal protein supplementation to improve fetal growth is an attractive therapeutic option,

148'150, there have

especially when fetal growth is failing. Although this is supported by some studies
been some reports of adverse effects of protein supplementation on pregnancies with an increased risk
of preterm and SGA delivery. Human trials generally show that increased maternal energy intake (in

the context of malnutrition), without high amounts of dietary protein, improve fetal weight (though not

necessarily lean mass) without significant adverse effects "'
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Timing the delivery of the growth restricted fetus is important. Currently there is no test which dictates
the optimum time of delivery. When IUGR pregnancy is at full term (=37 weeks), delivery is favored
as there is no evidence that delaying delivery has benefits '**'>*. At 34 to 37 weeks, the rate of
significant neonatal morbidity is low, therefore, delivery is not a complex issue '>*. IUGR at 34 or more
weeks gestation (late onset) is typically characterized by milder placental dysfunction and often may
not produce an elevation in the umbilical artery Doppler resistance indexes '>>. When IUGR is
detected before 34 weeks of gestation, decision to deliver is more difficult and is individualized '*°.
Delivery of the IUGR fetus before 34 weeks gestation is associated with high rates of newborn
morbidity and mortality. In the absence of clear indications for delivery, the emphasis should be on

safely prolonging the pregnancy '>*'*

. The decreased perinatal mortality that is found for each week
that the IUGR fetuses remains in utero should be taken into account when a decision to deliver babies
with less than 30 weeks age is made "*”. Factors like abnormal biophysical or modified biophysical
profile score, oligohydramnios, repetitive FHR (fetal heart rate) decline are strong indicators that
delivery is reasonable or warranted when IUGR is identified at or after 34 weeks of gestation. Also, a
decrease in maternal perception of fetal movement indicates the need for further evaluation of the fetus
159

After 34 weeks, the IUGR fetus in a singleton or twin pregnancy that develops either oligohydramnios
or AEDF (Absent end diastolic flow) in the UA should be delivered proximate to the diagnosis of these
complications. In singleton pregnancies in which the [IUGR fetus has normal amniotic fluid volume,
Doppler studies, and biophysical testing, the fetus is likely constitutionally small and may be managed
expectantly until 38-39 weeks. If Doppler testing becomes abnormal indicating a placental etiology,
delivery by 36-37 weeks is reasonable. In any of these scenarios, biophysical (weekly BPP or twice

weekly modified BPP) and Doppler testing is warranted until delivery. When it comes to mode of

delivery, there is contradictory evidence in the literature regarding the best mode of delivery of the
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growth-restricted fetus. A vaginal delivery is rarely attempted when biophysical assessment of fetal
status is not reassuring before labor because there is an increased risk of fetal hypoxia. Even when
biophysical parameters are reassuring, clinicians vary in their decisions '*°. One study indicated that
caesarean delivery for SGA fetuses was associated with a lower rate of respiratory distress syndrome,
neonatal seizures, and death, but these trends were not statistically significant '®. Certainly, other
factors such as the gestational age, cervical status, fetal presentation, and maternal medical

complications may influence the choice of delivery *°.
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2. Exercise training

2.1. Exercise training and normal pregnancies

Regular exercise training for non-pregnant women has many benefits which are well recognized.
Studies have shown no harm in doing exercise for the pregnant women and the fetus '°'. However,

there are theoretic concerns regarding the effects of exercise during pregnancy, which are listed below.

2.1.1. Theoretic concerns regarding the effects of exercise on pregnancy

2.1.1.1.  Teratogenic effect: One of the concerns about exercise during pregnancy is increasing the
risk of teratogenic effect 2. As far as we know, the metabolic rate increases during both
exercise and pregnancy which results in higher heat production. Normally, fetal temperature
is 0.5 to 1.0°C above maternal levels as a result of fetoplacental metabolism which
generates additional heat. Theoretically, by doing exercise training during pregnancy, an
increase in maternal core temperature may decrease fetal heat dissipation to the mother.
Some data suggest a teratogenic potential when maternal temperatures rise above 39.2°C
(102.6°F), especially in the first trimester ez According to these studies, pregnant women
should perform exercise in thermoneutral conditions. However human studies are limited.

2.1.1.2. Hemodynamic: During exercise training, blood is diverted from abdominal viscera,
including the uterus, to supply exercising muscle. The splanchnic blood flow can decrease
to 50 percent and makes theoretic concerns about fetal hypoxemia '**. However,
measurements of the effect of exercise on fetal heart rate showed either no significant
change or short-term increases of five to 15 beats per minute '**. There is report of fetal

bradycardia during vigorous exercise in untrained women performing near maximal
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capacity which was resolved in less than two minutes. In the same women, submaximal
exercise up to 70 percent of maximal aerobic capacity did not induce any fetal bradycardia
165,166

2.1.1.3. Energy demand: Both exercise and pregnancy are associated with high energy
consumption. The competing energy demands of the exercising mother and the growing
fetus raise the theoretic concern that excessive exercise might adversely affect fetal
development. However, in clinical studies, there has been no significant difference in
maternal weight during the first and second trimester of gestation among women who train
during pregnancy compared to sedentary women. At the same time, some data propose that
continuous exercise in the second and third trimesters is related with reduced maternal and

fetal weight gain '®’

, However, the overall weight gain during pregnancy remains well
within normal limits in exercising mothers '°*. Apparently, if pregnant women adjust their
calorie intake to their energy demand, there should not be less fetal weight gain.

2.1.1.4. Oxygen demand: During pregnancy and exercise, adaptive changes happen in the pulmonary

system. Pregnant and non-pregnant women have an equivalent respiratory frequency while
resting. However, mild increases in tidal volume and oxygen consumption are noted in pregnant
women probably as an adaptive mechanism to the increased oxygen requirement of the fetus '®’.
With mild exercise, pregnant women have a greater increase in respiratory frequency and
oxygen consumption to meet their greater oxygen demand. As exercise increases to moderate
and maximal levels, they show a reduction in respiratory frequency, lower tidal volume and
maximal oxygen consumption. The oxygen demand at high levels of activity seems to
overwhelm the adaptive changes that occur at rest. This may be because of the obstructive
effect of an enlarged uterus on diaphragmatic movement. However, several studies have shown

a decreased maximal voluntary exercise performance in pregnant women ' '’
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2.1.1.5.

2.2.

2.2.1.

Labor and outcomes: There are some theoretic concerns about premature labor in women who
exercise in late pregnancy. It is well known that exercise training increases circulating levels of
norepinephrine and epinephrine '**. Norepinephrine increases both the strength and the
frequency of uterine contractions. Nevertheless, epinephrine has an inhibiting effect on uterine
activity. Runners often have complaints of contractions during exercise, but actual
measurements with external tokodynamometry have not indicated consistent changes in uterine
contractility. Moreover, there is no evidence that supports an elevation in preterm labor related
to exercise training ' %, also, no significant difference in maternal weight gain, infant birth

weight, length of gestation, length of labor or Apgar scores was found ' .

Positive effects of exercise training on normal pregnancies

Maternal wellbeing

Generally speaking, recent proofed guidelines indicate that regular maternal exercise is an
important component of a healthy pregnancy '’*. Exercise training has been reported to have a
positive effect on the experience of discomfort during pregnancy. In a study, women who
exercised during three months before pregnancy felt during the first trimester than those who
did not exercise (such as having less musculoskeletal discomfort, mood stability and decreased
dyspnea, etc). Exercise in the first and second trimesters was associated with feeling better in
the third trimester '”°. Another study on the effect of structured non-endurance antepartum
exercise on pregnancy outcomes showed no adverse effect labor outcomes in the exercising
group. They had significantly shorter first and second stages of labor compared to the sedentary
group and they were less likely to need oxytocin augmentation and had spontaneous vaginal
deliveries '’°. According to another study, continuing weight-bearing exercise during pregnancy

helps to maintain the mother’s fitness in the long-term and also reduces cardiovascular risks in
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the premenopausal period '”’. It has also been proved that women with structured, supervised
exercise training during gestation have 15% reduced risk for C-section compared to the non-
trained group of study '’®. In the context of a normal and healthy pregnancy, the American
College of Obstetrics and Gynecology (ACOG) guidelines encourages continuation of pre-
pregnancy exercise activities and recommend that sedentary women start exercising during
pregnancy. The intensity, duration and frequency of exercise should start at a level that does not
result in pain, shortness of breath or excessive fatigue. Exercise may then progress at a rate that
avoids significant discomfort. Patients should be counseled to perform frequent self-
assessments of physical conditioning and well-being, including hydration, caloric intake,
quality of rest and presence of muscle or joint pain. It should be emphasized that decreases in
exercise performance are common, especially later in pregnancy. The goal is to obtain the
maximal benefits of the mentioned benefits derived from exercise, while ensuring that there is
no adverse effects on the mother or the fetus (Table 2) '°. Also according to ACOG, regardless
of physiological alterations during pregnancy which allow for the increased metabolic demands
of the mother and fetus, women can benefit from regular exercise training during gestation as it
has been demonstrated to result in marked maternal benefits including improved maternal

cardiovascular and metabolic adaptations '®, limited pregnancy weight gain '*', decreased

183, 184 185

musculoskeletal discomfort '*, mood stability and decreased risk of dyspnea . Many
studies have reported elevated levels of stress and depressed mood during pregnancy. One study
evaluated the outcomes of leisure time physical activity (LTPA) during pregnancy and its
association to psychological well-being. When comparing exercisers to non-exercisers in each
trimester, they found that exercisers had significantly less depressed mood, daily hassles, state-

anxiety and pregnancy-specific stress in the first and second trimester. Women who exercised in

the third trimester reported less anxiety in that trimester compared to non-exercisers. The results
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2.2.2

2.23

showed that in healthy pregnant women, even low-intensity regular aerobic exercise may be
potentially effective as a low-cost method of enhancing psychological well-being '*®. There is
also data demonstrating improved placental development with exercise training. Although
exercise during pregnancy can cause an intermittent reduction in oxygen and substrate delivery
to the fetus while performing exercise, but it is probable that regular sessions of exercise

187 'Women who start training in early

training improves oxygen and substrate delivery at rest
pregnancy have elevated placental volumes and growth rates '*, as well as a decreased fraction

. . . . . 1
of non-functional tissue and an increased volume of villous tissue .

Fetal benefits

Some reported fetal benefits include decreased fat mass, improved stress tolerance and
advanced neurobehavioural maturation '*°. Barakat et al. reported that low intensity resistance
training performed during the second and third trimester of pregnancy does not have a negative

impact on the newborn's body size or overall health "'

Preeclampsia and gestational diabetes

Several studies have found a reduced frequency of PE and pregnancy-induced hypertension
(PIH) in women who participated in low- and moderate-intensity during physical activities '*
192193 'In addition, epidemiological studies demonstrated that exercise training may be
advantageous in prevention of gestational diabetes (GDM), specifically in obese women with

BMIs that are more than 33 '**

. The prevalence of GDM in Canada may be higher than
previously thought, ranging up to 4% in the general population '*° and as high as 18% in the
Aboriginal population '** 7. Exercise is currently considered a complementary therapy for

women with GDM. The Canadian Diabetes Association (CDA) recommends physical activity

for women with GDM; however, the frequency, intensity, type, and duration of activity should
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2.2.4.

be based on each individual’s condition '*°. The ACOG (2001) recommends that women with
GDM who lead an active lifestyle be encouraged to continue an exercise program approved for
pregnancy. These vague recommendations make it difficult for health professionals to give
proper advice other than to increase physical activity. In one study where they examined the
etiology of GDM in Saskatchewan, it was found that women who were the most physically
active had the lowest prevalence of GDM '*°. It was also demonstrated that women who
participated in any recreational physical activity within the first 20 weeks of gestation

experienced a 48% reduction in the risk of GDM '*.

Obesity

Generally, exercise training can decrease the risk of obesity. Women who are overweight or
obese have an increased risk of complications, including polycystic ovarian syndrome (PCOS)
1% menstrual irregularity, and infertility 2°, that reduce the probability of conception. Clark et

201
% In

al. showed that regular exercise training is effective in restoring fertility in obese women
addition, overweight and obese women have an increased risk of maternal and fetal
complications such as gestational diabetes, preeclampsia, increased risk for delivering at or
before 32 weeks gestation, which contribute to longer hospitalization *** and higher delivery
costs “. In fact, the risk of maternal and fetal complications increases with the degree of
obesity. The incidence of preeclampsia doubles with every 5—7 kg/m?2 increase in pre-

pregnancy BMI 204

. The risk of gestational diabetes also increases progressively in overweight,
obese, and morbidly obese women 2> 2%, Overweight and obese women are more likely to
deliver large for gestational age and macrosomic infants **’. Infants of obese women are more
likely to experience neonatal intensive care unit admission ** and caesarean section **. In fact,

infants from morbidly obese mothers (BMI > 40 kg/m?2) are twice as likely to demonstrate fetal

distress and low APGAR (activity, pulse, grimace, appearance, and respiration) scores >*°.
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2.3.

Regular exercise training, which includes exercise conducted before and during pregnancy, may
act through several mechanisms to prevent obesity-related pregnancy complications. First,
performing exercise before pregnancy may induce weight loss, resulting in a healthier BMI,
which may prevent the risk of the obesity-related complications described above. Second, it has
been suggested that regular aerobic exercise initiated during pregnancy may prevent gestational
diabetes and preeclampsia 2*’. Lowering the incidence of these 2 conditions among overweight
and obese women may also prevent the resulting complications and adverse pregnancy
outcomes associated with them. Third, exercise during pregnancy may assist women in
preventing excessive weight gain *'°. Excessive gestational weight gain is associated with
increased post-partum weight retention, and hence prenatal exercise may also be beneficial to

facilitate return to pre-pregnancy weight after delivery .

General recommendations for exercise in pregnancy and post-

partum period according to ACOG

» Recreational and competitive athletes with uncomplicated pregnancies can remain active
during pregnancy and should modify their usual exercise routines as medically
indicated. The information on strenuous exercise is scarce; however, women who
engage in such activities require close medical supervision.

» Previously inactive women and those with medical or obstetric complications should be
evaluated before recommendations for physical activity during pregnancy are made.
Exercise during pregnancy may provide additional health benefits to women with
gestational diabetes.

» A physically active woman with a history of or at risk for preterm labor or fetal growth

restriction should be advised to reduce her activity in the second and third trimesters.
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Table 2: Recommendations for sport activities during pregnancy

Activities to encourage

Walking
Stationary cycling
Low-impact aerobics

Swimming

Activities to discourage

Contact sports (increased risk of abdominal trauma)
Hockey (field and ice)

Boxing

Wrestling

Football

Soccer

High risk sports(increased
potential for falls/

trauma)

vV Vv VY Vv VY VvV YV V| V¥V Vv VY V V VY V V VYV V

Gymnastics

Horseback riding
Skating

Skiing (snow and water)
Hang gliding

Vigorous racquet sports
Weight lifting

Scuba diving
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2.4. Exercise training and IUGR:

Based on the reported data, the link between exercise training during pregnancy and birth weight is
evident. Although there are studies stating that there is no relationship between maternal physical

activity and fetal birth weight '®!

, others have suggested that babies from recreational athletes have
lower body fat compared with offspring of sedentary mothers '®'. It has been shown that the rate of
macrosomia and gestational diabetes in women who performed submaximal intensity exercise starting
from week 6-8 of gestation is lower than the control group. The results also demonstrated that

participation in moderate-intensity aerobic exercise did not increase the risk of [UGR 175

. Interestingly,
Dr. Lavoie’s group has demonstrated that [IUGR in the context of preeclampsia can be prevented by
exercise training when performed both before and during gestation in different mouse models of this
disease. This was related to a reduction in blood pressure and placental development normalisation in

: 212,21
the exercise group compared to sedentary counterparts >'**'.

2.5. Hypothesized protective mechanisms implicated in the prevention

of IUGR by exercise training

2.5.1. Enhanced placental development and vascularity

Abnormal placental development is a central cause of fetal growth-restriction. Insufficient trophoblastic
invasion of the uterine spiral arteries in early pregnancy may contribute to an incomplete loss of
sensitivity to vasoconstrictors in utero-placental vessels, causing intermittent hypoxia and reperfusion
%8 Conversely, regular physical activity in early pregnancy stimulates placental growth. Women who
start training in early pregnancy have elevated placental volumes and growth rates '*%, as well as a
decreased fraction of non-functional tissue and an increased volume of villous tissue '*°. Interestingly,

these adaptations are still noticeable at term even if the mother stopped training by 20 weeks gestation,
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indicating that early pregnancy is a critical period for placental development. Additionally, if the
mother continues to exercise until term a slightly additional increase in placental volume and surface
area will be observed '¥°. Improved placental growth and vascularity enhances its perfusion and
transport capacity, and this may prevent reductions in fetal substrate and oxygen supplies during

intermittent decreases in placental blood flow which may be associated with TUGR '®.

2.5.2. Prevention and/or reduction of oxidative stress

Regular physical training in non-pregnant rats, has been shown to augment antioxidant defense systems
in heart, liver and muscle, which restricts cellular damage caused by oxidative stress related to acute
bouts of exercise. Also, studies in animal models have shown that exercise training up-regulates
antioxidants in skeletal muscles and growing evidence indicates that endurance exercise training
promotes an elevation in both total SOD (superoxide dismutase) and GPX (glutathione peroxidase)
activity in skeletal muscles. In this regard, it appears that high-intensity exercise training is generally
more effective then low-intensity exercise in the up-regulation of muscle SOD and GPX activities *'*
1 1n a study consisting of a 16 week acrobic exercise training program with an individualized
intensity in healthy men and women, the activity of superoxide dismutase in erythrocytes (E-SOD),
glutathione peroxidase in whole blood (GSH-Px), and glutathione reductase in plasma (P-GR) were
measured and GSH-Px and P-GR activity were found to be increased without any alteration in E-SOD
activity >'°. In another study among a large group of Spanish women, with two categories of leisure
time physical activity according to their intensity: low (<=6 METs) and high (>6 METs), a direct
relationship between the amount and intensity of regular leisure physical activity and endogenous
antioxidant enzymes was observed. Low intensity exercise training was associated with high SOD
levels and high intensity exercise with high peroxidase levels. These results suggest a modulatory
effect of leisure physical activity intensity on the anti-oxidative balance *'’. Although no differences

could be observed in erythrocyte antioxidant enzyme activities (SOD, glutathione peroxidase, and
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catalase) between active and sedentary pregnant women before delivery, SOD and catalase activities
were dramatically elevated 1 h post-partum in trained women which seemed to inhibit labor-induced
increases in malondialdehyde (an indicator of lipid peroxidation) 2'®. These results propose that regular
exercise training may enhance maternal antioxidant responses to augmented oxidative stress in normal
pregnancies *'*, which may prevent or improve endothelial dysfunction and thus IUGR. Indeed, in
experimental animal models of atherosclerosis, hypercholesterolemia, hypertension, and diabetes,

.. . . . . . . 219-221
associations between oxidative stress and impaired endothelial function have been demonstrated .

2.5.3. Reduction of inflammation

There are many evidences supporting the anti-inflammatory effect of regular exercise training ** in

224 1t has been

non-pregnant individuals and patients with heart failure **> and coronary artery disease
shown in healthy men and women that plasma levels of sSTNF-R1, sTNF-R2, (soluble tumor necrosis
factor receptors 1, 2) interleukin-6, and C-reactive protein are decreased with physical training **.
Exercise training can also attenuate interleukin-1, interleukin-6, and interferon-y, while increasing the
anti-inflammatory cytokine interleukin-10 ***. Since there have been reports of increased inflammatory
factors in TUGR, such as IL6 **°, if exercise training has similar anti-inflammatory effects in pregnant

women, this could prevent or decrease the inflammatory response that may contribute to the

development of [UGR.

2.5.4. Improving of endothelial dysfunction

It is proved that regular exercise training improves endothelial function in non-pregnant individuals
with endothelial dysfunction **’, plus, it can favorably modify some risk factors of endothelium
dysfunction like blood pressure ***. Aerobic exercise has been demonstrated to raise local endothelium-
230 1

dependent dilation in patients with endothelial dysfunction caused by aging ** and type2 diabetes

has also been shown that in heart failure patients large muscle mass exercise improves systemic
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endothelial function which was measured by assessing the response to acetylcholine (ACh) and sodium
nitroprusside (SNP) #°. If similar results are observed in women at risk for [UGR, training-induced
correction of disease-related endothelial dysfunction may prevent the main pathological process

leading to this disease.

3. Animal models of IUGR

Many of our knowledge regarding the short- and long-term effects of IUGR comes from animal
studies. A number of animal models of maternal malnutrition and placental insufficiency have been
developed over recent years to investigate the causes and consequences of [IUGR. A variety of species
have been studied, including: rodents, sheep and primates; and both, maternal dietary manipulations or

surgical interventional techniques have been employed *'%’

. We use animal models as they better
reproduce the human condition compared to in vitro studies. However, in spite of the advances made
using “in vitro” models to study some aspects of pregnancy, the [IUGR condition as a whole is more
properly represented in vivo. Still other features of pregnancy, such as the development of the
uteroplacental circulation, fetal growth velocity and fetal development have no in vitro counterpart.
Moreover, when new therapies arrive, although they are first tested extensively in vitro, they must
present a clean reproductive toxicology panel in vivo 2** before they can be considered for use in
humans, hence animal experiments are necessary. The majority of experimental fetal growth restriction

studies are performed in rats and mice **°

(Table 3). We chose to study a mouse model because in
mice, environment and genetic background can be easily controlled. Furthermore, their gestation has
many characteristics which are common to human pregnancy **°, which makes them a good model of

the disease. Generally, animal models of IUGR fall into three categories when divided by method of

intervention: fetal intervention, maternal intervention and genetic models.
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3.1 Fetal intervention models:

The hypoxic chick is the primary model of fetal intervention **'**. Since many [UGR in human
pregnancies are caused by placental insufficiency, there is no change in the health status of the mother.
As such, the main advantage of this model is the ability to investigate the effects of hypoxia in the fetus

in isolation, without any maternal effects. ***.

3.2. Maternal interventions

3.2.1. Surgical methods

There is a range of maternal interventions for inducing [IUGR in animal models. The most frequent and
oldest intervention is uterine artery ligation which was first introduced by Wigglesworth. In this
method, the uterine arteries of the pregnant rat are permanently ligated near the cervical end of the
arterial arcade at day 17 of pregnancy. It causes utero-placental insufficiency which involves altered
intrauterine environment characterized by hypoxia, reduced growth factor and hypoglycemia **.
Uterine artery ligation has been shown in other species to cause [IUGR like guinea pigs and sheep ***
>0 Similarly, uterine artery embolization in sheep also results in [TUGR **'***. Although these methods
induce IUGR, the lack of an intact uteroplacental circulation in these models makes them less useful

for testing maternal therapies that target uterine blood flow or the placental barrier directly.

Since bilateral uterine artery ligation obstructs blood supply, 30% of the fetuses die or go through
partial resorption >*. As a result, it causes severe maternal outcomes such as necrotic uterus, ectopic
pregnancy, abortion, etc. Therefore unilateral ligation is preferred to provide chronic placental
insufficiency. This procedure in guinea pigs is performed at mid-gestation. In about one-third of the
cases, fetal death occurred, in another third, fetuses with less than 60% of normal weight were observed

and in the remainder all fetuses were in the normal weight range. It produces fetuses that are growth
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restricted and chronically hypoxic ***. A related intervention is sheep, carunclectomy, in which the
maternal portion of the placentome — the multiple contact points between maternal and fetal blood
circulations in the placenta — are surgically removed from the uterus prior to pregnancy. This creates

IUGR in about half of pregnancies .

3.2.2. Nutrient restrictions

Interventions such as calorie intake restriction can cause [UGR and the effect depends on which
trimester of the pregnancy this occurs. A good example of this is the growth restrictions which
occurred during World War II Dutch famine. This study was done to examine the effects of maternal
intrauterine undernutrition on offspring birth weights in a cohort of women born between August 1944
and April 1946 in Amsterdam, The Netherlands °°. The decrease in the offspring's birth weights was
associated with famine exposure during the third trimester of pregnancy *°”***. This phenomenon has

been reproduced in several models involving rat, guinea pig, rabbit, and sheep *°2*.

Interestingly, it was reported that overfeeding in an adolescent pregnant ewe also results in [UGR. In
that study, the animals were split into 2 groups which were offered either a high or low quantity of a
complete diet which consisted of 30% coarsely milled hay, 50% barley, 10% molasses, 9% fishmeal,
0.3% salt, 0.5% dicalcium phosphate and 0.2% of a vitamin-mineral supplement and had an average
dry matter of 86%. Although not examined, it was suggested that when nutrient intakes are high, blood
flow to support maternal tissue synthesis is maintained at the expense of utero-placental blood flow,

resulting in reduced placental growth and functional development *%°

. In fact, in human adolescents
studies has been shown that continuing maternal growth at the time of conception is associated with a

significant but modest reduction in birthweight (about 100 g) in both primiparous and multiparous

2
mothers 2%,
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Moreover, nutrient restriction such as low protein or low sodium diets, have also been shown to affect
the growth of the fetus using animal models *°%. Fernandez-Twinn et al. investigated the role of the
endocrine system in I[UGR induced by low protein (LP) diet in rat model by measuring circulating
levels of several endocrine factors such as progesterone, insulin, prolactin in both maternal and fetal
plasma. They found that the LP mothers were hyperglycaemic at day 14 of pregnancy and this was
accompanied by an increase in their circulating insulin levels. Prolactin levels were also raised
significantly in the LP dams on day 14 of gestation compared with the controls, whereas progesterone
levels were reduced. Also, a significant decrease in maternal leptin levels was observed at gestation on
day 21. It has been suggested that maternal low protein intake during pregnancy affects nutrient
delivery to the fetus by downregulation of specific amino acid transport proteins *’. In a study on male
offspring of rat dams, it was shown that early growth restriction due to maternal protein restriction

leads to the development of diabetes later in life *'".

3.3. Environmental restrictions

Environmental factors have also been shown to influence pregnancy outcome. For instance, low birth
weight lambs born from sheep raised in hot conditions, a heat stress model of [IUGR was developed. In
this technique, animals are placed in a special chamber with daytime heat temperature of ~40 °C for 18
hours and ~35 °C for 6 hours each night with the humidity of 40-45%, from day 39 to 125 of gestation
and studied in a normo-thermic environment at day 135. With this method, average fetal weight was

decreased significantly to 53% of the control group >’

. Affected fetuses showed symptoms of brain
sparing (which is a physiological mechanism used by the fetus to increase delivery of oxygenated

blood to the brain at the expense of other organs), and umbilical and uterine blood flow were decreased

159,272
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3.4. Genetic interventions

Generally, genetic models of IUGR have been created in mice 2”°, due to the richness of the molecular
information available in this species and accessible embryonic stem cells. Early knockout models were
overly severe, and resulted in embryonic lethal phenotypes. For instance, systemic disruption of Tissue
Factor (also known as platelet tissue factor), factor III, thrombokinase, or CD142, resulted in fatal
wasting of mouse offspring after embryonic day 9.5 2’*. Also, heterozygous knocking out the vascular
endothelial growth factor (VEGF), a signal protein which is vital for angiogenesis, produces an
embryonic lethal phenotype *°. Alternative mouse models are now available, with conditional or
tissue-restricted knockout of specific genes such as the placental specific insulin-like growth factor 2
(IGF2) knockout mouse model. In this model, a transcript of the gene which is expressed only in the
placental labyrinthine trophoblast cells is deleted 276 This causes impaired placental growth from
embryonic day 12, and growth restriction in 96% of fetuses by embryonic day 16. Birth weight is
approximately 69% of wild type, although the pups did exhibit postnatal catch up growth. In fact,
impaired placental growth is seen earlier in gestation than reduced fetal growth, perhaps as a result of
escalated placental System A activity which may contribute to maintaining fetal growth (system A
transporter facilitates uptake of small non-essential neutral amino acids such as alanine, glycine, and

serine 27’

). When it becomes closer to term, the knockout placentas remain smaller, the System A
activity is nearer to normal and there is less passive permeability as well, all of which contribute to the

TUGR phenotype *’°. In contrast, in humans, the level of system A activity is associated with severity of

IUGR ¥,

Another mouse model is the systemic, knockout of endothelial nitric oxide synthase (eNOS) gene, an
enzyme which converts arginine to nitric oxide (NO) which is responsible for vasodilation *’*. This

results in impaired uterine artery function and reduced placental System A amino acid transporter
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activity. An asymmetric growth and a reduction in extraction of oxygen by the fetus are observed in

this model 2%,

Table 3: Some IUGR animal model species

Animal species

Advantage

Disadvantage

Small size and social nature
— easy to maintain and
relatively inexpensive
Short gestation —less time
and expense

Small size — makes it hard
to manipulate surgically
Imaging the fetus and
placenta is challenging
Less common laboratory
animal so specific

Mouse reagents/equipment more
expensive Differences
between human and mouse
physiology, though
generally well characterized
and understood

e  Short gestation, large litters e More expensive due to size

e Large enough for complex increase over mice

Rat surgical intervention

e  Useful for intergeneration
studies especially cognitive

e  Haemomonochorial e Longer gestation, larger
placenta and Extensive animal, smaller litters thus
trophoblast invasion more expensive

Guinea pig e Longer gestation — better e Less common laboratory

for therapeutic evaluation animal so specific

e  brain development more reagents/equipment —
like human than other more expensive
rodents

e sampling from both sides of e Placentation is not closely
the placental barrier in un- similar to human
anaesthetised and e Large animal facility
unstressed animal possible needed

e Sheep conceptus

Sheep physiology relevant to

human fetal physiology

Consistent gestation with
predominantly singleton
pregnancies

Good tolerance for in utero
manipulation

Non-human primates

Genetically, closest model
to human

Pregnancy characterised by
trophoblast invasion of the
spiral arteries

Longer gestation, larger
animal, smaller litters —
more expensive

Less common laboratory
animal so specific
reagents/equipment —
more expensive
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3.5. P57 “P? knock-out mouse model:

P57 4% s a paternally imprinted gene **, meaning that only the maternal allele is expressed and it is
present both in humans and mice. It can bind with different cyclin-cdk complexes and inhibit their

kP2 helongs to the Cip/Kip family, and shares homology with p21*" and

kinase activity in vitro. P57
p27Kip ! at the N-terminal domain (cdk-binding/inhibitory domain). Conversely, it distinguishes itself
from p21Cip "and p27Kip ! by its unique domains: a proline-rich domain and an acidic domain in mouse
P57"% and a PAPA domain in human P57 P 7% 2% The p57"P? molecule is expressed in a tissue-
specific manner in the placenta, skeletal muscle and heart. It can also be found in some other tissues
like central nervous system and cartilage 2”°2*2. Although there is a wealth of information proposing
that p5 7kip2 may be associated with tumor suppression, the data provided by Takahashi et al. showed
that p57kipz plays an essential role in mouse fetal development. Their results showed that p57ij2 may
function in the proper development of labyrinthine and spongiotrophoblasts by pathways that are not
involved with regulation of cdk activities. Moreover, there was no cancer predisposition in the mutant

kP2 is not simply responsible for tumorigenesis ***. On

mice so far examined, suggesting that loss of p57
the other hand, there have been some reports of its role as a tumor suppressor. Mutations of this gene
were observed among BWS (Beckwith—Wiedemann syndrome) patients. A reduction in its expression

in most of the cases of Wilms' tumour tissues, adrenal tumour tissues, and cultured adrenocortical cells

284-2
was also reported %%,

Generally, imprinted genes, including IGF-1I, H19 and p57Kip 2

, are related with trophoblastic disease
287290 Mice deficient in the p57<""* gene (p57KIP2—/—) have shown altered cell proliferation and
differentiation leading to abdominal muscle defects; cleft palate; endochondral bone ossification

defects with incomplete differentiation of hypertrophic chondrocytes resulting in dyspnea, renal

medullary dysplasia; adrenal cortical hyperplasia and cytomegaly; and lens cell hyperproliferation and
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apoptosis. Most of the p57Kip2-deﬁcient mice died within 24 h after birth, while about 10% of them
survived beyond the weaning period. Surviving mice exhibited severe growth restriction, immaturity of
testes and uterus, and vaginal atresia > 2*"* 2%, Kanayama's group reported that mice that are

heterozygote for a p57kip2 gene deletion (p57—/+) presented with PE-like symptoms *°'. A clear

disruption of normal architecture as well as an abnormal fibrin deposition in p57kip ? mutant placentas

was observed by Knox et al 2. They also reported a significant decrease in the thickness of the

labyrinth layer and evidence of extensive calcifications, indicative of decreased utero-placental blood

293

flow “”°. In addition, there was evidence of infarction, fibrin extravasation and fibrinoid necrosis

throughout the labyrinth of mutant placentas as well as increased numbers of nucleated RBCs are also

kip2 .
P~ deficient mouse model

identified . Conversely, that group as well as ours have found that the p57
does not develop preeclampsia features as it was observed by Kanayama group 1 We did however
find that there was an increased placental pathology, smaller litters *** and incidence of ITUGR. *°.

Furthermore, the p57°"* mutant mouse has gained strong support from the high incidence of placental
abnormalities which is considered to be one of the main etiologies of [UGR. As such, we chose to use

this model to determine the impact of exercise training on the development of [IUGR.
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Condensation: Exercise training can prevent intrauterine growth restriction via improvement of
placental pathology, angiogenesis and inflammation.

Short title: Exercise training prevents [UGR
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Abstract

Background: According to the WHO, intrauterine growth restriction (10% below normal fetal weight
for gestational age) affects 5-10% of human pregnancies and is a major cause of perinatal morbidity
and mortality worldwide. Preeclampsia, pregnancy induced hypertension and proteinuria, is one of the
major risk factors for IUGR. In our previous study on preeclampsia mouse model (mice which
overexpress human renin and human angiotensinogen), we found that exercise training before and
during pregnancy reduced maternal blood pressure, and prevented IUGR by improving placental
development.

Objective: The aim of this study was to investigate the beneficial effects of exercise training on
intrauterine growth restriction in an animal model without preeclampsia.

Study design: In this study, we used heterozygous knockout mice of the p57*"*

gene which is a cyclin-
dependent kinase inhibitor that regulates the cell cycle of trophoblastic cells and as such, normal
placental development. To investigate the role of exercise training we placed mice in cages with free
access to an exercise wheel 4 weeks prior to and throughout pregnancy. At the end of gestation, mice
were sacrificed to harvest and weigh fetus and placentas. All data are expressed as means = SE. One-
way ANOVA was used to determine the impact of exercise and genotype on most parameters, followed
by Tukey’s post hoc test when an interaction was detected. Placental pathology scores were analyzed
by non-parametric Kruskal-Wallis-tests.

kP2 knockout mice, reduced placental

Results: We confirmed the presence of [UGR in sedentary p57
mass, increased placental alteration as well as smaller litter size with increased numbers of necrotic
pups. Exercise training prevented intrauterine growth restriction as well as normalized litter size and

placental mass and alterations. The expression of the vascular endothelial growth factor, a key regulator

of angiogenesis required for normal placental development, was reduced in pregnant knockout
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sedentary mice and was normalized by exercise training. In contrast to data reported in our
preeclampsia model, the placental renin-angiotensin system in the knockout mice was found to be
normal and was unaffected by exercise training. Interestingly, we found that inflammatory markers in
the placenta (interleukin-1 and monocyte chemoattractant protein-1 mRNA) were elevated, in
sedentary knockout mice, which suggests that placental inflammation may contribute to the placental
pathology in this model, whereas this was not present in the trained mice.

Conclusion: Taken together, these results suggest that exercise training prevents intrauterine growth

restriction by improving angiogenesis, placental alterations and placental inflammation.

Key words: Exercise training, intrauterine growth restriction, p57 gene, knockout mice, placental

pathology, angiogenesis, inflammatory factors
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INTRODUCTION

Preeclampsia and intrauterine growth restriction (IUGR). Preeclampsia is characterized by the new
occurrence of high blood pressure (BP) and proteinuria, placental pathology and inflammation, and
IUGR (reviewed in **>%°). TUGR refers to a condition in which the estimated weight of the fetus is less
than 10% of what is expected for its gestational age with abdominal circumference below the 2.5th
percentile 27, Tt affects 5-10% of human pregnancies and is a major cause of perinatal morbidity and
mortality worldwide **®. According to the WHO, each year approximately 18 million (14%) babies are
born with [IUGR and they account for 60-80% of neonatal deaths™ ***. TUGR places the fetus at risk of
death and disease later in life such as, hypertension, cardiovascular disorders and renal disease 300-302

The factors that increase the risk of IUGR in humans include poor maternal nutrition, preeclampsia,
genetic and chromosomal factors (e.g. maternal and paternal imprinted genes, including p57kip2) 34, 40
IUGR and still birth in previous pregnancies 710,24 Currently, there are no standard prenatal therapies
which are designed to specifically improve fetal growth or reverse the complications of IUGR. The
only therapeutic avenues to prevent or minimize IUGR is by improving maternal nutrition, smoking
cessation, avoidance of drugs and control of maternal conditions such as hypertension and renal failure

142, 143 - . -
. Our research has focussed on the use of exercise training (ExT) to prevent and/or improve

IUGR 2%,

ExT impact on placental development. Human placental cell proliferation is enhanced in placentas

303

from active women during normal pregnancy compared to their sedentary counterparts °. Placentas

from exercise trained mothers are larger and show less alteration ***

. Moreover, ExT during pregnancy
was shown to decrease reactive oxygen species generation in human placenta which leads to reduced

oxidative stress **°. It was also reported that EXT increases circulating vascular endothelial growth

factor (VEGF) in pregnant rats which is important in placental angiogenesis *.
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Mouse models of preeclampsia and IUGR.

R'A" transgenic mice. The study of IUGR is challenging in humans as when it is detected, the

pregnancy is likely to be interrupted if growth restriction is severe or if the babies are mature enough to
have a better chance of developing ex utero. Our lab characterized a unique transgenic mouse model of
preeclampsia (mice which overexpress human renin and human angiotensinogen — R'/A" mice) in
which placental pathology and [IUGR were observed **”. Local renin-angiotensin systems (RAS), in the
placental and in the aorta, were found to be compromised in these mice, as well as placental
angiogenesis. ExT improved both maternal and fetal outcomes mainly via normalization of placental
and aortic RAS as well as angiogenic factors *'>. However, IUGR may have been improved indirectly
in these mice, by decreasing BP as it correlates with adequate placental blood perfusion needed for

normal placental development *'°.

p3 7" knockout _mouse model (p57”"). P575"* (also called cyclin-dependent kinase inhibitor 1C

(CDKNIC), p57 and Kip2) is a universal inhibitor of cyclin-dependent kinases. P57°'* is a protein
inhibitor that negatively regulates cell proliferation (arrests the cell cycle in G1 phase) and is encoded
by an imprinted gene. Mutations in p57 are associated with loss of cell cycle control and increased risk

of childhood cancers and congenital cellular overgrowth disorders, so it is a tumor suppressor candidate

Kip2-/+

280 Takahashi et al. 2000 generated a mouse model (p57 ) with a heterozygous deletion of this

gene *°. It was reported by Kanayama’s group that, when p57'/+ females were bred with p57'/ " males,

they developed preeclampsia like symptoms including hypertension, proteinuria, thrombocytopenia and

29

placental alterations *°'. Conversely, our research team and others have not been able to confirm

preeclampsia like symptoms in this mouse model, however, we did confirm placental alterations,

292,294

IUGR, reduced litter size and increased number of non-viable pups . The goal of the present study
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was to investigate the beneficial effects of ExT on IUGR without the presence of preeclampsia.

MATERIALS AND METHODS

Animals. Our experiments were performed on heterozygous p57kip2 knockout (KO) mice which were
provided by Dr. Keiichi I. Nakayama from Kyushu University, Fukuoka, Japan **®. These animals were
bred and maintained by backcrossing with C57BL/6 mice (strain code 027, Charles River, St.-Constant,
Quebec, Canada) as described previously ***. Mouse genotype was determined, as done previously by
Takahashi et al. *°. All animals, including the breeders, had access to water and standard Japanese
laboratory chow [CA-1 Japanese (JPN); CLEA Japan, Tokyo, Japan ad [libitum. Mice in these
experiments were 12—15 weeks of age and their care met the standards set forth by the Canadian
Council on Animal Care for the use of experimental animals. All procedures were approved by the

Animal Care Committee of the CHUM Research Centre. To investigate [IUGR, female p57"" or wild-

type (p57”") mice were time-mated with identical genotype male.

Exercise training (ExT). To investigate the role of EXT in our animal model, we put female p57'/+ mice
in cages with free access to a running wheel starting at 4 weeks prior to pregnancy, as described

212, 213

previously . Each cage was connected to a computer and the number of wheel revolutions was

counted to confirm running status (Compte-tour5, Aquila, Boucherville, Qc, Canada). The data were

then compiled and analyzed as done previously in different mouse models of preeclampsia *'* ",

Tissue collection and histology. On day 18 of gestation, mice were anesthetized with
ketamine/xylazine. Placentas and fetus were collected and weighed individually. Non-viable fetuses did
not have a detectable placenta. Placentas were then flash-frozen in liquid nitrogen or placed overnight

60



in 4% paraformaldehyde for fixation. The next day fixed placentas were rinsed with phosphate buffer
and embedded in paraffin. Placentas were cut cross-sectionally using a microtome. Sections were
stained with hematoxylin-phloxine-saffron to assess overall placental morphology. Embedding,
sectioning, and staining were performed by the Histology Platform of the Research Institute in
Immunology and Cancerology at the Universit¢ de Montréal.

Placental alterations were characterized by five criteria: necrosis, hyalinization, microcalcification,

cytotrophoblastic island loss, and loss of labyrinthine trophoblast structure, as described previously *'*

213,294 For each criterion, changes were assigned a score from 0 to 3, where 0 was the absence of, 1
was mild, 2 was moderate, and 3 was severe alteration. All scores were summed up for a total
evaluation of the placental pathology present. The pathologist scoring the placentas was blinded to the
genotype and training status of the mothers.

To evaluate the impact of maternal genotype and exercise training on placental and fetal growth, we
calculated total fetal and placental mass by adding the weights of all placentas and fetuses from each
litter.

Real-time PCR. Total RNA was extracted from placentas with Trizol (Invitrogen, Burlington, Ontario,
Canada) according to the manufacturer’s protocol. Removal of genomic DNA from total RNA and
reverse transcription was carried out as described previously *'***. Real-time PCR (qPCR; Rotor Gene
RG-3000; Corbett Research) was performed using Faststart SYBR Green Master fluorescent dye (04
673 492 001; ROCHE) and specific primers for vascular endothelial growth factor (VEGF),
Interleukin-1B (IL-1B) as well as Monocyte chemoattractant protein-1 (MCP-1). Gene levels were
expressed as values relative to S16. PCR Primer sequences are presented in Table 1.

Western Blot. Proteins were extracted from homogenized tissue using RIPA lysis buffer containing 50

mM HEPES pH 7.5, 137 mM NaCl, I mM MgCl2, 1 mM CaCl2, 2 mM Na3VO0O4, 10 mM Na,P,0-,

10 mM NaF, 2 mM EDTA, 1% NP-40, 34pg/mL PMSF, and added protease inhibitor cocktail tablets
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(11 836 153001; ROCHE). Protein concentrations were assessed by the Bradford method (500-0006;
Bio-Rad) Placental protein samples were separated by electrophoresis and transferred onto
nitrocellulose membranes. RAS proteins were detected with Anti-Mas receptor (Alomone Labs,
Jerusalem, Israel) and anti-human/mouse angiotensin-converting enzyme 2 (ACE2; R&D systems,
MN, USA), using enhanced chemiluminescence West Pico kits (34080; Thermo-Scientific, MA, USA).
Total protein content was calculated using the Image-J software (NIH) according to protein band
intensity, and was normalized to a-tubulin protein expression (ab4074; Santa Cruz Biotechnology,
Texas, USA).

Drugs. The following drugs were purchased for mouse anesthesia: ketamine (Bimeda-MTC,
Cambridge, Ontario, Canada) and xylazine (Bayer, Toronto, Ontario, Canada).

Statistical analysis. All data were expressed as means + SE. One-way ANOVA was used to determine
the impact of ExT and genotype on most parameters, followed by Tukey’s post hoc test when an
interaction was detected. Placental pathology scores were analyzed by non-parametric Kruskal-Wallis-

tests.

RESULTS

Maternal weight gain. In our previous study of p57 KO mice, we found that maternal weight at the end

294

of pregnancy was not significantly different from WT mice “". The present study confirmed that

maternal weight was not different between the three groups of mice (Table 2).

IUGR is prevented by ExT. In previous studies in p57 KO mice, fetal mass was found to be

significantly decreased and correlated with increased placental alterations 39,294

. In the present study we
confirmed a significant reduction in total fetal mass in p57”" sedentary litters compared to their WT
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counterparts (p<0.01) which was completely normalized by ExT (Table 3; p<0.05).

Litter size and non-viable pups are normalized by ExT. We previously reported that litter size was
reduced and the number of non-viable pups was significantly increased in p57 KO mice compared to
WT mice ***. The litter sizes in the present study varied from 8-12 pups in WT, 3-7 pups in KO
sedentary and 6-11 pups in KO ExT (Table 3). Hence, EXT normalized litter size in pS7 KO mice

(p<0.05) whereas non-viable pup number was no longer significantly different from the WT.

Placental pathology and mass is normalized by ExT. We previously reported that p57"" KO mice

exhibited placental pathology and, as a result, decreased placental mass 294

. In the present study, we
confirmed that p57'/+ KO mice had increased placental alterations which mainly resulted from
cytotrophoblastic island loss (CIL) (p<0.005) and an increased total placental alteration in KO
sedentary mice (p<0.01; Table 4). We also found that, as previously reported, placental mass was
decreased in the KO mice. Interestingly, ExT completely normalized CIL (p<0.001) and total placental
alterations where no longer different from the WT animals (Table 4). Consequently, placental mass
was normalized (Table 3; p<0.05). The other placental alteration criteria (necrosis, hyalinization,

microcalcification and loss of labyrinthine trophoblast structure) were not significantly altered by the

genotype nor by ExT (Table 4).

Placental angiogenesis in p57 KO mice is normalized by Ext. We found that VEGF expression is
reduced in p57 KO sedentary mice (p<0.005) compared to WT sedentary mice, and that ExT

normalized VEGF mRNA expression (Figure 1; p<0.005).

Placental inflammation in p57 KO mice is normalized by Ext. In the present study, we measured
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mRNA expression of 2 inflammatory factors. We found that placental IL-1f and monocyte
chemoattractant protein-1 (MCP-1) mRNA expression were significantly increased in the p57 KO
sedentary vs. WT sedentary by 70% and 68% respectively (Figure 2A and 2B; p<0.05). ExT
normalized the MCP-1 expression levels (Figure 2B; p<0.02), while IL-18 was no longer different

from the WT mice (Figure 2A).

Local placental RAS and Ext. We previously found that in a preeclampsia mouse model, placental
RAS, both MAS-receptor and ACE2 protein, was found to be decreased and ExT was able to partially
normalize these effects as MAS-R was reduced by ACE2 was unchanged *'*. In contrast, in the present
study, we found no difference in the above 2 components of the local placental RAS between p57 KO
sedentary and WT mice (Figure 3). In addition, EXxT had no effect on the expression of ACE2 and

MAS-R (Figure 3).

COMMENT

Kip2-/+ 294

In this second study on the p57 mouse model, in agreement with our previous study “, we
confirmed the presence of IUGR, increased placental alterations as well as decreased placental mass
and litter size and increased number of non-viable pups. We found that, similarly to what we previously
found in preeclampsia animal models *'* 2", ExT in the p57Kipz'/+ mice had significant beneficial effects
by normalizing the above placental and fetal parameters.

In R"A" mice, the beneficial effects of EXxT on preeclampsia may have resulted from regulation

of the local renin-angiotensin system (RAS) 212

. Indeed, a decrease in the protein expression of Mas-R
and ACE2 in placenta of preeclamptic mice was reported *'* which would reduce the effects and

production of Angiotensin-(1-7) whose effects oppose those of Angiotensin II which has been
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implicated in the development of placental alterations through mediation of oxidative stress,

309-311

inflammation and vasoconstriction . In contrast, the local placental RAS was not found to be

7RP2 mice, perhaps because preeclampsia was not present, nor was it affected by ExT.

impaired in p5
This suggests that the placental alterations observed in this model are not as a result of modulation in
the RAS. Also, in p57Kip2'/ " mice, the beneficial effects of ExT on pup and fetal parameters cannot be
explained by improvements in maternal BP as it was the case in other preeclampsia mouse models as

we had previously demonstrated *'% 2"

We suggest that the [IUGR and reduced litter size observed in p575ip2 7

sedentary mice, as well
as the significant elevation in the number of non-viable fetuses, result from placental insufficiency, as
the placental mass was clearly reduced and placental alterations were evident. We also noted

significant improvement in placental mass, as well as in placental alterations in the trained mice, which

is in line with our hypothesis that ExT improves placental function and development.

The noticeable decline in angiogenesis, as assessed by VEGF gene expression, in the placentas
of the p57%""*"* sedentary mice, is in accordance with previous data from our laboratory and others

which have shown a correlation between decreases in placental VEGF expression levels and TUGR *'*

31 The reduction in the placental VEGF level is typically associated with increased soluble fms-like
tyrosine kinase (sFIt-1) expression and preeclamptic syndrome, and is considered a biomarker for
predicting preeclampsia *'>. Therefore, we propose that the reduced expression of VEGF in the placenta
of p57Kip2'/+ mice could be responsible for the impaired development of vessels and villi of the
placentas, as observed histologically by the increased CIL, which would lead to placental insufficiency.
Interestingly, the VEGF expression was completely normalized by EXT in our study. It appears that

regular maternal exercise is beneficial for placental and fetal growth as it diverts blood toward muscle

and skin and thus creates a short-lived hypoxic environment which is needed for the secretion of VEGF
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316.317 Hence, the fact that EXT upregulated VEGF expression, increased placental mass and prevented
placental pathology is in line with the literature regarding the benefits of ExT on placental perfusion
and development in normal pregnancy '**2%.

Along with other reports of increased inflammatory factors in [IUGR **°, we found increased
gene expression of IL-1p. Abnormally high placental and serum levels of IL-1p are associated with
pregnancy complication, such as preeclampsia and [UGR *'®. This, along with the increase in MCP-1
observed in our study, may result in a proinflammatory environment. IL-18 has been demonstrated to
promote functional changes in endothelial cells which include oxidative stress, secretion of
vasoconstrictors as well as microthrombis and infarction which may all contribute to a dysfunctional

319

placenta *°. In addition, as low grade inflammation has been related to insulin resistance in other

320 it may also contribute to the development of [IUGR in our model by reducing availability of

tissues
nutrients to the placenta and as a result, the fetus. Interestingly, maternal ExT normalized MCP-1 and
prevented the increase in IL-1B. This is in line with previous studies which have shown that EXT can
reduce pro-inflammatory factors in a non-pregnant state >

ExT before and throughout pregnancy has been shown to increase the villous area and vascular

volume in the human placenta, suggesting improved placental perfusion and transport capacity '*. I

n
our study, we demonstrated that trained mice had significantly increased total placental and fetal mass
by 55% and 46%, respectively, which may result from an increased trophoblast function stimulated by
ExT (Figure 4).

Cardiovascular benefits associated with voluntary ExT in rodents have been demonstrated, such

. e . 22-32
as increased VO2max and diminished adverse vessel remodeling ***7%

, and similar improvements have
been observed in humans with aerobic exercise programs *2°. This suggests that the beneficial effects of

ExT on IUGR described in our mouse models may be translatable to the clinic to pregnant women,

although studies will need to be conducted to confirm this finding. Furthermore, the molecular
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mechanisms by which EXT can protect against IUGR and placental pathology require further
investigation. [IUGR can results from complications due to several diseases and syndromes, such as
preeclampsia *°. and infections like rubella %, cytomegalovirus *° and herpes virus *'. As no specific
treatment for [IUGR and placental pathology are currently available in medical practices, our study,

which shows the beneficial effects of exercise training on this condition, is an important advance.
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TABLES

Table 1: Primer sequences

Primers Forward (5'-3)

Reverse (5'-3")

S16 ATC TCA AAG GCC CTG GTA GC
VEGF CAG GCT GCT GTA ACG ATG AA
IL-1B CCTTCCAGGATG AGG ACA TGA

MCP-1 ATT GGG ATCATCTTG CTIG GT

ACA AAG GTA AAC CCC GAT CC

GCATTC ACA TCT GCT GTG CT

AAC GTC ACA CAC CAG CAG GTIT

CCT GCT GTT CACAGTTGC C

Table 2: Maternal weight is similar in sedentary and trained mice

Training Mother’s Maternal weight(g) Maternal weight(g)
genotype (baseline) (end of gestation)
p577" 21.4%0.6 37.0£1.6
Sedentary
p57*" 19.8+0.7 34.0+1.3
ExT p57"" 21.0£0.9 36.3+1.3

N=6-7/group; values are expressed as mean + SE.
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Table 3: ExT normalizes IUGR, placental mass and litter size

Training status Mother’s genotype Fetal mass (mg) Placental mass (mg) Pups/litter Non-viable fetuses

pS77" 6.7+ 0.4 1.6+0.1 9.6+ 0.6 0£0
Sedentary ) )
p57" 3.9+0.5 0.6+0.1 5.6+0.6 0.8+0.2"
ExT p57" 58+0.7 1.0+0.1" 8.2+ 0.9% 0.4+0.2

Values are expressed as mean + SE. * p<0.05 significantly different from KO sedentary; + p<0.05 significantly different from p57 ** mice.
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Table 4: Exercise training normalizes placental pathology observed in p57 -/+ (KO) mice

Total
Necrosis Hyalinization Microcalcification CIL LLTS

Pathology

Training  Mother’s

N Mdn 75% Mdn 75% Mdn 75% Mdn 75% Mdn 75% Mdn 75%

status genotype

p577 11 0 1 0 1 0 0 0 0 0 1 1 3
Sedentary

p57" 10 0 1 1 2 2 2 1T 2 1 1 4% 7
ExT p57" 10 1 1 0 2 1 1 0* 0 0 1 2 4

Placental scores for each parameter are expressed as median and 75th percentile. CIL, cytotrophoblastic island loss; LLTS, loss of
labyrinthine trophoblast structure; Mdn, median; Total Pathology is the average value of all the different pathologies measured. * p<0.05

significantly different from KO sedentary; + p<0.05 significantly different from p57 " mice
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FIGURE LEGENDS

Figure 1. Placental VEGF mRNA expression is normalized in p57+/ “mice by ExT.

We found a significant decrease in VEGF in KO sedentary compared to WT sedentary group
while EXT normalized this parameter (n= 10-14/ group). Values are expressed as mean + SE. *
++

p<0.05 significantly different from KO sedentary; T p<0.05 significantly different from p57

mice. VEGF, vascular endothelial growth factor; KO, knockout; ExT, exercise training

Figure 2. Inflammatory factors are increased with IUGR and normalized by ExT. We
found that both interleukin-18 (IL-1B; panel A) and the monocyte chemoattractant protein-1
(MCP-1; panel B) mRNA expression were significantly increased in the placenta of p57 " mice.
Conversely, EXxT normalized MCP-1 expression (B) and IL-18 (A) was no longer significantly
different from the WT mice. Values are expressed as mean + SE, n=10-13/ group. * p<0.05
significantly different from KO sedentary; § p<0.05 significantly different from p57 ™ mice.

ExT, exercise training; KO, knockout; WT, wild-type.

Figure 3. Local placental RAS is similar in not modulated in our mouse model and by ExT.
Placental Mas receptor (Mas-R) and angiotensin-converting enzyme 2 (ACE2) protein were
similar in all groups. Values are expressed as mean + SE, n=6-8/ group. RAS, renin-angiotensin

system; KO, knockout; ExT, exercise training; WT, wild-type.

Figure 4. Mechanisms implicated in the effects of ExT on fetal outcome.
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Figure 2. Placental IL-1p (panel A) and MCP-1 (panel B) mRNA expression
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Fig 4. Effect of Exercise Training (ExT) on Pup Outcomes
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Chapter 3:

Discussion



Discussion

To our knowledge, we are the first group to study the effects of exercise training (ExT) on
intrauterine growth restriction (IUGR). Our mouse model was heterozygous knockout (KO) of
p57""? gene (p577). Indeed, the homozygous deletion of this gene is lethal *'. P57°P? which is a
paternally imprinted gene ** was shown to have an essential role in the proper development of
labyrinthine and spongiotrophoblasts ***. It was demonstrated by Kanayama et al that p57”" mice
show preeclampsia-like symptoms such as hypertension, proteinuria, thrombocytopenia, and
excess trophoblast proliferation. *°'. Nonetheless, our research team and others have not found

292,294 . . . o
92:294 and instead in our previous study on p57”" mice we observed

this syndrome in p57”" mice
placental pathology and intrauterine growth restriction ***. In fact, existence of placental
pathology such as altered cytotrophoblast proliferation, trophoblast apoptosis, fibrin deposition,

syncytial knotting and bridging, and enhanced villous maturation were reported by other groups

in IUGR babies **.

In the present study, we confirmed the presence of IUGR in this mouse model as the average
fetal weight in the sedentary p57'/+ litters was significantly decreased by 41% compared to the
control group. We suggest that the remarkable growth restriction observed in this mouse model
and the reduced litter size as well as the significant elevation in the number of nonviable fetus,
are as a result of placental insufficiency, because similar changes to fetal weights were found in
placenta as the average placental weight was decreased by 40%. Along with this observation in
placenta, we noted an augmentation in cytotrophoblastic island loss in the placenta of sedentary
KO mothers compared to their wild-type counterparts. Other placenta criteria, consisting

microcalcification, necrosis, cytotrophoblastic island loss, hyalinization and loss of labyrinthine
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trophoblastic structure, were not significantly changed, although tended to increase, suggesting
the observed placental pathology in this mouse model is mainly due to the cytotrophoblastic loss.
In addition, the total placental pathology was noticeably increased in the KO mice. Interestingly,
all the mentioned fetal and placental parameters were significantly improved with ExT, except
for the number of non-viable fetuses. These results propose that ExT can improve IUGR via
increasing the placental mass, and reducing the placental pathology. However, ExT may not
prevent fetal death, although it was tended to be decreased. These findings were in line with the
literature stating Women who start training in early pregnancy have elevated placental volumes
and growth rates '*, as well as a decreased fraction of non-functional tissue and an increased
volume of villous tissue '™ and also with our previous study on the transgenic preeclampsia
mouse model (R+A+) where a significant improvement of the placental pathology as well as an
increase in placental mass in the trained mice was identified *'*. However, this might not be the
direct effect of exercise training as we noticed a reduction in blood pressure as well as
modulation of some of the renin-angiotensin system (RAS) components, like decreased Mas
receptor (Mas-R) and angiotensin converting enzyme 2 (ACE2) in the placentas of pre-eclamptic

. . . . . . . 212
mice and their normalization in the trained mice

. This would increase the sensitivity and
production of Angiotensin-(1-7) whose effects oppose those of Angiotensin II (Angll), which is
development of placental alterations through mediation of oxidative stress, inflammation and

vasoconstriction 231!,

In the present study, we also evaluated some components of the renin-angiotensin system (RAS)
in the placenta. Interestingly, no difference in the placental Mas R and ACE2 protein expression
between the KO and WT mice was observed, which proves that local placental RAS was not

impaired in these mice, and it was not modulated by ExT which shows that the beneficial effects
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of ExT on maternal and pup parameters cannot be explained by improvements in the local

placental RAS.

Placentation includes extensive angiogenesis in maternal and fetal placental tissues,
accompanied by a marked increase in uterine and umbilical blood flows **"*. Vascular growth,
or angiogenesis, is indeed a major component of the increase in placental blood flow throughout

327,331,332

gestation and thus, reduced placental vascular development and increased vascular

resistance have been associated with early embryonic mortality **>>**.
Vascular endothelial growth factor (VEGF) is a homodimeric glycosylated heparin-binding

335,336

glycoprotein . It is particularly known to promote angiogenesis and also can promote

activation of eNOS (endothelial nitric oxide synthase) in uterine artery endothelium *’.

VEGEF is expressed in several organs such as the heart, kidney, brain and lung. It has also been
identified in endometrium *** and in the placenta it has been identified in cytotrophoblast in first
trimester and then in syncytiotrophoblast throughout the remainder of pregnancy **°.

It was shown by Lyall et al and that VEGF expression in placental villous tissue in pre-eclampsia
and intrauterine growth restriction is suppressed **’. In view of the placental pathological
features of IUGR, especially impaired vascular development, and the known angiogenic effects
of VEGF, we were interested to measure expression of this gene in placentas of our study
groups. The noticeable decline that we observed in the level of VEGF gene expression in
placentas of the p57”" sedentary mice was in line with the other studies that found the correlation
between decrease in the VEGF level and TUGR *'***’ The reduction in the VEGF level is
typically associated with an increase in soluble fms-like tyrosine kinase (sFlt-1) expression and
decline in the amount of VEGF may cause pre-eclamptic syndrome features. Also, VEGF is an

angiogenic growth factor which is expressed in a temporal and spatial manner throughout
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gestation > it is possible that the reduced VEGF expression observed in this study is linked to
the abnormal vascular development in [UGR. Therefore, we propose that the reduced expression
of VEGF in placenta may be responsible for the impaired development of vessels and villi of the
placentas from IUGR pregnancies, which leads to placental insufficiency.

VEGF is known to be upregulated by hypoxia **', hence, it would seem likely that if the
placentas in the present study, were hypoxic then upregulation of VEGF would be anticipated.
Interestingly, the VEGF expression was completely normalized by exercise training in our
study. It appears that exercise training may provide the hypoxic environment for the placenta
which is needed for the secretion of angiogenic factors, like VEGF *!”. Thus, the fact that the up-
regulation of VEGF and placental alteration were increased and reduced respectively by training
is in line with the literature regarding the benefits of exercise training on placental perfusion and
development in normal pregnancy.

Abnormally high placental and serum levels of IL-1f are associated with pregnancy
complication, such as preeclampsia and TIUGR *'*. Along with other reports of increased

226 we found increased gene expression of interleukin-1p (IL-1).

inflammatory factors in [IUGR
IL-1pB is a member of the interleukin 1 family of cytokines. This cytokine is an important
mediator of the inflammatory response, and is involved in a variety of cellular activities,
including cell proliferation, differentiation, and apoptosis. There is data showing that IL-1 can
destroy the cell-cell junction in placenta **. Moreover, increased level of IL-1p in the placenta of
pre-term mice was found **. According to one study, increased systemic maternal or placental

IL-1B level was shown to contribute to insulin resistance ***

. Thus, the significantly elevated
levels of IL-1P observed in our study may attenuate the effects of maternal insulin on placental

function and consequently reduces the fetal growth.
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We also studied the mRNA gene expression of MCP-1 (monocyte chemoattractant protein-1)
which is a known chemoattractant responsible for the migration of monocytes/macrophages and
involved in the pathogenesis of chronic inflammation ** **¢, IL-1p is known to induce MCP-1

1°*®. Our data is in line with the literature because

synthesis and also it is upregulated by MCP-
along with the increase in IL-1, we also detected a rise in the placental MCP-1 mRNA
expression, suggesting that increased inflammation is another possible mechanism for the

decreased placental sufficiency observed in the p57<P*"*

mouse model. MCP-1 expression was
completely normalized by ExT. This data proves that ExT could partially control inflammation
in the placenta of our mouse model.

ExT before and throughout pregnancy has been shown to increase the villous area and
vascular volume in the human placenta, suggesting improved placental perfusion and transport
capacity '*’. We have shown that all our trained mice had significantly increased total placental
and fetal mass by 46% and 55%, respectively, which may result from an increased trophoblast
function stimulated by ExT.

Cardiovascular benefits associated with voluntary ExT in rodents have been demonstrated, such
as increased VO2max, diminished BP as well as diminished adverse vessel remodeling 322-325 ,
and similar improvements have been observed in humans with aerobic exercise programs >%.
This suggests that the beneficial effects of ExT on IUGR described in our mouse models may be
translatable to the clinic for pregnant women, although studies will need to be conducted to
confirm this finding. Furthermore, the molecular mechanisms by which exercise training can
protect against [IUGR and placental pathology require further investigation. [UGR can results

. . . .4
from complications due to several diseases and syndromes, such as preeclampsia *°. and

infections like rubella *° cytomegalovirus *° and herpes virus *' No specific treatment for [UGR
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and placental pathology are currently in medical practices. Our study, which shows the beneficial

effects of exercise training on this situation, is an important advance.

82



References

1. AUCOTT SW, DONOHUE PK, NORTHINGTON FJ. Increased morbidity in severe early
intrauterine growth restriction. Journal of perinatology : official journal of the California
Perinatal Association 2004;24:435-40.

2. PELEG D, KENNEDY CM, HUNTER SK. Intrauterine growth restriction: identification and
management. American family physician 1998;58:453-60, 66-7.

3. DETER RL. Individualized growth assessment: evaluation of growth using each fetus as
its own control. Seminars in perinatology 2004;28:23-32.

4. GARDOSIJ, FRANCIS A. A customized standard to assess fetal growth in a US population.
American journal of obstetrics and gynecology 2009;201:25.e1-7.

5. UNICEEF. State of the World’s Children 2005. New York. UNICEF, 2004.

6. BERNSTEIN ISGG. Intrauterine growth restriction. Obstetrics: normal and problem
pregnancies Third edition. New York Churchill Livingstone, 1996 (vol ).

7. OUNSTED M, MOAR VA, ScOTT A. Risk factors associated with small-for-dates and large-
for-dates infants. British journal of obstetrics and gynaecology 1985;92:226-32.

8. WEN SW, GOLDENBERG RL, CUTTER GR, HOFFMAN HJ, CLIVER SP. Intrauterine growth
retardation and preterm delivery: prenatal risk factors in an indigent population.
American journal of obstetrics and gynecology 1990;162:213-8.

9. KEYES LE, ARMAZA JF, NIERMEYER S, VARGAS E, YOUNG DA, MOORE LG. Intrauterine
growth restriction, preeclampsia, and intrauterine mortality at high altitude in Bolivia.

Pediatric research 2003;54:20-5.

83



10.

11.

12.

13.

14.

15.

16.

17.

ALBERRY M, SOOTHILL P. Management of fetal growth restriction. Archives of disease in
childhood Fetal and neonatal edition 2007;92:F62-7.

BAMFO JE, ODIBO AO. Diagnosis and management of fetal growth restriction. Journal of
pregnancy 2011;2011:640715.

STEIN AD, ZYBERT PA, VAN DE BOR M, LUMEY L. Intrauterine famine exposure and body
proportions at birth: the Dutch Hunger Winter. International journal of epidemiology
2004;33:831-36.

MITCHELL EA, ROBINSON E, CLARK PM, et al. Maternal nutritional risk factors for small
for gestational age babies in a developed country: a case-control study. Archives of
Disease in Childhood - Fetal and Neonatal Edition 2004;89:F431-F35.

GLINIANAIA SV, SKJAERVEN R, MAGNUS P. Birthweight percentiles by gestational age in
multiple births. A population-based study of Norwegian twins and triplets. Acta
obstetricia et gynecologica Scandinavica 2000;79:450-8.

ANANTH CV, VINTZILEOS AM, SHEN-SCHWARZ S, SMULIAN JC, LA1 YL. Standards of
birth weight in twin gestations stratified by placental chorionicity. Obstetrics and
gynecology 1998;91:917-24.

SKRABLIN S, KUVACIC I, PAvICIC D, KALAFATIC D, GOLUZA T. Maternal neonatal
outcome in quadruplet and quintuplet versus triplet gestations. European journal of
obstetrics, gynecology, and reproductive biology 2000;88:147-52.

DEJIMEK J, SOLANSK Y I, PODRAZILOVA K, SRAM RJ. The exposure of nonsmoking and
smoking mothers to environmental tobacco smoke during different gestational phases and

fetal growth. Environmental health perspectives 2002;110:601-6.

84



18.

19.

20.

21.

22.

23.

24.

25.

26.

KALLEN K. Maternal smoking during pregnancy and infant head circumference at birth.
Early human development 2000;58:197-204.

MENACKER F, MARTIN JA, MACDORMAN MF, VENTURA SJ. Births to 10-14 year-old
mothers, 1990-2002: trends and health outcomes. National vital statistics reports : from
the Centers for Disease Control and Prevention, National Center for Health Statistics,
National Vital Statistics System 2004;53:1-18.

LENDERS C.M. TFM, T.O. SCcHOLL. Nutrition in adolescent pregnancy. Curr Opin Pediatr
2000;12(3):291-96.

Fetal alcohol syndrome--South Africa, 2001. MMWR Morbidity and mortality weekly
report 2003;52:660-2.

BATEMAN DA, NG SK, HANSEN CA, HEAGARTY MC. The effects of intrauterine cocaine
exposure in newborns. American journal of public health 1993;83:190-3.

Lam SK, To WK, DUTHIE SJ, MA HK. Narcotic addiction in pregnancy with adverse
maternal and perinatal outcome. The Australian & New Zealand journal of obstetrics &
gynaecology 1992;32:216-21.

ERGAZ Z, AVGIL M, ORNOY A. Intrauterine growth restriction—etiology and
consequences: What do we know about the human situation and experimental animal
models? Reproductive Toxicology 2005;20:301-22.

ZHu BP, RoLFs RT, NANGLE BE, HORAN JM. Effect of the interval between pregnancies
on perinatal outcomes. The New England journal of medicine 1999;340:589-94.
McCULLOUGH RE, REEVES JT, LILJEGREN RL. Fetal growth retardation and increased

infant mortality at high altitude. Obstetrical & gynecological survey 1977;32:596-8.

85



27.

28.

29.

30.

31.

32.

33.

34.

MOORE LG, ZAMUDIO S, ZHUANG J, SUN S, DROMA T. Oxygen transport in tibetan
women during pregnancy at 3,658 m. American journal of physical anthropology
2001;114:42-53.

MOORE LG, YOUNG D, MCCULLOUGH RE, DROMA T, ZAMUDIO S. Tibetan protection
from intrauterine growth restriction (IUGR) and reproductive loss at high altitude.
American journal of human biology : the official journal of the Human Biology Council
2001;13:635-44.

SAAD DE OWENS C, TRISTAN DE ESPINO R. Rubella in Panama: still a problem. The
Pediatric infectious disease journal 1989;8:110-5.

BUCHHEIT J, MARSHALL GS, RABALAIS GP, DOBBINS GJ. Congenital cytomegalovirus
disease in the Louisville area: a significant public health problem. The Journal of the
Kentucky Medical Association 1994;92:411-5.

PREECE PM, BLOUNT JM, GLOVER J, FLETCHER GM, PECKHAM CS, GRIFFITHS PD. The
consequences of primary cytomegalovirus infection in pregnancy. Archives of disease in
childhood 1983;58:970-5.

HOHLFELD P, MACALEESE J, CAPELLA-PAVLOVSKI M, et al. Fetal toxoplasmosis:
ultrasonographic signs. Ultrasound in obstetrics & gynecology : the official journal of the
International Society of Ultrasound in Obstetrics and Gynecology 1991;1:241-4.
FLEMING A. AIDS in Africa—an update. AIDS Forsch 1988;3(3):116-38.

Kotzot D, LURIE IW, MEHES K, WERDER E, SCHINZEL A. No evidence of uniparental
disomy 2, 6, 14, 16, 20, and 22 as a major cause of intrauterine growth retardation.

Clinical genetics 2000;58:177-80.

86



35.

36.

37.

38.

39.

40.

41.

42.

43.

DEVRIENDT K. Genetic control of intra-uterine growth. European journal of obstetrics,
gynecology, and reproductive biology 2000;92:29-34.

HANNULA K, LIPSANEN-NYMAN M, KRISTO P, et al. Genetic screening for maternal
uniparental disomy of chromosome 7 in prenatal and postnatal growth retardation of
unknown cause. Pediatrics 2002;109:441-8.

CETIN I, FOIDART JM, M10zZ0 M, et al. Fetal growth restriction: a workshop report.
Placenta 2004;25:753-7.

HATADA I, MUKAI T. Genomic imprinting of pS7KIP2, a cyclin-dependent kinase
inhibitor, in mouse. Nature genetics 1995;11:204-6.

TAKAHASHI K, NAKAYAMA K-1, NAKAYAMA K. Mice Lacking a CDK Inhibitor, p5S7Kip2,
Exhibit Skeletal Abnormalities and Growth Retardation. Journal of Biochemistry
2000;127:73-83.

CHADDHA V, VIERO S, HUPPERTZ B, KINGDOM J. Developmental biology of the placenta
and the origins of placental insufficiency. Seminars in fetal & neonatal medicine
2004;9:357-69.

REDMER DA, WALLACE JM, REYNOLDS LP. Effect of nutrient intake during pregnancy on
fetal and placental growth and vascular development. Domestic animal endocrinology
2004;27:199-217.

BELL AW, EHRHARDT RA. Regulation of placental nutrient transport and implications for
fetal growth. Nutrition research reviews 2002;15:211-30.

FOWDEN AL, GIUSSANI DA, FORHEAD AJ. Endocrine and metabolic programming during

intrauterine development. Early human development 2005;81:723-34.

87



44,

45.

46.

47.

48.

49.

50.

51.

52.

REYNOLDSs LP, BorowiCZ PP, VONNAHME KA, et al. Placental angiogenesis in sheep
models of compromised pregnancy. The Journal of physiology 2005;565:43-58.
RAPPAPORT R. Fetal growth in pediatric endocrinology: physiology, pathophysiology and
clinical aspects. Second edition. Baltimore , MD: Williams and Wilkins; Number of
pages.

KHONG TY, DE WOLF F, ROBERTSON WB, BROSENS I. Inadequate maternal vascular
response to placentation in pregnancies complicated by pre-eclampsia and by small-for-
gestational age infants. British journal of obstetrics and gynaecology 1986;93:1049-59.
PIUNENBORG R, VERCRUYSSE L, HANSSENS M. The uterine spiral arteries in human
pregnancy: facts and controversies. Placenta 2006;27:939-58.

FiScHER DA. Endocrinology of fetal development. Williams Textbook of Endocrinology,
9th ed. Philadelphia: Saunders, 1998.

GLAZIER JD, CETIN I, PERUGINO G, et al. Association between the activity of the system
A amino acid transporter in the microvillous plasma membrane of the human placenta
and severity of fetal compromise in intrauterine growth restriction. Pediatric research
1997;42:514-9.

K. BENIRSCHKE KP. Architecture of normal villous tree. Pathology of the human placenta
(4th ed). New York: Springer-Verlag, 2000.

HUPPERTZ B. The anatomy of the normal placenta. Journal of clinical pathology
2008;61:1296-302.

JAFFE R, JAUNIAUX E, HUSTIN J. Maternal circulation in the first-trimester human
placenta--myth or reality? American journal of obstetrics and gynecology 1997;176:695-

705.

88



53.

54.

55.

56.

57.

58.

59.

JAUNIAUX E, GULBIS B, BURTON GJ. The human first trimester gestational sac limits
rather than facilitates oxygen transfer to the foetus--a review. Placenta 2003;24 Suppl
A:S86-93.

P. BKK. athology of the Human Placenta. New York, NY, USA: Springer; Number of
pages.

MCINTYRE HD, SEREK R, CRANE D], et al. Placental growth hormone (GH), GH-binding
protein, and insulin-like growth factor axis in normal, growth-retarded, and diabetic
pregnancies: correlations with fetal growth. The Journal of clinical endocrinology and
metabolism 2000;85:1143-50.

ScIFRES CM, NELSON DM. Intrauterine growth restriction, human placental development
and trophoblast cell death. The Journal of physiology 2009;587:3453-8.

ISHIHARA N, MATSUO H, MURAKOSHI H, LAOAG-FERNANDEZ JB, SAMOTO T, MARUO T.
Increased apoptosis in the syncytiotrophoblast in human term placentas complicated by
either preeclampsia or intrauterine growth retardation. American journal of obstetrics and
gynecology 2002;186:158-66.

ATHAPATHU H, JAYAWARDANA MA, SENANAYAKA L. A study of the incidence of
apoptosis in the human placental cells in the last weeks of pregnancy. Journal of
obstetrics and gynaecology : the journal of the Institute of Obstetrics and Gynaecology
2003;23:515-7.

CROCKER IP, COOPER S, ONG SC, BAKER PN. Differences in apoptotic susceptibility of
cytotrophoblasts and syncytiotrophoblasts in normal pregnancy to those complicated with
preeclampsia and intrauterine growth restriction. The American journal of pathology

2003;162:637-43.

89



60.

61.

62.

63.

64.

65.

66.

67.

KAUFMANN P, LUCKHARDT M, SCHWEIKHART G, CANTLE SJ. Cross-sectional features and
three-dimensional structure of human placental villi. Placenta 1987;8:235-47.

HUPPERTZ B, FRANK HG, KINGDOM JC, REISTER F, KAUFMANN P. Villous cytotrophoblast
regulation of the syncytial apoptotic cascade in the human placenta. Histochemistry and
cell biology 1998;110:495-508.

LEvVY R, SMITH SD, YUSUF K, et al. Trophoblast apoptosis from pregnancies complicated
by fetal growth restriction is associated with enhanced p53 expression. American journal
of obstetrics and gynecology 2002;186:1056-61.

SMmiITH SC, BAKER PN, SYMONDS EM. Increased placental apoptosis in intrauterine
growth restriction. American journal of obstetrics and gynecology 1997;177:1395-401.
LEUNG DN, SMITH SC, To KF, SAHOTA DS, BAKER PN. Increased placental apoptosis in
pregnancies complicated by preeclampsia. American journal of obstetrics and gynecology
2001;184:1249-50.

BROWNBILL P, EDWARDS D, JONES C, et al. Mechanisms of alphafetoprotein transfer in
the perfused human placental cotyledon from uncomplicated pregnancy. The Journal of
clinical investigation 1995;96:2220-6.

BROWNBILL P, MAHENDRAN D, OWEN D, et al. Denudations as paracellular routes for
alphafetoprotein and creatinine across the human syncytiotrophoblast. American journal
of physiology Regulatory, integrative and comparative physiology 2000;278:R677-83.
ELAD D, LEVKOVITZ R, JAFFA AJ, DESOYE G, HOD M. Have We Neglected the Role of

Fetal Endothelium in Transplacental Transport? Traffic 2014;15:122-26.

90



68.

69.

70.

71.

72.

73.

74.

75.

HUNG TH, SKEPPER JN, CHARNOCK-JONES DS, BURTON GJ. Hypoxia-reoxygenation: a
potent inducer of apoptotic changes in the human placenta and possible etiological factor
in preeclampsia. Circulation research 2002;90:1274-81.

RYTER SW, Kim HP, HOETZEL A, et al. Mechanisms of cell death in oxidative stress.
Antioxidants & redox signaling 2007;9:49-89.

YUNG HW, CALABRESE S, HYNX D, et al. Evidence of placental translation inhibition and
endoplasmic reticulum stress in the etiology of human intrauterine growth restriction. The
American journal of pathology 2008;173:451-62.

LEvVY R, SMITH SD, CHANDLER K, SADOVSKY Y, NELSON DM. Apoptosis in human
cultured trophoblasts is enhanced by hypoxia and diminished by epidermal growth factor.
American journal of physiology Cell physiology 2000;278:C982-8.

HEAZELL AE, BUTTLE HR, BAKER PN, CROCKER IP. Altered expression of regulators of
caspase activity within trophoblast of normal pregnancies and pregnancies complicated
by preeclampsia. Reproductive sciences (Thousand Oaks, Calif) 2008;15:1034-43.

XU C, MAO D, HOLERS VM, PALANCA B, CHENG AM, MOLINA H. A critical role for
murine complement regulator crry in fetomaternal tolerance. Science (New York, NY)
2000;287:498-501.

GIRARDI G, BERMAN J, REDECHA P, et al. Complement C5a receptors and neutrophils
mediate fetal injury in the antiphospholipid syndrome. The Journal of clinical
investigation 2003;112:1644-54.

WOLLMANN HA. Intrauterine growth restriction: Definition and etiology. Hormone

research 1998;49:1-6.

91



76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

DESAI M, CROWTHER NJ, LUCAS A, HALES CN. Organ-selective growth in the offspring
of protein-restricted mothers. The British journal of nutrition 1996;76:591-603.
VALSAMAKIS G, KANAKA-GANTENBEIN C, MALAMITSI-PUCHNER A, MASTORAKOS G.
Causes of intrauterine growth restriction and the postnatal development of the metabolic
syndrome. Annals of the New York Academy of Sciences 2006;1092:138-47.

LucaAs A. Programming by Early Nutrition in Man. Ciba Foundation Symposium 156 -
The Childhood Environment and Adult Disease: John Wiley & Sons, Ltd., 2007.

HALES CN, BARKER DJ. Type 2 (non-insulin-dependent) diabetes mellitus: the thrifty
phenotype hypothesis. Diabetologia 1992;35:595-601.

PARK KS, KM SK, KiM MS, et al. Fetal and early postnatal protein malnutrition cause
long-term changes in rat liver and muscle mitochondria. The Journal of nutrition
2003;133:3085-90.

BARKER DJ, WINTER PD, OSMOND C, MARGETTS B, SIMMONDS SJ. Weight in infancy and
death from ischaemic heart disease. Lancet 1989;2:577-80.

HALES CN, BARKER DJ, CLARK PM, et al. Fetal and infant growth and impaired glucose
tolerance at age 64. BMJ (Clinical research ed) 1991;303:1019-22.

OsMOND C, BARKER DJ, WINTER PD, FALL CH, SIMMONDS SJ. Early growth and death
from cardiovascular disease in women. BMJ (Clinical research ed) 1993;307:1519-24.
BARKER DJ, GLUCKMAN PD, GODFREY KM, HARDING JE, OWENS JA, ROBINSON JS. Fetal
nutrition and cardiovascular disease in adult life. Lancet 1993;341:938-41.

BARKER DJ, HALES CN, FALL CH, OSMOND C, PHIPPS K, CLARK PM. Type 2 (non-
insulin-dependent) diabetes mellitus, hypertension and hyperlipidaemia (syndrome X):

relation to reduced fetal growth. Diabetologia 1993;36:62-7.

92



86.

87.

88.

9.

90.

91.

92.

93.

94.

LEON DA, LITHELL HO, VAGERO D, et al. Reduced fetal growth rate and increased risk of
death from ischaemic heart disease: cohort study of 15 000 Swedish men and women
born 1915-29. BMJ (Clinical research ed) 1998;317:241-5.

ROSEBOOM TJ, VAN DER MEULEN JH, RAVELLI AC, OSMOND C, BARKER DJ, BLEKER OP.
Effects of prenatal exposure to the Dutch famine on adult disease in later life: an
overview. Molecular and cellular endocrinology 2001;185:93-8.

STEIN CE, FALL CH, KUMARAN K, OSMOND C, Cox V, BARKER DJ. Fetal growth and
coronary heart disease in south India. Lancet 1996;348:1269-73.

LEVITT NS, LAMBERT EV, WooDs D, HALES CN, ANDREW R, SECKL JR. Impaired
glucose tolerance and elevated blood pressure in low birth weight, nonobese, young south
african adults: early programming of cortisol axis. The Journal of clinical endocrinology
and metabolism 2000;85:4611-8.

HINDMARSH PC, BROOK CGD. Evidence for an association between birth weight and
blood pressure. Acta Paediatr 1999;88:66-69.

BARKER DJ. Intrauterine programming of coronary heart disease and stroke. Acta
paediatrica (Oslo, Norway : 1992) Supplement 1997;423:178-82; discussion 83.

HALES CN. Fetal and infant growth and impaired glucose tolerance in adulthood: the
"thrifty phenotype" hypothesis revisited. Acta paediatrica (Oslo, Norway : 1992)
Supplement 1997;422:73-7.

JAQUET D, LEGER J, CZERNICHOW P, LEVY-MARCHAL C. The effect of in-utero
undernutrition on the insulin resistance syndrome. Current diabetes reports 2002;2:77-82.
CLARK PM. Programming of the hypothalamo-pituitary-adrenal axis and the fetal origins

of adult disease hypothesis. European journal of pediatrics 1998;157 Suppl 1:S7-10.

93



95.

96.

97.

98.

99.

100.

101.

102.

103.

PHILLIPS DI. Programming of adrenocortical function and the fetal origins of adult
disease. Journal of endocrinological investigation 2001;24:742-6.

NEWNHAM JP. Is prenatal glucocorticoid administration another origin of adult disease?
Clin Exp Pharmacol Physiol 2001;28:957-61.

EDWARDS LJ, COULTER CL, SYMONDS ME, MCMILLEN IC. Prenatal undernutrition,
glucocorticoids and the programming of adult hypertension. Clin Exp Pharmacol Physiol
2001;28:938-41.

ROBINSON R. The fetal origins of adult disease. BMJ (Clinical research ed)
2001;322:375-6.

CHROUSOS GP, GOLD PW. A healthy body in a healthy mind--and vice versa--the
damaging power of "uncontrollable" stress. The Journal of clinical endocrinology and
metabolism 1998;83:1842-5.

CLARK PM, HINDMARSH PC, SHIELL AW, LAW CM, HONOUR JW, BARKER DJP. Size at
birth and adrenocortical function in childhood. Clin Endocrinol 1996;45:721-26.
DAHLGREN J, BOGUSZEWSKI M, ROSBERG S, ALBERTSSON-WIKLAND K. Adrenal steroid
hormones in short children born small for gestational age. Clin Endocrinol 1998;49:353-
61.

OZzANNE SE, JENSEN CB, TINGEY KJ, STORGAARD H, MADSBAD S, VAAG AA. Low
birthweight is associated with specific changes in muscle insulin-signalling protein
expression. Diabetologia 2005;48:547-52.

CIANFARANI S, MARTINEZ C, MAIORANA A, SCIRE G, SPADONI GL, BOEMI S. Adiponectin

levels are reduced in children born small for gestational age and are inversely related to

94



104.

105.

106.

107.

108.

109.

110.

I11.

postnatal catch-up growth. The Journal of clinical endocrinology and metabolism
2004;89:1346-51.

FRANKEL S, ELWOOD P, SWEETNAM P, YARNELL J, SMITH GD. Birthweight, body-mass
index in middle age, and incident coronary heart disease. Lancet 1996;348:1478-80.
BARKER DJ, FORSEN T, ERIKSSON JG, OSMOND C. Growth and living conditions in
childhood and hypertension in adult life: a longitudinal study. Journal of hypertension
2002;20:1951-6.

FRANCOIS I, DE ZEGHER F. Adrenarche and fetal growth. Pediatric research 1997;41:440-
2.

IBANEZ L, POTAU N, FRANCOIS I, DE ZEGHER F. Precocious pubarche, hyperinsulinism,
and ovarian hyperandrogenism in girls: relation to reduced fetal growth. The Journal of
clinical endocrinology and metabolism 1998;83:3558-62.

IBANEZ L, POTAU N, MARCOS MV, DE ZEGHER F. Adrenal hyperandrogenism in
adolescent girls with a history of low birthweight and precocious pubarche. Clin
Endocrinol 2000;53:523-27.

IBANEZ L, DIMARTINO-NARDI J, POTAU N, SAENGER P. Premature adrenarche-normal
variant or forerunner of adult disease? Endocr Rev 2000;21:671-96.

DELEMARRE-VAN DE WAAL HA, VAN COEVERDEN S, ENGELBREGT MJT. Factors affecting
onset of puberty. Hormone research 2002;57:15-18.

IBANEZ L, POTAU N, ENRIQUEZ G, DE ZEGHER F. Reduced uterine and ovarian size in

adolescent girls born small for gestational age. Pediatric research 2000;47:575-77.

95



112.

113.

114.

115.

116.

117.

118.

BAILEY SM, SARMANDAL P, GRANT JM. A comparison of three methods of assessing
inter-observer variation applied to measurement of the symphysis-fundal height. British
journal of obstetrics and gynaecology 1989;96:1266-71.

COOMARASAMY A. Investigation and management of the small-for-gestational-age fetus.
Guidelines and Audit Committee of the Royal College of Obstetricians and
Gynaecologists (RCOG). London, 2002.

JAHN A, RAZUM O, BERLE P. Routine screening for intrauterine growth retardation in
Germany: low sensitivity and questionable benefit for diagnosed cases. Acta obstetricia et
gynecologica Scandinavica 1998;77:643-8.

WALLER DK, LUSTIG LS, SMITH AH, HOOK EB. Alpha-fetoprotein: a biomarker for
pregnancy outcome. Epidemiology (Cambridge, Mass) 1993;4:471-6.

SMITH GC, STENHOUSE EJ, CROSSLEY JA, AITKEN DA, CAMERON AD, CONNOR JM. Early
pregnancy levels of pregnancy-associated plasma protein a and the risk of intrauterine
growth restriction, premature birth, preeclampsia, and stillbirth. The Journal of clinical
endocrinology and metabolism 2002;87:1762-7.

SPENCER K, YU CK, COwANS NJ, OTIGBAH C, NICOLAIDES KH. Prediction of pregnancy
complications by first-trimester maternal serum PAPP-A and free beta-hCG and with
second-trimester uterine artery Doppler. Prenatal diagnosis 2005;25:949-53.

DUGOFF L, HOBBINS JC, MALONE FD, et al. First-trimester maternal serum PAPP-A and
free-beta subunit human chorionic gonadotropin concentrations and nuchal translucency
are associated with obstetric complications: a population-based screening study (the

FASTER Trial). American journal of obstetrics and gynecology 2004;191:1446-51.

96



119.

120.

121.

122.

123.

124.

125.

126.

PIHL K, LARSEN T, KREBS L, CHRISTIANSEN M. First trimester maternal serum PAPP-A,
beta-hCG and ADAMI2 in prediction of small-for-gestational-age fetuses. Prenatal
diagnosis 2008;28:1131-5.

COWANS NJ, SPENCER K. First-trimester ADAM12 and PAPP-A as markers for
intrauterine fetal growth restriction through their roles in the insulin-like growth factor
system. Prenatal diagnosis 2007;27:264-71.

STEINBERG G, LEE C, RAUH-HAIN JA, et al. Early-pregnancy soluble Fas levels in
idiopathic small-for-gestational-age pregnancies. American journal of obstetrics and
gynecology 2010;202:299.e1-7.

CHAFETZ I, KUHNREICH I, SAMMAR M, et al. First-trimester placental protein 13 screening
for preeclampsia and intrauterine growth restriction. American journal of obstetrics and
gynecology 2007;197:35.e1-7.

CAMPBELL S, DIAZ-RECASENS J, GRIFFIN DR, et al. New doppler technique for assessing
uteroplacental blood flow. Lancet 1983;1:675-7.

CAMPBELL S, PEARCE JM, HACKETT G, COHEN-OVERBEEK T, HERNANDEZ C. Qualitative
assessment of uteroplacental blood flow: early screening test for high-risk pregnancies.
Obstetrics and gynecology 1986;68:649-53.

ALBAIGES G, MISSFELDER-LOBOS H, LEES C, PARRA M, NICOLAIDES KH. One-stage
screening for pregnancy complications by color Doppler assessment of the uterine
arteries at 23 weeks' gestation. Obstetrics and gynecology 2000;96:559-64.

CANIGGIA I, WINTER J, LYE SJ, POST M. Oxygen and placental development during the
first trimester: implications for the pathophysiology of pre-eclampsia. Placenta 2000;21

Suppl A:S25-30.

97



127.

128.

129.

130.

131.

132.

GOMEZ O, MARTINEZ JM, FIGUERAS F, et al. Uterine artery Doppler at 11-14 weeks of
gestation to screen for hypertensive disorders and associated complications in an
unselected population. Ultrasound in obstetrics & gynecology : the official journal of the
International Society of Ultrasound in Obstetrics and Gynecology 2005;26:490-4.
DUGOFF L, LYNCH AM, CIOFFI-RAGAN D, et al. First trimester uterine artery Doppler
abnormalities predict subsequent intrauterine growth restriction. American journal of
obstetrics and gynecology 2005;193:1208-12.

PILALIS A, SOUKA AP, ANTSAKLIS P, et al. Screening for pre-eclampsia and fetal growth
restriction by uterine artery Doppler and PAPP-A at 11-14 weeks' gestation. Ultrasound
in obstetrics & gynecology : the official journal of the International Society of Ultrasound
in Obstetrics and Gynecology 2007;29:135-40.

CHENG LC, GiBB DM, AJAYI RA, SOOTHILL PW. A comparison between computerised
(mean range) and clinical visual cardiotocographic assessment. British journal of
obstetrics and gynaecology 1992;99:817-20.

HECHER K, BILARDO CM, STIGTER RH, et al. Monitoring of fetuses with intrauterine
growth restriction: a longitudinal study. Ultrasound in obstetrics & gynecology : the
official journal of the International Society of Ultrasound in Obstetrics and Gynecology
2001;18:564-70.

MANNING FA, MORRISON I, HARMAN CR, MENTICOGLOU SM. The abnormal fetal
biophysical profile score. V. Predictive accuracy according to score composition.

American journal of obstetrics and gynecology 1990;162:918-24; discussion 24-7.

98



133.

134.

135.

136.

137.

138.

139.

MANNING FA, HARMAN CR, MORRISON I, MENTICOGLOU SM, LANGE IR, JOHNSON JM.
Fetal assessment based on fetal biophysical profile scoring. IV. An analysis of perinatal
morbidity and mortality. American journal of obstetrics and gynecology 1990;162:703-9.
VINTZILEOS AM, GAFENEY SE, SALINGER LM, KONTOPOULOS VG, CAMPBELL WA,
NoOCHIMSON DJ. The relationships among the fetal biophysical profile, umbilical cord pH,
and Apgar scores. American journal of obstetrics and gynecology 1987;157:627-31.
BASCHAT AA, GEMBRUCH U, HARMAN CR. The sequence of changes in Doppler and
biophysical parameters as severe fetal growth restriction worsens. Ultrasound in
obstetrics & gynecology : the official journal of the International Society of Ultrasound in
Obstetrics and Gynecology 2001;18:571-7.

BASCHAT AA. Fetal responses to placental insufficiency: an update. BJOG : an
international journal of obstetrics and gynaecology 2004;111:1031-41.

ALFIREVIC Z, NEILSON JP. Doppler ultrasonography in high-risk pregnancies: systematic
review with meta-analysis. American journal of obstetrics and gynecology
1995;172:1379-87.

WESTERGAARD HB, LANGHOFF-R0OOS J, LINGMAN G, MARSAL K, KREINER S. A critical
appraisal of the use of umbilical artery Doppler ultrasound in high-risk pregnancies: use
of meta-analyses in evidence-based obstetrics. Ultrasound in obstetrics & gynecology :
the official journal of the International Society of Ultrasound in Obstetrics and
Gynecology 2001;17:466-76.

NATIONAL GUIDELINE C. Intrauterine growth restriction: screening, diagnosis, and

management.

99



140.

141.

142.

143.

144.

145.

146.

147.

148.

RoH CR, BUDHRAJA V, KiM HS, NELSON DM, SADOVSKY Y. Microarray-based
identification of differentially expressed genes in hypoxic term human trophoblasts and
in placental villi of pregnancies with growth restricted fetuses. Placenta 2005;26:319-28.
MCMINN J, WEI M, SADOVSKY Y, THAKER HM, TYCKO B. Imprinting of PEG1/MEST
isoform 2 in human placenta. Placenta 2006;27:119-26.

NICOLAIDES KH, CAMPBELL S, BRADLEY RJ, BILARDO CM, SOOTHILL PW, GIBB D.
Maternal oxygen therapy for intrauterine growth retardation. Lancet 1987;1:942-5.
NIcoLINI U, HUBINONT C, SANTOLAYA J, FISK NM, RODECK CH. Effects of fetal
intravenous glucose challenge in normal and growth retarded fetuses. Hormone and
metabolic research = Hormon- und Stoffwechselforschung = Hormones et metabolisme
1990;22:426-30.

GULMEZOGLU M, DE ONIS M, VILLAR J. Effectiveness of interventions to prevent or treat
impaired fetal growth. Obstetrical & gynecological survey 1997;52:139-49.

KRAMER MS, KAKUMA R. Energy and protein intake in pregnancy. The Cochrane
database of systematic reviews 2003:Cd000032.

FAWZI WW, MSAMANGA GI, URASSA W, et al. Vitamins and perinatal outcomes among
HIV-negative women in Tanzania. The New England journal of medicine
2007;356:1423-31.

PLATZ E, NEWMAN R. Diagnosis of IUGR: traditional biometry. Seminars in perinatology
2008;32:140-7.

SNOECK A, REMACLE C, REUSENS B, HOET JJ. Effect of a low protein diet during

pregnancy on the fetal rat endocrine pancreas. Biology of the neonate 1990;57:107-18.

100



149.

150.

151.

152.

153.

154.

155.

YOUNG M, WIDDOWSON EM. The influence of diets deficient in energy, or in protein, on
conceptus weight, and the placental transfer of a non-metabolisable amino acid in the
guinea pig. Biology of the neonate 1975;27:184-91.

FERNANDEZ-TWINN DS, OZANNE SE, EK1ZOGLOU S, et al. The maternal endocrine
environment in the low-protein model of intra-uterine growth restriction. The British
journal of nutrition 2003;90:815-22.

SAY L, GULMEZOGLU AM, HOFMEYR GJ. Maternal nutrient supplementation for
suspected impaired fetal growth. The Cochrane database of systematic reviews
2003:Cd000148.

OROS D, FIGUERAS F, CRUZ-MARTINEZ R, MELER E, MUNMANY M, GRATACOS E.
Longitudinal changes in uterine, umbilical and fetal cerebral Doppler indices in late-onset
small-for-gestational age fetuses. Ultrasound in obstetrics & gynecology : the official
journal of the International Society of Ultrasound in Obstetrics and Gynecology
2011;37:191-5.

JACoBSSON B, AHLIN K, FRANCIS A, HAGBERG G, HAGBERG H, GARDOSIJ. Cerebral palsy
and restricted growth status at birth: population-based case-control study. BJOG : an
international journal of obstetrics and gynaecology 2008;115:1250-5.

SINCLAIR JC. Meta-analysis of randomized controlled trials of antenatal corticosteroid for
the prevention of respiratory distress syndrome: discussion. American journal of
obstetrics and gynecology 1995;173:335-44.

HADDAD B, S1BAT BM. Chronic hypertension in pregnancy. Annals of Medicine

1999;31:246-52.

101



156.

157.

158.

159.

160.

161.

162.

163.

A randomised trial of timed delivery for the compromised preterm fetus: short term
outcomes and Bayesian interpretation. BJOG : an international journal of obstetrics and
gynaecology 2003;110:27-32.

MARI G, HANIF F, TREADWELL MC, KRUGER M. Gestational age at delivery and Doppler
waveforms in very preterm intrauterine growth-restricted fetuses as predictors of
perinatal mortality. Journal of ultrasound in medicine : official journal of the American
Institute of Ultrasound in Medicine 2007;26:555-9; quiz 60-2.

BASCHAT AA, CosMmi E, BILARDO CM, et al. Predictors of neonatal outcome in early-
onset placental dysfunction. Obstetrics and gynecology 2007;109:253-61.

GALAN HL, ANTHONY RV, RIGANO S, et al. Fetal hypertension and abnormal Doppler
velocimetry in an ovine model of intrauterine growth restriction. American journal of
obstetrics and gynecology 2005;192:272-9.

GRANT A, GLAZENER CM. Elective caesarean section versus expectant management for
delivery of the small baby. The Cochrane database of systematic reviews
2001:Cd000078.

PIVARNIK JM, PERKINS CD, MOYERBRAILEAN T. Athletes and pregnancy. Clinical
obstetrics and gynecology 2003;46:403-14.

ARTAL R, PLATT LD, SPERLING M, KAMMULA RK, JILEK J, NAKAMURA R. I. Maternal
cardiovascular and metabolic responses in normal pregnancy. American journal of
obstetrics and gynecology 1981;140:123-7.

ROWELL LB. Human cardiovascular adjustments to exercise and thermal stress.

Physiological reviews 1974;54:75-159.

102



164.

165.

166.

167.

168.

169.

170.

171.

172.

CLaAPP JF. Exercise in pregnancy: a brief clinical review. Fetal and Maternal Medicine
Review 1990;2:89-101.

WATSON WJ, KATZ VL, HACKNEY AC, GALL MM, MCMURRAY RG. Fetal responses to
maximal swimming and cycling exercise during pregnancy. Obstetrics and gynecology
1991;77:382-6.

CARPENTER MW, SADY SP, HOEGSBERG B, et al. Fetal heart rate response to maternal
exertion. Jama 1988;259:3006-9.

CrLArp JF, 3rRD, CAPELESS EL. Neonatal morphometrics after endurance exercise during
pregnancy. American journal of obstetrics and gynecology 1990;163:1805-11.

Crarp JF, 3rD, LITTLE KD. Effect of recreational exercise on pregnancy weight gain and
subcutaneous fat deposition. Medicine and science in sports and exercise 1995;27:170-7.
WANG TW, APGAR BS. Exercise during pregnancy. American family physician
1998;57:1846-52, 57.

SADY MA, HAYDON BB, SADY SP, CARPENTER MW, THOMPSON PD, COUSTAN DR.
Cardiovascular response to maximal cycle exercise during pregnancy and at two and
seven months post partum. American journal of obstetrics and gynecology
1990;162:1181-5.

ARTAL R, WISWELL R, ROMEM Y, DOREY F. Pulmonary responses to exercise in
pregnancy. American journal of obstetrics and gynecology 1986;154:378-83.

VEILLE JC, HOHIMER AR, BURRY K, SPEROFF L. The effect of exercise on uterine activity
in the last eight weeks of pregnancy. American journal of obstetrics and gynecology

1985;151:727-30.

103



173.

174.

175.

176.

177.

178.

179.

180.

181.

LOKEY EA, TRAN ZV, WELLS CL, MYERS BC, TRAN AC. Effects of physical exercise on
pregnancy outcomes: a meta-analytic review. Medicine and science in sports and exercise
1991;23:1234-9.

DAVIES GA, WOLFE LA, MOTTOLA MF, MACKINNON C. Joint SOGC/CSEP clinical
practice guideline: exercise in pregnancy and the postpartum period. Canadian journal of
applied physiology = Revue canadienne de physiologie appliquee 2003;28:330-41.
STERNFELD B, QUESENBERRY CP, JR., ESKENAZI B, NEWMAN LA. Exercise during
pregnancy and pregnancy outcome. Medicine and science in sports and exercise
1995;27:634-40.

BECKMANN CR, BECKMANN CA. Effect of a structured antepartum exercise program on
pregnancy and labor outcome in primiparas. The Journal of reproductive medicine
1990;35:704-9.

CrLArp JF, 3RD. Long-term outcome after exercising throughout pregnancy: fitness and
cardiovascular risk. American journal of obstetrics and gynecology 2008;199:489.e1-6.
PIvARNIK JM, CONWAY MR. Review: structured physical activity during pregnancy
reduces risk of caesarean delivery. Evidence-based nursing 2015.

ACOG. Exercise during pregnancy and the postpartum period. Obstetrics and gynecology
2002:99:171,3.

MELZER K, SCHUTZ Y, BOULVAIN M, KAYSER B. Physical activity and pregnancy:
cardiovascular adaptations, recommendations and pregnancy outcomes. Sports medicine
(Auckland, NZ) 2010;40:493-507.

MoTtTOLA MF. Exercise prescription for overweight and obese women: pregnancy and

postpartum. Obstetrics and gynecology clinics of North America 2009;36:301-16, viii.

104



182.

183.

184.

185.

186.

187.

188.

189.

Impact of physical activity during pregnancy and postpartum on chronic disease risk.
Medicine and science in sports and exercise 2006;38:989-1006.

POUDEVIGNE MS, O'CONNOR PJ. A review of physical activity patterns in pregnant
women and their relationship to psychological health. Sports medicine (Auckland, NZ)
2006;36:19-38.

POUDEVIGNE MS, O'CONNOR PJ. Physical activity and mood during pregnancy. Medicine
and science in sports and exercise 2005;37:1374-80.

WOLFE LA, WEISSGERBER TL. Clinical physiology of exercise in pregnancy: a literature
review. Journal of obstetrics and gynaecology Canada : JOGC = Journal d'obstetrique et
gynecologie du Canada : JOGC 2003;25:473-83.

CosTA DD, RIPPEN N, DRITSA M, RING A. Self-reported leisure-time physical activity
during pregnancy and relationship to psychological well-being. Journal of Psychosomatic
Obstetrics & Gynecology 2003;24:111-19.

CLAPP JF. Influence of endurance exercise and diet on human placental development and
fetal growth. Placenta 2006;27:527-34.

CLAPP JF, 3RD. The effects of maternal exercise on fetal oxygenation and feto-placental
growth. European journal of obstetrics, gynecology, and reproductive biology 2003;110
Suppl 1:S80-5.

JACKSON MR, GOTT P, LYE SJ, RITCHIE JW, CLAPP JF, 3RD. The effects of maternal
aerobic exercise on human placental development: placental volumetric composition and

surface areas. Placenta 1995;16:179-91.

105



190. CrarpJF, 3rRD, LOPEZ B, HARCAR-SEVCIK R. Neonatal behavioral profile of the offspring
of women who continued to exercise regularly throughout pregnancy. American journal
of obstetrics and gynecology 1999;180:91-4.

191. BARAKATR, LucIA A, Ruiz JR. Resistance exercise training during pregnancy and
newborn's birth size: a randomised controlled trial. International journal of obesity (2005)
2009;33:1048-57.

192.  SORENSEN TK, WILLIAMS MA, LEE IM, DASHOW EE, THOMPSON ML, LUTHY DA.
Recreational physical activity during pregnancy and risk of preeclampsia. Hypertension
2003;41:1273-80.

193. SAFTLAS AF, LOGSDEN-SACKETT N, WANG W, WOOLSON R, BRACKEN MB. Work,
leisure-time physical activity, and risk of preeclampsia and gestational hypertension.
American journal of epidemiology 2004;160:758-65.

194. DYETD, KNox KL, ARTAL R, AUBRY RH, WojTOWYCZ MA. Physical activity, obesity,
and diabetes in pregnancy. American journal of epidemiology 1997;146:961-5.

195. CoMMITTEE CDACPGE. Canadian Diabetes Association clinical practice guidelines for
the prevention and management of diabetes in Canada. Can J Diabetes 2003;27:99-105.

196. DyCcK R, KrLomp H, TAN LK, TURNELL RW, BOCTOR MA. A comparison of rates, risk
factors, and outcomes of gestational diabetes between aboriginal and non-aboriginal
women in the Saskatoon health district. Diabetes Care 2002;25:487-93.

197.  GODWIN M, MUIRHEAD M, HUYNH J, HELT B, GRIMMER J. Prevalence of gestational
diabetes mellitus among Swampy Cree women in Moose Factory, James Bay. Can Med

Assoc J 1999;160:1299-302.

106



198.

199.

200.

201.

202.

203.

204.

205.

206.

DEMPSEY JC, BUTLER CL, SORENSEN TK, et al. A case-control study of maternal
recreational physical activity and risk of gestational diabetes mellitus. Diabetes research
and clinical practice 2004;66:203-15.

YEN SS. The polycystic ovary syndrome. Clin Endocrinol (Oxf) 1980;12:177-207.
RICH-EDWARDS JW, GOLDMAN MB, WILLETT WC, et al. Adolescent body mass index
and infertility caused by ovulatory disorder. American journal of obstetrics and
gynecology 1994;171:171-7.

CLARK AM, THORNLEY B, TOMLINSON L, GALLETLEY C, NORMAN RJ. Weight loss in
obese infertile women results in improvement in reproductive outcome for all forms of
fertility treatment. Human reproduction (Oxford, England) 1998;13:1502-5.
GALTIER-DEREURE F, MONTPEYROUX F, BOULOT P, BRINGER J, JAFFIOL C. Weight excess
before pregnancy: complications and cost. International journal of obesity and related
metabolic disorders : journal of the International Association for the Study of Obesity
1995;19:443-8.

GALTIER-DEREURE F, BOEGNER C, BRINGER J. Obesity and pregnancy: complications and
cost. The American journal of clinical nutrition 2000;71:1242s-8s.

O'BRrRIEN TE, RAY JG, CHAN WS. Maternal body mass index and the risk of preeclampsia:
a systematic overview. Epidemiology (Cambridge, Mass) 2003;14:368-74.

BAETEN JM, BUKUST EA, LAMBE M. Pregnancy complications and outcomes among
overweight and obese nulliparous women. American journal of public health
2001;91:436-40.

CEDERGREN MI. Maternal morbid obesity and the risk of adverse pregnancy outcome.

Obstetrics and gynecology 2004;103:219-24.

107



207.

208.

209.

210.

211.

212.

213.

214.

215.

CATALANO PM, THOMAS A, HUSTON-PRESLEY L, AMINI SB. Increased fetal adiposity: a
very sensitive marker of abnormal in utero development. American journal of obstetrics
and gynecology 2003;189:1698-704.

ROSENBERG TJ, GARBERS S, CHAVKIN W, CHIASSON MA. Prepregnancy weight and
adverse perinatal outcomes in an ethnically diverse population. Obstetrics and
gynecology 2003;102:1022-7.

WEISSGERBER TL, WOLFE LA, DAVIES GA. The role of regular physical activity in
preeclampsia prevention. Medicine and science in sports and exercise 2004;36:2024-31.
POLLEY BA, WING RR, SiMs CJ. Randomized controlled trial to prevent excessive weight
gain in pregnant women. International journal of obesity and related metabolic disorders :
journal of the International Association for the Study of Obesity 2002;26:1494-502.
ROONEY BL, SCHAUBERGER CW. Excess pregnancy weight gain and long-term obesity:
one decade later. Obstetrics and gynecology 2002;100:245-52.

GENEST DS, FALCAO S, MICHEL C, et al. Novel role of the renin-angiotensin system in
preeclampsia superimposed on chronic hypertension and the effects of exercise in a
mouse model. Hypertension 2013;62:1055-61.

FALCAO S, BISOTTO S, MICHEL C, et al. Exercise training can attenuate preeclampsia-like
features in an animal model. Journal of hypertension 2010;28:2446-53.

PowEeRs SK, J1 LL, LEEUWENBURGH C. Exercise training-induced alterations in skeletal
muscle antioxidant capacity: a brief review. Medicine and science in sports and exercise
1999;31:987-97.

VENDITTI P, DI MEO S. Effect of training on antioxidant capacity, tissue damage, and

endurance of adult male rats. International journal of sports medicine 1997;18:497-502.

108



216.

217.

218.

219.

220.

221.

222.

223.

ELOSUA R, MOLINA L, FITO M, et al. Response of oxidative stress biomarkers to a 16-
week aerobic physical activity program, and to acute physical activity, in healthy young
men and women. Atherosclerosis 2003;167:327-34.

Covas M1, ELOSUA R, FITO M, ALCANTARA M, COCA L, MARRUGAT J. Relationship
between physical activity and oxidative stress biomarkers in women. Medicine and
science in sports and exercise 2002;34:814-9.

KOBE H, NAKAI A, KOSHINO T, ARAKI T. Effect of regular maternal exercise on lipid
peroxidation levels and antioxidant enzymatic activities before and after delivery. Journal
of Nippon Medical School = Nippon Ika Daigaku zasshi 2002;69:542-8.

OHARA 'Y, PETERSON TE, HARRISON DG. Hypercholesterolemia increases endothelial
superoxide anion production. The Journal of clinical investigation 1993;91:2546-51.
KEANEY JF, JR., VITA JA. Atherosclerosis, oxidative stress, and antioxidant protection in
endothelium-derived relaxing factor action. Progress in cardiovascular diseases
1995;38:129-54.

CA1H, HARRISON DG. Endothelial dysfunction in cardiovascular diseases: the role of
oxidant stress. Circulation research 2000;87:840-4.

KAsaPis C, THOMPSON PD. The effects of physical activity on serum C-reactive protein
and inflammatory markers: a systematic review. Journal of the American College of
Cardiology 2005;45:1563-9.

ADAMOPOULOS S, PARISSIS J, KROUPIS C, et al. Physical training reduces peripheral
markers of inflammation in patients with chronic heart failure. European heart journal

2001;22:791-7.

109



224.

225.

226.

227.

228.

229.

230.

GOLDHAMMER E, TANCHILEVITCH A, MAOR I, BENIAMINI Y, ROSENSCHEIN U, SAGIV M.
Exercise training modulates cytokines activity in coronary heart disease patients.
International journal of cardiology 2005;100:93-9.

PiscHON T, HANKINSON SE, HOTAMISLIGIL GS, RIFAI N, RiMM EB. Leisure-time physical
activity and reduced plasma levels of obesity-related inflammatory markers. Obesity
research 2003;11:1055-64.

STREET ME, SEGHINI P, FIENI S, et al. Changes in interleukin-6 and IGF system and their
relationships in placenta and cord blood in newborns with fetal growth restriction
compared with controls. European journal of endocrinology / European Federation of
Endocrine Societies 2006;155:567-74.

BLAIR SN, KOHL HW, 3RD, PAFFENBARGER RS, JR., CLARK DG, COOPER KH, GIBBONS
LW. Physical fitness and all-cause mortality. A prospective study of healthy men and
women. Jama 1989;262:2395-401.

NIEBAUER J, COOKE JP. Cardiovascular effects of exercise: role of endothelial shear
stress. Journal of the American College of Cardiology 1996;28:1652-60.

DESouzA CA, SHAPIRO LF, CLEVENGER CM, et al. Regular aerobic exercise prevents and
restores age-related declines in endothelium-dependent vasodilation in healthy men.
Circulation 2000;102:1351-7.

MAIORANA A, O'DRISCOLL G, CHEETHAM C, et al. The effect of combined aerobic and
resistance exercise training on vascular function in type 2 diabetes. Journal of the

American College of Cardiology 2001;38:860-6.

110



231.

232.

233.

234.

235.

236.

237.

BrRANS YW, KUEHL TJ, HAYASHI RH, ANDREW DS, REYES P. Amniotic fluid in baboon
pregnancies with normal versus growth-retarded fetuses. American journal of obstetrics
and gynecology 1986;155:216-9.

OvAMA K, PADBURY J, CHAPPELL B, MARTINEZ A, STEIN H, HUMME J. Single umbilical
artery ligation-induced fetal growth retardation: effect on postnatal adaptation. The
American journal of physiology 1992;263:E575-83.

Cock ML, HARDING R. Renal and amniotic fluid responses to umbilicoplacental
embolization for 20 days in fetal sheep. The American journal of physiology
1997;273:R1094-102.

LouUEY S, Cock ML, STEVENSON KM, HARDING R. Placental insufficiency and fetal
growth restriction lead to postnatal hypotension and altered postnatal growth in sheep.
Pediatric research 2000;48:808-14.

Cock ML, JoyCE BJ, HOOPER SB, et al. Pulmonary elastin synthesis and deposition in
developing and mature sheep: effects of intrauterine growth restriction. Experimental
lung research 2004;30:405-18.

MitcHELL EK, LOUEY S, CocK ML, HARDING R, BLACK MJ. Nephron endowment and
filtration surface area in the kidney after growth restriction of fetal sheep. Pediatric
research 2004;55:769-73.

BuBB KJ, Cock ML, BLACK MJ, et al. Intrauterine growth restriction delays
cardiomyocyte maturation and alters coronary artery function in the fetal sheep. The

Journal of physiology 2007;578:871-81.

111



238.

239.

240.

241.

242.

243,

244,

245.

246.

S8 IHTG. immunotoxicity studies for human pharmaceuticals. ICH International
Conference on Harmonisation of Technical Requirements for Registration of
Pharmaceuticals for Human Use, 2005.

SCHRODER HJ. Models of fetal growth restriction. European Journal of Obstetrics &
Gynecology and Reproductive Biology 2003;110, Supplement:S29-S39.

ROSSANT J, CROSS JC. Placental development: lessons from mouse mutants. Nature
reviews Genetics 2001;2:538-48.

DixoN JC, CADY EB, PRIEST AN, THORNTON JS, PEEBLES DM. Growth restriction and the
cerebral metabolic response to acute hypoxia of chick embryos in-ovo: a proton magnetic
resonance spectroscopy study. Brain research Developmental brain research
2005;160:203-10.

MILLER SL, GREEN LR, PEEBLES DM, HANSON MA, BLANCO CE. Effects of chronic
hypoxia and protein malnutrition on growth in the developing chick. American journal of
obstetrics and gynecology 2002;186:261-7.

MULDER AL, VAN GOLDE JC, PRINZEN FW, BLANCO CE. Cardiac output distribution in
response to hypoxia in the chick embryo in the second half of the incubation time. The
Journal of physiology 1998;508 ( Pt 1):281-7.

SWANSON AM, DAVID AL. Animal models of fetal growth restriction: Considerations

for translational medicine. Placenta 2015;36:623-30.

WIGGLESWORTH JS. EXPERIMENTAL GROWTH RETARDATION IN THE FOETAL
RAT. The Journal of pathology and bacteriology 1964;88:1-13.

CARTER AM. Current topic: restriction of placental and fetal growth in the guinea-pig.

Placenta 1993;14:125-35.

112



247.

248.

249.

250.

251.

252.

253.

254.

EMMANOUILIDES GC, TOWNSEND DE, BAUER RA. Effects of single umbilical artery
ligation in the lamb fetus. Pediatrics 1968;42:919-27.

LAFEBER HN, ROLPH TP, JONES CT. Studies on the growth of the fetal guinea pig. The
effects of ligation of the uterine artery on organ growth and development. Journal of
developmental physiology 1984;6:441-59.

SUPRAMANIAM VG, JENKIN G, LOOSE J, WALLACE EM, MILLER SL. Chronic fetal
hypoxia increases activin A concentrations in the late-pregnant sheep. BJOG : an
international journal of obstetrics and gynaecology 2006;113:102-9.

WIGGLESWORTH JS. Fetal growth retardation. Animal model: uterine vessel ligation in
the pregnant rat. The American journal of pathology 1974;77:347-50.

OcHI H, MATSUBARA K, KUSANAGI Y, TANIGUCHI H, ITO M. Significance of a diastolic
notch in the uterine artery flow velocity waveform induced by uterine embolisation in the
pregnant ewe. British journal of obstetrics and gynaecology 1998;105:1118-21.
PALLISER HK, YATES DM, HIRST JJ. Progesterone receptor isoform expression in
response to in utero growth restriction in the fetal guinea pig brain. Neuroendocrinology
2012;96:60-7.

TURNER AJ, TRUDINGER BJ. A modification of the uterine artery restriction technique in
the guinea pig fetus produces asymmetrical ultrasound growth. Placenta 2009;30:236-40.
SIMMONS RA, GOUNIS AS, BANGALORE SA, OGATA ES. Intrauterine growth retardation:
fetal glucose transport is diminished in lung but spared in brain. Pediatric research

1992;31:59-63.

113



255.

256.

257.

258.

259.

260.

261.

262.

OWENS JA, FALCONER J, ROBINSON JS. Effect of restriction of placental growth on
umbilical and uterine blood flows. The American journal of physiology 1986;250:R427-
34.

LUuMEY LH, STEIN AD. Offspring birth weights after maternal intrauterine undernutrition:
a comparison within sibships. American journal of epidemiology 1997;146:810-9.
SMITH CA. The effect of wartime starvation in Holland upon pregnancy and its product.
American journal of obstetrics and gynecology 1947;53:599-608.

STEIN AD, RAVELLI AC, LUMEY LH. Famine, third-trimester pregnancy weight gain, and
intrauterine growth: the Dutch Famine Birth Cohort Study. Human biology 1995;67:135-
50.

EIXARCH E, HERNANDEZ-ANDRADE E, CRISPI F, et al. Impact on fetal mortality and
cardiovascular Doppler of selective ligature of uteroplacental vessels compared with
undernutrition in a rabbit model of intrauterine growth restriction. Placenta 2011;32:304-
9.

GIRARD JR, FERRE P, GILBERT M, KERVRAN A, ASSAN R, MARLISS EB. Fetal metabolic
response to maternal fasting in the rat. The American journal of physiology
1977;232:E456-63.

LINGAS R, DEAN F, MATTHEWS SG. Maternal nutrient restriction (48 h) modifies brain
corticosteroid receptor expression and endocrine function in the fetal guinea pig. Brain
research 1999;846:236-42.

NEWNHAM JP, KELLY RW, PATTERSON L, JAMES 1. The influence of maternal
undernutrition in ovine twin pregnancy on fetal growth and Doppler flow-velocity

waveforms. Journal of developmental physiology 1991;16:277-82.

114



263.

264.

265.

266.

267.

268.

269.

ROBERTS CT, SOHLSTROM A, KIND KL, et al. Maternal food restriction reduces the
exchange surface area and increases the barrier thickness of the placenta in the guinea-
pig. Placenta 2001;22:177-85.

WOODALL SM, BREIER BH, JOHNSTON BM, BASSETT NS, BARNARD R, GLUCKMAN PD.
Administration of growth hormone or IGF-I to pregnant rats on a reduced diet throughout
pregnancy does not prevent fetal intrauterine growth retardation and elevated blood
pressure in adult offspring. The Journal of endocrinology 1999;163:69-77.

WALLACE JM, AITKEN RP, CHEYNE MA. Nutrient partitioning and fetal growth in rapidly
growing adolescent ewes. Journal of reproduction and fertility 1996;107:183-90.

ScHOLL TO, HEDIGER ML. A review of the epidemiology of nutrition and adolescent
pregnancy: maternal growth during pregnancy and its effect on the fetus. Journal of the
American College of Nutrition 1993;12:101-7.

BATTISTA MC, OLIGNY LL, ST-LOUIS J, BROCHU M. Intrauterine growth restriction in rats
is associated with hypertension and renal dysfunction in adulthood. American journal of
physiology Endocrinology and metabolism 2002;283:E124-31.

BHASIN KK, VAN NAS A, MARTIN LJ, DAVIS RC, DEVASKAR SU, LusIS AJ. Maternal low-
protein diet or hypercholesterolemia reduces circulating essential amino acids and leads
to intrauterine growth restriction. Diabetes 2009;58:559-66.

RESNICK O, MORGANE PJ, HASSON R, MILLER M. Overt and hidden forms of chronic
malnutrition in the rat and their relevance to man. Neuroscience and biobehavioral

reviews 1982;6:55-75.

115



270.

271.

272.

273.

274.

275.

276.

277.

278.

MALANDRO MS, BEVERIDGE MJ, KILBERG MS, NovAK DA. Effect of low-protein diet-
induced intrauterine growth retardation on rat placental amino acid transport. The
American journal of physiology 1996;271:C295-303.

PETRY CJ, DORLING MW, PAWLAK DB, OZANNE SE, HALES CN. Diabetes in old male
offspring of rat dams fed a reduced protein diet. International journal of experimental
diabetes research 2001;2:139-43.

GALAN HL, HUSSEY MJ, BARBERA A, et al. Relationship of fetal growth to duration of
heat stress in an ovine model of placental insufficiency. American journal of obstetrics
and gynecology 1999;180:1278-82.

DILWORTH MR, SIBLEY CP. Review: Transport across the placenta of mice and women.
Placenta 2013;34 Suppl:S34-9.

CARMELIET P, MACKMAN N, MOONS L, et al. Role of tissue factor in embryonic blood
vessel development. Nature 1996;383:73-5.

CARMELIET P, FERREIRA V, BREIER G, et al. Abnormal blood vessel development and
lethality in embryos lacking a single VEGF allele. Nature 1996;380:435-9.
CONSTANCIA M, HEMBERGER M, HUGHES J, et al. Placental-specific IGF-II is a major
modulator of placental and fetal growth. Nature 2002;417:945-8.

JANSSON T. Amino acid transporters in the human placenta. Pediatric research
2001;49:141-7.

KUSINSKI LC, STANLEY JL, DILWORTH MR, et al. eNOS knockout mouse as a model of
fetal growth restriction with an impaired uterine artery function and placental transport
phenotype. American journal of physiology Regulatory, integrative and comparative

physiology 2012;303:R86-93.

116



279.

280.

281.

282.

283.

284.

285.

286.

LEE MH, REYNISDOTTIR I, MASSAGUE J. Cloning of pS7KIP2, a cyclin-dependent kinase
inhibitor with unique domain structure and tissue distribution. Genes & development
1995;9:639-49.

MATSUOKA S, EDWARDS MC, BAIC, et al. pS7KIP2, a structurally distinct member of the
p21CIP1 Cdk inhibitor family, is a candidate tumor suppressor gene. Genes &
development 1995;9:650-62.

ZHANG P, LIEGEOIS NJ, WONG C, et al. Altered cell differentiation and proliferation in
mice lacking p57KIP2 indicates a role in Beckwith-Wiedemann syndrome. Nature
1997;387:151-8.

YAN'Y, FRISEN J, LEE MH, MASSAGUE J, BARBACID M. Ablation of the CDK inhibitor
pS7Kip2 results in increased apoptosis and delayed differentiation during mouse
development. Genes & development 1997;11:973-83.

TAKAHASHI K, KOBAYASHI T, KANAYAMA N. p57Kip2 regulates the proper development
of labyrinthine and spongiotrophoblasts. Molecular Human Reproduction 2000;6:1019-
25.

CHUNG WY, YUAN L, FENG L, HENSLE T, Tycko B. Chromosome 11p15.5 regional
imprinting: comparative analysis of KIP2 and H19 in human tissues and Wilms' tumors.
Human molecular genetics 1996;5:1101-8.

THOMPSON JS, REESE KJ, DEBAUN MR, PERLMAN EJ, FEINBERG AP. Reduced Expression
of the Cyclin-dependent Kinase Inhibitor Gene pS7KIP2 in Wilms' Tumor. Cancer
Research 1996;56:5723-27.

Liu J, KAHRI Al HEIKKILA P, VOUTILAINEN R. Ribonucleic acid expression of the

clustered imprinted genes, pS7KIP2, insulin-like growth factor II, and H19, in adrenal

117



287.

288.

2809.

290.

291.

292.

293.

294.

295.

tumors and cultured adrenal cells. The Journal of clinical endocrinology and metabolism
1997;82:1766-71.

ARIEL I, LUSTIG O, OYER CE, et al. Relaxation of imprinting in trophoblastic disease.
Gynecologic oncology 1994;53:212-9.

WALSH C, MILLER SJ, FLAM F, FISHER RA, OHLSSON R. Paternally derived H19 is
differentially expressed in malignant and nonmalignant trophoblast. Cancer Res
1995;55:1111-6.

ARIMA T, MATSUDA T, TAKAGI N, WAKE N. Association of IGF2 and H19 imprinting
with choriocarcinoma development. Cancer genetics and cytogenetics 1997;93:39-47.
HE L, Cut H, WALSH C, et al. Hypervariable allelic expression patterns of the imprinted
IGF2 gene in tumor cells. Oncogene 1998;16:113-9.

KANAYAMA N, TAKAHASHI K, MATSUURA T, et al. Deficiency in pS7Kip2 expression
induces preeclampsia-like symptoms in mice. Molecular Human Reproduction
2002;8:1129-35.

KNOox KS, BAKER JC. Genome-wide expression profiling of placentas in the p57Kip2
model of pre-eclampsia. Molecular Human Reproduction 2007;13:251-63.

STERNBERG SS, MILLS SE, CARTER D. Sternberg's diagnostic surgical pathology.
Lippincott Williams & Wilkins; Number of pages.

FALCAO S, SOLOMON C, MONAT C, BERUBE J, GUTKOWSKA J, LAVOIE JL. Impact of diet
and stress on the development of preeclampsia-like symptoms in p57kip2 mice. Number
of pages.

AL-JAMEIL N, Aziz KHAN F, FAREED KHAN M, TABASSUM H. A brief overview of

preeclampsia. Journal of clinical medicine research 2014;6:1-7.

118



296.

297.

298.

299.

300.

301.

302.

303.

304.

EILAND E, NZERUE C, FAULKNER M. Preeclampsia 2012. Journal of pregnancy
2012;2012:586578.

OTT WI. The diagnosis of altered fetal growth. Obstetrics and gynecology clinics of
North America 1988;15:237-63.

BRAR HS, RUTHERFORD SE. Classification of intrauterine growth retardation. Seminars in
perinatology 1988;12:2-10.

BANG A RM, DESHMUKH MD. Child mortality in MahararshtraEconomic Political
Weekly 2002 (vol 4947-65).

BASCHAT AA, GEMBRUCH U, REISS I, GORTNER L, WEINER CP, HARMAN CR.
Relationship between arterial and venous Doppler and perinatal outcome in fetal growth
restriction. Ultrasound in obstetrics & gynecology : the official journal of the
International Society of Ultrasound in Obstetrics and Gynecology 2000;16:407-13.
BERNSTEIN IM, HORBAR JD, BADGER GJ, OHLSSON A, GOLAN A. Morbidity and mortality
among very-low-birth-weight neonates with intrauterine growth restriction. The Vermont
Oxford Network. American journal of obstetrics and gynecology 2000;182:198-206.
MurprHY VE, SMITH R, GILES WB, CLIFTON VL. Endocrine regulation of human fetal
growth: the role of the mother, placenta, and fetus. Endocr Rev 2006;27:141-69.
BERGMANN A, ZYGMUNT M, CLAPP JF, 3RD. Running throughout pregnancy: effect on
placental villous vascular volume and cell proliferation. Placenta 2004;25:694-8.

Craprp JF, 3rRD, KiM H, BURCIU B, LOPEZ B. Beginning regular exercise in early
pregnancy: effect on fetoplacental growth. American journal of obstetrics and

gynecology 2000;183:1484-8.

119



305. RAMIREZ-VELEZ R, BUSTAMANTE J, CZERNICZYNIEC A, AGUILAR DE PLATA AC, LORES-
ARNAIZ S. Effect of exercise training on eNOS expression, NO production and oxygen
metabolism in human placenta. PloS one 2013;8:e80225.

306. GILBERTJS, BANEK CT, BAUER AJ, GINGERY A, DREYER HC. Placental and vascular
adaptations to exercise training before and during pregnancy in the rat. American journal
of physiology Regulatory, integrative and comparative physiology 2012;303:R520-6.

307. FALCAO S, STOYANOVA E, CLOUTIER G, MAURICE RL, GUTKOWSKA J, LAVOIE JL. Mice
overexpressing both human angiotensinogen and human renin as a model of
superimposed preeclampsia on chronic hypertension. Hypertension 2009;54:1401-7.

308. NAKAYAMA K, ISHIDA N, SHIRANE M, et al. Mice lacking p27(Kip1) display increased
body size, multiple organ hyperplasia, retinal dysplasia, and pituitary tumors. Cell
1996;85:707-20.

309. MEHTA PK, GRIENDLING KK. Angiotensin II cell signaling: physiological and
pathological effects in the cardiovascular system. American journal of physiology Cell
physiology 2007;292:C82-97.

310. DECHEND R, VIEDT C, MULLER DN, et al. AT1 receptor agonistic antibodies from
preeclamptic patients stimulate NADPH oxidase. Circulation 2003;107:1632-9.

311.  ZHOU CC, AHMAD S, MI T, et al. Angiotensin Il induces soluble fms-Like tyrosine
kinase-1 release via calcineurin signaling pathway in pregnancy. Circulation research
2007;100:88-95.

312. MAI X, ZHUANG Y, LU H. [Vascular endothelial growth factor expression in placenta
from intrauterine growth retardation fetus with abnormal umbilical artery flow velocity

waveforms]. Zhonghua fu chan ke za zhi 2000;35:606-9.

120



313.

314.

315.

316.

317.

318.

319.

SUEJ, XINH, YIN P, et al. Impaired fetoplacental angiogenesis in growth-restricted
fetuses with abnormal umbilical artery doppler velocimetry is mediated by aryl
hydrocarbon receptor nuclear translocator (ARNT). The Journal of clinical endocrinology
and metabolism 2015;100:E30-40.

WENDER-OZEGOWSKA E, ZAWIEISKA A, ICIEK R, BRAZERT J. Concentrations of eNOS,
VEGF, ACE and PIGF in maternal blood as predictors of impaired fetal growth in
pregnancy complicated by gestational hypertension/preeclampsia. Hypertension in
pregnancy 2015;34:17-23.

NIKUEI P, MALEKZADEH K, RAJAEI M, NEJATIZADEH A, GHASEMI N. The imbalance in
expression of angiogenic and anti-angiogenic factors as candidate predictive biomarker in
preeclampsia. Iranian journal of reproductive medicine 2015;13:251-62.

Crarp Ii1 JF. The effects of maternal exercise on fetal oxygenation and feto-placental
growth. European Journal of Obstetrics & Gynecology and Reproductive Biology
2003;110, Supplement:S80-S8S.

SHIBUYA M. Vascular endothelial growth factor-dependent and -independent regulation
of angiogenesis. BMB reports 2008;41:278-86.

SZARKA A, R1GO J, JR., LAZAR L, BEKO G, MOLVAREC A. Circulating cytokines,
chemokines and adhesion molecules in normal pregnancy and preeclampsia determined
by multiplex suspension array. BMC immunology 2010;11:59.

ZARATE A, SAUCEDO R, VALENCIA J, MANUEL L, HERNANDEZ M. Early disturbed
placental ischemia and hypoxia creates immune alteration and vascular disorder causing

preeclampsia. Archives of medical research 2014;45:519-24.

121



320.

321.

322.

323.

324.

325.

326.

327.

328.

DEFRONZO RA, TRIPATHY D. Skeletal muscle insulin resistance is the primary defect in
type 2 diabetes. Diabetes Care 2009;32 Suppl 2:S157-63.

CHEN YW, APOSTOLAKIS S, LIP GY. Exercise-induced changes in inflammatory
processes: Implications for thrombogenesis in cardiovascular disease. Ann Med
2014;46:439-55.

LAMBERT MI, NOAKES TD. Spontaneous running increases VO2max and running
performance in rats. Journal of applied physiology (Bethesda, Md : 1985) 1990;68:400-3.
MACNEIL B, HOFFMAN-GOETZ L. Chronic exercise enhances in vivo and in vitro
cytotoxic mechanisms of natural immunity in mice. Journal of applied physiology
(Bethesda, Md : 1985) 1993;74:388-95.

BrUM PC, DA S1LVA GJ, MOREIRA ED, IDA F, NEGRAO CE, KRIEGER EM. Exercise
training increases baroreceptor gain sensitivity in normal and hypertensive rats.
Hypertension 2000;36:1018-22.

HORTA PP, DE CARVALHO JJ, MANDARIM-DE-LACERDA CA. Exercise training attenuates
blood pressure elevation and adverse remodeling in the aorta of spontaneously
hypertensive rats. Life sciences 2005;77:3336-43.

MEKA N, KATRAGADDA S, CHERIAN B, ARORA RR. Endurance exercise and resistance
training in cardiovascular disease. Therapeutic advances in cardiovascular disease
2008;2:115-21.

REYNOLDS LP, REDMER DA. Utero-placental vascular development and placental
function. Journal of animal science 1995;73:1839-51.

GREISS FC, JR., ANDERSON SG. Uterine blood flow during early ovine pregnancy.

American journal of obstetrics and gynecology 1970;106:30-8.

122



329.

330.

331.

332.

333.

334.

335.

336.

REYNOLDS LP, MAGNESS RR, FORD SP. Uterine blood flow during early pregnancy in
ewes: interaction between the conceptus and the ovary bearing the corpus luteum. Journal
of animal science 1984;58:423-9.

REYNOLDS LP. Utero-ovarian interactions during early pregnancy: role of conceptus-
induced vasodilation. Journal of animal science 1986;62 Suppl 2:47-61.

BELL AW, KENNAUGH JM, BATTAGLIA FC, MAKOWSKI EL, MESCHIA G. Metabolic and
circulatory studies of fetal lamb at midgestation. The American journal of physiology
1986;250:E538-44.

BARCROFT J, BARRON DH. Observations upon the form and relations of the maternal and
fetal vessels in the placenta of the sheep. The Anatomical record 1946;94:569-95.
MEEGDES BH, INGENHOES R, PEETERS LL, EXALTO N. Early pregnancy wastage:
relationship between chorionic vascularization and embryonic development. Fertility and
sterility 1988;49:216-20.

BASSIL S, MAGRITTE JP, ROTH J, NISOLLE M, DONNEZ J, GORDTS S. Uterine vascularity
during stimulation and its correlation with implantation in in-vitro fertilization. Human
reproduction (Oxford, England) 1995;10:1497-501.

FERRARA N, HENZEL W/J. Pituitary follicular cells secrete a novel heparin-binding growth
factor specific for vascular endothelial cells. Biochemical and Biophysical Research
Communications 1989;161:851-58.

FERRARA N, HOUCK K, JAKEMAN L, LEUNG DW. Molecular and Biological
Properties of the Vascular Endothelial Growth Factor Family of Proteins. Endocr Rev

1992;13:18-32.

123



337.

338.

339.

340.

341.

342.

343.

BIRD IM, ZHANG L, MAGNESS RR. Possible mechanisms underlying pregnancy-induced
changes in uterine artery endothelial function. American journal of physiology
Regulatory, integrative and comparative physiology 2003;284:R245-58.
CHARNOCK-JONES DS, SHARKEY AM, RAJPUT-WILLIAMS J, et al. Identification and
localization of alternately spliced mRNAs for vascular endothelial growth factor in
human uterus and estrogen regulation in endometrial carcinoma cell lines. Biology of
Reproduction 1993;48:1120-28.

JACKSON MR, CARNEY EW, LYE SJ, RITCHIE JW. Localization of two angiogenic growth
factors (PDECGF and VEGF) in human placentae throughout gestation. Placenta
1994;15:341-53.

LYALL F, YOUNG A, BOSWELL F, KINGDOM JCP, GREER IA. Placental expression of
vascular endothelial growth factor in placentae from pregnancies complicated by pre-
eclampsia and intrauterine growth restriction does not support placental hypoxia at
delivery. Placenta 1997;18:269-76.

SHWEIKI D, ITIN A, SOFFER D, KESHET E. Vascular endothelial growth factor induced by
hypoxia may mediate hypoxia-initiated angiogenesis. Nature 1992;359:843-45.
TOSSETTA G, PAOLINELLI F, AVELLINI C, et al. IL-1P and TGF-3 weaken the placental
barrier through destruction of tight junctions: An in vivo and in vitro study. Placenta
2014;35:509-16.

LEITNER K, AL SHAMMARY M, MCLANE M, JOHNSTON MV, ELoviTZ MA, BURD I. IL-1
receptor blockade prevents fetal cortical brain injury but not preterm birth in a mouse
model of inflammation-induced preterm birth and perinatal brain injury. American

journal of reproductive immunology (New York, NY : 1989) 2014;71:418-26.

124



344.

345.

346.

AYE IL, JANSSON T, POWELL TL. Interleukin-1beta inhibits insulin signaling and prevents
insulin-stimulated system A amino acid transport in primary human trophoblasts.
Molecular and cellular endocrinology 2013;381:46-55.

ZHOU L, AZFER A, N1U J, et al. Monocyte chemoattractant protein-1 induces a novel
transcription factor that causes cardiac myocyte apoptosis and ventricular dysfunction.
Circulation research 2006;98:1177-85.

GAVRILIN MA, DEUCHER MF, BOECKMAN F, KOLATTUKUDY PE. Monocyte chemotactic
protein 1 upregulates IL-1beta expression in human monocytes. Biochem Biophys Res

Commun 2000;277:37-42.

125



126



