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l1l. Abstract

Vitamin D3 deficiency is prevalent around the world, with 30-60% of
Australians having 25(OH)D; levels below 50 nmol/L. There has been a
resurgence of interest in vitamin D3 in the last decade as its deficiency has been
shown to be associated with an increasing number of diseases, including
pregnancy complications. The role of vitamin D3 in pregnancy is unclear, although
vitamin D3 metabolism genes are expressed in the placenta and circulating active
vitamin D3 increases 3-fold during pregnancy. As many pregnancy complications
are associated with poor placental development, we hypothesise that vitamin D3
deficiency may impair placental development and thereby contribute to the
pathogenesis of pregnancy complications.

To determine the effect of dietary vitamin D3 and calcium deficiency on the
placenta we used a mouse model. Mice were fed diets deficient in vitamin D3
and/or calcium, mated with normal males and killed at d18.5 post-coitus. Pregnant
and non-pregnant mice had altered vitamin D3z metabolism, namely alterations in
biochemistry and kidney gene expression. During pregnancy serum 1,25(OH),D3
levels are elevated. The level of expression of the gene for the enzyme
responsible for activation of vitamin D, vitamin D3 25-hydroxylase (CYP27B7), was
highest in kidneys of pregnant mice compared to levels in non-pregnant mice as
well as to levels in the placenta of pregnant mice, indicating that increased renal
1,25(0OH),D3 production is a feature of pregnancy. Pregnant mice consuming diets
deficient in both vitamin D3 and calcium resulted in higher incidence of preterm
birth (PTB) as defined by a delivery before d18.5 of gestation. While pregnant mice
had comparable placental weights regardless of vitamin D and calcium deficient
diets, the placental morphometry was altered such that there was increased
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capacity for feto-maternal exchange. Consistent with this, the average fetal weight
was significantly greater in those dams consuming a low calcium diet regardless of
the dietary vitamin D level, suggesting that placental adaptions allowed greater
fetal growth.

We next examined the human placental expression profile of vitamin D3
metabolism and the interacting insulin-like growth factor (IGF) pathway genes
across gestation. We found that vitamin D3 pathway genes (VDR, CYPZ2RYT)
increase while IGF genes (/GF1R, IGF2) decrease from early to late gestation,
reflecting the most important timeframes in gestation for the action of these
pathways. Correlations in gene expression were found between /GF2and VDR, as
well as /GFTR and VDR, suggesting new interactions between the pathways.
Immunohistochemistry revealed reducing CYP27B17, VDR and /GFZ2 protein across
gestation, while CYP24A7 was not altered. As VDR protein is reduced, with high
MRNA levels, this indicates a high turnover of VDR protein in term placentas.

Human placental gene expression from pregnancies with medical
complications was also compared to placentas from normal term-delivered
controls. The mRNA level for VDR was reduced in placentas of pregnhancies with
preeclampsia and spontaneous preterm deliveries. In addition, CYP24A7 mRNA
levels were reduced in placentas from pregnancy cases with gestational diabetes
and fetuses that were considered small for gestational age. This suggests that
placental vitamin D3 metabolism is altered both across gestation and in pregnancy
complications. Despite these changes in gene expression for vitamin D related
genes, there was only one altered IGF-family gene, with /GF7 increased in
placentas from pregnancies with preterm deliveries. As IGF1 interacts with the
vitamin D pathway, this could be an interacting pathway in pathology of preterm

birth.



In conclusion, vitamin D3 and calcium metabolism are altered by pregnancy,
with deficiency of both vitamin D3 and calcium resulting in PTB in mice. Dietary
vitamin D and calcium deficiency increased fetal weight which was associated with
changes in both placental morphometry and gene expression. In human placenta,
the expression of vitamin D3 metabolic pathway components is altered both across
gestation and between complicated and uncomplicated pregnancies. These
studies together strongly indicate a role for vitamin D3 action in normal and

complicated pregnancy.
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Chapter 1: Literature Review

1.1 General introduction

Over the past decade research has highlighted the importance of vitamin D3
in human health, beyond that of bone. In particular, it has become apparent that
there is a role for vitamin D3 in fertility and pregnancy success. Initial studies
demonstrated the role of vitamin D3 in fertility after incidental findings of severely
reduced fertility in vitamin D receptor knockout mice (Vdr null) were reported
(Yoshizawa, Handa et al. 1997). Increasing numbers of studies have focused on
associations between poor maternal vitamin D3 status and a spectrum of
pregnancy complications including preeclampsia (PE) (Bodnar, Catov et al. 2007),
preterm birth (PTB) (Perez-Ferre, Torrejon et al. 2012), small for gestational age
(SGA) babies (Leffelaar, Vrijkotte et al. 2010) and gestational diabetes mellitus
(GDM) (Zhang, Qiu et al. 2008). Preterm birth affected an estimated 15 million
pregnancies worldwide in 2010 (March of Dimes, 2012), with prematurity being the
largest cause of newborn deaths worldwide (Save the Children, 2013). An
estimated 800 women a day die in childbirth, with 3 million babies dying in their
first month of life in 2011, most due to pregnancy complications (Save the
Children, 2013). Combined, PE, PTB, SGA and GDM affect approximately 25% of
first pregnancies with the aetiology of these pregnancy complications, as well as
methods of prediction, still under investigation.

Vitamin D3 deficiency (defined as serum 25-hydroxyvitamin D levels below
50 nmol/L, see 1.5.3 Vitamin D3 deficiency) affects up to 60% of Australians (van
der Mei, Ponsonby et al. 2007) dependent on such factors as the latitude of

residence of the individual and the season in which testing is done. Vitamin D3
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deficiency also affects approximately 50% of women of reproductive age (20-39
year olds) in winter (Pasco, Henry et al. 2001). This equates to a large number of
women vulnerable to vitamin D3 deficiency in pregnancy. As many pregnancy
pathologies are also associated with poor placental development, there is an
urgent need to understand how vitamin D3 acts in pregnancy and its effects in the

placenta.

1.2 Pregnancy

During pregnancy, the placenta is the lifeline between the mother and fetus.
Hence, a key factor in pregnancy success is development of a functional placenta.
The placenta is a semi-permeable barrier responsible for transfer of nutrients and
wastes between maternal and fetal circulations, as well as producing hormones
and modifying the maternal immune response to the fetus (Gude, Roberts et al.
2004). Poor placental development results in a spectrum of complications from

miscarriage to high blood pressure and preterm labour (Roberts 2010).

1.2.1 Determinants of pregnancy success

A successful pregnancy is one resulting in a healthy, appropriately grown
fetus delivered at term (37-40 weeks after the last menstrual period), without
maternal or neonatal morbidity or mortality. This is determined by a range of
factors, some of which will be subsequently discussed, for example embryonic
implantation, maternal nutrition, physiological maternal adaptation to pregnancy,

pregnancy hormone levels and development of a mature placenta.

1.2.1.1 Embryonic implantation
The embryo implants into the receptive uterus or occasionally other sites

such as the fallopian tubes which results in ectopic pregnancies that require

15



termination to prevent catastrophic haemorrhage. The placenta forms from the
trophectoderm of the blastocyst plus extra-embryonic mesoderm and endoderm.
The placental extravillous trophoblasts (EVTs) invade deeply into the endometrium
and myometrium to sequester a blood supply for the mature placenta (Gude,
Roberts et al. 2004). Deep invasion of placental EVTs into the endometrium and
myometrium ensures constant and adequate maternal blood flow to the placenta,
allowing the fetus to successfully grow and extract nutrients from the mother

(Pijnenborg, Vercruysse et al. 2008).

1.2.1.2 Maternal adaptation to pregnancy

Maternal physiology is altered from the onset of pregnancy under the
influence of hormones from the ovaries and, subsequently, the placenta. In early
pregnancy, haemodilution affects levels of serum constituents. Circulating albumin
concentrations decrease from early gestation, leaving the free, ionized calcium
fraction at a stable concentration, but decreasing total calcium levels, to maintain
calcium homeostasis (Kovacs and Kronenberg 1997). There is also an associated
increase in cardiac output of 50% and basal metabolic rate of 80 kcal/day. Insulin
secretion is increased in early gestation by 60% and is followed by a rise in insulin
resistance in mid pregnancy, with a reduction in insulin sensitivity of 45-70%
(Newbern and Freemark 2011). These changes are attributed to alterations in
pregnancy hormone levels, such as estrogen (E;), progesterone (P,4), placental

lactogen (hPL) and growth hormone variant (Sibai and Frangieh 1995).

1.2.1.3 Placental hormones
One of the main roles of the placenta is to produce hormones to modify the

fetal and maternal environments, such as human chorionic gonadotropin (hCG),
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hPL, E, and Ps. Human chorionic gonadotropin (hCG) is secreted by the
syncytiotrophoblast. The main target of hCG in early pregnancy is the ovaries,
initially maintaining the corpus luteum and stimulating maternal production of E;
and P4. In the placenta, hCG induces cytotrophoblasts to fuse into the
syncytiotrophoblast layer. The syncytiotrophoblast secretes hPL which increases
insulin resistance in pregnancy, it may also play a role in nutrient homeostasis
(Newbern and Freemark 2011). Progesterone production is stimulated by hCG and
maintains uterine quiescence during pregnancy. It is initially produced by the
ovaries, with placental production taking over from eight weeks’ gestation

(Malassine, Frendo et al. 2003).

1.2.1.4 Fetal nutrient supply

Nutrient supply to the fetus is determined by maternal nutrition during
pregnancy, maternal physiological adaptions to pregnancy and placental
metabolism and transport of nutrients (Belkacemi, Nelson et al. 2010). Adequate
maternal nutrition in pregnancy is essential for a healthy, appropriately grown
baby, for example undernourished mothers deliver smaller babies (Barker 2001).
Micronutrients such as vitamin D3 and folate are important for fetal bone and
neurological development, respectively (Botto, Moore et al. 1999). Maternal
adaptations to pregnancy also influence fetal nutrient supply, for example the
development of an insulin resistant state increasing maternal blood sugar levels
(Newbern and Freemark 2011). Placental transfer of nutrients is dependent on the
concentration of nutrients and the method of transfer; for example glucose is
transported by facilitated diffusion along a concentration gradient, aided by the
transport proteins GLUT1, 2 and 3, from the maternal circulation across the

trophoblast layer to the fetal capillaries (Gude, Roberts et al. 2004).
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Vitamin D metabolites have differing methods of placental transport as
vitamin D3 is undetectable in fetal plasma (Hollis and Pittard 1984), 25-
hydroxyvitamin D3 (25(OH);D3) is found at similar or up to 20% higher
concentrations in maternal compared to fetal plasma and probably crosses the
placenta readily by diffusion (Kovacs 2008). Active vitamin D3 1a,25-dihydroxy
vitamin D3 1,25(OH),D3; does not readily cross the placenta as maternal plasma
concentrations are higher than fetal concentrations (Fleischman, Rosen et al.
1980, Wieland, Fischer et al. 1980, Hollis and Pittard 1984, Seki, Furuya et al.
1994), the fetus does not readily produce its own 1,25(OH),D; as low PTH and
high phosphorus inhibit this (Kovacs 2008). lons such as calcium, potassium and
phosphate are higher in the fetal circulation than maternal circulation. Calcium ions
diffuse from maternal blood into trophoblasts, then are transported through the
cytoplasm bound to calbindin-Dgkx then are actively transported into the fetal
circulation by Ca-ATPase (PMCA) on the basement membrane. Calbindin levels
increase across gestation and may be responsible for the increase in materno-fetal
calcium transfer. Potassium is transferred by the Na*/K*/ATPase pump across into
trophoblasts and then into the materno-fetal circulation. Whereas phosphate is

transferred by a NaPi-2a transporter channels (Desforges and Sibley 2010).

1.3 The human placenta

The placenta is a complex, transient organ that forms the feto-maternal
interface. It has many roles including providing nutrition and removing waste from
the fetal circulation, provision of an active state of immune tolerance, as well as
forming a physical barrier between maternal and fetal circulations and is an
endocrine organ. The placenta has a complex structure composed of both

maternal and fetal tissue. The placenta is derived from the conceptus shortly after

18



implantation and the mature organ develops rapidly over the first weeks of
pregnancy. Poor placental development, including shallow trophoblast invasion
early in pregnancy, results in placental insufficiency. This has been associated
with a spectrum of pregnancy pathologies from miscarriage (Khong, Liddell et al.
1987) to PTB (Morgan, Tolosa et al. 2013), small for gestational age (SGA) babies
and PE (Khong, De Wolf et al. 1986). All aspects of placental development, from
blastocyst implantation to deep endometrial and myometrial invasion, are essential

for development of a mature, functional placenta.

1.3.1 Placental cell types

The major placental cells are the trophoblasts (cytotrophoblasts and
syncytiotrophoblasts), the fetal endothelium and immune cells (Figure 1.1).
Cytotrophoblasts are the major trophoblastic cell type in early pregnancy, arising
from the trophectoderm and giving rise to the other trophoblastic cell populations.
The syncytiotrophoblast is a single multi-nuclear cell which envelops the
implanting embryo and, in the mature placenta, provides the interface between the
maternal intervillous space and placental villi (Gude, Roberts et al. 2004). The
syncytium is maintained and increases in size through fusion of cytotrophoblasts,
with removal of nuclear and cellular debris by formation of syncytial buds
(Huppertz 2010). The syncytiotrophoblast becomes thinner with advancing
gestation decreasing the diffusion distance between the maternal and fetal
circulations to as little as 2-4 um in some parts after 20wks’ gestation. Extravillous
cytotrophoblasts (EVTs) are those which invade both endovascularly and
interstitially into the maternal endometrium and myometrium, recruiting and
transforming the maternal spiral arterioles to provide the maternal blood supply to

the placenta (Pijnenborg, Vercruysse et al. 2006) (see Figure 1.2).
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Figure 1.1 Structure of human placental villi.

Placental villi (A) contain a network of fetal capillaries. The dotted line shows a
cross-section of a chorionic villus at B) 10 weeks of gestation and C) at term. In
early gestation there is a complete layer of cytotrophoblasts, whereas at term
there are few cytotrophoblasts. The syncytiotrophoblast membrane also
becomes thinner with advancing gestation to facilitate feto-maternal exchange.
Thrombosis research by Pergamon. Reproduced with permission of Pergamon
in the format Thesis/Dissertation via Copyright Clearance Centre (Gude,

Roberts et al. 2004).

1.3.2 The intervillous space and spiral arteries

The intervillous space is initially formed when EVTs invade into uterine
capillaries, leaving small maternal blood spaces in the syncytiotrophoblast, called
lacunae. These form between villi and later merge with uterine spiral arteries,

forming the intervillous space of the placenta (Jauniaux, Watson et al. 2000).
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During early placental development, invasive EVTs invade through the
maternal endometrium (decidua) and up to a third of the way through the
myometrium (Burton, Woods et al. 2009), encountering the maternal spiral arteries

which are recruited to supply the placenta. EVTs invade the arteries both
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Figure 1.2. Structure and transformation of the maternal spiral arteries.

The maternal spiral arteries are tightly coiled in the non-pregnant myometrium
and endometrium. As pregnancy progresses, trophoblasts invade both
endovascularly and interstitially to transform the spiral arteries and their
smooth muscle layer, hence causing them to dilate and lose vasoreactivity. In
normal pregnancies, the spiral arteries in the placental bed are completely
transformed in the decidua and up to a third of the way through the
myometrium, unlike the limited transformation found in pregnancy
complications such as preeclampsia and intrauterine growth restriction (IUGR).
Reprinted with permission from Macmillan Publishers Ltd: Nature Reviews

Immunology, (Moffett-King 2002) copyright 2002.
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interstitially and endovascularly and transform them by replacing smooth muscle
and endothelial cells which causes maternal arteries to lose vasoreactivity. This
results in dilated vessels which slow the flow rate of blood entering the placenta
(Burton, Woods et al. 2009).

Placental development occurs initially in a physiologically low oxygen
environment due to the early occlusion of the maternal spiral arteries by EVTs.
During this time the placental villi are not exposed to maternal blood but may be
bathed in plasma filtrate (Hustin and Schaaps 1987) or uterine gland secretions
(Burton, Jauniaux et al. 1999). Placental oxygen tension in the intervillous space
rises from <20 mmHg at 8 weeks’ gestation to 50 mmHg at 12 weeks’ gestation
with a corresponding increase in placental expression of antioxidant enzymes
(Jauniaux, Watson et al. 2000). Ultrasound observations and histological
investigations agree that maternal blood flow is established by 11-12 weeks’
gestation (Hustin and Schaaps 1987, Burton, Jauniaux et al. 1999, Jauniaux,
Greenwold et al. 2003).

Impaired placental development leads to pregnancy complications; these
include shallow invasion of spiral arteries, premature initiation of placental blood
flow and poorly transformed spiral arteries (Figure 1.2). These modifications are
important to ensure an uninterrupted, low velocity blood flow to the placenta as
perturbed blood flow can cause ischemia-reperfusion injury to the placenta,
damaging the placental villi and hence, reducing the opportunity for feto-maternal

exchange (Burton and Jauniaux 2004).

1.4 Complications of pregnancy

In Australia approximately 25% of pregnancies are affected by a major

complication such as PTB (8.2%), fetal growth restriction (for example 6.1% low
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birth weight, LBW), pregnancy-induced hypertension (including PE, 5%) and GDM
(5%) (Li, Hilder et al. 2013). Some women will have more than one complication in
the same pregnancy. Currently we have no way to predict which women will
develop these complications in their first pregnancy, other than family history.
Insights into how these complications manifest and how they can be treated will

improve obstetric care.

1.4.1 Preeclampsia

Preeclampsia is directly associated with 2-8% of annual worldwide maternal
deaths (Duley 2009). In the mother, PE can have various degrees of severity and
is associated with hypertension, organ failure and higher risk of cardiovascular
disease later in life. Fetuses are at risk of iatrogenic premature delivery, fetal
growth restriction, stillbirth and oligohydramnios (Hawfield and Freedman 2009).
Currently there are no effective screening tools to predict PE, treatments are
based on alleviation of symptoms and the only cure is to deliver the placenta.

In Australia, PE is defined as high blood pressure (above 140/90 mmHg)
after 20 weeks’ gestation and resolving by 3 months postpartum, with at least one
multisystem complication of proteinuria, renal insufficiency, neurological
symptoms, liver disease, haematological disturbances or fetal growth restriction
(Tranquilli, Dekker et al. 2014). Severe PE can occur late in pregnancy or early in
pregnancy (early onset severe PE (EOSPE); <34 weeks’ gestation). It is
characterized by very high blood pressure (above 160/110) with proteinuria and/or
other multi-system complications, including seizures (classified as eclampsia),
visual disturbances, renal dysfunction and haematological complications

(Tranquilli, Brown et al. 2013).
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The pathogenesis of PE involves reduced placental blood flow, due to
poorly transformed spiral arteries, which in turn causes placental ischemia and
infarctions. The necrotic tissue then releases factors into the maternal blood that,
cause placental endoplasmic reticulum stress, oxidative stress and inflammation
(Chaiworapongsa, Chaemsaithong et al. 2014). Hence, PE has been associated
with poor trophoblast invasion (Khong, De Wolf et al. 1986), immune
maladaptation (Dekker and Robillard 2007), genetic and other factors and is
considered a multifactorial disease. Women with PE are at increased risk of

chronic disease later in life, for example cardiovascular disease (Williams 2011).

1.4.2 Preterm birth

PTB is defined as birth before 37 completed weeks of gestation, affecting
9.6% of pregnancies worldwide (Beck, Wojdyla et al. 2010) with over 1 million
children dying annually due to PTB and its complications (WHO, 2012). Preterm
birth can be further divided into iatrogenic (30% of PTBs) and spontaneous PTB
(sPTB, 70% of PTBs) (Romero, Dey et al. 2014). latrogenic (indicated) PTBs are
usually due to complications such as placenta previa, gestational hypertension,
growth restriction (twins and singletons) and PE, where the baby is delivered
preterm through induction of labour or caesarean section (ACOG, 2013).
Conversely, sPTB occurs following the onset of preterm labour before 37 weeks’
gestation, it can be precipitated by a range of factors such as uterine over
distension (in multi-fetal pregnancies), poor placentation (Morgan, Tolosa et al.
2013) or infection and inflammation (Keelan, Blumenstein et al. 2003). The latter
causes are associated with the majority of early sPTB (<34 weeks gestation), with
the associated inflammation being responsible for triggering the onset of labour

(Romero, Espinoza et al. 2007). Prematurity confers many risks to the baby, such
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as respiratory distress, disability, poorer health outcomes during childhood and
adulthood including obesity, diabetes mellitus, and heart disease. Mothers of
preterm infants also have an increased risk of stroke and cardiovascular disease
later in life (Irgens, Reisaeter et al. 2001) as well as an increased risk of

subsequent preterm birth (Edlow, Srinivas et al. 2007).

1.4.3 Small for gestational age

Fetal growth restriction (FGR) during pregnancy affects approximately 10%
of births depending on the definitions used, which makes comparisons between
studies difficult. Although fetal sex, gestation and ethnicity are known to affect birth
weight, many clinical settings use low birth weight (LBW, <2500g) as their
definition of growth restriction. Serial ultrasound measurements are used to
identify FGR which is a more accurate, but time consuming measure. By
examining the baby’s weight as compared to others for its gestational age while
accounting for sex the lightest 10% of babies are considered SGA (Lausman,
Gagnon et al. 2013).

This can be further refined by using customized centiles, which account for
maternal ethnicity, height and weight, as well as the baby’s gestation, birth weight
and gender. Customised centiles are more accurate in identifying babies that are
truly SGA, and not just small due to ethnicity or other constitutional factors
(Figueras and Gardosi 2009). SGA is associated with poor trophoblast invasion
(Khong, De Wolf et al. 1986) and results in increased risk of intrauterine death and
other complications such metabolic disorders in adulthood (Godfrey and Barker

2001).
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1.4.4 Gestational diabetes mellitus

GDM is diabetes diagnosed in pregnancy in women who did not previously
have diabetes (Schneiderman 2010). Diagnosis of GDM in Australia is a fasting
plasma glucose of 5.5 mmol/L or a 2 hour plasma glucose 28.0 mmol/L (after a
glucose load of 75 g) (Hoffman, Nolan et al. 1998). Recently new guidelines have
been released defining GDM (after a 75 g oral glucose tolerance test) as fasting
plasma glucose levels of 5.1-6.9 mmol/L, 210 mmol/L at 1 hour and 8.5-11 mmol/L
at 2 hours. Diabetes mellitus in pregnancy is diagnosed as of =7 mmol/L when
fasting and 211.1 at 2 hours (WHO 2013, RANZCOG 2014). Maternal adaptations
in normal pregnancy cause insulin resistance but in GDM normal beta cell function
is impaired and glucose homeostasis cannot be maintained (Schneiderman 2010).

Maternal and fetal morbidities are associated with GDM. Fetal
complications include macrosomia, which can result in shoulder dystocia, and
hypoglycaemia and intrauterine demise (Schneiderman 2010). Maternal risks
include injury during delivery or increased risk of Caesarean section due to
macrosomia (large babies) resulting from increased blood sugar levels. Mothers
also have an increased risk of developing type 2 diabetes later in life compared to
those without GDM (Damm, Kuhl et al. 1992). Later in life there is an increased risk
of metabolic and cardiovascular diseases for the child, such as obesity and type 2
diabetes (Catalano, Kirwan et al. 2003), as has also been found in various animal

models (Nathanielsz, Poston et al. 2007).

1.5 Vitamin D3

Vitamin D3 is a secosteroid hormone that is predominantly produced
through sun exposure, with cholesterol in the skin converted to vitamin D3 through

the action of UV-B radiation. Vitamin D was first investigated in 1919 when a trace
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compound in cod liver oil was known to prevent the bone disease known as rickets
(Mellanby 1919), it was only in the 1930’s that the active forms of plant and human
derived vitamin D3 were characterised (Windaus, Linsert et al. 1932, Brockman
1936). Since this time, vitamin D3 structure, synthesis and action have been well
characterised; vitamin D3 regulates calcium and phosphate homeostasis and
prevents the bone diseases rickets and osteoporosis. More recently, vitamin D3
has been suggested to function in a wide range of tissues and its deficiency has

been associated with many diseases including pregnancy pathologies.

1.5.1 Vitamin D; metabolism

Although there are some dietary sources, vitamin D3 is predominantly
produced in the skin (Figure 1.3). Pre-vitamin D3 is produced from 7-
dehydrocholesterol (a cholesterol precursor produced by Kkeratinocytes
(Glossmann 2010)) through the action of UV-B on the skin, which then undergoes
a structural change, catalysed by body heat, to form vitamin D3. Vitamin D3, bound
to the vitamin D binding protein (VDBP) enters the circulation and is hydroxylated
in the liver to form 25(0OH)D3, catalysed by CYP2R1 (Cheng, Levine et al. 2004).
The 25(OH)D3; metabolite is the major circulating form of vitamin D3, is used as a
marker of vitamin D status and has a half-life of fifteen days (Jones 2008). When
required, 25(0OH)D3 is then further hydroxylated in the kidney, catalysed by 25-
hydroxyvitamin Ds-1a-hydroxylase (CYP27B1), producing the active circulating
form of vitamin D3, 1a,25-dihydroxyvitamin D3 (1,25(OH),D3) with a half-life of a
few hours.

CYP27B1 activity was thought to be restricted to the kidney, however
expression and activity of CYP27B1 has been demonstrated in many cell types

(Anderson, Hendrix et al. 2008), including placental trophoblasts (Diaz, Sanchez et
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al. 2000), suggesting actions in a wide variety of tissues for 1,25(0OH),D3s. The
regulation of 1,25(OH),D3 activity is, in part, through catabolism by 24-hydroxylase
(CYP24A1, encoded by CYP24A7) to form inactive 1,24,25-dihydroxyvitamin D3
which is the first step in formation of calcitroic acid which is excreted in the urine.
CYP24AT7 is expressed in all vitamin D responsive tissues, including the placenta
(Avila, Diaz et al. 2004). Further metabolism and excretion of vitamin D3 products
involves side-chain hydroxylation of 1,25(OH),D3 by various liver cytochrome P450

enzymes (CYPs), metabolites are primarily excreted through the bile into faeces
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Figure 1.3. Vitamin D metabolic pathway.

Vitamin D3 can be obtained from the diet, but is primarily produced in the skin
by UV-B from sunlight, which converts 7-dehydrocholesterol to pre-vitamin D3
and then vitamin Ds. Vitamin D is hydroxylated in the liver by 25-hydroxylase
(CYP2R1) to 25(0OH)Ds. This is further metabolised in the kidney and other
tissues by 1a-hydroxylase (CYP27B1) to 1,25(0OH)2D3, the active form of
vitamin D3. Both 25(OH)D3; and 1,25(0OH),D3 are metabolized through further
hydroxylation by 24-hydroxylase (CYP24A1) to 1,24,25(0OH)3;D; and other

inactive metabolites which are excreted into bile and eliminated in the faeces.
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rather than in the urine as DBP-bound metabolites are recovered by the kidney

(IOM, 2011).

1.5.2 Vitamin D3 action

Active vitamin D3 has wide-ranging effects.1,25(0OH),D3 acts mainly through
the vitamin D receptor (VDR, encoded by VDR) to alter expression of genes such
as vitamin D pathway genes (CYP24A7, VDR). VDR is a nuclear transcription
factor which forms a heterodimer with retinoid X receptor (RXR) and other
transcription factors. This complex binds to vitamin D responsive elements
(VDREs), with or without 1,25(OH);D3 binding, in responsive genes to influence
their transcription. A study using CHIP analysis showed 913 genes had VDREs in
human SCC25 cells (squamous carcinoma) (Wang, Tavera-Mendoza et al. 2005).
VDRESs have been shown to be located within the promoter regions of genes as
well kilobases upstream or downstream of coding genes, suggesting a complex

role for VDR-mediated gene transcription (Pike and Meyer 2014).

1.5.3 Vitamin D; deficiency

Measurement of 25(OH)D; is used as a surrogate marker of vitamin D3
status as its levels are relatively stable due to its long half-life. In comparison,
1,25(0OH),D3 has a short half-life, and with stimulation of production by various
hormones such as parathyroid hormone (PTH) to correct calcium homeostasis.
Risk of 25(0OH)D3 deficiency is associated with reduced exposure to sunlight
(Morris, Morrison et al. 1984) and other factors such as dark pigmented skin
(Grover and Morley 2001, Bodnar, Simhan et al. 2007), obesity (Need, Morris et al.
1993), living at a high latitude (Webb, Kline et al. 1988), thin skin in the elderly

(Need, Morris et al. 1993), extensive use of sunscreen (Faurschou, Beyer et al.
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2012) and low vitamin D3 consumption (Nowson and Margerison 2002).
Supplementation of foods with vitamin D3 is practiced in many countries, with
Australia mandated to include 55 pg/kg in edible oil spreads such as margarine
since the year 2000 (Food Standards Australia New Zealand, 2011). However,
other countries (for example the United States of America) have more prevalent
food fortification, with cereals and milk mandated to include vitamin D3 (Calvo,

Whiting et al. 2004).

1.5.4 Definition of vitamin D3 deficiency

There has been much discussion in the past decade concerning both the
required intake levels of vitamin D3 to achieve sufficient Table 1.1 circulating
concentrations and also to define vitamin D3 sufficiency itself. The recommended
daily intake has increased in the last decade as more is discovered about vitamin
Ds; and rates of deficiency. In 2011, the recommended daily intake (RDI) was
increased by the Institute of Medicine (IOM) from 400 |U/day to 600 |U/day in the
USA (Table 1.1) (IOM, 2011).

Vitamin D3 sufficiency is currently considered as a serum concentration of

Table 1.1. Current recommended vitamin D and calcium intakes for various age
groups.
_Age Group Vitamin D RDI ° Calcium RDI °
0-12 months 4001V ° 200-260 mg
1-18 years 600 IU 700 mg (1-3 years)
1000 mg (4-8 years)
1300 mg (9-18 years)
19-50 years 600 U 1000 mg
51-71 years 600 U 1000 mg
> 71 years 800 IU 1200 mg
Pregnant & 600 IU 1300 mg (14-18 years)
lactating women 1000 mg (19-50 years)
Note: (modified from (Ross, Manson et al. 2011)); ' RDI - recommended daily
intake (per day); > Based on EAR (estimated adequate requirements) as limited
data
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=50 nmol/L of 25(OH)D3 by the Australian National Health and Medical Research
Council (NHMRC), which is based on bone health to prevent rickets and
osteomalacia as other diseases lacked evidence on the level of vitamin D required
to prevent them (Ross, Manson et al. 2011). Although the NHMRC has not
updated their 2005 guidelines (2006), there was a position statement released by a
working group representing the Australian and New Zealand Bone and Mineral
Society, the Endocrine Society of Australia and Osteoporosis Australia in 2012
consistent with the IOM recommendations (Paxton, Teale et al. 2013). During this
period, researchers have suggested various cut-offs for vitamin D sufficiency
based on their own studies, while some suggest that vitamin D3 sufficiency should
be based on prevention of bone disease alone (Morris 2005) (Table 1.2), as
optimum 25(OH)D3; concentrations to prevent other diseases are still undefined.
Additionally, the South Australian Child Health Clinical Network reported that they
consider deficiency as <60 nmol/L (SA CHCN, 2013). 25(0OH)D3 definitions for
deficiency and insufficiency vary greatly between studies (Table 1.4, Table 1.5,
Table 1.6, Table 1.7), with deficiency ranging from a serum concentration of <12.5
nmol/L (NHMRC, 2006) to <80 nmol/L of 25(OH)D3 (Bodnar, Simhan et al. 2007)
depending on the study, making interpretation of the prevalence of vitamin Ds;

deficiency difficult.

1.5.5 Epidemiology of vitamin D3 deficiency

An estimated 1 billion people worldwide are vitamin D3 deficient (Holick
2011). Van der Mei et al. reported vitamin D3 status in three Australian regions in
winter and spring and found vitamin D3 deficiency (25(OH)D3; <50 nmol/L) affected
a significant proportion of the population: 40.5% in south east Queensland, 37.4%

in Geelong and 67.3% in Tasmania (van der Mei, Ponsonby et al. 2007). The
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Table 1.2. Recommended definitions of vitamin D deficiency based on bone

health.

Vitamin D status Serum 25(OH)D3
(nmol/L)

Severely deficient <125

Moderately deficient 12.5-29

Mildly deficient 30-49

Sufficient > 50

Elevated > 250

Toxic > 500

Note: modified from (Morris 2005) and (Paxton, Teale et al. 2013)

1996-7 National Adults Nutrition Study in New Zealand found that 30.4% of New
Zealanders were vitamin D3 deficient (<37.5 nmol/L) (unpublished, reviewed in
2006). In comparison, the American NHANES 2000-2004 survey found 20-49 year
olds had an adjusted mean serum 25(OH)D3; of 62 nmol/L with only 5% below 25
nmol/L of 25(0OH)D3 (Looker, Pfeiffer et al. 2008). At a population level, differences
in proportion of deficiency may be due to latitude, sun exposure, ethnic, dietary
and supplementation differences between populations. Interestingly, the Geelong
Osteoporosis Study found that 19.8% of women of reproductive age (20-39 years
old) had frank deficiency (<20 nmol/L) and 43% had marginal deficiency
(25(0OH)D3 25-50 nmol/L) at the end of winter (Pasco, Henry et al. 2001). This
clearly demonstrates that many people, including women of reproductive age are

vitamin D3 deficient according to current definitions.

1.6 Calcium

Classically, the role of vitamin D; has been seen as the maintenance of
calcium homeostasis through regulation of various calciotropic pathways in order
to maintain bone health. As vitamin D3 deficiency is associated with an increasing
number of diseases, both during and independent of pregnancy, further roles for

calcium and calciotropic pathways are emerging.
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1.6.1 Calcium homeostasis

Serum calcium concentration is strictly maintained at 2.25-2.5 nmol/L
(Guyton and Hall 1996) through interplay of calciotropic hormones and trafficking
of calcium between compartments, such as the uptake from intestines and bone
(Figure 1.3). The calcium sensing receptor (CaSR) in the parathyroid glands
monitors calcium levels and when levels drop parathyroid hormone (PTH) is
released from the parathyroid glands (Favus, Bushinsky et al. 2006). PTH then
acts on the kidney to increase renal calcium reabsorption and increase
1,25(0OH),D3 production through stimulation of CYPZ27B7 gene expression.
1,25(0OH).D3 then increases calcium by increasing intestinal expression of calcium
binding proteins (CaBP; calbindin-D9k and calbindin-28), possibly through VDREs
which increase intestinal calcium absorption (Favus, Bushinsky et al. 2006, David
and Quarles 2011). Both 1,25(0OH),D3; and PTH also act on bone directly to release
calcium into the circulation. Alternatively, low serum phosphate levels induce
release of fibroblast growth factor 23 (FGF23) from bone. This is triggered by the
release of calcium phosphate from bone, where phosphate is then passively
excreted by the kidney. FGF23 then acts to reduce PTH secretion, hence reducing
circulating 1,25(0OH),D3; and calcium concentrations. Other calciotropic hormones
are also involved such as calcitonin, which oppose the actions of PTH, and PTH
related protein (PTHrP) which regulates placental calcium transfer and is under
control of CaSR (Wysolmerski 2012).

Vitamin D3 also regulates many of the genes involved in calcium
homeostasis. Through VDREs, 1,25(0OH),D3 regulates the expression of CaBP in
enterocytes (S700G), the FGF23/Klotho receptor gene (FGFBP) and PTHrP
(PTHLH) (Wang, Tavera-Mendoza et al. 2005) as well as inhibiting calcitonin

expression (CALCA) through a negative VDRE, which reduces expression through
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similar mechanisms (Peleg, Abruzzese et al. 1993). In bone, osteoclastic bone
resorption is stimulated through upregulation of RANKL expression and down
regulation of OPG expression and direct suppression of osteoblast activity (Ross

2011).

1.6.2 Calcium deficiency and excess

The recommended dietary calcium levels range between 200 mg and 1300
mg per day dependant on age and pregnancy status (Table 1.2). Calcium
deficiency cannot be detected by measuring serum calcium concentration as this
can only reflect extreme deficiencies as levels are tightly regulated. Prolonged low
calcium intake can result in osteomalacia (bone softening due to poor
mineralization) and lead to osteoporosis and fractures. Symptoms of calcium
deficiency include numbness and tingling of fingers, convulsions and abnormal
heart rhythms. Excessive calcium intake can result in constipation, impaired zinc
and iron absorption, kidney stones and cardiovascular disease (Emkey and Emkey

2012).

1.6.3 Calcium homeostasis in pregnancy

Calcium regulation is dramatically altered in pregnancy (Figure 1.3). By the end of
first trimester, intestinal calcium absorption has doubled compared to the non-
pregnant state (Kovacs 2009). Although intestinal calcium absorption increases
there is also increased bone turn-over in late compared to early pregnancy as
indicated by markers of bone resorption such as urinary deoxypyridinoline (DPD)
excretion (Kovacs and Kronenberg 1997). Serum total calcium levels decrease in
pregnancy, although the active fraction of calcium, ionised calcium, remains
comparable to that in the non-pregnant state, due to haemodilution and decreased

serum albumin (35% of total calcium is bound to albumin) (Guyton and Hall 1996).
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It is interesting that calcium metabolism is so drastically altered at the onset
of pregnancy, as it is not until the third trimester that fetal calcium demand is high.
It may be that the maternal skeleton is being fortified in preparation for the high
calcium demands of the fetus later in pregnancy (Kovacs 2008). This is supported
by the low levels of PTH and high levels of the calciotropic hormones, calcitonin
and PTHrP, which increase dramatically during early pregnancy (Ardawi, Nasrat et
al. 1997), protecting the skeleton from calcium resorption and increasing calcium

reabsorption in kidney and intestines, respectively (Figure 1.4).

1.7 Vitamin D3 in pregnhancy

Vitamin D3 in pregnancy has regained the interest of health professionals
due to a resurgence of rickets around the globe (Elder and Bishop 2014). Vitamin
D; deficiency affects many women worldwide and has been associated with

pregnancy complications such as PE and PTB.

1.7.1 Vitamin D; metabolism in pregnancy

Vitamin D3 metabolism is altered in pregnancy (Figure 1.5). Although there
is only a minor decrease in serum 25(0OH)D3 concentration across gestation, there
is a marked increase in circulating 1,25(0OH),D3 levels with concentration doubling
in early pregnancy rising to 300-700 pmol/L in healthy pregnant women near term
(Ardawi, Nasrat et al. 1997, Hollis and Wagner 2013). Although renal production of
circulating 1,25(0OH),D3 is usually under control of PTH this may not be the case in
pregnancy as PTH levels decrease to half the pre-pregnancy values and remain at
low-normal levels throughout pregnancy, which is dependent on race and diet
(Kovacs 2009). Some non-calciotropic hormones also mirror the rise of

1,25(0OH),D3 across gestation such as prolactin and hPL (Ardawi, Nasrat et al.
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Figure 1.4. Calcium homeostasis and vitamin D metabolism in pregnancy.

Circulating vitamin D is activated by CYP2R1 in the liver, then metabolised by
renal CYP27B1 to the active 1,25(0OH),D,. The parathyroid gland releases PTH

into the circulation in response to low serum calcium concentrations (Ca) and

stimulates renal CYP27B1 expression. 1,25(0OH),D, acts in the intestines,
increasing levels of calcium binding protein (CaBP) to increase calcium
absorption, and in bones where it releases Ca and phosphate (PO4_) from

osteoclasts. Bones release fibroblast growth factor 23 (FGF23) in response to
low serum PO4-, negatively regulating PTH and CYP27B1 protein expression.
In pregnancy, vitamin D metabolism is altered. The placenta converts vitamin

D3 to 1,25(0H),D, and alters expression through vitamin D responsive elements

(VDREs) in genes. Only 25(0OH)D,, not 1,25(0OH),D, is able to cross the

placenta to the fetal circulation.

1997). As 1,25(OH),Ds3 regulates placental hPL production (Stephanou, Ross et al.

1994) and both prolactin and hPL genes, PRL and CSH1, have VDREs
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(Stephanou and Handwerger 1995, Castillo, Jimenez-Lara et al. 1999). Serum
levels of these hormones may be regulated by 1,25(OH)2Ds.

The insulin-like growth factors play a major role in placental development
and maternal adaption to pregnancy (Roberts, Owens et al. 2008). IGF levels are
altered across gestation (Figure 1.5), with circulating IGF1 initially decreasing
within the normal range then increasing in third trimester (Moller, Streym et al.
2013), while IGF2 falls to half its non-pregnant levels at 7-8 weeks of gestation,
then rises to 150% of non-pregnant levels and is maintained across gestation,
falling to non-pregnant levels during lactation (Gargosky, Moyse et al. 1990). IGF1
has been found to stimulate 1,25(0OH),D3 production, although it appears unlikely
that IGF1 is responsible for the increased 1,25(0OH),Ds in pregnancy as IGF1
levels increase later in pregnancy (Moller, Streym et al. 2013).

Vitamin D3 supply to the fetus is also important and occurs by passive
diffusion of 25(OH)D3; across the placenta (Kovacs 2008). 1,25(OH),D3 cannot
cross the placenta into the fetal circulation (Salle, Delvin et al. 2000). As this is the
only source of fetal vitamin D3, maternal vitamin D3 deficiency causes rickets
(Elder and Bishop 2014) and is associated with increased rates of allergy in

children (Litonjua 2012).

1.7.2 Vitamin D3 deficiency in pregnancy

In Adelaide, South Australia, 56.8% of women screened in early pregnancy
were vitamin D3 deficient (<60 nmol/L). Of the women in this study who were
deemed to be at low risk of deficiency (not veiled, dark skinned or housebound),
nearly half (46.2%) were deficient (De Laine, Matthews et al. 2013). A high
prevalence of deficiency was also found in pregnant women in the UK, with 96%

deficient (<50 nmol/L) at 12 and 20 weeks of gestation (Holmes, Barnes et al.
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Figure 1.5. Schematic of vitamin D, calcium and hormone levels across
pregnancy.

Serum levels in nhon-pregnant (NP), pregnant (P) and postpartum (PP) women
of: A) total calcium, B) 25(OH)D3;, C) 1,25(0OH),D3, D) PTH, E) PTHrP, F)
calcitonin, G) hPL, H) prolactin and I) IGF1. Grey bars represent the normal
range in the non-pregnant general population; adapted from (Ardawi, Nasrat

et al. 1997, Kovacs 2009, Moller, Streym et al. 2013).

2009). Similarly, pregnant American women have high rates of vitamin Ds;
deficiency, with 29.2% of non-Hispanic black women being deficient (<37.5
nmol/L) and 54.1% insufficient (37.5-80 nmol/L) (Bodnar, Simhan et al. 2007). As
vitamin D3 deficiency is so common in pregnant women and is associated with

pregnancy complications (see below), it is clear that there is a need for better
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definitions of vitamin D deficiency in pregnancy and a greater understanding of the

role of vitamin D3 in pregnancy.

1.7.3 Vitamin D; supplementation in pregnancy

A number of trials have examined supplementation of vitamin D (either with
standard or high oral doses) to increase serum 25(OH)D; levels in pregnancy
(Table 1.3). These trials have consistently showed that high dose vitamin D3
supplementation is effective at raising vitamin D3 levels in pregnancy compared to
low dose supplementation. 1,25(OH),D3 levels were found to plateau in women
taking 4000 IU/day vitamin D3 in late pregnancy, although this plateau effect has
not been observed outside of pregnancy (Wagner, McNeil et al. 2013). This study
also confirmed that there are no identifiable safety issues with the levels of vitamin
D3 supplemented, as side effects such as hypercalciuria (>250 mg/24 hours of
urinary calcium) or 25(OH).D3 over 100 nmol/L, were monitored as well as serum
calcium, PTH and creatinine and phosphorus levels (Dawodu, Saadi et al. 2013,

Roth, Al Mahmud et al. 2013, Wagner, McNeil et al. 2013).

Table 1.3. Vitamin D oral supplementation trials during pregnancy.
Location Total Gestation of Vitamin D 25(OH)D; Reference
(n) supplementation supplement achieved
(1U) (nmol/L)
United Arab 192  12-16 wks to 4000/day 88 (Dawodu, Saadi
Emirates term 400/day 65 et al. 2013)
200/day 47
United 257 12-16 wks to 4000/day 95 (Wagner,
States of term 2000/day 90 McNeil et al.
America 2013)
Iran 130  24-26 wks to 400/day + (Hashemipour,
50,000/wk' 119 Lalooha et al.
36-38 wks 400/day’ 39 2013)
Bangladesh 160  26-30 wks to 35,000/wk 134 (Roth, Al
term 0 48 Mahmud et al.
2013)
" also received 200 mg calcium
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1.7.4 Vitamin D3 deficiency and pregnancy complications

In the last decade, many studies have described associations between
vitamin D3 deficiency and pregnancy complications. Studies are difficult to
compare due to differences in sampling gestation and definitions of sufficiency,
although two recent systematic reviews have examined associations between
25(0OH)D3 and pregnancy complications (Aghajafari, Nagulesapillai et al. 2013,

Wei, Qi et al. 2013).

1.7.4.1 Preeclampsia

Maternal serum vitamin D3 levels have been investigated in many preeclamptic
populations to date (Table 1.4). Recent meta-analyses have determined that
vitamin D3 deficiency (<50 nmol/L) increases risk for PE (OR 1.79 (95% CI 1.25-
2.58) (Aghajafari, Nagulesapillai et al. 2013); OR 2.78 (95% CI 1.45-5.33) (Tabesh,
Salehi-Abargouei et al. 2013), OR 2.09 (95% CI 1.50-2.90) (Wei, Qi et al. 2013).
The relationship between severe PE [as described previously (Tranquilli, Brown et
al. 2013)] and 25(0OH)Ds levels has also been investigated, with strong evidence
for a negative association (Table 1.4).

Many studies have investigated calcium supplementation to reduce the
incidence of PE. A recent Cochrane review examining calcium supplementation in
pregnancy found supplementation reduced PE incidence by 52% in women on low
calcium diets (RR 0.45, 95% CI 0.31-0.65) (Hofmeyr, Lawrie et al. 2014). This is
consistent with the fact that women who develop PE have lower calcium excretion
from 28 weeks’ gestation than women who do not develop PE (Pal, Roy et al.
2012). On the other hand, a study that used supplementation of 375 mg/day
calcium and 1200 IU/day vitamin D3 compared to placebo found no difference in

PE incidence, although blood pressure was reduced (Marya, Rathee et al. 1987).
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Table 1.4. Comparison of serum 25(0OH)D3 levels in preeclamptic and

uncomplicated pregnancies

Compli- Serum 25(OH)D3 Odds Ratio = Gestational References
cation (nmol/L) (OR (95% Cl)) age
Control PE and cut-off (weeks)
(mean + SD) (mean + SD)
PE 62 ( 3) 60 (+ 3)" 3.9(1.2-3.2) Delivery (Ullah, Koch
(<75 nmol/L) etal. 2013)
57 (+ 28) 44 (£ 34) 24 (2.1-274.8) 37-40 (Abedi,
(<25 nmol/L) Mohaghegh
et al. 2014)
56 (+ 19) 51 (x 15) 1.2 (0.6-2. 7) 12-18 (Wei,
(<50 nmol/L) Audibert et
57 (£ 19) 49 (£ 17) 3.2(1.4-7.7) 24-26 al. 2012)
(<50 nmol/L)
50 (36-68)'" 43 (33-72)°F 1.4 (0.5-3.5) 10-20 (Shand,
(<50 nmol/L) Nassar et
al. 2010)
72 (+ 23) 68 (+ 31) 2.5(0.9-6.9) 11 (Powe,
(<37.5 nmol/L) Seely et al.
2010)
53 (47-60) 45 (39-53)“  5.0w (1.7-14.1) 4-21 (Bodnar,
(<37.5 nmol/L) Catov et al.
2007)
Severe 107 (90-121)" 75 (53-107) n/a 16-18 (Woodham,
PE Iar Brittain et
al. 2011)
98 (68-113)" 75 (47-107) 5.4 (2.0-14.5) 16-19 (Baker,
IaR (<50 nmol/L) Haeri et al.
2010)
80 (52-110)'*"  45(32-77)*F n/a 28-31 (Robinson,
Alanis et al.

~AAa A

These negative findings may be due to the low dose of vitamin D3 and calcium
employed resulting in women not achieving sufficiency over the ten weeks of
supplementation. A significant reduction in a composite of pregnancy
complications (P=0.044), defined as PTB, GH, PE, GDM and/or infection, was
found when supplementing with 4000 IU/day compared to 2000 IU/day vitamin D3
from 12 weeks’ gestation until delivery (Wagner, McNeil et al. 2013). As calcium
supplementation is effective at reducing the risk of PE in women with low calcium

diets, and vitamin D3 supplementation may protect against PE by increasing
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calcium uptake, further trials are needed to determine whether calcium and

25(0OH)D3; supplementation may be effective at preventing PE.

1.7.4.2 Spontaneous preterm birth

The association between vitamin D3 deficiency and spontaneous PTB has
been investigated in a limited number of studies (Table 1.5). Due to the mixed
results, a recent meta-analysis concluded that there is an association between
vitamin D3 deficiency and PTB (OR 1.58 (95% CI 1.08-2.31) (Wei, Qi et al. 2013).
No supplementation studies have been conducted to determine the effectiveness

of vitamin D3 at preventing PTB.

Table 1.5. Comparison of mean serum 25(OH)D3 levels in pregnancies
complicated with PTB and uncomplicated pregnancies.
Complication Serum 25(0OH)D; Odds Ratio  Gestational References
(nmol/L) (OR (95% CIl)) age (weeks)
Control PTB (cut-off)
(xSD) (xSD)
PTB n/a n/a 3.3(1.52-7.19) 24-28 (Perez-Ferre,
(<50 nmol/L) Torrejon et al.
2012)
n/a n/a 1.0 (0.5-2.2) 10-20 (Shand,
(<50 nmol/L) Nassar et al.
2010)
Recurrent 73 71 n/a 16-22 (Thorp,
PTB (£32.6) (£30.7) Camargo et
al. 2012)
Threatened 39 28 n/a >30 (Shibata,
PTB (x13) (£ 8) Suzuki et al.
2011)
Note: OR = adjusted odds ratio, odds of delivering a growth restricted baby

1.7.4.3 Small-for-gestational age babies
Maternal 25(OH)D3 status has been associated with fetal growth and SGA
incidence in a few studies (Table 1.6), with the association recently confirmed by

meta-analyses (OR 1.52 (95% CI 1.08-2.15) (Wei, Qi et al. 2013); OR 1.85 (95%
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Cl 1.52-2.26) (Aghajafari, Nagulesapillai et al. 2013). Bodnar et al found a U-
shaped risk curve for vitamin D insufficiency or excess increasing the risk of
delivering a SGA infant in white American women (<58 nmol/L OR 2.7 (95% CI
1.1-6.8), >90.7 nmol/L OR 3.9 (95% CI 1.6-9.7)) (Bodnar, Catov et al. 2010).
Although Morley et al. found no association between birth weight and vitamin D3
deficiency further investigation revealed that infant VDR genotypes were
associated with birth weight as the Fok1 polymorphism (rs2228570 C>T) FF and
Ff genotypes were associated with lower birth weight when mothers were vitamin
D3 deficient (Morley, Carlin et al. 2006, Morley, Carlin et al. 2009). Another study

found a reduction in birth weight of 198 g in vitamin D3 deficient mothers (<28

Table 1.6.Comparison of serum 25(OH)D3 levels in pregnancies complicated by

fetal growth restriction with uncomplicated pregnancies

Complication Serum 25(OH)D; Odds Ratio Gestational References
(nmol/L) (OR (95% CI)) age
Control Growth (cut-off) (weeks)
(range) Restriction
(range)
SGA n/a n/a 1.8 (1.3-2.5) 12-14 (Leffelaar,
(<30 nmol/L) Vrijkotte et
al. 2010)
72 73 7.5(1.8-31.9) <22 (Bodnar,
(64-80)  (70-78)¢"  (<37.5 nmol/L) Catov et al.
2010)
Severe 50 41 2.3(0.65-8.49) 10-20 (Shand,
IUGR (36-68)'“"  (25-65)'*® (<50 nmol/L) Nassar et al.
2010)
Severe SGA 47 30 n/a 11-13 (Ertl, Yu et
(28-70)'%®  (20-51)'® al. 2012)

Note: OR = adjusted odds ratio, odds of delivering a growth restricted baby
when serum 25(OH)D3 levels are below the defined level; SGA was defined as
birth weight less than the 10th centile; severe IUGR was defined as less than
the 3rd centile; severe SGA was defined as <5th centile; bold denotes
significant difference (P<0.05); Cl - geometric mean (95% confidence interval);

IQR - median (interquartile range).
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nmol/L) compared to those with sufficient vitamin D3 status, although there was no
association with fetal growth restriction (Bowyer, Catling-Paull et al. 2009).

Vitamin D3 supplementation studies have also examined the incidence of
SGA, with some studies finding increased birth weights. Asian women in London
were supplemented with 1000 IU/day of vitamin D3 or placebo in the last trimester
of pregnancy, with no difference in birth weight found; although there were nearly
twice as many low birth weight (LBW) babies in the unsupplemented group
(Maxwell, Ang et al. 1981). During follow up, infants from supplemented mothers
were heavier and longer from 3-12 months of age (Brooke, Butters et al. 1981).
Wagner et al. recently compared 4000 IU/day to 2000 IU/day of vitamin D3 from
12-16 weeks throughout pregnancy and found that mothers consuming 4000 1U
had 2.4-fold greater chance of having a baby of average weight (at the 50" centile)
(Wagner, McNeil et al. 2013). Another study examined vitamin D3 intake during
pregnancy, with <200 IU/day (compared to >200 |U/day) associated with 60 g
lighter babies (Scholl and Chen 2009). Most studies suggest an association
between vitamin D3 sufficiency and improved fetal growth, although few have

examined SGA.

1.7.4.4 Gestational diabetes mellitus

There has been much interest in the last few years on the potential role of
vitamin D3 in diabetes mellitus and more recently in GDM (Table 1.7). A meta-
analysis was conducted by Poel ef a/. in 2012 comparing vitamin D3 deficiency in
GDM in seven studies and concluded that the prevalence of GDM was greater
amongst vitamin D3 deficient women (25(OH)D3 <50 nmol/L O.R. 1.61 (95% ClI
1.19-2.17) (Poel, Hummel et al. 2012). Obesity is a risk factor for GDM and as

obese pregnant women are more likely to have low vitamin D levels as vitamin D is
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fat soluble (Bodnar, Catov et al. 2007); hence it is not surprising that obese,

vitamin D deficient women have a higher risk of GDM .

with GDM and uncomplicated pregnancies.

Table 1.7. Comparison of serum 25(0OH)Ds levels in pregnancies complicated

Serum levels (nmol/L) Odds ratio  Gestation References
(control vs. complication) (OR) (weeks)
Control GDM
(xSD) (xSD)
26 22.4 1.6 ( 26-28 (Wang, Nie et al.
(19-35)* (18-29)* * (<25 2012)
nmol/L)
n/a n/a 3.7 24-28 (Perez-Ferre,
(<50 Torrejon et al.
nmol/L) 2012)
n/a n/a 2.2 26-28 (Burris, Rifas-
(<25 Shiman et al
nmol/L) 2012)
48 47.2 n/a <14 (Makgoba, Nelson
(x 27) (£ 27) etal. 2011)
86 97.0 1.25 11-14 (Baker, Haeri et al.
(22)~ (29)" (<50 2012)
nmol/L)
32 23.7 2.0 24-28 (Soheilykhah,
(23)" 1" (<50 Mojibian et al.
nmol/L) 2010)
38 38.8 n/a 30 (Farrant,
(n/a) (n/a) Krishnaveni et al.
2009)
55 48.6 1.9 26-30 (Clifton-Bligh,
(£ 23) (£ 25)* (<50 McElduff et al.
nmol/L) 2008)
75 60.4 2.66 16 (Zhang, Qiu et al.
(£ 24) (x21)* (<20 2008)
nmol/L)
23 17 n/a 20-30 (Maghbooli,
(£ 18) (£10)* Hossein-Nezhad et

al. 2008)

median (interquartile range)

Note: OR - odds of GDM when 25(OH)Ds is below the defined level; * indicates

significant difference in 25(OH)D3 between control and GDM pregnancies; " -
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1.8 Vitamin D3’s role in the human placenta

Recently, there have a number of investigations into the role of vitamin D3 in
the placenta, following the confirmation of placental CYP27B7 expression (Diaz,
Sanchez et al. 2000). Studies of vitamin Ds’s function in humans have employed
human tissue, cell cultures and placental explants to explore cellular and
molecular changes induced by vitamin D3 in the placenta.

Components of the vitamin D3 metabolic pathway have been analysed at
the protein and mRNA levels in early and late gestation placentas, with some
conflicting results. Expression of VDR mRNA has been investigated across
gestation, with 3-fold and 10.9-fold increases in first and second trimester,
respectively, compared to third trimester (Zehnder, Evans et al. 2002). As VDR
MRNA levels are not necessarily a predictor of VDR protein levels, the protein has
also been investigated by immunohistochemistry and western blot analyses. VDR
protein was located to the syncytiotrophoblast in term placentas, with another
study also reporting localization to the vascular smooth muscle cells (VSMC)
(Zehnder, Evans et al. 2002, Ma, Gu et al. 2012). Another histochemical study
compared the staining pattern obtained using two antibodies. The N-terminus VDR
antibody labelled VSMC, while C-terminus labelled syncytiotrophoblast (Barrera,
Avila et al. 2008), which may account for variations in staining patterns between
studies. It may also suggest different functions for VDR or different isoforms within
tissues. When comparing pregnancy complications, placentas from PE
pregnancies had less syncytiotrophoblast staining than normal term placentas;
also early gestation placentas had stronger staining than at term (confirmed by
western blot) (Ma, Gu et al. 2012). These findings suggest reduced VDR

localisation in placentas from PE pregnancies, possibly indicating altered vitamin D
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metabolism. Also the higher level of VDR expression in early gestation, suggesting
that vitamin D signalling may be important in early pregnancy.

The role for CYP27B7 in placental function has also been investigated.
CYP27B7 mRNA was found to be over 75-fold higher in first and second trimester
placentas compared to term (Zehnder, Evans et al. 2002). CYP27B7 mRNA
expression levels at term were found to be correlated with mid-gestation serum
1,25(0OH),D3 levels, while CYP27B1 protein abundance was correlated with serum
25(0OH)D3 levels at delivery (O'Brien, Li et al. 2014). Interestingly, CYP27B1 and
CYP24A1 protein levels were found to be positively correlated (O'Brien, Li et al.
2014). CYP27B1 protein was localized to fetal endothelium in one study (Ma, Gu
et al. 2012), while in two other studies it was localized to the syncytiotrophoblast
(Zehnder, Evans et al. 2002, Barrera, Avila et al. 2008). There was stronger
CYP27B1 protein localisation in early gestation placentas and in the
syncytiotrophoblast of PE placentas (confirmed by western blot) (Zehnder, Evans
et al. 2002, Ma, Gu et al. 2012). These studies agree that CYP27B1 protein and
mRNA are highest in early pregnancy, although they have conflicting protein
localisation. This may indicate that the placenta can synthesise its own
1,25(0OH),Ds in its early development.

One study also examined protein levels of CYP24A1, VDBP and CYP2R1
by immunohistochemistry and western blot analyses. CYP24A1 was localized to
the syncytium, with stronger staining in PE and early gestation placentas
compared to term. VDBP was also localized to the syncytium, with stronger
staining in early gestation and weaker staining in PE placentas compared to term.
CYP2R1 was localized to syncytium, stromal cells and fetal endothelial cells and,
similar to that of VDBP, labelling was stronger in early gestation and weaker in PE
placentas, compared to term (Ma, Gu et al. 2012).
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1.9 Animal models of vitamin D3 deficiency

While investigations in humans can answer many questions about placental
vitamin D3 metabolism and function, animal studies are vital in providing insight

into the effects of vitamin D3 and calcium deficiency.

1.9.1 Comparative anatomy of the human and mouse placenta

Both the human and murine placentas are discoid in shape and
haemochorial with maternal blood in direct contact with trophoblasts. When
mature, they are both haemotrophic; that is, they rely on circulating maternal blood
to provide nutrition, with human placenta being haemotrophic from the second
trimester and that of mice from gestational day 10.5 (d10.5) (Georgiades,
Ferguson-Smith et al. 2002). Both species have three defined placental regions:
decidua, maternal and fetal; although there are differences in both terminology and
physiology between human and murine placenta.

There are structural differences between placental architectures in human
and mouse placenta, although they perform the same functions. The human
chorionic villi are highly organized, with branching, terminal and anchoring villi
resembling a tree-like structure (Burton, Jauniaux et al. 1999). Human terminal villi
“float” in the intervillous space, whereas in mice the placenta has a maze-like
labyrinth of villi with an interconnected structure, resulting in structural differences
in maternal blood spaces between species (Figure 1.6) (Georgiades, Ferguson-
Smith et al. 2002). Due to spiral artery transformation both have slow-moving
maternal blood to allow ample opportunity for exchange. The structure of the
trophoblasts covering the villi also varies between human and mouse placentas.
Humans have a haemomonochorial placenta with only one layer of trophoblasts

between the intervillous space and fetal capillaries. The mouse placenta is
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haemotrichorial, with mononuclear trophoblasts in contact with maternal blood,
with two layers of syncytiotrophoblasts (Malassine, Frendo et al. 2003). Although
there are differences in villous structure, the villi of both species function to
exchange nutrients and wastes between the maternal and fetal circulations.
Furthermore, there are also differences in the decidua between human and
mouse, as the human placenta invades deeply into the decidua through the
endometrium and up to a third of the way through the myometrium (Burton, Woods
et al. 2009), whereas murine placental invasion only reaches the distal region of

the decidua basalis (Adamson, Lu et al. 2002).

Extravascular Maternal
trophoblast giant cells spiral arteries
Maternal decidua
Glycogen :
trophoblast cells , ' /
% . 1) )v’

T!’Ophoblast — el (%) (W) 11’ ST T TS
giant cells ) o Poind et gt 05

Spongiotrophoblast

\ Maternal blood space

Labyrinth (placental villi)
Figure 1.6. Structure of the murine placenta in late gestation.
The murine placenta has a single central maternal artery which supplies
maternal blood to the placenta through the spiral arteries. The decidua
(orange) contains trophoblast glycogen cells, with trophoblast giant cells on the
border of the junctional zone. The labyrinth (light blue) is composed of
maternal blood spaces (red) and placental villi which contain the fetal
capillaries and across which feto-maternal exchange occurs.
Reproduced with permission from American Physiological Society, adapted

from (Watson and Cross 2005)

49



The murine placenta, unlike that of the human, can be clearly divided into
functionally different compartments including the labyrinth (LZ) and junctional (JZ2)
zones. The LZ is the region of feto-maternal exchange following the delivery of
maternal blood from the maternal central artery (Adamson, Lu et al. 2002). The JZ
is made up of trophoblast giant cells (TGC), spongiotrophoblasts and glycogen
cells; it contains placental stem cells and is the primary hormone producing zone.
Unlike in humans, the murine syncytiotrophoblasts in the labyrinth do not produce
hormones; this is instead achieved by TGCs which produce the mouse placental
lactogen 1 and 2. Unlike the human placenta, the mouse placenta does not
produce estradiol or progesterone, as the ovaries maintain this function throughout
gestation (Malassine, Frendo et al. 2003). TGCs mark the border between the
decidua and junctional zone from about d10, of gestation when the chorio-allantoic
placenta develops. These cells appear to be responsible for spiral artery
transformation (Adamson, Lu et al. 2002). Glycogen cells, which have large
glycogen-containing vacuoles, appear at d 10.5 of gestation and are maximal at
d16, with a gradual decrease in the presence of glycogen cells until almost none
are seen at d18.5 (Coan, Conroy et al. 2006). Their function within the placenta is
unknown.

While the duration of normal human pregnancy is 37-41 weeks, mouse
pregnancy lasts approximately 20 days, dependant on mouse strain (Murray,
Morgan et al. 2010). The mouse has two placentas, the first functional placenta is
the yolk sac placenta which forms from the mural trophectoderm of the blastocyst.
This forms a membranous cone-like placenta which invades shallowly. The second
placenta becomes functional around mid-gestation (d10.5-d12.5) and forms on the

opposite side of the blastocyst from the polar trophectoderm. This is the chorio-
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allantoic placenta which is similar to the human placenta, with delayed maternal
blood flow to the placenta observed.

The yolk-sac placenta initially forms from the mural trophectoderm of the
blastocyst on the opposite side from where the chorionic placenta will later form. It
forms a membranous cone-like placenta in a uterine crypt, which later inverts to
cover the fetal membranes (Jollie 1990). By mid-gestation (d10.5) the chorio-
allantoic placenta forms, becoming functional between d10.5 and d12.5 of
gestation (Muntener and Hsu 1977). The chorio-allantoic placenta can be
compared to the human placenta and, as in human pregnancy there is evidence of
a delay in maternal blood flow. From d14.5 to d16.5 in the murine placenta there is
a rapid expansion of labyrinth zone volume and surface area, with maximal
placental volume achieved by d16.5. From d16.5 to d18.5 there is a reduction in
the junctional zone as the labyrinth expands, possibly due to the decreased
proportion of glycogen cells which invade the decidua (Coan, Ferguson-Smith et
al. 2004).

Although there are many differences between the human and mouse
placentas, they are similar enough to make it a useful model. There are similarities
in both overall structure and function, such as in the production of hormones and
the transfer of nutrients (Georgiades, Ferguson-Smith et al. 2002, Malassine,
Frendo et al. 2003). Due to these similarities the mouse placenta is a well
characterized alternative to the study of human placentas, although findings in this
model need to be verified in humans. Other advantages of using mice are that
there are many knockout models available, as well as their short time to maturity
and short gestation. This also allows us to examine organs and test treatments

which would not be ethical in humans, especially in pregnancy.
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1.9.2 Animal studies of vitamin D3 in pregnancy

Animal studies of vitamin D3’s action in bone, specifically in Vdr knockout
(Vdr null) mice, have revealed vitamin Dj3’s involvement in pregnancy and
supported other early human work on vitamin D3 in pregnhancy such as the finding
of vitamin D3 deficiency in PE (August, Marcaccio et al. 1992). For example, Vdr
null mice were found to have uterine hypoplasia, poor folliculogenesis and infertility
(Yoshizawa, Handa et al. 1997). This led to studies on the role of vitamin Ds in
pregnancy through vitamin D3 depletion and Vdrnull studies that have provided us
with an insight into the effects of vitamin D3 and calcium in pregnancy and
placentation.

Although fertility was reduced in vitamin D3 deficient rats and Vdr null mice
(Halloran and DelLuca 1980, Johnson and DeLuca 2001, Kovacs, Woodland et al.
2005), dietary interventions appeared to restore fertility. Diets were modified by
addition of lactose (10-20%) to increase intestinal calcium absorption, or increased
calcium from 0.8% standard diets up to 2% (Johnson and DelLuca 2001, Kovacs,
Woodland et al. 2005), with a rescue diet later recommended to normalise plasma
calcium and maintain fertility in Vdrnull mice (2% calcium, 1.25% phosphate, 20%
lactose) (Rummens, van Cromphaut et al. 2003). Litter size was also found to be
affected, with a 30% decrease in vitamin D3 deficient rats, but not in Vdr null mice
(Halloran and DelLuca 1980, Johnson and DelLuca 2001, Rummens, van
Cromphaut et al. 2003, Kovacs, Woodland et al. 2005), although one study
reported fewer viable fetuses from Vdr null mice on a standard diet (Kovacs,
Woodland et al. 2005).

There was no difference in birth weights of vitamin D3 deficient rats or mice,
although vitamin D3 deficient mice had increased fetal weight during pregnancy

(d14 and d18), with a reduction in neonatal weight (Halloran and DelLuca 1980,
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Liu, Ouyang et al. 2013). This was also seen in Vdrnull mice, as fetal weights were
lower in Vdr null than wild type (WT) at d18.5 of pregnancy (Rummens, van
Cromphaut et al. 2003); weaning weights were also lower in Vdrnull mice than WT
mice (Masuyama, Nakaya et al. 2001). As reductions in growth may be, in part,
due to alterations in placental development, some studies have also investigated
placental effects of vitamin D3 deficiency.

These studies have found that low dietary calcium in the absence of VDR
affects fertility and while increasing calcium corrects fertility problems, fetal growth
is reduced. These findings may help us to better identify vitamin D’s role in fetal

growth restriction in human pregnancies.

1.9.3 Animal studies of vitamin D5 in placenta

Although a few studies have investigated vitamin D deficiency in mouse
pregnancy, few report any placental findings. Placental weight was reported to be
unchanged in vitamin D3 deficient or Vdr null mice (Dardenne, Prud'homme et al.
2001, Panda, Miao et al. 2001, Liu, Ouyang et al. 2013). None of the papers
examined fetal:placental weight ratio which is a surrogate marker of placental
efficiency ,although the scant data available suggest that as there was no change
in placental weight, and that fetal weight was higher in mice on vitamin D3 deficient
diets, that placental efficiency was increased (Liu, Ouyang et al. 2013). On the
other hand, Vdr null mice had reduced fetal weight and therefore may have
reduced placental efficiency (Panda, Miao et al. 2001). Placental morphology has
received minimal attention in vitamin D3 deficient mice. Lower diameter vessels
have been observed in the placental labyrinth of deficient mice (Liu, Ouyang et al.
2013); while Vdr null placentas had no gross abnormalities and exhibited similar

placental lactogen localisation to WT placentas (Dardenne, Prud'homme et al.
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2001). Examination of placental gene expression found no difference in expression
of Cyp27b7 between Vdrnull and WT placentas (Kovacs, Woodland et al. 2005).
Interestingly, placental calcium transfer was increased in Vdr null mice compared
to other genotypes (Dardenne, Prud'homme et al. 2001), which may indicate a
mechanism to preserve fetal mineralisation during maternal hypocalcaemia.

These studies have demonstrated poor fertility and reproduction in vitamin
D3 deficient and Vdr null rats and mice. However, comparison of these studies is
complicated by the various diets and genotypes involved, as some studies have
investigated heterozygotes as well as null mice. While placental weight and gross
morphology of Vdr null placentas appears normal, placental gene expression and
calcium transport are perturbed. Further studies must be conducted to separate
the effects of dietary vitamin D3 and calcium, and to determine how these changes

affect pregnancy, placental function and fetal growth.

1.10 Conclusion

There is strong evidence for a role for vitamin D3 in pregnancy, such as
associations between pregnancy complications and 25(OH)D3 deficiency. There is
also evidence to suggest that the placenta may be the source of the increased
circulating 1,25(OH),D3 concentrations in pregnancy, rather than altered kidney
production. Infertility of vitamin D3 deficient rats and Vdr null mice and
epidemiological studies linking maternal vitamin D3 deficiency with PE, SGA and
GDM, provide strong evidence for a role for vitamin D3 in maintaining placental
function and ensuring pregnancy success. However we do not know the precise
biochemical pathways by which vitamin D3 acts in the placenta. To investigate this
both mouse models and human tissue studies of placental vitamin D3 metabolism

will be employed. The aim is to determine in combination the roles of vitamin D3
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and calcium in murine pregnancy and its effects on the placenta (see Chapter 2,
Chapter 3). We also aim to investigate vitamin D3 metabolism in the human
placenta across gestation and assess changes and differences between

complicated and uncomplicated term placentas (see Chapter 4).
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Chapter 2: Effects on pregnancy of maternal dietary
vitamin D3 and calcium restriction

2.1 Abstract

Impaired placental development and function are associated with
pregnancy complications. Vitamin D and calcium deficiency are also associated
with pregnancy complications, with vitamin D deficiency increasing the risk of
preeclampsia and calcium supplementation reducing the risk of preeclampsia in
women with low calcium diets.

As vitamin D is a major regulator of calcium homeostasis, we aimed to
assess placental development in C57BI6 mice fed diets sufficient or deficient in
vitamin D and/or calcium for 10 weeks before mating. At d18.5 of pregnancy mice
were sacrificed, with placentas collected for histology and gene expression
analyses.

Placental weight was unaffected by diet but fetal weight and fetal:placental
weight ratios were increased in calcium deficient mice compared to controls.
Placental labyrinthine (exchange region) morphometric analyses revealed mice
consuming diets deficient in either nutrient had increased maternal blood space
and trophoblast (feto-maternal) barrier surface area, with reduced barrier thickness
compared to controls. These suggest increased placental efficiency and increased
opportunity for feto-maternal exchange in these mice. These modifications are
indicative of positive placental compensatory responses to maternal vitamin D and
calcium dietary restriction. Placental gene expression analyses showed increased
Cyp24al and Vdr expression in calcium deficient mice, suggesting altered

placental vitamin D metabolism.
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Our data demonstrate the complexity of vitamin D and calcium metabolism
in the placenta and indicate that these micronutrients should be studied together in
the placenta and in pregnancy and not in isolation. Interactions between these
micronutrients may underlie the discrepancies reported in the literature regarding
the effect of vitamin D deficiency on pregnancy complications, particularly those
between different populations. Calcium status should clearly be included in the

analyses.

2.2 Introduction

Vitamin D3 deficiency is associated with increased risk of pregnancy
complications such as preeclampsia (PE) (Woodham, Brittain et al. 2011) and
preterm birth (PTB) (Shibata, Suzuki et al. 2011). Supplementation studies have
had mixed results, dependent on the level of vitamin D3 supplementation and
timing of administration during pregnancy. Supplementation of pregnant women
with 4000 IU/day vitamin D3 (as opposed to 400 IU/day) throughout pregnancy,
resulted in an overall decrease in composite complications (PTB, infection,
gestational diabetes, PE/gestational hypertension) (Hollis and Wagner 2013),
whereas supplementation with only 400 IU/day (vs. 0 IU/day) from 12 weeks
gestation resulted in no change in incidence of pregnancy complications
(Cockburn, Belton et al. 1980). The most recent Cochrane review on calcium
supplementation in pregnancy found that 21 g/day during pregnancy reduced the
rates of PE in women who had calcium deficient diets, as well as reducing blood
pressure during pregnancy (Hofmeyr, Atallah et al. 2006). As dietary vitamin D3
and calcium deficiency are both associated with pregnancy complications, both

need to be examined in combination.
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Vitamin D3 is a calciotropic hormone and is a major regulator of calcium
metabolism (see Figure 1.3). UVB converts 7-dehydrocholesterol to vitamin Ds in
the skin, where it enters the circulation bound to vitamin D binding protein (VDBP).
It then undergoes hydroxylation in the liver to the storage form of vitamin D3, 25-
hydroxyvitamin D3 (25(OH)D3). Vitamin D3 activation is under the influence of
parathyroid hormone (PTH) and occurs in the kidney, where 25(OH)D; is
converted to 1a,25-dihydroxyvitamin D3 (1,25(0OH),D3) by the enzyme 25-hydroxy
vitamin Ds-1a hydroxylase, CYP27B1, and metabolized by 1,25-dihydroxy vitamin
Ds3-24-hydroxylase, CYP24A1. 1,25(0OH),D; then acts on the intestines to increase
calcium absorption and on the bones to augment calcium reabsorption. There are
also other calciotropic mechanisms to be considered, such as the FGF23/Klotho
axis. FGF23 is released from bones in response to increased 1,25(OH),D3 and
acts on the kidneys to both reduce phosphate reabsorption and vitamin Dj;
activation (David and Quarles 2011). a-Klotho regulates PTH expression in the
parathyroid glands, with most of its actions mediated through binding to both
FGF23 and the FGF receptor to affect gene transcription (Ohata, Arahori et al.
2011). While vitamin D3 and calcium metabolism is well understood in general,
little work has been done on adaptations in pregnancy.

Vitamin D3 and calcium metabolism are altered in human pregnancy, with a
rise in 1,25(0OH),D3 throughout gestation that is not stimulated by a rise in PTH
(Kirby, Ma et al. 2013), while total serum calcium and phosphorous levels are
stable. Calciotropic and pregnancy hormones follow the up-regulation of
1,25(0OH).D3 including PTHrP, calcitonin, human placental lactogen and prolactin
(Ardawi, Nasrat et al. 1997). Currently there is no known mechanism behind the
PTH-independent increase in 1,25(0OH).D3 levels. It would appear that either
kidney negative feedback mechanisms are altered in pregnancy, allowing high
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levels of 1,25(OH),D3 to be produced, or that production is stimulated by an, as yet
unknown, factor. As a-Klotho is expressed in the placenta, as well as the kidney,
the FGF23/Klotho axis is a candidate regulator of 1,25(0OH),D3 in pregnancy (Kuro-
0, Matsumura et al. 1997).

As vitamin D3 deficiency is associated with pregnancy complications, such
as PTB, it is plausible that alterations in calcium metabolism are further
exacerbated by deficiency and contribute to complications. Although there are
various causes of PTB, the majority of cases of early spontaneous PTB (<34
weeks of gestation) are attributed to infection, with the associated inflammation
being held responsible for inducing onset of preterm labour (Romero, Espinoza et
al. 2007). As vitamin D3 has immunomodulatory properties, there may be a higher
risk of infection in pregnancies with deficient maternal circulating 25(OH)D3 levels
(Equils and Hewison 2010); alternately a poorly formed placenta at the onset of
pregnancy may not be able to sustain a fetus to term, as placental insufficiency
has been found to contribute to PTB (Morgan, Tolosa et al. 2013).

We hypothesised that vitamin D3 deficiency would exert flow-on effects on
the vitamin D3 and calcium metabolic changes of pregnancy. We used a mouse
model to investigate the effects of dietary vitamin D3 and calcium deficiency on
calcium homeostasis in pregnancy. We examined diet-induced differences
between pregnant and non-pregnant mice as well as the effects of deficiency on
serum composition, kidney gene expression and measures of pregnancy success

(fetal and placental weights, gestation).
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2.3 Methods

2.3.1 Animals

Ethics approval was obtained from the University of Adelaide Animal Ethics
Committee and the IMVS/CNAHS Animal Ethics Committee with animal work
complying with the Australian Code of practice for the care and use of animals.
C57BI6 female mice were maintained at a 12 h/12 h light/dark cycle and fed ad
libitum either a standard diet of 1000 IU vitamin Ds/kg diet with 1% calcium
(control, AIN93G (Reeves, Nielsen et al. 1993)), or a deficient diet with reduced
vitamin D3 (0 1U/kg diet) and/or calcium (0.1%), with 15 mice per diet (20 mice on
control diet) diets were from Specialty Feeds, Australia (4 groups, Figure 2.1).
Mice consumed their allocated assigned diet from 3 weeks old (at weaning),
through mating at 13 weeks of age, until post-mortem at day 18.5 post-coitus
(d18.5). Mating was performed with C57BI6 males maintained on chow, with day
0.5 post-coitus indicated by the presence of a vaginal plug. At post-mortem
maternal serum was collected, maternal organs were weighed for body
composition and snap frozen in liquid nitrogen, fetuses and placentas were

weighed, then snap-frozen.

2.3.2 Serum Analyses

Maternal blood was obtained by sub-orbital bleed at post-mortem into
untreated tubes and was incubated on ice for an hour to induce clotting. Blood was
centrifuged at 4000 rpm (1500 xg) for 5 min at 4°C, the blood clot was removed by
ringing, with remaining serum re-centrifuged. Serum was transferred to a fresh

tube and frozen at -80°C prior to analysis.
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Vitamin D3 was measured using a RIA kit for 25(OH)D3; (Immuno Diagnostic
Systems, UK). Total calcium, inorganic phosphorus and albumin were measured
using detection kits (Fisher Diagnostics, ThermoFisher, USA). Calcium levels were
corrected for serum albumin using the standard formula [corrected Ca (mg/dL) =
measured total Ca (mg/dL) + 0.8 (4 - serum albumin (g/dL))] where 40 is the
average human albumin level in g/L (Goldstein 1990), but as the average mouse
albumin level in C57BI6 is reported as 37 g/L in males and 46 g/L in females, we

retained 40 g/L in the calculations (Quimby and Luong 2007).

C57BI6 female mice
fed until d18.5 post-coitus

1000 1U/kg diet 0 IU/kg diet 1000 1U/kg diet
vitamin D4 vitamin Dy vitamin Dy

0.1% calcium 0.1% calcium L 1% calcium

n=15 n=15 n=10
deliver pups
1% calcium 1% calcium
n=20 n=15

Figure 2.1. Mouse diets.

Mice were allocated to one of four diets from 3 weeks old through pregnancy.
Control diet had 1% calcium and 1000 IU/kg diet vitamin D3, with 20 mice in the
control group and 15 in other groups. Additional mice were fed the control diet

and allowed to deliver to determine gestation of delivery.

2.3.3 RNA Extraction
RNA was extracted from kidneys of mice that had either undergone post-

mortem on d18.5 while still pregnant (n=25), or had not become pregnant at d18.5
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postcoitus (n=27), for gene expression analysis. Mice that had delivered pre-term
(before d18.5) also had RNA extracted (n=5) and were analysed separately from
other pregnant mice. Maternal left kidneys had RNA extracted by the TRIzol
method. Gene expression was analysed for vitamin D3 pathway genes (CypZ2ri,
Cyp27b1, Cyp24ai, and Vdr and for reporters of the FGF23/Klotho axis (NapiZa,
NapiZc) by TagMan® Assay.

Briefly, tissues were snap frozen in liquid nitrogen at post-mortem and
stored at -80°C. Tissues were rapidly bisected transversely over ice without
thawing and immersed in TRIzol. Tissue was homogenised in TRIzol by a
Powerlyser (MoBio) with ceramic beads (CK14, Geneworks), with RNA extracted
as per TRIzol manufacturer’s instructions. Rigorous DNase treatment was
performed using a TURBO DNase kit (Ambion, Life Technologies), with protocol
modifications. Briefly, 2 ug of RNA was incubated for an hour at 37°C with 0.1
volume of TURBO DNase and of 10x TURBO DNase buffer, with another 0.1
volume of TURBO DNase added after 30 min, followed by quenching of the
reaction by 0.2 volumes of DNase Inactivation Reagent. RNA integrity was
assessed by Experion (BioRad) with a RQIl of >4 being acceptable for real time
PCR (Fleige and Pfaffl 2006). Absence of genomic DNA was assessed by PCR of
DNase-treated RNA with genomic DNA primers (F: 3-
GGCACTGACTGAGGTCAAAC-5; R: 3-GTCACAATCACAGAGACTTTGA-5’;
amplicon length 120 bp, annealing temperature 60°C; Geneworks). 500 ng of RNA
was reverse transcribed using iScript cDNA Synthesis Kit (BioRad) as per

manufacturer’s instructions. cDNA was diluted 1/10 and stored at -20°C.
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2.3.4 Gene expression

Real time gPCR was set up using a QIlAgility (QIAGEN) liquid handling
robot and run on a CFX-384 Real Time PCR machine (BioRad). 10 uL PCR
reactions were run containing 5 pL TagMan® Gene Expression Master Mix
(Applied Biosystems), 0.5 uL TagMan® Assay, with 2 pL of diluted cDNA. Cycling
conditions were 95°C for 10 min, then 40 cycles of 95°C for 15 s and 60°C for 1
min. PCR efficiency was determined using a five point standard curve of pooled
maternal kidney cDNA and gel electrophoresis was used to confirm amplicon size.
TagMan® Gene Expression Assays used were for vitamin D3 metabolism - Vdr
(MmO00437297_m1), Cyp2Zr1 (Mm00616774_g1), Cyp27b7 (Mm01165918_g1) and
Cyp24al (Mm00487244_m1); for FGF23/Klotho action MNapiZa (S/c34al,
MmO00441450_m1) and NapiZc (Slc34a3, Mm00551746_m1); and for reference
genes Gusb (MmO06003537_s1), Hmbs (Mm01143545_m1), Gapdh
(Mm99999915_g1) and Hprt7 (Mm00446968_m1).

Reference gene suitability was analysed by GeNorm (gBasePlus v2,
Biogazelle), with Hmbs and Hprt1 being optimum (M<0.5). PCR data was analysed
using BioRad CFX Manager (BioRad), which normalised expression of the genes

of interest to the geometric mean of the reference genes.

2.3.5 Fetal skeletal mineralisation

Snap-frozen fetuses were imaged by x-ray using a Faxitron (model 804) x-
ray imager with Faxitron SR software (Faxitron Bioptics, AZ, USA). Fetuses were
irradiated for 11-12 s at 37 kV with contrast adjusted to make bones clearly visible.
Fetuses were arranged as weight-matched pairs from 1000 IU/kg + 1% Ca on the

right of the image and 0 IU/kg + 0.1% Ca on the left of each image. No quantitative
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analysis was undertaken as there appeared to be little mineralization of fetal bones

at this time point (d18.5) and little difference between control dietary groups.

2.3.6 Statistics

Fetal and placental weights were analysed by a Linear Mixed Model,
Repeated Measures, as repeated measures of the mother with Sidak post-hoc.
Gene expression, serum measurements and organ weights were analysed by
ANOVA or by Kruskal-Wallis and Mann-Whitney test, as appropriate. Linear Mixed
Models, ANOVAs and non-parametric tests were performed with IBM SPSS
Statistics (IBM, v19). Chi-square and Fisher's Exact test were performed with
GraphPad Prism (GraphPad Software v 5.01). Results are expressed as mean +

SEM with P<0.05 as significant findings.

2.4 Results

2.4.1 Pre-pregnancy

On arrival mice were weighed, then group housed (5 mice per cage) with
food consumption and weekly body weight recorded. Food consumption was
similar across diets, as were the growth curves of mice on different diets. Despite
this, body weight at mating was altered by calcium, with mice consuming 0.1%
calcium being 0.5 g heavier than those on normal calcium diets (P=0.035,

corrected for arrival weight).

2.4.2 Pregnancy rate & PTB

Mice were time-mated, with presence of a vaginal plug indicating day 0.5 of

pregnancy. Only 60% of these mice became pregnant after plugs were identified
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(Figure 2.2). There was no effect of diet on litter size or number of resorptions
(Table 2.1Error! Reference source not found.).

Mice were sacrificed on d18.5 of pregnancy (midday of d18). Some mice
delivered prior to post-mortem (d15-18) and were considered as pre-term. Rate of
PTB was altered by diet (P<0.001), vitamin D3 (P=0.010) and calcium (P=0.014),
with PTB only occurring in mice consuming the most deficient diet (0 IU/kg + 0.1%
Ca; (Figure 2.2)). Mice consuming the control diet had no incidence of PTB, which
was significantly lower than those consuming 0 IU/kg + 0.1% which had a 56%
PTB rate (P=0.005).

To confirm that these early deliveries were pre-term births a group of
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Figure 2.2. Pregnancy and PTB rates.

A) Percentage of females that became pregnant by d18.5 of pregnancy was not
different between diets (P=0.337); B) percentage of pregnant females that
delivered before d18.5 of pregnancy, there was a significant difference between
diets (P<0.001), with control vs. 0 IU/kg D3+ 0.1% Ca (P=0.005); n=20 (1000
IU/kg D + 1% Ca or n=15 (1000 IU +0.1% Ca and 0 IU + 1% Ca and O IU +
0.1% Ca); * P<0.05.
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control-fed mice (n=10), under the same conditions, was allowed to deliver their
litters naturally. Of these 10 mice, 1 was non-pregnant at d18.5, leaving 9 pregnant
mice; 2 of these had no plug detected so were of unknown gestation at delivery. Of
the 7 mice with known delivery gestations, 2 delivered overnight between d17.5
and d18.5 (d18), while 5 delivered after d18.5 (Figure 2.3). This was unexpected,
as none of our control mice had delivered before the scheduled d18.5 post-
mortems prior to this. There was no difference in the incidence of PTB between
deficient (0 IU/kg + 0.1% Ca) and control (1000 IU/kg + 1% Ca) delivered mice
(P=0.358), although there was an overall difference in incidence between deficient

mice and all control-fed mice (original and delivery; P=0.016; Figure 2.3).

2.4.3 Fetal & placental weights

At post-mortem fetal and placental wet weights were obtained, with mothers
that delivered before d18.5 analysed separately (PTB) and mothers that had no
plug identified excluded from analysis. Fetal weight was affected by diet (P<0.001),
with low calcium diets resulting in a 3% increase in fetal weight compared to mice

on normal calcium diets (P<0.001; Table 2.2). Although placental weight was

Table 2.1. Number of fetuses, resorptions and implantations at d18.5 of

pregnancy.

Diet 1000 IU/kg 0O IU/kg Ds 1000 IU/kg O IU/kg D3 P-value
D;+1%Ca +1%Ca Ds+0.1% Ca +0.1%Ca

n (litters) 15 7 8 10

Viable fetuses  6.00 6.57 6.25 6.70 0.969
+0.79 +0.75 +0.96 +0.08

Resorptions 0.47 1.00 1.13 0.50 0.352
+0.03 +0.31 +0.40 +0.27

Total 6.57 7.57 7.38 7.20 0.779
+0.80 +0.69 +0.89 +0.87

Note: Mean + SEM.
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unaffected by diet, fetal:placental weight ratios were affected by diet (P<0.001),
with the vitamin D-deficient diet decreasing the ratio by 2% (P=0.020) and low
calcium increasing the ratio by 5% (P=0.011). There were also interactions for fetal
weight analyses between litter size and diet / calcium and for fetal:placental weight
ratio between litter size and diet / calcium / vitamin D3 (P<0.01). The median serum
25(0OH)D3 level (20 nmol/L) was used to group pregnant mice, regardless of diet.
Mice with >20 nmol/L had 2% heavier placentas, as compared to mice with <20

nmol/L (P=0.028), with no change in fetal weight.

2.4.4 Body composition

Maternal body composition was analysed separately for mice that were not
pregnant at post-mortem (PM), pregnant at PM and those that delivered before PM
(PTB). Organ weights were analysed as raw measures, percentage of PM body
weight (%PM) or percentage of carcass weight (%carcass = PM weight - [fetal and
placental weights]).

Differences were found, as expected, between pregnant and non-pregnant
body composition by raw organ weights. Liver weight was increased 60% in
pregnant mice (P<0.001), with a 68% increase in parametrial fat weight (P<0.001,
Table 2.3).

Non-pregnant mice body composition was altered by diet. Both the raw and
%PM spleen weights were heavier in mice consuming low calcium, with raw
spleen weight increased by 20% (P=0.012) in mice on calcium deficient compared
to normal calcium diets.

Pregnant mice from each dietary treatment group demonstrated no
differences in organ weights. However, there was a non-significant difference in

%carcass weight for the spleen across diets (P=0.056, corrected for litter size) and

68



) 100+
'
L 4
PTB{ e iy 80
'
a m 4
3 ' — 60 b
3 : o
(0} - = 404 ab
Control- tie o o
ontro - 20- a
! a
'
v v " ) 0-
14 16 18 20 22 (4 < o o
e e Wy
\\5' b\%. O‘Q b\g- \})l“@@ \)u \0\\
i ® OIS 8" 4O
Gestation of delivery (days) '@@8“ o S* & & & ¢

Mouse group

Figure 2.3. Gestational age at of delivery of control and deficient mice.

A) Distribution of delivery gestation for PTB mice (fed 0 IU/kg D, + 0.1% Ca)
and controls were allowed to deliver (1000 IU/kg D, + 1% Ca, delivered),
each point represents one mouse, dotted line indicates post-mortem (PM
d18.5); B) Rate of PTB in mice on deficient diets (0 IU + 1% Ca, PM d18.5),
control diets (1000 IU + 1% Ca, PM d18.5) and control diets that were
allowed to deliver (1000 IU + 1% Ca, delivered); there were significantly
more PTBs in deficient mice than in the controls (0 IU/kg D, + 0.1% Ca (PM

d18.5) vs. 1000 IU/kg D, + 1% Ca (PM d18.5), P=0.016).

liver weight was significantly increased with increasing litter size (P<0.01). When
examining the body composition of PTB mice, it was found that they had
significantly enlarged spleens compared to both pregnant and non-pregnant mice,

with spleens weighing 42% more than in pregnant mice (P<0.001, Table 2.3).

2.4.5 Serum measurements
Post-mortem serum measurements were performed for the first 40 mice in
the study (n=10/diet). Measurements were made for serum 25(OH)Ds, total

calcium and inorganic phosphorus, with albumin measured to correct calcium
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Table 2.2. Fetal and placental weights at d18.5 of gestation.

Diet 1000 IU/kg O IU/kg D; + 10001U/kg D; O0IU/kg Ds+ P-
D;+1% Ca 1% Ca +0.1% Ca 0.1% Ca value

N

Litters (fetuses) 8 (48) 7(46) 7(43) 4(22)

Fetal Weight (g) 1.08 £ 1.05+ 1.12 + 1.14 + <0.001
0.02° 0.02° 0.02° 0.03°

Placental 923+ 95.1+ 958 + 87.7+ 0.800

Weight (mg) 1.6° 1.60° 1.67°2 240°

Fetal to 11.47 + 11.03 + 11.77 13.01 + <0.001

Placental 0.28° 0.28° 0.27 0.42°

Weight Ratio

Note: Mean = SEM, fetal and placental weights corrected for litter size, different

superscripts represent significantly different values P<0.05

measures, with mice analysed as non-pregnant, pregnant or PTB. Overall
25(0OH)D3 levels were found to be highest in mice consuming the control diet, with
a median level of 20 nmol/L.

There was little effect of pregnancy status on serum measurements,
regardless of diet. When comparing pregnant vs. non-pregnant mice, uncorrected
total serum calcium concentrations were 18% higher in pregnant mice as
compared to non-pregnant mice (P=0.013), while serum 25(0OH)D3, phosphorus,
corrected calcium and corrected calcium to phosphorous ratio (Ca:P) did not differ
with pregnancy (Table 2.4).

Non-pregnant mice exhibited significantly altered serum 25(OH)Ds levels
due to changes in diet, with control mice having 2.4-fold higher 25(OH)D3 levels
and having significantly higher levels than mice fed the vitamin D- or calcium-
deficient-diets (P=0.042). Serum phosphorus levels were reduced by 27-80% (per
diet) in control mice compared to those on vitamin D- or calcium-deficient-diets
(P=0.022), with a 50% increase in phosphate levels in mice consuming vitamin D-
deficient diets (P=0.007). Albumin levels were non-significantly altered by diet

(P=0.069) and were increased by 76% in mice on low calcium diets. Serum

70



Table 2.3. Organ weights of non-pregnant, pregnant and PTB mice at post-
mortem.
Organ Non- Pregnant Pregnant vs. PTB Pregnant vs.
pregnant Non-pregnant PTB
N 8 o5 P-value = P-value
Liver (g) 0.99 + 1.58 + <0.001 1.54 + 0.969
0.03 0.03 0.07
Kidneys (g) 0.28 £ 0.28 + 0.794 0.29 + 0.978
0.01 0.01 0.01
Spleen (g) 0.06 0.06 0.983 0.08 £ <0.001
0.01 0.01 0.01
Parametrial 0.26 0.44 <0.001 0.39 ¢ 0.568
Fat (g) 0.02 0.02 0.04
Heart (g) 0.13 0.14 £ 0.193 013 ¢ 0.695
0.01 0.01 0.01
Lungs (g) 0.17 £ 017 £ 0.940 017 £ 0.999
0.01 0.01 0.01
Note: Mean + SEM; groups regardless of diet; pregnant mice were at d18.5 of
gestation

calcium levels were increased on calcium-deficient diets by 19% (P=0.047), with
no effect on corrected calcium levels or Ca:P ratio. This may be due to increased
1,25(OH),D3 which would increase bone resorption and intestinal calcium uptake
release of calcium from bones to increase available serum calcium

Pregnant mice on the control diet had the highest serum 25(OH)Dj; levels,
though they were lower than those in control-fed non-pregnant mice. Serum
calcium, corrected calcium and phosphorous were unchanged across diets. Serum
albumin levels were non-significantly altered across diets (P=0.060), with the
highest levels found in the mice consuming the most deficient diet (0 IU/kg + 0.1%
Ca). Serum albumin was also altered by dietary calcium, with low calcium
consuming mice having 50% higher albumin concentrations (P=0.050). Serum
Ca:P was non-significantly affected by dietary calcium, with mice consuming low

calcium diets having a 35% decrease in Ca:P (P=0.083).
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Table 2.4. Serum measurements of vitamin D and calcium in pregnant and non-pregnant mice.

Pregnancy Non-pregnant Pregnant Pregnant

Status vs. Non-
pregnant

Dietary 1000 0 IU/kg 1000 0 IU/kg P- 1000 0 IU/kg 1000 0 IU/kg P- P-

vitamin D3 IU/kg IU/kg value IU/kg 1U/kg value value

Dietary 1% 1% 0.1% 0.1% 1% 1% 0.1% 0.1%

calcium

N 3 4 4 3 3 5 5 2

25(0H)D; 48.667 + 22.000 + 18.750 + 20.667 = 0.046 41.333 + 22.600 + 17.200 + 17.000 =+ 0.315 0.634

(nmol/L) 24.168 ® 2.041 % 1.315° 0.882 b 21.365°% 5.046° 0.800° 3.000°

Total Ca 1697 + 1980 + 2200 + 2087 + 0219 2200 + 2222 + 2324 + 2445 + 0851 0.013

(nmol/L) 0.316° 0.075° 0.117° 0.081° 0.067° 0.126 ® 0.206° 0.205°

Corrected Ca 1417 + 2070 + 1628 + 1150 + 0236 1893 + 2.002 + 1798 + 1275 + 0.202 0.283

(nmol/L) 0.593° 0.106 ® 0.267 ® 0.121° 0.246 ° 0.125° 0.201° 0.205®

P 1537 + 2778 + 1955 + 2220 + 0.022 2177 + 1858 + 2306 + 2310 + 0.611 0.907

(nmol/L) 0.072° 0.188° 0.159% 0478 0.159° 0.370° 0.148° 0.260°

CaP 0916 + 0.748 + 0854 + 0587 + 0714 0870 + 1277 + 0800 + 0549 + 0.176 0.293

Ratio 0.395 ° 0.022° 0.156 ® 0.162 a 0.089 ® 0.270° 0.112° 0.027 @

Albumin 53.967 + 35425 + 68.775 + 86.900 + 0.069 56.267 + 51.100 + 66.480 + 98.800 + 0.060 0.701

(g/L) 15.967 ° 8.231° 13.836% 9.301 ° 12.248°%  8.393° 5.712a° 20.500°

Note: Ca - calcium, P- inorganic phosphorus, Ca:P ratio - corrected calcium to phosphorus ratio; Mean + SEM; different superscripts

denote significant differences; pregnant mice were at d18.5 of pregnancy.

72



2.4.6 Kidney gene expression
Kidney gene expression was analysed as this is the main site of 25(OH)D3
metabolism, with proposed changes in metabolism during pregnancy. We

compared expression in non-pregnant, pregnant and PTB mice.

2.4.6.1 Vitamin D; metabolism genes

Non-pregnant mice consuming low in vitamin D-deficient diets had a 55%
reduction in renal expression of Cyp24a7(P=0.034, Figure 2.4) compared to
Those consuming normal vitamin D3 diets, while low calcium diets induced a non-
significant 94% increase in Cyp2/b1 expression (P=0.071) compared to normal
calcium diets. In comparison, pregnant mice had amplified gene expression
responses to low calcium diets. CypZ24ail expression was reduced by 82%
(P=0.016, Figure 2.5) and Cyp27b7 expression was increased 7.4-fold (P<0.001)
in pregnant mice consuming low calcium diets compared to normal calcium.

When comparing gene expression between pregnant and non-pregnant
mice, similar expression levels were seen for Vdr and CypZ4ail. Cyp27b1
expression was increased 3-fold in kidneys from pregnant compared to non-
pregnant mice, irrespective of diets (P=0.015, Figure 2.6). Cyp2r7 expression was
not affected by diet in either pregnant or non-pregnant mice, but was affected by

pregnancy with 40% higher expression in non-pregnant mice (P<0.001).

2.4.6.2 FGF23/Klotho axis genes

To determine whether calcium metabolism in pregnancy is influenced by the
FGF23/Klotho axis which regulates circulating phosphate concentrations, gene

expression of Napi2a and Napi2c, which are reporter genes of FGF23/Klotho
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activity, were quantified. Expression was similar between diets (Figure 2.7, Figure

2.8) and between pregnant and non-pregnant mice (Figure 2.9).
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Figure 2.3. Normalised expression of vitamin D metabolism genes in kidneys

from pregnant and PTB mice.

A) Vdr (P=0.024); B) Cyp27b1 (P=0.007), * control vs. PTB P=0.041: C)

Cyp24a1 (P=0.034); D) Cyp2r1 (P=0.186); mean + SEM; 1000 IU/kg D + 1% Ca

n=8, 0 IU D/kg + 1% Ca n=8, 1000 IU/kg D + 0.1% Ca n=7,01U/kg D + 0.1% Ca

n=4.
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2.4.7 PTB Kidney
Kidney gene expression from PTB mice was compared to expression in
pregnant and non-pregnant mice. Cyp2/7b17 expression was highest in kidneys

from PTB mice, with pregnant mice having 66% lower expression (P=0.036) and
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Figure 2.4. Normalised expression of vitamin D metabolism genes in kidneys
from non-pregnant mice.
A) Vdr (P=0.674); B) Cyp27b1 (P=0.254); C) Cyp24ai (P=0.276); D) Cyp2Zri
(P=0.602). Mean + SEM; 1000 IU/kg D + 1% Ca n=8, 0 IU D/kg + 1% Ca n=8,
1000 IU/kg D + 0.1% Ca n=7, 0 1U/kg D + 0.1% Ca n=4.

75



non-pregnant mice 86% lower expression (P=0.001; Figure 2.6). However, PTB
kidney expression of Cyp27b7 was similar to mice on the most deficient diet (0
IlU/Kkg + 0.1% Ca). Cyp24al was also reduced by 75% as compared to non-
pregnant kidneys (P=0.001), with similar expression levels to pregnant kidneys.
Both NapiZa and NapiZc had significantly decreased expression in kidneys from
mice that delivered pre-term, with NapiZa being 6.6-fold higher than in pregnant
and 7-fold higher than in non-pregnant mice (P<0.001), while NapiZc was 7.7-fold
higher than in pregnant and 6.9-fold higher in non-pregnant mice (P<0.001; Figure

2.9).

2.4.8 Fetal skeletal mineralisation

To determine whether diets that are vitamin D-deficient and low in calcium
affected fetal skeletal mineralisation, we examined fetuses from control (1000
IU/kg + 1% Ca) and deficient diets (0 IU/kg + 0.1% Ca). We sought to confirm
previous reports that there was no skeletal defect by x-ray imaging of fetuses. As
there is variation between the largest and smallest fetuses in litters, we weight
matched control and deficient fetuses and x-rayed each pair. There was no
difference in fetal mineralization at this gestation (Figure 2.10) as determined by

fifteen pairs of fetuses from nine litters.

2.5 Discussion

Dietary restriction of vitamin D3 and calcium, as well as pregnancy, affected
vitamin D3 metabolism, length of gestation, body composition, serum

measurements of calcium homeostasis and kidney gene expression.

2.5.1 Preterm birth
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Although pregnancy rate was unaffected by vitamin D3 or calcium
deficiency, gestation of delivery was affected. Half of the mice fed the most
deficient diet (0 IU/kg + 0.1% Ca) delivered pre-term (before d18.5 of gestation,
PTB), with no early deliveries in other diet groups. The gestation of delivery of
C57BI6 mice has previously been determined to be d19.5 (Murray, Morgan et al.
2010); so to confirm that the early deliveries were not part of the normal
gestational range for mice on our control diet, we allowed a group of control mice
to deliver. Surprisingly, two of seven mice delivered before d18.5 and would have
been deemed PTBs, while five mice delivered from d19-d21 of gestation. There
was greater PTB incidence in deficient mice than in all control mice, so this
suggests that delivery before d18.5 could be pathological, indicating PTB.

There are two overlapping mechanisms by which vitamin D and calcium
deficiency could induce early labour: inflammation or altered immune function due

to vitamin D deficiency. Inflammation is a major cause of spontaneous PTB
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(Romero, Espinoza et al. 2007), with our PTB mice having evidence of
inflammation due to their enlarged spleens. Studies of placental inflammation in
the presence or absence of vitamin D signaling have shown that vitamin D in the
placenta is anti-inflammatory and suppresses TLR-2, IL-6 and IFN-y release after

LPS challenge (Liu, Kaplan et al. 2011). Trophoblasts express Toll-like receptors
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(TLRs) TLR-2&4 which allow the trophoblasts to respond to inflammation by
cytokine production or apoptosis (Abrahams, Bole-Aldo et al. 2004), with activation
causing production of inflammatory cytokines, antimicrobial peptides and
chemokines, similar to the inflammation seen in term parturition (Keelan,
Blumenstein et al. 2003).

Increased PTB in vitamin D3 deficiency is in accordance with recent
epidemiological evidence that vitamin D3 deficiency increases the risk for PTB in
humans (Perez-Ferre, Torrejon et al. 2012, Wagner, McNeil et al. 2013). Vitamin
Ds is suggested to reduce placental colonization with species common to bacterial
vaginosis and hence could reduce PTB incidence (Grant 2011). Vitamin D3
deficiency may play a role in the infectious aetiology of PTB as vitamin D3 is

immunomodulatory, increasing innate immune activity and reducing inflammation

>
@

(-]
i

@
4
-
@ o
A )
—
—

o
L]
L]

Bl

L]

i
§
|

-+
A B

Normaised Napi2a expression
o R
S | .l
L)
L)
L]
Normaised Napi2c expression
°
L ]
°

o

7
ooo

(2
K2

(7
®

P

9

Z

Figure 2.7. Normalised expression of FGF23/Klotho axis reporter genes in
kidneys from pregnant mice.

A) Napi2a (P<0.001), * P<0.001; B) Napi2c (P=0.001), * P<0.001; mean %

SEM.

79



(Hewison 2012). 1,25(0OH),D3; has also been found to increase production of
cathelicidin, an antimicrobial protein, in human placental explants (Liu, Kaplan et
al. 2009). Although the PTB mice and non-PTB mice on the most deficient diet (0
IU/kg + 0.1% Ca) had lower 25(OH)D3 levels than controls, there was no evidence
of vitamin D3 metabolism being further altered as gene expression was similar
between deficient mice with and without PTB. An infection/inflammation cause of

PTB is suggested by the increased spleen weight in our PTB mice.

2.5.2 Fetal and placental weights
Fetal weight was increased in those mice that were consuming low calcium
diets, as was fetal to placental weight ratio which is a measure of placental

efficiency. Although there was increased fetal weight in mice on deficient diets,
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Figure 2.9. Representative X-ray images of fetal skeletons.

Fetuses (in tubes) are positioned as control fed mice (1000 IU + 1% Ca) on
the left and deficient fed mice (0 IU + 0.1% Ca) on the right of each image.
Each image is a pair of weight matched fetuses, 15 pairs of fetuses were

analysed from 9 litters. There was no visible difference in skeletal

mineralization at d18.5 of gestation.

there was no alteration in placental weight or dimensions, so there must be
morphological changes in the placenta to support greater fetal growth (see
Chapter 3). Placental weight was, however, marginally increased in mice with >20
nmol/L of 25(OH)Ds. Increased placental efficiency, as indicated by the increased
fetal placental weight ratio, in calcium deficient mice indicates that this mild insult
increases fetal growth without increasing placental mass. Placental efficiency has
previously been reported to increase due to mild insults, such as moderate
alteration of nutrients, with severe insults such as changes to vasculature or
extreme alteration of nutrients causing decreased placental efficiency (Fowden,

Sferruzzi-Perri et al. 2009). This was also seen in a recent study of vitamin Ds
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deficiency, with higher fetal weights and unaltered placental weights at d18 in mice
consuming diets lacking vitamin D3 (Liu, Ouyang et al. 2013). The study also found
that maternal blood pressure was increased in mice on vitamin D3 deficient diets,
which may be a mechanism for alteration of placental morphology (see Chapter 3).
Dietary vitamin D3 and/or calcium deficiency appears to alter placental
morphometry but not dimensions, possibly through increased maternal blood
pressure and hence placental perfusion pressure, to increase placental efficiency

and increase fetal weight at d18.5 of gestation.

2.5.3 Body composition

There were differences in body composition during pregnancy, with
pregnant mice having heavier livers and parametrial fat. This is expected as
maternal physiology changes dramatically during pregnancy, mainly under the
influence of estrogens and progesterone (Bacqg 2000). A gradual increase in liver
size is observed in rodent pregnancies due to the high demand of multiple fetuses,
with a higher litter size resulting in a heavier liver, but may also facilitate a higher
rate of conversion of vitamin D3 to 25(OH)D3 during pregnancy. Parametrial fat
stores are also increased in pregnancy under the control of estrogens (Cooke and

Naaz 2004).

2.5.4 Serum measurements

Pregnancy induces increased blood volume, causing modification of many
serum measures, although ionized (free) serum calcium concentration remains
constant.

Post-mortem serum measurements were also compared, with higher

uncorrected total calcium levels in pregnant mice compared to non-pregnant.
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Other serum measures, such as phosphate, corrected calcium and albumin did not
differ with pregnancy status. Increased total calcium in pregnancy is unusual, as
human studies report mild decreases of total serum calcium across gestation
(Ardawi, Nasrat et al. 1997, Kovacs 2009), although this was not significantly
different from non-pregnant values when corrected for serum albumin as most
circulating calcium is bound to albumin.

Non-pregnant mice had significantly altered 25(OH)D3 by diet, with control
mice having the highest levels. This was expected from our experimental design,
but was not found in pregnant mice, as although the levels were highest in
controls, there was no significant difference between diets. This may be due to a
higher demand in pregnancy to convert 25(0OH)D3; to 1,25(OH);D3, as in human
and mouse pregnancy 1,25(0OH),Ds increases across gestation, while 25(OH)D3
has a mild decrease (Ardawi, Nasrat et al. 1997, Kirby, Ma et al. 2013). This is
seen in other situations, where calcium has a sparing effect on the 25(0OH)D;
levels, protecting them from depletion, for example, in a study in rats animals were
fed high calcium diets and didn’t suffer 25(OH)D3 depletion (Lips 2004, Anderson,
Lee et al. 2010).

Albumin levels were altered by diet in both pregnant and non-pregnant
mice, with low calcium-fed mice having higher albumin levels, regardless of
pregnancy status. Albumin levels have previously been positively associated with
blood pressure in human studies (Hostmark, Tomten et al. 2005), suggesting that
the high albumin levels could be associated with, but not causative of, higher blood
pressure in mice on low calcium diets. A previous study in mice has found
increased blood pressure in vitamin D3 deficient mice (Liu, Ouyang et al. 2013)

and calcium supplementation has previously been successful in reducing the
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incidence of gestational hypertension and preeclampsia in humans (Hofmeyr,

Atallah et al. 2006).

2.5.5 Vitamin D; metabolism in pregnancy

Kidney metabolism of vitamin D3 has been well studied previously, but had
not been investigated in pregnant mice with vitamin D3 and calcium deficiency.
Non-pregnant control mice had baseline Cyp27b7 expression as the diet contains
adequate calcium, so PTH-induced expression of Cyp27b7 wouldn’t occur as
additional 1,25(OH),D3; would not have been required to maintain intestinal calcium
absorption. Kidney Cyp24ai expression is highly variable in these mice as it is
directly up regulated in response to local 1,25(0OH),Ds concentrations. In
comparison to controls, the low calcium-fed mice had non-significantly higher
Cyp27b1 expression which indicates increased production of 1,25(OH),D; to
increase serum calcium levels. CypZ4a7 expression is lower in low calcium
consuming mice as the locally made 1,25(0OH),Ds; enters the circulation
(Christakos, Ajibade et al. 2012).

Comparison of kidney gene expression between pregnant and non-
pregnant mice suggests that 1,25(OH),D3 production is enhanced in pregnancy
with a 3-fold increase in Cyp27b7 expression, compared to non-pregnant gene
expression. This corresponds with the increased circulating 1,25(OH),D3 levels
found in pregnancy. Interestingly, renal CypZr7 expression was unaffected by diet,
but was found to be decreased in pregnant compared to non-pregnant mouse
kidneys.

In pregnant mice, low calcium diets induced high Cyp27b7 and low
Cyp24al expression, with no change in Vdror CypZri expression. This is due to

stimulated 1,25(0OH),D3; production which enters the circulation to stimulate
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intestinal calcium absorption and bone reabsorption to maintain calcium
homeostasis and provide calcium to the fetus (Kovacs 2009). In non-pregnant
animals, this increased 1,25(OH),D3; production would normally be attributed to
PTH stimulation of Cyp27b7 expression, but as PTH is greatly reduced in
pregnancy, there must be other mechanisms responsible for the increased
1,25(0OH),D3 in pregnancy. Until recently, the source of the increased circulating
1,25(0OH),D3 was thought to be either of placental or renal origin, but recently our
work and that of others (Kirby, Ma et al. 2013) have demonstrated that the
increased 1,25(0OH),D3 levels are predominantly due to increased renal
production, rather than from the placenta.

Kidneys from PTB mice were shown to have similar levels of expression of
Vdr, CypZri1 and Cyp24ai as pregnant mice. Although they had a higher median
Cyp27b1 expression than in pregnant mice overall, there was high variation with a
similar level of expression to the non-PTB mice from the same dietary group (0
IU/kg + 0.1% Ca). There is no evidence of altered vitamin D3 metabolism in mice
that delivered preterm.

The FGF23/Klotho axis may play a role in calcium/phosphate homeostasis
in pregnancy as there is a PTH-independent rise in 1,25(OH),D3 in pregnancy, with
no know mechanism. Increased Fgf23 protein in pregnancy would inhibit renal
Cyp27b1 expression and PTH production. Therefore, if FGF23/Klotho levels were
low in pregnancy, they would facilitate increased Cyp27b7 expression. In addition,
Klotho (Kuro-o, Matsumura et al. 1997), Napi2a and Napi2c (Nishimura and Naito
2008), but not FGF23 (Zhong, Wang et al. 2006) are expressed in the placenta. To
determine whether FGF23/Klotho axis was altered by pregnancy and diet we
examined reporter genes, the sodium phosphate transporters NapiZa and NapiZc.
There was no effect of pregnancy or diet on expression of NapiZa or NapiZc,
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indicating that the FGF23/Klotho axis is not involved in the increase of
1,25(0OH),D3 production in pregnancy. A recent study has discovered that
circulating FGF23 is increased 2-fold in pregnant mice, as compared to non-
pregnant mice (Kirby, Ma et al. 2013). This data indicates that the FGF23/Klotho is
not playing a major role in the up regulation of circulating 1,25(OH),Ds.
Interestingly, mice that delivered preterm had a significant reduction in both
NapiZa and NapiZc expression compared to pregnant and non-pregnant mice. This
may be due to these genes being under the influence of PTH, which increases at
post-partum, as these kidneys were harvested at post-mortem after delivery. This
decreased expression is unusual though, as previous reports have found that most
regulation of these transporters is at the protein level by glycosylation (Forster,
Hernando et al. 2013). As the FGF23/Klotho axis has only recently been
discovered (Yamashita, Yoshioka et al. 2000), we will surely have more insight into

its function in pregnancy in years to come.

2.5.6 Strengths and limitations

Our study is strengthened by examining the role of both calcium and vitamin
D3 as this has allowed us to better tease out their roles, finding that many changes
in gene expression and physiology could be attributed to dietary calcium. We were
limited in that we had serum measurements for only the first half of our mice and
that the levels of blood calcium and 25(OH)D3; were lower than expected. This
could be attributed to the interference of the high albumin levels in these mice,
which is why we then corrected calcium for albumin levels. Our study could have
been further strengthened by having blood pressure data, as well as 1,25D and
renal enzyme activity measures as this would have given us further insight into the

physiology of pregnant vitamin D3 deficient mice.
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2.5.7 Conclusion

In conclusion, dietary calcium and vitamin D3 restriction together alters
vitamin D3 metabolism in pregnancy. This is indicated by altered kidney gene
expression of Cyp27b1 and CypZ4al, as well as reduced levels of 25(OH)Ds.
Dietary calcium restriction, regardless of dietary vitamin D3 altered fetal weight and
kidney gene expression. Restriction of vitamin D3 and calcium also increased the
incidence of PTB, with the most deficient mice having a 60% PTB rate. This study
emphasizes the need to examine the contribution of both calcium and vitamin D3 in

pregnancy.
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Chapter 3: Dietary vitamin D3 and calcium deficiency
alter placental development and gene expression

3.1 Abstract

Vitamin D3 deficiency has been associated with a wide range of pregnancy
complications that feature poor placental development. Vitamin D3 is best known
for its role in calcium homeostasis; however, it also regulates 3% of the genome
through the vitamin D receptor (VDR). Although VDR and vitamin D3 metabolism
enzymes are expressed in the placenta, little is known about the role of vitamin Ds
in placental development. This study examines the effects of dietary vitamin D3
and calcium deficiency on placental morphogenesis during murine pregnancy. We
hypothesised that fetal and placental weights will be reduced, with altered
placental morphology in response to vitamin D3 and calcium deficiency.

Three week old female C57BI6 mice were fed one of 4 diets: normal or
vitamin D-deficient and normal or low-calcium (1000 IU/kg or 0 IU/kg vitamin Ds,
1% or 0.1% calcium) through mating at 13 weeks old. These mice were mated,
then sacrificed at day 18.5 of pregnancy. The fetal and placental weights were
recorded, with two placentas per litter fixed for histology. Placental histology and
gene expression were examined.

Fetuses and placentas were weighted, with no change in placental weight
between diets. Surprisingly, fetuses from dams fed calcium deficient diets, were
6% heavier than those on calcium sufficient diets (P=0.006), regardless of the level
of dietary vitamin Ds. Fetal to placental weight ratios were also higher (P=0.018)
suggesting that mice on calcium deficient diets have more efficient placentas. The

placental labyrinth (LZ) to junctional zone (JZ) ratio was used to determine the
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relative feto-maternal exchange area in each dietary group. The LZ:JZ ratio in mice
fed low calcium or vitamin D3 was 10% lower (P=0.019; trend, P=0.054) than when
compared to control mice (1000 IU/kg + 1% Ca) indicating that placentas from
mice fed the vitamin D-deficient and/or low calcium diets had proportionally less
junctional zone area for feto-maternal exchange.

Morphometry of the labyrinth revealed that vitamin D-deficient-fed mice had
increased maternal blood space and fetal capillary density (P<0.01). Whereas
mice fed the low calcium diets had reduced fetal capillary volume density, with a
thinner trophoblast layer (P<0.001), resulting in reduced trophoblast barrier
thickness across which feto-maternal exchange occur. These findings together
suggest that placentas from deficient diets adapt by altering labyrinth composition
and by reducing the distance for feto-maternal exchange, thus optimizing feto-
maternal nutrient transfer, which may result in augmented fetal growth.

Placental gene expression was altered in mice consuming low calcium
diets, with increased CypZ4a7 (P=0.005) and Vdr (P=0.042) compared to mice
consuming normal calcium, likely to be due to the effect of the low calcium diet
raising circulating 1,25(0OH),D3 levels.

In conclusion, there was an effect of dietary calcium on placental
morphometry and vitamin D3 pathway genes, with little effect of dietary vitamin Ds.
This resulted in deficient mice having a more efficient placenta, with gene
expression data suggested compensatory changes in expression. This
demonstrates potential interactions between dietary calcium and vitamin D3 intake

in pregnancy and strengthens our knowledge of vitamin D3’s actions in pregnancy.

90



3.2 Introduction

Vitamin D3 deficiency in pregnancy has been associated with a range of
pregnancy disorders from infertility (Lerchbaum and Obermayer-Pietsch 2012) to
complications such as preeclampsia (Bodnar, Catov et al. 2007, Robinson, Alanis
et al. 2010, Nassar, Halligan et al. 2011, Woodham, Brittain et al. 2011, Aghajafari,
Nagulesapillai et al. 2013) and pre-term birth (PTB) (Shibata, Suzuki et al. 2011).
While an important role for vitamin D3 is maintaining calcium homeostasis, the role
of dietary calcium consumption in these studies has been largely ignored. A
Cochrane review of dietary calcium supplementation found that >1000 pg of
calcium per day reduced overall blood pressure, as well as the risk of
preeclampsia in women with low calcium consumption (Hofmeyr, Atallah et al.
2006). Dietary vitamin D3 supplementation studies have had mixed results, with
the pre-2010 RDI (Recommended Daily Intake) dose of 400 |U/day having no
effect on the incidence of pregnancy complications (De-Regil, Palacios et al.
2012). However a high dose of 4000 IU/day resulted in a decreased risk of
hypertensive disorders including preeclampsia (Hollis and Wagner 2013). As
vitamin D3 assists in dietary calcium absorption, we need to examine the combined
roles of vitamin D3 and dietary calcium in pregnancy.

The primary role for vitamin D3 in the body is to maintain calcium
homeostasis. Vitamin D3 production predominantly occurs through the conversion
of 7-dehydrocholesterol in the skin by UV-B followed by subsequent hydroxylations
in the liver and kidney. The first hydroxylation is catalysed by the liver, cytochrome
P450 enzyme, CYP2R1, producing 25-hydroxyvitmain D3 (25(OH)D3) which is the
main circulating metabolite of vitamin D3 and is itself inactive. The second

hydroxylation is catalysed by the renal enzyme, CYP27B1, which produces 1a,25-
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dihydroxy vitamin D3 (1,25(OH)2D3) when required and is the biologically active
form of vitamin Ds. This activation of 1,25(OH),D3 is under the tight control of
parathyroid hormone (PTH) which stimulates CYP27B1 gene expression, usually
in response to low circulating calcium. Fibroblast growth factor 23 (FGF23) is also
known to suppress CYP27B1 activity in response to high circulating phosphate
levels. During pregnancy, however, serum 1,25(0OH),D3 levels are markedly higher
despite low levels of serum PTH (Ardawi, Nasrat et al. 1997), suggesting that
either low FGF23 is responsible for high 1,25(0OH),D3 levels or there are alternate
regulatory systems of 1,25(0OH),D3 synthesis and metabolism during pregnancy. A
major role for 1,25(0OH),D3 is to maintain serum calcium levels by both directly
stimulating intestinal calcium absorption and stimulating bone mineral catabolism
to liberate calcium stores when 1,25(0OH);D3; is sufficiently high. However,
1,25(0OH),D3 has been shown to play important roles in other physiological
systems (Bouillon, Carmeliet et al. 2008).

1,25(0H).D3, as well as 25(0OH)Ds3, are synthesized by the placenta. While
the placenta was one of the first organs to demonstrated to synthesise
1,25(0OH),D3 outside of the kidney (Tanaka, Halloran et al. 1979), the role for
placental vitamin D3 metabolism remains largely unclear. The gene for enzyme
responsible for 1,25(0OH),D3; catabolism, CYP24A1, has been reported to be
heavily methylated in human placenta, suggesting that the placenta is responsible
for 1,25(OH),D3 production and less so about regulating its activity though
catabolism. In mice, however, the CYP24A1 gene is not methylated to the same
extent (Novakovic, Sibson et al. 2009). The placenta expresses vitamin D receptor
(VDR) (Ross, Florer et al. 1989), which suggests that vitamin D3 metabolism within
the placenta may have autocrine or paracrine activities. This is yet to be
conclusively shown however. As yet, we know little of the control of vitamin Ds
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metabolism during pregnancy, both from a renal and local placental function, or its
primary roles and as well as how vitamin D3 activity during pregnancy is affected
by vitamin D3 deficiency. To investigate this, we have altered dietary vitamin D3
and calcium conditions during murine pregnancy in order to modulate vitamin D3
status and investigate the effects placental composition and gene expression as

well as on fetal weight.

3.3 Methods

3.3.1 Mice

Mice used for this study are the same as those used in Chapter 2. Briefly,
dual ethics approval was obtained from the University of Adelaide Animal Ethics
Committee and the IMVS/CNAHS Animal Ethics Committee with animal work
complying with the Australian Code of practice for the care and use of animals.
C57BI6 female mice were obtained at 3 weeks old and maintained at a 12h/12h

light/dark cycle. Mice were fed ad /ibitum either a standard diet of 1000 IU vitamin

C57BI6 female mice
fed until day 18.5

1000 1U/kg diet 0 IU/kg diet
vitamin D vitamin D
| |
| | | |
1% calcium 0.1% calcium 1% calcium 0.1% calcium
n=20 n=15 n=15 n=15

Figure 3.1. Mouse diets.

At 3 weeks old mice were allocated to one of four diets: control diet containing
1000 IU/kg diet vitamin D and 1% calcium or a diet deficient in vitamin D (0 IU)

or calcium (0.1%).
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Ds/kg food and 1% calcium (control AIN93G (Reeves, Nielsen et al. 1993)), or
diets deficient in vitamin D3 (0 IU/kg) or calcium (0.1%), with 15 mice per diet (20
mice on control diet; diets from Specialty Feeds, Australia; Figure 3.1). Mice
consumed their allocated diet from 3 weeks old through mating at 13 weeks and
post-mortem at day 18.5 post-coitus. Mating was performed with C57BI6 males
maintained on chow, with day 0.5 post-coitus indicated by the presence of a
vaginal plug. At post-mortem fetal and placental wet weights were obtained, with
placentas fixed for histology or snap-frozen for gene expression. Mice that had an
unknown date of conception, did not fall pregnant, or delivered before post-mortem

were excluded from the placental analyses.

3.3.2 Placental histology

Two placentas per litter were fixed in 4% (w/v) paraformaldehyde with 2.5
per cent (w/v) polyvinylpyrrolidone in 70 mM phosphate buffer. Sections were
immersed overnight then bisected mid-sagitally and fixed for a further 3 hours.
Sections were washed four times in phosphate buffered saline (PBS, pH 7.4) over
2 days and stored in 70% ethanol. Tissues were processed and then embedded
cut side down into paraffin blocks. Tissue sections (5 um) were stained with
Masson’s Trichrome (2 placentas per litter) or by immunohistochemistry (1-2

placentas per litter).

3.3.3 Immunohistochemistry

Immunohistochemistry was conducted on one placenta per litter, with 2 per
litter from the most deficient group. Sections were labelled with mouse anti-
vimentin (Clone Vim 3B4, Dako) and mouse anti-cytokeratin (AE1/AE3, Chemicon

International) with the aid of a Mouse on Mouse IHC Kit (Abcam) to eliminate non-

94



specific staining. Antigen retrieval was performed by incubation at 37°C for 15 min
with Pronase (P8811, Sigma-Aldrich) at 0.3 mg/mL diluted in PBS. Anti-vimentin
was diluted 1/10 in diluent (1 per cent porcine serum (Veterinary Services, IMVS,
Adelaide), 1 per cent bovine serum albumin (Sigma-Aldrich) (w/v) in PBS) and
incubated overnight at room temperature. Anti-cytokeratin was diluted to 1/100 in
diluent and incubated for an hour at room temperature. The chromogen
diaminobenzidine (Sigma-Aldrich) in PBS was added to the secondary antibody
supplied in the kit with 2% nickel Il sulphate (Sigma-Aldrich) to form a black
precipitate for identification of anti-vimentin, or on its own to form a brown
precipitate to identify anti-cytokeratin. Tissue sections were counterstained with
Haematoxylin (Sigma-Aldrich) and Eosin (Sigma-Aldrich) to define nuclei and

maternal erythrocytes, respectively.

3.3.4 Placental morphometry

All sections were photographed with a NanoZoomer Digital Pathology
scanner (Model C9600 v1.2, Hamamatsu Photonics K.K.) and analysed with NDP
Scan software (v2.2, Hamamatsu Photonics K.K.). The analysis was performed
while blinded to the dietary group of the sample. Masson’s Trichrome staining was
analysed with NDP View software (v1.2.25) to quantify the junctional zone and
labyrinth areas (Figure 1.6), ratios of labyrinth and junctional areas, placental
height and diameter, cross sectional area and labyrinth weight. Double-labelled
sections were analysed with Video Pro 32 software (Leading Edge, Australia).
Placental labyrinth was analysed by randomly choosing a starting field and
systematically choosing 10 adjacent fields 500 um apart for analysis with an
isotropic L-36 Merz grid. Morphometric techniques were used to estimate placental

composition, as reported previously (Roberts, Sohlstrom et al. 2001). Estimates of
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labyrinth components (maternal blood space, trophoblast and fetal capillaries)
were determined. Volume density (Vd = P,/ Pt) was calculated with P, being the
number of points counted for a component and Pt being the total points applied to
the section. Volume (V = Vd x labyrinth weight) was calculated, with volume
assuming that 1cm? is equivalent to 1 g of labyrinth. Trophoblast surface density
(Sv =2 x I,/ Lt ) was calculated as double total number of intersections of the test
line with the maternal face of the trophoblast (l5), divided by the length of the test
line (Lt, calculated by the total number of points applied and dimensions of the
semi-circular line). Trophoblast surface area (SA = V x Sv) was calculated as the
product of Sv and labyrinth volume (V). Mean arithmetic barrier thickness (Bt = Vd
/ Sv) was calculated as the trophoblast Vd divided by Sv. Error rate, calculated by

counting a field 5 times, was less than 5%.

3.3.5 Gene expression

Gene expression was performed on median weight placentas (n=25),
which were bisected midsagittally, with RNA extracted by the TRIzol®
(Invitrogen) method. Briefly, tissues were snap frozen in liquid nitrogen at post-
mortem and stored at -80°C. Tissue was rapidly bisected over ice without thawing
and immersed in TRIzol. Tissue was homogenised in TRIzol by a Powerlyser
(MoBio) with ceramic beads (CK14, Geneworks), with RNA extracted as per
TRIzol manufacturer’s instructions. Rigorous DNase treatment was performed
using a TURBO DNase kit (Ambion). Briefly, 2 pg of RNA was incubated for an
hour at 37°C with 0.1 volume of TURBO DNase and of 10x TURBO DNase buffer,
with another 0.1 volume of TURBO DNase added after 30 min, followed by
quenching of the reaction with 0.2 volumes of DNase Inactivation Reagent. RNA

integrity was assessed by Experion Automated Electrophoresis System (BioRad)
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with a RQI of >4 accepted for real time quantitative PCR (QPCR) (Fleige and Pfaffl
2006). Absence of genomic DNA was assessed by PCR of DNase-treated RNA
with genomic DNA primers (F: 5-GGCACTGACTGAGGTCAAAC-3’; R: 5'-
GTCACAATCACAGAGACTTTGA-3’; amplicon length 120 bp, annealing
temperature 60°C, Geneworks). 500 ng of RNA was reverse transcribed using
iScript cDNA Synthesis Kit (BioRad) as per manufacturer’s instructions. cDNA was
diluted 1/10 and stored at -20°C.

Real time qPCR was set up using a QIlAgility (QIAGEN) liquid handling
robot and run on a CFX-384 Real Time PCR machine (BioRad). 10 uL PCR
reactions were run containing 5 pL TagMan® Gene Expression Master Mix
(Applied Biosystems), 0.5 uL TagMan® Assay, with 2 pL of diluted cDNA. Cycling
conditions were 95°C for 10 min, then 40 cycles of 95°C for 15 sec and 60°C for 1
min. PCR efficiency was determined using a five point standard curve of maternal
kidney cDNA and gel electrophoresis was used to confirm amplicon size.
TagMan® Gene Expression Assays (Applied Biosystems) used were for vitamin Dj
metabolism - Vdr (Mm00437297_m1), Cyp2r7 (Mm00616774_g1), Cyp27b1
(Mm01165918_g1) and Cyp24ai’ (Mm00487244_m1); for vitamin D3 responsive
genes - Hifla (MmO00468869_m1), Vegfa (MmO01281449_m1), Hsd17b2
(Mm00500430_m1); for FGF23/Klotho action NapiZa (Sic34a1, Mm00441450_m1)
and NapiZc (Slc34a3, Mm00551746_m1); and for reference genes Gusb
(Mm06003537_s1), Hmbs (Mm01143545_m1), Gapdh (Mm99999915 g1) and
Hprt7 (Mm00446968_m1).

Reference gene suitability was analysed by GeNorm (gqBasePlus v2,
Biogazelle) (Vandesompele, De Preter et al. 2002), with Gapdh and Hmbs being

the optimum genes for normalization of expression (M=0.31, V<0.1). PCR data
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was analysed using BioRad CFX Manager (BioRad), which normalised expression

of the genes of interest to the geometric mean of the reference genes.

3.3.6 Statistics

Fetal and placental measurements were analysed by a Linear Mixed Model,
Repeated Measures, with fetal and placental measurements as repeated
measures of the mother and Sidak post-hoc. Gene expression was corrected for
litter size and RQI and were analysed by ANCOVA or by non-parametric tests
(Kruskal-Wallis or Mann-Whitney U) as appropriate. Analyses were run using IBM
SPSS Statistics (v 19, IBM), with significance accepted at P<0.05. Results are

expressed as mean £ SEM.

3.4 Results

3.4.1 Pregnancy rate

Only mice that underwent post-mortem at d18.5 of pregnancy were included
in placental histology investigations. Due to early deliveries and mice that did not
proceed to pregnancy after mating, the most deficient group (0 IU/kg D3 + 0.1%
Ca) generated 4 pregnant mice at post-mortem. There was no difference in

pregnancy rate between diet groups (Table 2.1).

3.4.2 Fetal and placental weights

At post-mortem, there was no difference in the nhumber of viable fetuses per
litter (litter size) between diets (Table 2.1), although there was a non-significant
37% increase in resorptions in mice consuming low calcium diets (P=0.439).
Placental weight was not significantly altered by changes to dietary vitamin D3 or

calcium. Fetal weight was significantly affected by diet (P=0.001, Table 2.2).
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Surprisingly, mice fed low calcium had a 6% increase in fetal weight compared to
mice fed normal calcium (P=0.006). This was reflected in the fetal to placental
weight ratios which are a surrogate of placental efficiency, with high ratios
indicating more efficient placentas, as they produce a heavier fetus per gram of
placenta (Fowden, Sferruzzi-Perri et al. 2009). Thus, fetal to placental weight ratios
were altered by diet (P<0.001), with low calcium consuming mice a having a 7%
higher ratio (P=0.018). There was a significant interaction between litter size and
both fetal weight and fetal to placental weight ratios (P<0.05). Fetal and placental
weights were non-significantly correlated (P=0.057, R=0.152). As expected, fetal
to placental weight ratios were highly correlated with fetal and placental weights

(P<0.001).

3.4.3 Placental composition

The areas of the placental compartments, the junctional zone (stem cell
area; JZ) and labyrinth zone (feto-maternal exchange; LZ), were quantified
following Masson’s Trichrome staining. While cross-sectional area was not
significantly affected by diet (P=0.128), both the labyrinth and junctional zone
areas were altered by diet (P<0.001; Table 3.1, Figure 3.2). Mice consuming low
calcium had a 10% reduction in labyrinth to junctional zone ratio (LZ:JZ ratio;
P=0.019), with a non-significant 11% decrease in those consuming vitamin D-
deficient diets (P=0.054). This indicates that mice fed the vitamin D-deficient and
low calcium diets have proportionally less labyrinth area and hence, less area for
feto-maternal exchange. Labyrinth to junctional area ratios were positively
correlated with fetal weight (P=0.044, R=0.321; Figure 3.3A) and fetal to placental
weight ratio (P=0.010, R=0.401), while junctional zone area was positively

correlated with placental weight (P=0.033, R=0.339) and negatively correlated with
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fetal to placental weight ratio (P=0.019, R=0.368; Figure 3.3B). As expected
labyrinth to junctional area ratio was positively correlated with labyrinth area and
negatively correlated with junctional zone area, while placental weight was
positively correlated with both labyrinth and junctional zone areas (P<0.05, data
not shown).

Placental dimensions were also measured in Masson’s Trichrome stained
sections. As murine placentas are discoid, placental height and diameter were
histologically measured. Placental height was altered by diet (P=0.043) and was
reduced by 2% in mice consuming vitamin D-deficient diets (P=0.004), while
diameter was also altered by diet (P<0.001), with a 5% decrease in vitamin D-
deficient diets (P=0.005) and 2% increase in mice fed low calcium diets (P<0.001).

As these changes were small they had no effect on overall placental weights and

Table 3.1. Placental labyrinth and junctional areas by Masson’s Trichrome

staining.

Diet 1000IU+ OIU+ 1000 IU + 01U+ P-value
1% Ca 1% Ca 0.1%Ca 0.1%Ca

n (litters / placentas) 6 (11) 7 (12) 6(11) 3 (6)

Labyrinth Area 4.798 + 4887+ 4.068 % 4554 + <0.001

(mm?) 0.181° 0.0512 0.007 * 0.173°

Junctional Area 2.766% 2669+ 3.077 % 3.119+ <0.001

(mm?) 0.041° 0.001% 0.022°¢ 0.001

Labyrinth:Junctional 1.543 1477+ 1434+ 1.360 £ 0.096

Area Ratio 0.023%  0.043° 0.056° 0.009 ™

Total Cross-sectional  7.282 + 7816+ 7.062 7.898+ 0.128

Area (mm?) 0.28 2 0.103% 0.031%  0.395°

Placental height 1431 % 1437+ 1492+ 1418+ 0.043

(mm) 0.025° 0.018° 0.046° 0.046 °

Placental diameter 5.920 £ 5582+ 5700 % 6.158 + <0.001

(mm) 0.001° 0.100° 0.147° 0.001°

Note: mean £ SEM, corrected for litter size, different superscripts denote

significant differences
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Figure 3.2. Representative images of Masson’s Trichrome stained placentas .
A) control diet consuming mice (1000 IU/kg D3 + 1% Ca); B) mice consuming
the vitamin D- and calcium-deficient diet (0 IU/kg D3 + 0.1% Ca). LZ - labyrinth

zone, JZ - junctional zone, scale bar is 1 mm, 1.25x magnification

would have little effect on placental cross-sectional areas. As expected, labyrinth
area was correlated with placental diameter, height and area, while junctional zone

area was correlated with diameter and area (P<0.05, data not shown).

3.4.4 Morphometry

Morphometry was used to estimate composition of the labyrinth area of one
placenta per litter (two placentas for the most deficient group due to low numbers)
see Figure 3.4. The labyrinth was analysed for volume density and estimated
volume of trophoblast, maternal blood space and fetal capillaries. Volume density
was altered by diet for trophoblast, maternal blood space and fetal capillaries
(P<0.05, Table 3.2). Vitamin D3 also affected volume density, with mice fed a
vitamin D-deficient diet observed to increase maternal blood space density by 5%
(P<0.001) and decrease fetal capillary density by 1.6% (P=0.010; Table 3.2).
Contrary to this, mice on low diets had significantly lower fetal capillary volume
density (14%, P<0.001). Volume density of trophoblast was negatively correlated
with volume density of both maternal blood space (P<0.001, R=0.866) and fetal
capillaries (P=0.038, R=0.417; Table 3.2). Fetal capillary volume density was

negatively associated with placental diameter (P=0.007, R=0.533) but not
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Figure 3.3. Pearson’s bivariate correlations of fetal and placental weight and
area correlations.

A) Labyrinth:junctional area ratio and fetal weight (P=0.005, R=0.307, n=84), B)
Junctional zone area and fetal:placental weight ratio (P=0.019, R=-0.368,

n=84).

correlated with fetal weight (P=0.059, R=0.382). Maternal blood space and fetal
capillary volume density were not correlated.

Estimated volume of trophoblast was not altered by dietary levels of vitamin
D3 or calcium. Fetal capillary volume was altered by both diet (P=0.042; Table 3.2)
and vitamin D3 levels, with mice fed the vitamin D-deficient diets having increased
the volume of fetal capillaries (12.5%, P<0.001), with no change in placental
weight between diets. Trophoblast volume was positively correlated with placental
weight (P=0.001, R=0.622) and labyrinth to junctional area ratio (P=0.010,
R=0.505) and negatively correlated with maternal blood space volume density
(P<0.001, R=0.659; Figure 3.5). Maternal blood space volume was also negatively
correlated with trophoblast volume density (P<0.001, R=0.768). As expected,
volume densities and volumes were positively correlated (trophoblast P<0.001,
R=0.740; maternal blood space P<0.001, R=0.907; fetal capillaries P<0.001,

R=0.854).
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Figure 3.4. Immunohistochemical double-labelling of mouse labyrinth.

Mouse placental labyrinth double labelled with anti-cytokeratin (brown) for
trophoblast and anti-vimentin (black) for fetal capillaries, counterstained with
haematoxylin and eosin. Representative images from A) control and B)
deficient (0 IU + 0.1% Ca). Proportion of maternal blood space is increased and
fetal capillaries are decreased (P<0.001). Dashed arrow - anti-cytokeratin; solid
arrow - anti-vimentin; star - maternal blood space; scale bar is 100 pm, 40x

magnification

Trophoblast surface density was altered by diet (P=0.006), with a trend
toward higher density displayed by the vitamin D-deficient diet fed groups (19%,
P=0.084, Table 3.2). Surface area of trophoblast was also altered by diet
(P<0.001), with control-fed mice exhibiting significantly lower (21-25%) surface
area than 1000 IU/kg + 0.1% calcium or 0 IU/kg + 1% calcium diets (P<0.05) and a
25% decrease in 0 IU/kg + 0.1% calcium fed mice which did not reach statistical
significance (P=0.170). Feto-maternal barrier was altered by diet (P<0.05) and was
35% thinner in mice on the most deficient diet as compared to control (P=0.044).
There was also an interaction between litter size with barrier thickness and surface
area (P=0.005). Surface density was negatively correlated with labyrinth zone area
(P=0.022, R=0.455) and trophoblast volume (P=0.006, R=0.536, Figure 3.6).

Barrier thickness was positively associated with trophoblast volume (P=0.002,
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Table 3.2. Estimated placental labyrinth composition by morphometry.

Diet 1000 IU + OIU+ 1000 IU + OIU+ P-value
1% Ca 1% Ca 0.1% Ca 0.1% Ca

n 6 (6) 7(7) 6 (6) 3(6)

(litters, placentas)

Vd - Trophoblast 0.718 + 0.675 + 0.654 + 0.707 + 0.037
0.007° 0.005° 0.010° 0.004 °

Vd - Maternal 0.150 + 0177 + 0.203 + 0.190 + <0.001

blood space 5.0e-6 ° 0.005° 0.012° 6.0e-6°

vd - Fetal 0.121 + 0.125 + 0.110 + 0.111 + <0.001

Capillaries 0.014° 1.53e-8°  3.51e-7°  0.010°

V - Trophoblast (g) 0.041 + 0.040 + 0.037 + 0.039 + 0.135
0.001°® 4.8e-7° 0.002 ® 4.0e-4?

V - Maternal blood 0.010 + 0.011 + 0.012 + 0.010 + <0.001

space (g) 4.0e-4° 3.0e-4" 1.0e-6 ¢ 2.0e-4°

Vv - Fetal 0.006 + 0.008 + 0.005 + 0.006 + 0.042

Capillaries (g) 3.41e-94% 9.28e-11° 8.46e-8° 3.40e-9 ®

Sv - Trophoblast 440.8 + 579.8 + 601.4 + 642.8 + 0.006
24.1° 0.0002 ® 12.3° 7.89°

SA - Trophoblast 27.4 341+ 33.2+ 33.2 + <0.001

(mm?) 0.6° 0.6° 0.9° 5.0e-5®

Barrier Thickness 16.976 + 12720 + 11954 + 10.743 % 0.067

(um) 0.671° 0.293° 0.409° 2.0e-6"

Vd - volume density, V - volume, Sv - surface density, SA - surface area, Mean

SEM, P<0.05 is significant, different superscripts denote significant differences.

R=0.585) and volume density (P=0.004, R=0.555) and negatively correlated with
maternal blood space volume density (P=0.005, R=0.548). As expected, surface
density, surface area and barrier thickness were all highly correlated (P<0.001,

data not shown).

3.4.5 Placental gene expression
Placental expression of Vdrwas 2-fold higher in mice fed low calcium diets
compared to normal calcium diets (P=0.042, Figure 3.7), although this failed to
reach significance when examining overall dietary vitamin D3 and calcium.
Placental Cyp24ai expression was significantly altered by diet (P=0.036),
with expression increased by 6-fold in mice fed low calcium diets when compared

to placental levels in mice consuming normal calcium diets (P=0.005). Cyp27b7
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Figure 3.5. Pearson’s bivariate correlations of labyrinthine morphometric
variables

A) Trophoblast volume density and maternal blood space volume density
(P<0.001, R=-0.866, n=25); B) Trophoblast volume density and fetal capillary
volume density (P=0.038, R=-0.038, n=25); C) Trophoblast volume and
placental weight (P=0.001, R=0.622, n=25); D) Trophoblast volume and

labyrinth:junctional area ratio (P=0.010, R=0.505, n=25).

expression was not altered by diet (P=0.374), although mice consuming 0 IU/kg +
1% Ca diets had on average 3.4-fold higher expression than in controls. CypZr7
expression was unchanged across dietary groups. Expression levels of Vdr and
Cyp24ai were highly positively correlated, regardless of diet (P<0.001, R=0.794;
Figure 3.9A), suggesting that this is due to the action of 1,25(0OH),D3; and Vdr

protein up regulating vitamin D responsive genes. Placental expression of
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Figure 3.6. Pearson’s correlations of labyrinthine barrier to diffusion.

A) Trophoblast surface density and labyrinth area (P=0.022, R=-0.455, n=25);
B) Trophoblast surface density and trophoblast volume (P=0.006, R=-0.536,
n=25); C) Trophoblast barrier thickness and trophoblast volume (P=0.002,
R=0.585, n=23); D) Trophoblast barrier thickness and maternal blood space

volume density (P=0.005, R=0.548, n=23).

Cyp27b1and CypZriwere similar between diets.

Expression of vitamin D responsive genes was also investigated, through
selection of three placentally expressed genes: Hifla, Hsd17b2, and Vegfa. There
was no change in mRNA levels of either of these genes due to diet (P=0.364,
0.858 and 0.579, respectively, Figure 3.8). Despite this, Hsd77b2 expression was

negatively associated with fetal weight (P=0.004, R=0.578, Figure 3.9C), while
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Figure 3.7. Normalised placental expression of vitamin D metabolism genes.
VdrP=0.106, B) Cyp24a1P=0.036, C) Cyp27b1P=0.374, D) Cyp2ri P=0.990.
Mean £ SEM, 1000 IU/kg D3 + 1% Ca n=7, 1000 IU/kg + 0.1% Ca n=6, 0 1U/kg

D3 + 1% Can=6, 0 IU/kg D3 + 0.1% Ca n=4.25 placentas from 4-7 mothers per

diet.

Hifla and Vegfa had positively correlated expression (P<0.001, R=0.696, Figure
3.9B).

Expression of the FGF23/Klotho reporter genes NapiZa and NapiZc were
also quantified in the placenta. NapiZa was unaffected by diet (P=0.999, data not
shown), while NapiZc showed a non-significant 40% increased expression in mice

on deficient diets compared to control due to high variation (P=0.529, data not
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Figure 3.8. Normalised placental expression of vitamin D responsive genes.
A) Hifla P=0.364 B) Hsd77b2 P=0.858, C) Vegfa P=0.579. Mean + SEM
corrected for litter size and RQI, 1000 IU/kg D3 + 1% Ca n=7, 1000 1U/kg +
0.1% Ca n=6, 0 IU/kg D3 + 1% Can=6, 0 IU/kg D3 + 0.1% Ca n=4.

shown). NapiZa and NapiZc are highly expressed in the kidney; placental levels
are significantly lower than kidney levels. NapiZc expression was positively
correlated with Vdr (P<0.001, R=0.683), Cyp24ai (P=0.006, R=0.538), Hsd17b2

(P=0.012, R=0.493) and Vegfa (P=0.015, R=0.480; Figure 3.10).
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3.5 Discussion

3.5.1 Fetal and Placental Weights

Although fertility is reduced in Vdr knockout ( Vdrnull) mice and improved by
dietary calcium supplementation (Johnson and DelLuca 2001), there was no
evidence of reduced fertility in our mice, with no difference in pregnancy rate or
litter size. Although there was a 37% increase in resorptions in controls compared
to the most deficient group (0 IU/kg + 0.1% Ca), there was no significant change
across all diets. This may be due to the relatively mild phenotype induced by our
diets, as our lowest 25(OH)D3; serum measurement was 10 nmol/L with no
difference in serum calcium between diets (see Chapter 2). Fetal weights were
expected to decrease in those mice on the most deficient diets, but we found that
fetal weights were increased on diets with low calcium. As there were no effects of
diet on placental weight, this was also reflected in the fetal to placental weight
ratios, which are a surrogate of placental efficiency. This is contrary to what has
been found in Vdr null mice, with a 9% decrease in fetal weight and no difference
in placental weight (Rummens, van Cromphaut et al. 2003, Kovacs, Woodland et
al. 2005). This indicates that there were placental and/or maternal adaptions to the
low calcium environment which compensated for the nutritional deficit, as seen in
other mild nutritional deficiencies such as protein deficiency (Fowden, Sferruzzi-

Perri et al. 2009).

3.5.2 Morphometry
Labyrinth to junctional area ratio was decreased in mice that fed low
calcium diets. This was expected, as the offspring were also expected to have

lower fetal weights, as does the Vdrnull mouse. Instead, the fetuses were heavier
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Figure 3.9. Pearson’s bivariate correlation of vitamin D responsive and
metabolism genes.
A) Vdrand Cyp24ai (P<0.001, R=0.794, n=25); B) Vegfa and Hifla (P<0.001,

R=0.696; n=25); C) Hsd77b2 and fetal weight (p=0.004, R=-0.578, n=23).

with no change in placental weight and instead had changes in placental
morphometry.

Morphometry revealed no alteration in trophoblast volume due to diet,
although maternal blood space was increased and fetal capillary density was
decreased in more deficient mice. Low dietary vitamin D3 was associated with both
the increase in blood space and the decrease in capillaries. Increased maternal
blood space could be due to increased blood pressure in the deficient mice.
Vitamin D3 (1,25(0OH),D3) is a negative regulator of renin-dependent hypertension,
by reducing renin expression and angiotensinogen Il levels (Li, Kong et al. 2002).

During pregnancy, vitamin D3 deficiency induces increased blood pressure which
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Figure 3.10 Correlation of expression of FGF23/Klotho reporter gene Napi2c.
A) Napi2c and Vdr (P<0.001, R=0.683, n=25); B) Napi2c and CypZ4al
(P=0.006, R=0.538, n=25); C) Napi2c and Hsd77b2 (P=0.012, R=0.493, n=25);

D) NapiZc and Vegfa (P=0.015, R=0.480, n=25).

is normalized by re-introducing dietary vitamin D; (Liu, Ouyang et al. 2013).
Modest increases in blood pressure are observed in normal pregnancies to
increase placental perfusion, but major increases are a feature of preeclampsia
(Steegers, von Dadelszen et al. 2010). Through this increased placental perfusion,
the deficient placenta is able to maintain fetal growth and exceed that of the control
fetuses.

Trophoblast surface area and barrier thickness were also investigated to
determine if there was an alteration in the exchange capacity of the feto-maternal
barrier. Mice on the control diet had lower surface density and surface area, with a

thicker trophoblast barrier compared to deficient mice. This indicates that the
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placentas from “deficient” mice had a more optimal area for exchange, although
they also had lower density of fetal capillaries. This reduced barrier thickness may
be due to increased perfusion pressure due to increased maternal blood pressure,
or local hormonal changes as vitamin D3 stimulates production of estradiol and
human placental lactogen among others (Stephanou, Ross et al. 1994, Barrera,
Avila et al. 2007). A subset of mice had serum 25(OH)D; levels measured, with the
mice on the control diet having a mean concentration of 40 nmol/L and mice on
deficient diets having 17 nmol/L (see Chapter 2). This is similar to the distribution
of barrier thicknesses as those mice in deficient groups had both low 25(OH)D;
and thinner barriers, whereas control mice had higher 25(0OH)D; levels and thicker
barriers, suggesting that 25(OH)D3 deficiency is associated with reduced barrier
thickness. Although 25(OH)D3 appears to modulate placental cellular composition,
we saw no observable effects on fetal skeletal mineralisation (see Chapter 2). This
corresponds with other studies in vitamin D3 deficient rats (Brommage and DelLuca
1984, Glazier, Mawer et al. 1995), but not with Var null mice (Rummens, van
Cromphaut et al. 2003, Kovacs, Woodland et al. 2005), which had reduced

placental calbindin-9k and fetal calcium content.

3.5.3 Gene expression

Expression of vitamin D3 metabolism genes in the placenta has been
previously characterized in normal pregnant mice, but not in response to dietary
calcium and vitamin D3 deficiency. Low calcium diets induced a 2-fold increase in
placental Vdrexpression and a 6-fold increase in Cyp24a1 expression. There was
also a strong positive correlation between Vdr and CypZ4ai expression. As
Cyp24al is directly up-regulated by Vdr protein in response to high 1,25(0OH).D3

levels, Cyp2Z4ai expression is a marker of circulating 1,25(OH),D3;. Mice on low
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calcium diets had increased circulating 1,25(0OH);Ds. This is due to the high
calcium requirements in pregnancy; circulating 1,25(OH),Ds3 levels are increased in
normal pregnancy (Ardawi, Nasrat et al. 1997), but more so in animals on low
calcium diets. This allows 1,25(0OH),D3; to promote intestinal calcium absorption
and resorption of calcium from the maternal skeleton. Surprisingly, Cyp24ai was
up-regulated in association with increased renal 1,25(OH),D; synthesis, despite
previous reports indicating that Cyp24a1 is significantly methylated in the mouse
placenta and thus silenced (Novakovic, Sibson et al. 2009).

There was no effect of diet on either Cyp27b7 or CypZri expression. As
CypZri is the main enzyme converting vitamin D3 to 25(OH)Ds, this indicates that
there is no drive for the placenta to increase production of 25(OH)Ds3 in response to
deficient diets. Cyp27b17 expression was highly variable within dietary groups, but
was not significantly altered by diet, although expression was 3.4-fold higher in the
most deficient diet (0 IU/kg D3+ 0.1% Ca) compared to the controls. As placental
Cyp27b1 expression was unaffected by diet, in contrast to Cyp24a7 and Var, we
can assume that the placenta is not responsible for the increase in circulating
1,25(0OH),D3 found in pregnancy. This has been supported by work in the kidney in
our lab (see Chapter 2) as well as recent work by Kirby et a/. (Kirby, Ma et al.
2013).

Vitamin D3 responsive genes have the vitamin D3 responsive element
(VDRE) in their promoter region and are up or down regulated by 1,25(OH),D3 and
Vdr binding. As Vdrand Cyp24a7 are up-regulated through this process under the
influence of 1,25(0OH),D3, we investigated whether other genes with identified
VDRE'’s expressed in the mouse placenta were also responsive to high circulating
levels of 1,25(OH).D3 in low calcium consuming mice. We examined three VDRE
genes: Hsd17b2 - a steroid metabolism enzyme responsible for producing
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estradiol and estrone; Vegfa - vascular endothelial growth factor, involved in
angiogenesis and Hif7a - hypoxia inducible factor 1a, transcription factor involved
in oxygen-mediated gene expression such as Vegfa (Wang, Tavera-Mendoza et
al. 2005). There was no association between changes in the synthesis of renal
1,25(0OH),D3 levels due to diet and altered levels of mRNA for these genes,
indicating that they are not readily regulated by changes to circulating 1,25(OH),D3
levels. Whether 1,25(OH),D3; has no effect at d18.5 perhaps due to Cyp24a1
protein induced catabolism, or that these genes are simply not vitamin Dj
responsive in mice, remains to be determined.

Expression of phosphate transporters NapiZa and NapiZc were quantified to
determine whether FGF23/Klotho affects expression of placental vitamin Ds;
metabolism genes. FGF23 is released from osteocytes within bone into the
circulation in response to high serum phosphorus levels and, in combination with
its cofactor Klotho, increases transcription of phosphate transporters in target
tissues, such as the kidney. As the placenta has been shown to express NapiZa,
NapiZc, Klotho and FGF23/Klotho receptors (Kuro-o, Matsumura et al. 1997, Wu,
Orozco et al. 2009), but not Fgf23 (Kirby, Ma et al. 2013) we examined reporter
genes of their activity. There was no change in expression of either NapiZa or
NapiZc in response to diet, although ANapiZc was non-significantly increased in
mice on deficient diets compared to control. Although NapiZc was not altered by
diet, it was highly correlated with genes associated with vitamin D3 activity and
metabolism (Vdr, Cyp24a7) and genes with known VDREs (Hsd77b2, Vegfa). This
indicates that there may be an influence of FGF23 which is not detected when
analysing by diet and warrants further investigation. Recently, a study
demonstrated that there is a 2.25-fold increase in Fgf23 serum levels during
pregnancy in wild type mice, this was not influenced by 1,25(OH),D3 although in
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non-pregnant mice it would suppress 1,25(0OH),D3; synthesis (Kirby, Ma et al.

2013).

3.5.4 Strengths and limitations

The strength of our study lies in our investigating both the effects of vitamin
D3 and calcium, as dietary vitamin D3 and 25(OH)Ds levels were found to affect
placental morphometry, while dietary calcium and inferred 1,25(0OH),D3 levels
affected gene expression. This sets this study apart, as many previous studies
examine only the effect of vitamin D3 on pregnancy, while calcium has a leading
role. The study was limited in that the pregnancy rate in our mice was only 60%,
reducing the number of litters and placentas available for analysis. We determined
that levels of serum total calcium, corrected total calcium and inorganic
phosphorous were unaffected by diet (data not shown). This demonstrates that we
have induced mild vitamin D3 deficiency, without causing hypocalcaemia, at a

similar level to that seen in vitamin D3 deficiency in human pregnancy.

3.5.5 Conclusion

In conclusion, mild vitamin D3 and calcium deficiency had multiple effects on
the fetus and placenta. Increased fetal weight was observed from low calcium
consuming mice explained by placental adaptations including increased maternal
blood space and reduced placental barrier thickness to increase the opportunity for
feto-maternal exchange. Gene expression was also altered, with increased
Cyp24ai and Vdr expression indicating high levels of circulating 1,25(OH),D3 in
low calcium consuming mice. FGF23/Klotho reporter NapiZc was also found to be
correlated with CypZ24ai and Vdr, indicating that there may be an influence of

Fgf23 on placental gene expression. Taken together, these findings increase our
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understanding of the effect of vitamin D3 and calcium deficiency on placental
development and local vitamin D3 metabolism. This knowledge will aid our
understanding of placental vitamin D3 metabolism as well as inform us of vitamin
Ds’s interaction with the placenta, which can then be applied to pregnancy

complications.
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Chapter 4: Human placental expression of vitamin
D; metabolism and insulin-ike growth factor
components across gestation and in disease

4.1 Abstract

Pregnancy complications affect 25% of ongoing pregnancies and are
associated with placental insufficiency. As vitamin D and the insulin-like growth
factor (IGF) pathways interact, we hypothesise that placental vitamin D and IGF-
related pathways are differentially expressed across gestation and in
complications.

Placentas were collected from elective first trimester pregnancy
terminations (n=17), uncomplicated term (n=30) and complicated pregnancies
(preeclampsia (PE, n=19), spontaneous preterm birth (sPTB, n=14), gestational
hypertension (GH, n=14), small for gestational age (SGA, n=14), gestational
diabetes mellitus (GDM, n=6)). Vitamin D and IGF pathway components were
examined by gPCR and immunohistochemistry.

VDR and CYPZR7 mRNA were expressed highly in uncomplicated term
placentas, whereas /GF2 and /GF 7R expression were lowest at term, with VDR
and /GFZ2 positively correlated across gestation (P<0.05). Immunohistochemistry
revealed intense localisation of CYP27B1, VDR and IGF2 in early gestation,
compared to uncomplicated term placentas. At term, increased VDR mRNA with
low protein may indicate high turnover.

Analysis of complicated pregnancies revealed reduced VDR mRNA in PTB
and SGA, whereas IGF1 was increased in PTB (P<0.05). This suggests placental

vitamin D and IGF pathways are affected in SGA and sPTB pregnancies.
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Differential placental gene and protein expression was found across
gestation in both vitamin D and IGF pathways. Placentas complicated with SGA
and sPTB also had altered expression of VDR and IGF1. These data support a
role for vitamin D in placental development and pregnancy complications, as well

as suggesting potential interactions between IGFs and vitamin D in the placenta.

4.2 Introduction

Vitamin D3 deficiency during pregnancy has been associated with
pregnancy complications, such as preeclampsia (PE), preterm birth (PTB), small-
for-gestational age (SGA) babies and gestational diabetes mellitus (GDM) (Wei, Qi
et al. 2013). As these complications are also associated with poor placental
development (Khong, De Wolf et al. 1986, Khong, Liddell et al. 1987, Morgan,
Tolosa et al. 2013), discerning the role of vitamin D3 in pregnancy and in the
placenta may provide insight into pregnancy complications.

Vitamin D3 is produced in the skin through the action of UV-B, which breaks
down 7-dehydrocholesterol into vitamin D3. This is then hydroxylated in the liver by
25-hydroxylase (encoded by CYP2R1) to 25(OH)D3, which is measured clinically
to determine vitamin D3 status. This is further hydroxylated by 1a-hydroxylase
(encoded by CYP27B1) to the active form of vitamin D3 (1,25(OH)2D3), which can
bind the nuclear transcription factor vitamin D3 receptor (encoded by VDR). Active
vitamin D3 is then metabolized through further hydroxylation by 24-hydroxylase
(encoded by CYP24A1) to inactive metabolites (Jones, Prosser et al. 2014).

Circulating active 1,25(0OH),D3 in the mother increases across gestation,
reaching 3-5 fold higher levels by term compared to the non-pregnant state
(Ardawi, Nasrat et al. 1997). Vitamin D3 in the placenta was originally thought to

contribute to calcium transfer but this has been found to be a vitamin Ds-
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independent mechanism (Kovacs, Woodland et al. 2005). Active 1,25(0OH),Ds in
the placenta up regulates gene expression through VDR of many placenta- and
pregnancy-related factors, including components of the insulin-like growth factor
(IGF) family.

The IGF family of molecules includes IGF1 and IGF2 (encoded by IGF1 and
IGF2), their receptors (IGF1R and IGF2R) and binding proteins (IGFBP1-7). Both
IGF1 and IGF2 are essential for fetal growth. Mice that have either IGF1 or IGF2
ablated have 45% and 60% lower birth weights, respectively, than wild type
(DeChiara, Efstratiadis et al. 1990, Liu, Baker et al. 1993). While IGF2 has a role in
placental differentiation, IGF1 is involved in modulating maternal adaptation to
pregnancy and increasing placental nutrient transport (Roberts, Owens et al.
2008). Circulating levels of IGF1 initially decrease in early pregnancy, while in third
trimester levels increase by 33% of non-pregnant levels (Halhali, Villa et al. 2004,
Moller, Streym et al. 2013).

There is some evidence of biologically significant interactions between
vitamin D3 and IGF pathways. Addition of IGF1 to trophoblast cultures induced
1,25(0OH),D3 production, although this failed to occur in the presence of a protein
synthesis inhibitor, cyclohexamide, suggesting that increased CYP27B1 was
responsible for increased 1,25(0OH),D3; production (Halhali, Diaz et al. 1999).
Although there are potential interactions between vitamin D3 and IGF pathways,
there has been no investigation into changes in IGF gene expression on addition
of 1,25(0OH),Ds3 in the placenta. In other tissues, addition of 1,25(OH);D3 in vitro
increased expression of IGF1 and IGFBP-3 (mRNA and protein) in chondrocytes
(Fernandez-Cancio, Audi et al. 2009), increased IGF 1R protein in cancer cells (Liu,

Guo et al. 2011) and IGFBP-1 protein in ovarian cells (Parikh, Varadinova et al.
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2010). Interestingly, addition of 1,25(OH),D3 to calvaria cells increased IGF2, but
inhibited IGF1 protein secretion (Linkhart and Keffer 1991).

There is evidence for the proposed interaction between vitamin D3 and IGFs
in pregnancy, with altered levels of IGF and vitamin D3 pathway components
across gestation. Halhali et al. showed that at delivery maternal and fetal
circulating concentrations of 1,25(OH);D3, IGF1 and calcium are lower in PE
affected compared to control pregnancies (Halhali, Tovar et al. 2000, Halhali, Diaz
et al. 2014). Circulating 1,25(0OH),D3 and IGF1 levels are correlated in
uncomplicated pregnancies in late gestation, with this relationship lost in
preeclamptic pregnancies (Halhali, Villa et al. 2004). Placental homogenates from
preeclamptic pregnancies that were treated with 25(OH)D3; convert less 25(0OH)D3
to 1,25(0OH),D3, have lower IGF1 protein levels (Halhali, Diaz et al. 2014).
Furthermore, when primary placental cultures from preeclamptic pregnancies were
treated with IGF1 their rates of production of 1,25(OH),D3; were lower than normal
placentas (Diaz, Arranz et al. 2002). This demonstrates that there is a relationship
between IGF1 and 1,25(0OH),Ds in the placenta.

As both maternal circulating 1,25(OH),D3 and IGF1 levels are highest at
term, have interacting pathways and are both associated with pregnancy
complications, we hypothesise that expression in these gene families is altered
between early gestation and term, as well as between term uncomplicated and

complicated placentas.
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4.3 Methods

4.3.1 Recruitment

Human placental tissue from first trimester elective terminations of pregnancy was
collected from the Women’s and Children’s Hospital, Adelaide. The study was
approved by the Children Youth and Women’s Health Service Research Ethics
Committee (Approval #REC1835/8/09). Term placental samples for RNA
extraction were collected from women enrolled in the Screening for Pregnancy
Endpoints (SCOPE) and Prediction of Adverse Pregnancy Outcomes (PAPO)
studies at the Lyell McEwin Health Service, Elizabeth Vale and the Women’s and
Children’s Hospital, Adelaide with approval from the Central Northern Adelaide
Health Service Ethics of Human Research Committee and the Women's and
Children's Health Network (WCHN) Human Research Ethics Committee
(Approval# 2005082, REC# 1481/6/09). Term placenta samples for
immunohistochemistry were also collected from the Lyell McEwin Health Service
(Approval #HREC/12/TQEHLMH/16). All samples were obtained with written

informed patient consent.

4.3.2 Classification of placental samples

First trimester placenta samples were classified by gestational age, as
estimated by the last menstrual period (LMP) and/or ultrasound by the attending
clinician. Samples were grouped into early first trimester (6-8 weeks’ gestation)
and late first trimester (10-12 weeks’ gestation). Extravillous cytotrophoblasts
occlude the uterine spiral arterioles until 8 weeks’ gestation, preventing maternal
blood flow to the placenta. The plugs are dislodged over the next few weeks

(Burton, Jauniaux et al. 1999), with maternal blood flow to the placenta occurring in
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most placentas by 12 weeks’ gestation (Jauniaux et al. 2003). Comparisons were
made between early first trimester placentas (n=9, 7.0 + 0.3 weeks’ gestation), late
first trimester placentas (n=8, 10.4 + 0.2 weeks’ gestation) and term controls
(n=18, 40.5 £ 0.2 weeks’ gestation).

For term placenta samples, pregnancy complications were classified by an
obstetrician as described previously (Andraweera, Dekker et al. 2012), with patient
demographics listed in Table 4.1. Gestational hypertension (GH) was defined as
blood pressure of 2140 mmHg systolic or > 90 mmHg diastolic on at least two
occasions more than 4 h apart after 20 weeks’ gestation. Spontaneous preterm
birth (sPTB) was defined as spontaneous preterm labour or premature rupture of
membranes resulting in birth at less than 37 completed weeks of gestation.
Normotensive small for gestational age (SGA) was defined as a birth weight <10™
centile using customized centiles adjusting for maternal height, weight, parity and
ethnicity, fetal sex, birth weight and gestational age (www.gesatation.net).
Preeclampsia (PE) was defined as gestational hypertension with proteinuria and/or
any multi-system complication, including SGA (Tranquilli, Dekker et al. 2014).
Gestational diabetes mellitus (GDM) was diagnosed by a glucose tolerance test
(GTT) with a loading dose of 75¢g followed by a fasting glucose = 5.5 mmol/L or a 2
h glucose = 8.0 mmol/L. Uncomplicated pregnancies were defined as pregnancies
with no antenatal medical or obstetric complications, resulting in the delivery of an
appropriately grown healthy infant at or after 37 weeks of gestation. In the few
cases with multiple complications in a pregnancy (n=8), the following hierarchy

was used to classify cases: PE>sPTB>GH>SGA>GDM.
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Table 4.1. Maternal characteristics associated with term placental samples for

gene expression.

Characteristic Control PE GH sPTB SGA GDM

N=30 N=19 N=14 N=14 N=14 N=6
Maternal Age 254 26.5 255 25.6 23.1 28.7
(years) +1.1 +1.5 +1.8 +1.6 +1.6 +25
Gravidity 1.8 1.7 1.6 2.6 1.3 1.7

+0.2 +0.2 +0.3 +0.3 +0.3 +0.5
Parity 0.5 0.2 0.1 0.4 0.1 0.3

+ 0.1 + 0.1 +0.1° +0.2 +0.2 +0.3
BMI 254 29.4 27.8 25.2 255 315
(kg/m2) +1.1 +1.5 +1.3 +1.6 +1.5 +2.6
Gestation at 40.2 39.0 39.4 34.4 39.5 38.9
delivery (weeks) +0.3° +0.4° +0.3° +0.5° +0.5° +0.7°
Birth weight 3.6 3.0 34 25 2.6 3.3
(kg) +0.1° +0.1° +0.1° +0.1° +0.1° +0.2°
Placental weight 610 527 520 497 461 580
(9) + 29° + 30° +22° + 40° +37° + 56°
Fetal : placental 6.3 5.9 6.6 53 5.8 6.5
weight ratio +0.2° +0.3° +0.3° +0.3° +0.3° +0.2°
Fetal sex 43 47 64 50 50 50
(% male) + 0.1 + 0.1 +0.1 +0.1 + 0.1 +0.2

Note: Placental weight was recorded for 85% of samples (Control 23/30, PE
16/19, PTB 12/14, NSGA 14/14, GH 11/14, GDM 6/6); PE - preeclampsia, GH -
gestational hypertension, sPTB - spontaneous preterm birth, SGA - small for
gestational age, GDM - gestational diabetes mellitus; Mean + SEM; different

superscripts denote significant differences (P<0.05).

4.3.3 Placental tissue sampling

First trimester placental and decidual tissues were collected after elective
pregnancy termination surgery, washed briefly to remove blood (PBS, pH 7.4) and
were either snap-frozen in liquid nitrogen then stored at -80°C until RNA extraction
or were fixed for histology. Full thickness term placental tissue was collected at
delivery and stored in RNAlater® (Ambion, Life Technologies, CA, USA) for 24 h at

4°C then transferred to -80°C until RNA extraction. Tissue collected for histology
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was fixed after surgery or delivery (term placenta, first trimester placenta and

decidua) and processed into paraffin wax.

4.3.4 RNA Extraction

RNA was extracted from villous tissue by the TRIzol method (Invitrogen,
Life Technologies, CA, USA). Briefly, 100 mg of frozen villous tissue was added to
1 mL of TRIzol. Tissue was homogenised in TRIzol by a Powerlyser (MoBio, CA,
USA) with ceramic beads (CK14; Geneworks, SA, AU) followed by RNA extraction
according to the manufacturer’s instructions. RNA was reconstituted in nuclease-
free water (Ambion, Life Technologies, CA, USA) and subjected to rigorous DNase
treatment using a TURBO DNase-free™ kit (Ambion, Life Technologies, CA, USA)
according to the manufacturer’s instructions

RNA integrity was assessed by Experion (BioRad, CA, USA) with RQIl >5
acceptable quality for gPCR, although small amplicons (<250 bp) can be
considered independent of RQI (Fleige and Pfaffl 2006). Absence of genomic DNA
was confirmed by PCR of DNase-treated RNA with genomic DNA primers(F-
GCCTCTTCTTGTTAATTTCCCTGTT; R - TTCAGTTTCTCCACAGACATTCAA;
amplicon length 95 bp, annealing temperature 60°C, Geneworks), with lack of
amplification indicating absence of gDNA. RNA (500 ng) was reverse transcribed
using iScript cDNA Synthesis Kit (BioRad, CA, USA) following the manufacturer’s
instructions. cDNA was diluted 1/10 and stored at -20°C until required.

Human kidney RNA (First Choice Human Total RNA Survey Panel, Life
Technologies, CA, USA) was used as a positive control for CYP27B17 expression
as this gene is highly expressed in the kidney (Lawson, Fraser et al. 1971). RNA
was reverse transcribed and diluted as above and analysed alongside placental

cDNA to compare cycle of amplification.
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Table 4.2.Custom primer sequences for gene expression

Gene Primer Sequence Amplicon  Annealing
length Temp
IGF1 F - ATGCTCTTCAGTTCGTGTGT 176 bp 63°C
R - AGCTGACTTGGCAGGCTTGA
IGF2 F - CCCCTCCGACCGTGCT 90 bp 60°C

R-TGGACTGCTTCCAGGTGTCAT
IGFIR F-CTTCCTCCTAAAAAACCTTCGCCTCAT 142 bp 60°C
R - GTACATTTTCCCTGCTTTGATGGT

IGFZR F - GCAGAAGCTGGGTGTCATAGG 88 bp 60°C
R - CACGGAGGATGCGGTCTTAT

YWHAZ F - TCCGGACACAGAACATCCAG 153 bp 60°C
R - AGAAGATTCCTCTCCTCATTGGATAAT

GUSB F - CGTCCCACCTAGAATCTGCT 94 bp 63°C
R - TTGCTCACAAAGGTCACAGG

HPRT7 F-GTTATGGCGACCCGCAG 107 bp 60°C
R - ACCCTTTCCAAATCCTCAGC

RPL32  F-TTCCTGGTCCACAACGTCAAG 77 bp 60°C
R-TTGTGAGCGATCTCGGCAC

HBMS F - CCACACACAGCCTACTTTCCAA 70 bp 60°C

R-TTTCTTCCGCCGTTGCA

4.3.5 Quantitative PCR (qPCR)

Quantitative PCR was performed on a CFX-384 real-time PCR machine
(BioRad, CA, USA). All reactions were in 10 pL total volumes, composed of 5 pL
Master Mix, 2 uL cDNA (diluted 1/10 in nuclease free water), 0.5 uL TagMan Assay
or 0.25 L each of forward and reverse primers at 10 uM and 2.5 uL nuclease-free
water. Reactions were set up in triplicate using a QlAgility liquid handling system
(QIAGEN, Hilden, DE). PCR reactions were comprised of either TagMan Gene
Expression Master Mix and TagMan Assays (Invitrogen, Life Technologies, CA,
USA; VDR - Hs01045840_m1; CYP24A7 - Hs00167999_m1; CYPZRT -
Hs01379776_m1; CYP27B7 - Hs01096154_m1) or FastStart Universal SYBR
Master Mix (Roche) and custom primers (Geneworks, SA, AU; Table 4.2).

GeNorm algorithms embedded in the CFX Manager Software (version 3.0,
BioRad) were used to determine the optimal combination of reference genes for
normalization (Hellemans, Mortier et al. 2007). PCR data were normalized to the

geometric mean of the reference genes using CFX Manager Software. The optimal
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reference genes had the lowest coefficient of variance (CV) and variation score
(M) calculated by GeNorm, with the optimal reference genes being RPL32 and
YWHAZ for first trimester using (CV - 0.2152, M - 0.6160) and term complication
(CV -0.2541, M - 0.7241) gene expression, while GUSB, HMBS and HPRT7 were

less stable.

4.3.6 Histology

Placenta samples were fixed in 10% neutral buffered formalin (Australian
Biostain, NSW, AU) for 24 h, then washed three times in PBS and stored in 70%
ethanol. Samples were then processed through 70%, 80%, 90% ethanol and three
changes of absolute ethanol, respectively, for 1 h each for term placenta or 20 min
each for first trimester placenta and decidua. Samples were then incubated in two
changes of paraffin wax at 60°C for 2 h each for term placenta or 40 min each for
first trimester and decidua. Samples were then embedded in paraffin wax before

being cut into 5 um sections.

4.3.7 Immunohistochemistry

Sections were immunohistochemically labelled for the vitamin D3 metabolic
proteins VDR, CYP27B1, CYP24A1 (Santa Cruz Biotechnology, TX, USA) and
IGF2 (R&D Systems, Minneapolis, USA) (see Table 4.3 for details). After dewaxing
and re-hydration, sections were subjected to antigen retrieval by incubation with
0.3 mg/mL Pronase (P8811, Sigma-Aldrich, MO, USA) diluted in PBS for 5 min at
37°C.

Primary antibody was diluted in PBS with 10% serum (VDR and CYP24A1 -
goat serum (Gibco, Life Technologies) CYP27B1 and IGF2 - rabbit serum

(Veterinary Services, IMVS, SA, AU)) and 1% bovine serum albumin (BSA, Sigma-
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Table 4.3. Primary and secondary antibody dilutions for immunohistochemistry,

with corresponding serum used to dilute them.

1° Antibody (cat Dilution 2° Antibody Dilution

No.) (Catalogue No.)

VDR D-6 1:200 - Early Goat anti-mouse 1:400

(sc-13133) 1:50 - Term (E0433)

CYP24A1 H-87 1:100 - Early Goat anti-rabbit 1:800

(sc-66851) 1:100 - Term (E0432)

CYP27B1 D-20 1:100 - Early Rabbit anti-goat 1:800

(sc-49643) 1:25-Term (E0466)

IGF2 1:50 - Early 1:800
1:50 - Term

2°Antibodies were purchased from Dako, Glostrup, Germany.

Aldrich, MO, USA) and was incubated overnight at room temperature. Secondary
antibody was diluted in 1% BSA in PBS and incubated for 1 h. The conjugate
streptavidin horseradish peroxidase (Rockland, PA, USA) was diluted 1:250 in
PBS then incubated for an hour. Sections were incubated for 5 min with the
chromogen diaminobenzidine (DAB, Sigma-Aldrich, MO, USA) in PBS to form a
brown precipitate to identify the site of antibody binding. Tissue sections were
counterstained with haematoxylin and eosin (Sigma-Aldrich) to label nuclei and
cytoplasm, respectively. Sections were imaged using the NanoZoomer Digital
Pathology scanner (Model C9600 v1.2, Hamamatsu Photonics K.K., JP) and

visualized with NDP Scan software (v2.2, Hamamatsu Photonics K.K., JP).

4.3.8 Statistics

Maternal characteristics were analysed by ANOVA with Sidak post-hoc
testing. Outliers of greater than 2 standard deviations in placental gene expression
data were excluded. Mann-Whitney U and Kruskall-Wallis tests were performed as
relative gene expression was not normally distributed. Pearson’s Bivariate
Correlation tests were undertaken to determine correlations between gene

expression. All analyses were performed using PASW Statistics 18 (SPSS,
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Chicago, IL, USA). Results are presented as mean * standard error of the mean

(SEM). Probabilities of P<0.05 were considered statistically significant.

4.4 Results

4.4.1 Gene expression across gestation: vitamin D3 pathway

Expression of vitamin D3 metabolism genes was analysed in early (6-8
weeks’) and late (10-12 weeks’) first trimester placenta samples and compared to
term placenta from uncomplicated pregnancies. Samples had RQI >5 (RQI range:
early first trimester, 5.2-8.5, late first trimester, 6.5-7.8 and term control placenta
6.3-9.0), which is acceptable for gqPCR analysis (Fleige and Pfaffl 2006).

CYPZR1 expression was highest in term placenta, with a 2-fold increase
compared to first trimester (P<0.001, figure 4.1A). There was also a 1.8-fold
increase in CYPZR1 expression from early to late first trimester (P=0.020). VDR
was highly expressed in term placenta samples, with a 12-fold increase in
expression between first trimester and term (P<0.001, Figure 4.1B). CYP24A 7 was
non-significantly higher in first trimester compared to term placentas, although
term expression was 60% lower than in late first trimester placenta which
approached statistical significance (P=0.058, Figure 4.1C).

CYP27B1 was expressed at a very low level, with some samples not
amplifying in 40 cycles of PCR and therefore was considered not detectable. In the
samples that had detectable CYP27B87 (n=21/34 total) expression appeared to be
higher in early first trimester than in term samples, as expected. As there were not
enough samples to be adequately powered, there was no significant difference

between early and late gestation (P=0.335). Human kidney RNA was used as a
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positive control for CYPZ27B1 expression, with kidney amplifying at cycle 29,

compared to cycle 36-40 for placenta samples.
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Figure 4.1. Expression of vitamin D related genes across gestation.
Expression in samples from early (6-8 wk) and late (10-12 wk) first trimester
placenta and term (37-41 wk) for A) CYPZR1, B) VDR and C) CYP24A1. Mean
+/- SEM; normalised expression; * denotes significantly different from term
placenta (P<0.05).

4.4.2 Gene expression across gestation: IGF family

Placental expression of IGF family genes was much higher than vitamin D3
metabolism genes, with /GF2 having the highest expression (amplification at cycle
21-26) and CYPZ27B7 having the lowest (cycle 36-40). /GFZ2 expression was
highest in first trimester (P=0.007, Figure 4.2B), with early first trimester placenta
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having 3-fold higher expression (P=0.004) and late first trimester having 70%
higher expression (P=0.038) than in term placentas. /GF7R expression was
highest in first trimester, with expression 57% higher than at term (P<0.01; Figure
4.2C). However, there was no change in expression of /GF7 (P=0.284, Figure

4.2A) or IGFZR (P=0.267, Figure 4.2D) across gestation.

4.4.3 Correlations of vitamin D; pathway and IGF family genes

Correlation analyses revealed several significant associations between
genes, some of which were maintained across gestation. Placental VDR was
positively associated with /GFZ in both first trimester (P=0.007, R=0.665, Figure
4.3A) and at term (P=0.001, R=0.764, Figure 4.3B) and with /GFZR in first
trimester (P<0.001, R=0.857, Figure 4.3C) and at term (P=0.013, R=0.603, Figure
4.3D). Correlations between VDR and /GFZ in placenta have not been reported
previously.

There were also gene expression correlations which were not present in
both first trimester and term placentas. In first trimester placentas, /GF7 and
CYP24A7 (P=0.008, R=0.724; Figure 4.3E) expression was positively correlated,
but was not at term. However, /GF7 and /GFZR (P=0.036, R=-0.564, Figure 4.3F)
were negatively correlated at term, but not in first trimester. /GF2 and /GFZR were
positively correlated in term placenta (P=0.005, R=0.660, Figure 4.3H). VDR was
positively correlated with /GF7 in late first trimester placenta (P=0.035, R=0.842,

Figure 4.3G) but not in early first trimester or term placentas.
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4.4.4 Protein localization across gestation

VDR encodes a nuclear transcription factor which binds active vitamin D3
(1,25(0OH),D3) to alter gene expression. VDR protein expression was altered
across gestation, with higher expression in first trimester than at term, (detected at
1:200 1°Ab dilution in first trimester but 1:50 at term, Figure 4.4). Expression was
highly variable at term, ranging from nearly negative to strong staining. Across first

trimester there was no difference in VDR staining intensity. VDR was strongly
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Figure 4.2. Expression of insulin-like growth factor genes across gestation.
Expression of samples from early (6-8 wk) and late (10-12 wk) first trimester
placenta and term (37-41 wk) for A) /GF 1, B) IGF2, C) /IGF1R and D) IGF2R,
Mean +/- SEM; normalised expression; * denotes significantly different from

term placenta (P<0.05).
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Figure 4.3. Correlations of expression of vitamin D pathway and IGF family
genes.

First trimester A) VDR & /GF2(P=0.007, R=0.665), C) VDR & IGFZR
(P<0.001, R=0.857), E) /IGF1& CYP24A17(P=0.008, R=0.724); late first
trimester G) VDR & /GF7(P=0.035, R=0.842); and at term B) VDR & /IGF2
(P=0.001, R=0.764), D) VDR & IGFZ2R (P=0.013, R=0.603), F) /GF2R & IGF1

(P=0.036, R=-0.564), H) /GF2R & IGF2 (P=0.005, R=0.660).

localized to the syncytiotrophoblast and cytotrophoblast layers across gestation,
with weaker staining observed in the fetal endothelium at term. The antibody has
been previously validated in VDR null mouse skeletal muscle (Girgis, Mokbel et al.
2014) As VDR expression is under complex regulation, serum 1,25(0OH),Ds levels,
which are increased at term, may be one factor which alters placental VDR

expression and may account for variability between samples.
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CYP27B1 is a mitochondrial membrane protein which converts inactive
vitamin D3 (25(0OH)Ds3) to active vitamin D3 (1,25(OH)2D3). Across gestation there
was variation in staining intensity (Figure 4.5), with the most intense staining in first
trimester (primary antibody dilution 1:25), compared to term placenta (detected at
1:10). Although CYP27B1 protein was found to be hypoxia responsive in primary
cultures of term placenta (Ma, Gu et al. 2012), the change in CYP27B1 localisation
does not correspond with the onset of placental blood flow and, instead, may be
driven by decreased levels of circulating IGF1 (Kumar, Leverence et al. 2012) and

increased 1,25(0OH),D; (Ardawi, Nasrat et al. 1997) across gestation. Staining

Figure 4.4. Localisation of VDR protein in first trimester and term placenta.

A) Early first trimester, B) late first trimester C) term control, D) negative.
Primary antibody was diluted 1:200 for both first trimester groups and 1:50 for
term placenta scale line is 100um; magnification is 40x; ST -
syncytiotrophoblast, CT - cytotrophoblast, FC - fetal capillary, IVS - intervillous

space.
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Figure 4.5. Localization of CYP27B1 protein in first trimester and term

placenta.

A) Early first trimester placenta, B) late first trimester placenta, C) term control
placenta, D) negative. Primary antibody was diluted 1:25 for both first trimester
groups and 1:10 for term placenta; scale line is 100um; magnification is 40Xx;
ST - syncytiotrophoblast, CT - cytotrophoblast, FC - fetal capillary, IVS -

intervillous space.

intensity was variable at all gestational ages, with two early gestation placentas
and two term placentas having intense staining. In first trimester CYP27B1 staining
was localized to the syncytiotrophoblast, cytotrophoblast and endothelium of villi,
with weak staining in the villous extracellular matrix. At term, staining was localised
to the basal syncytiotrophoblast and cytotrophoblast membranes and fetal
endothelium. Some early gestation placentas also had cytotrophoblast nuclear

localisation of CYP27B1.
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CYP24A1 is also a mitochondrial membrane protein which catabolizes
1,25(0OH),D3 to inactive metabolites. Across gestation there was less variation than
that found for CYP27B1 staining. CYP24A1 staining was of similar intensity across
gestation (Figure 4.6). In first trimester CYP24A1 was strongly localized to the
cytotrophoblast layer, labelling both the cytoplasm and nucleus, while in term
placenta CYP24A1 was localized to the cytoplasm. Syncytiotrophoblast cytoplasm
also labelled. The fetal endothelium also expressed CYP24A1, with some
expression in the villous ECM. In term placentas, expression was localized to the

fetal endothelium, with patchy expression in the syncytiotrophoblast. Although high
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Figure 4.6.Localization of CYP24A1 protein in first trimester and term placenta.
A) early first trimester, B) late first trimester, C) term control, D) negative. ST -

syncytiotrophoblast, CT - cytotrophoblast, FC - fetal capillary, IVS - intervillous
space; primary antibody was diluted 1/100 for samples; scale line is 100um;

magnification is 40x; ST - syncytiotrophoblast, CT - cytotrophoblast, FC - fetal

capillary, IVS - intervillous space.
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circulating 1,25(0OH)2D3 levels should up regulate CYP24A1 expression,
localisation and abundance was similar across gestation.

IGF2 is an insulin-like growth factor that mediates placental development
and has key roles in first trimester. IGF2 staining was strongest in early first
trimester, localising mainly to the syncytiotrophoblast and cytotrophoblast
cytoplasm, with some nuclear staining evident (Figure 4.7). In late first trimester,
expression is decreased with weak staining observed in the syncytiotrophoblast
and moderate staining in the cytotrophoblasts, with some intervillous cells also
staining, possibly immune cells. At term IGF2 staining was weak and localised to
the syncytiotrophoblast and endothelium.

First trimester decidua was also immunolabelled, although decidua was not
collected at term (Figure 4.8). VDR, CYP27B1 and CYP24A1 were all localised to
the first trimester decidua, with stronger staining in decidual glands than in villous
or non-glandular decidual tissue. CYP24A1 nuclear staining was observed in
glandular and villous tissue, as well as some isolated decidual cells, possibly
lymphocytes, while nuclear VDR was observed only in villous tissue and
occasional isolated cells. CYP27B1 also had nuclear localization, with most
isolated lymphocyte-like cells and some glandular cells demonstrating nuclear
localization. As the decidua expresses all components of the vitamin D3 metabolic
pathway, this could be a source of vitamin D3 in early gestation.

Decidual CYP27B1 was localized to the ECM, cytoplasm of endometrial
cells, and glandular tissue, with the latter staining strongly (Figure 4.8). Immune

cells were mostly unstained, although a few expressed CYP27B1. There was
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Figure 4.7. Localization of IGF2 protein in first trimester .vs.‘te‘rm control
placenta.

A) Early first trimester, B) late first trimester, C) term control, D) negative. ST -
syncytiotrophoblast, CT - cytotrophoblast, FC - fetal capillary, IVS -
intervillous space; primary antibody was diluted 1/50; scale line is 100um;

magnification is 40x; ST - syncytiotrophoblast, CT - cytotrophoblast, FC - fetal

capillary, IVS - intervillous space.

considerable variation between samples, with no difference in staining intensity
between early and late first trimester.

CYP24A1 labelling was evident in the decidua in both the cytoplasm and
nucleus of endometrial cells (Figure 4.8). Endometrial glands stained strongly for
CYP24A1, with both nuclear and cytoplasmic localization. Decidual ECM labelled
weakly, while cells labelled strongly, with some nuclear staining. Immune cells did
not label with CYP24A1. Endometrial staining was of a similar intensity to that of

syncytial staining, although glandular staining was much more intense. Again,
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Figure 4.8. Representative images of immunohistochemically stained first

trimester decidua.
Decidua was stained with VDR, CYP27B1 and CYP24A1. A) VDR, B)
CYP27B1, C) CYP24A1, D) IGF2; inset is negative staining. Scale is 100um;

40x magnification; D - decidua, V - villi, G - endometrial gland.

staining intensity was variable, with some first trimester decidual samples having
highly intense staining, and others having weak, almost negative staining. The
level of CYP24A1 protein is known to be dependent on circulating 1,25(OH),D3 in
most tissue types and so may indicate that there was great variation of

1,25(0OH),D3 levels between women.

4.4.5 Maternal characteristics: complicated and uncomplicated
pregnancies

Maternal and neonatal data was collected for the pregnancies of the
placentas that were used in this study. There were no significant differences
between maternal age, BMI, gravidity, parity or fetal sex between complications
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(Table 4.1). As expected length of gestation was shorter in PE and PTB
pregnancies compared to controls (P=0.063 and P<0.001, respectively). Birth
weight was also reduced in PE, PTB and SGA pregnancies compared to controls
(P=0.012, P<0.001 and P<0.001, respectively); with a trend for reduced placental
weight in SGA (P=0.061). There was also a trend for reduced birth to placental

weight ratio compared to controls (P=0.066).
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Figure 4.9. Expression of vitamin D related genes in placentas from
uncomplicated (control) and complicated term pregnancies.

A) VDR, B) CYPZR1, C) CYP24AT, Mean +/- SEM; * denotes significantly
different from control, P<0.05; PE - preeclampsia, sPTB - spontaneous
preterm birth, SGA - small for gestational age; GH - gestational hypertension,

GDM - gestational diabetes mellitus
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4.4.6 Gene expression: uncomplicated and complicated pregnancies
Placental sample collection was performed by midwives attending the
delivery and so there was some variation from time to delivery to placental
sampling and immersion in RNA Later; therefore, term placental samples were
analysed for RQI, with samples with a RQI from 3 to 9.5 used for analysis. RQl
range was similar between groups: controls 3.6-9.0, PE 3.3-8.6, GH 3.6-9.3, sPTB

3.3-8.6, SGA 3-9.5, GDM 3.5-9.4. After removal of outliers from gene expression
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Figure 4.10. Expression of insulin-like growth factor genes in uncomplicated
(control) and complicated term placentas.

A) IGF1, B) IGF2, C) IGF TR, D) IGFZR, Mean +/- SEM; * denotes significantly
different from controls, P<0.05; PE - preeclampsia, sPTB - spontaneous
preterm birth, SGA - small for gestational age; GH - gestational hypertension,

GDM - gestational diabetes mellitus
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data (>2 standard deviations from the mean), RQl was found not to affect
expression of these genes (ANOVA, P>0.05).

Placental expression of vitamin D; metabolism genes was altered in
pregnancy complications. Placental VDR expression was significantly different
across groups (P=0.025), with PTB pregnancies having 52% less expression and
SGA placentas having a 73% reduction in expression (P=0.043 and P=0.001,
respectively; Figure 4.9A). CYPZR7 was reduced by 52% in GDM (P=0.005;
Figure 4.9B). There was no significant change in CYP24A7 expression, as there
was much variation between samples, possibly reflecting local circulating
1,25(0OH),D3 levels.

CYP2/B1 expression was undetectable in many placental samples, with
numbers for analysis subsequently reduced. Those that did amplify did so late
(>35 cycles), rendering the results unreliable due to high variation. As a positive
control for CYP27B1 expression, a composite human kidney sample was analysed
by PCR. This revealed that term uncomplicated placentas amplified approximately
10 cycles later than the human kidney samples, resulting in approximately 1000-
fold reduction of CYP27B1 expression between non-pregnant human kidney and
control term placenta.

IGF family gene expression was altered to a lesser extent than was vitamin
Ds. /GF7 expression was increased by 90% in sPTB placentas compared to
controls (P=0.013, Figure 4.10A). /GFTR expression was non-significantly
decreased in GDM affected placentas compared to controls (P=0.087, Figure
4.10C). There was no alteration in /GF2 or /GFZR expression between samples
from different pregnancy complications as these had highly variable expression.

Correlations between expression of genes were examined in placentas from

both control and complicated pregnancies (Table 4.4). Control placentas had
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Table 4.4. Summary of correlations of placental expression of vitamin D and IGF

family genes in uncomplicated (control) compared to complicated pregnancies.

Correlation Control PE sPTB GH SGA GDM

VDRand /GF2  P=0.004 P=0.839 P=0.001 P=0.048 P=0.009 P=0.118
R=0.543 R=0.069 R=0.904 R=0.485 R=0.740 R=0.783

VDR and /GFZR P=0.030 P=0.036 P=0.449 P=0.023 P=0.033 P=0.013
R=0.452 R=0.510 R=0.290 R=0.564 R=0.642 R=0.950

/IGF2and /IGFZR P<0.001 P=0.106 P=0.027 P=0.026 P<0.001 P=0.005
R=0.842 R=0.514 R=0.692 R=0.571 R=0.882 R=0.941

Note: Only significant correlations of placental gene expression from
uncomplicated term pregnancies and the corresponding correlations in
complicated pregnancies are shown (bold values are significant; P<0.05); PE -
preeclampsia, sPTB - spontaneous preterm birth, SGA - small for gestational

age; GH - gestational hypertension, GDM - gestational diabetes mellitus

positive correlations between VDR and /GF2 (P=0.030 R=0.452), VDR and /GFZ2R
(P=0.004, R=0.543), while /GF2 and /GFZR expression were also positively
correlated (P<0.001, R=0.0842). Complicated placentas displayed a variety of
correlations, with the positive correlation between VDR and /GFZ2 maintained in
placentas from sPTB and SGA pregnancies (P=0.001, R=0.904; P=0.009,
R=0.740; respectively), but lost in PE, GH and GDM pregnancies. The positive
correlation between VDR and /GFZR were also maintained in placentas from PE,
SGA and GDM pregnancies (P=0.036, R=0.510; P=0.033, R=0.642; P=0.023,
R=0.564; respectively). /GF2 and /GFZR correlation were maintained in placentas
from sPTB, SGA and GDM pregnancies (P=0.027, R=0.692; P<0.001, R=0.882;

P=0.005, R=0.941; respectively).
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4.5 Discussion

This is, to our knowledge, the first study to examine the expression of
vitamin D3 metabolism and insulin like growth factor genes in placentas from a
range of pregnancy complications. While other papers have focused on
preeclampsia, we have also examined placentas from other pregnancy
complications, including sPTB, SGA and GDM. Also, as these pregnancy
complications have origins in first trimester placental development, we examined

gene and protein expression in first trimester.

4.5.1 First trimester placenta

Maternal blood flow into the placenta is absent in early first trimester, with
blood flow initiated in late first trimester (Burton, Jauniaux et al. 1999), affecting
expression of hypoxia-responsive genes and their downstream targets. Our data
show differential expression of VDR, CYPZR1, /IGF2 and /GF 1R across gestation,
with /GF2 and CYPZR17 expression also likely to be affected by the initiation of
maternal blood flow into the placenta, as expression was altered between early
and late first trimester placentas. This change in expression is overlooked by most
studies which focus on the clinical timeframes of first and second trimester, rather
than focusing on the period around the establishment of placental blood flow.
Other studies have found similar differences between first trimester and term gene
expression, including changes in both VDR and CYPZ27B7 expression across
gestation (Zehnder, Evans et al. 2002). When primary placental cultures were
exposed to hypoxia by CoCl, treatment, protein expression of CYP2R1 and VDR
was decreased while CYP27B1 protein levels were increased suggesting the
expression is hypoxia-regulated (Ma, Gu et al. 2012). However, two large studies

examined hypoxia-responsive elements in genes and found that VDR, CYP27B1,
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CYP24A1 and CYP2R1 do not have hypoxia responsive elements (Tanimoto,
Tsuchihara et al. 2010, Schodel, Oikonomopoulos et al. 2011), suggesting that the
response to oxygen may be a downstream effect or through another mechanism.
These alterations in gene expression suggest a role for these genes in early
gestation.

Expression and localization of vitamin D3 pathway proteins was also
different across gestation. While VDR gene expression was increased in term
placenta, levels of VDR protein (by immunohistochemistry) were reduced in term
placenta, compared to first trimester placenta. VDR regulation is complex and
incompletely understood, with many factors regulating its gene expression
including growth factors, 1,25(0OH),D3; and post-translational modifications (Pike,
Meyer et al. 2011). The change in VDR protein levels may be due to the high
turnover of VDR protein in an environment of high 1,25(0OH),D3, levels of which in
the maternal circulation are increased 3-fold by term (Ardawi, Nasrat et al. 1997).
The VDR antibody (D-6) has been previously validated in VDR knockout ( Vdr null)
mouse skeletal muscle samples and is the only VDR antibody currently that does
not stain Vdrnull tissues (Girgis, Mokbel et al. 2014). CYP24A1 protein levels were
stable across gestation, as were mRNA levels. The increased concentration of
circulating 1,25(0OH),D3 would be assumed to enhance placental CYP24A7
expression, although due to low VDR protein levels at term may indicate that the
increased circulating 1,25(0OH),D3 concentrations may not have opportunities to
act through VDR in the placenta.

Although the expression of CYPZ27B7 could not be quantified due to low
expression levels, other studies have reported increased expression in first
trimester in placenta and decidua compared to term (Zehnder, Evans et al. 2002).
The reported high expression levels of CYP27B7 in first trimester may be
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stimulated by parathyroid hormone (PTH) which increases renal CYP27B1 levels
outside of pregnancy, but as PTH decreases over pregnancy, this may be
stimulated by other factors (Kovacs 2014). We also observed changes in
localization of CYP27B1 and VDR across gestation as reported previously (Ma, Gu
et al. 2012). This demonstrates that while the structure and gene expression
pattern of the placenta dynamically change across gestation, so too does protein
localization of vitamin Ds; pathway proteins, although these don’t necessarily
correlate.

The IGF family of proteins is essential for placental development, with IGF1
modifying the maternal environment, while IGF2 promotes placental differentiation
(Roberts, Owens et al. 2008). IGF1 acts through binding IGF1R, although this
receptor can also bind IGF2, while the latter also acts through IGF2R. /GFZ2
expression decreased across gestation in our study, as did /GF7R, highlighting
their importance in early placental development. It has been found previously that
circulating IGF1 increases at term (Moller, Streym et al. 2013), which may be
associated with the increase in circulating 1,25(0OH),D3 levels in late gestation.

Our work is in line with previous reports of interactions between vitamin D3
and IGF family members (Figure 4.11). Interactions may include an IGF1-mediated
increase of 1,25(0OH),D3; production through stimulation of CYP27B1 transcription
(Halhali, Diaz et al. 1999). Transcription of IGF family genes can also be affected
by 1,25(0OH).Ds in other tissues, acting through VDR to increase expression of
IGFBP-1 protein in the ovary and IGFBP-3 mRNA in a squamous tumour cell line
(Wang, Tavera-Mendoza et al. 2005, Parikh, Varadinova et al. 2010, Baxter 2013).
There is also evidence for IGFBP-3 inhibiting the action of VDR and its cofactor
retinoic acid receptor (RXR) in cultured myeloid cells (Ikezoe, Tanosaki et al.
2004). Interestingly, we found a correlation between /GFZ2 and VDR gene
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expression in the placenta, which has not previously been described. Since CHIP
analysis has not revealed a vitamin D3 responsive element (VDRE) in the gene
/GFZ2 it may be that both VDR protein activity and IGF2 free circulating levels are
regulated by IGFBP-3 which controls the free circulating levels of IGF1 and IGF2
proteins as well as inhibiting VDR transcriptional activity (Baxter 2013). VDR

mRNA and protein are controlled by multiple regulatory mechanisms including

IGF1 +IGFIR €—m_

|

TCYP27B1 |

25(0OH)Ds b

(RXR +) VDR + 1 125(0H),D,

RN

T™MGFBP-3 ™ IGFIR——

TCYP24A1

Figure 4.11. Schematic of proposed interactions between vitamin D and IGF
pathways.

a) IGF1 stimulates expression of CYP27B1 (Halhali, Diaz et al. 1999), most
likely through IGF1R; b) CYP27B1 converts inactive 25(OH)D3 to active
1,25(0H).Ds, this negatively regulates CYP2/7B7 mRNA; (c,d,e) RXR-VDR
complex with 1,25(OH),D3 increase expression of IGFBP-3, IGF1R and
CYP24A1 through VDREs (Wang, Tavera-Mendoza et al. 2005); (f) IGFBP-3
negatively affects VDR activity through inhibiting VDR transcription (lkezoe,

Tanosaki et al. 2004).
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regulation by peptides, phosphorus and calcium as well as homoregulation by

1,25(0H),D; (Pike, Meyer et al. 2011).

4.5.2 The role of vitamin D3 in placental differentiation

The role of vitamin D3 in placental development is currently under
investigation by a number of research groups. From research on vitamin Ds in
other tissues, we know that vitamin D3 reduces proliferation and induces
differentiation in some cells and tissues, such as cancers, but we know little about
its actions in the placenta. 1,25(OH),D3 has been shown to alter expression of key
placental genes (Barrera, Avila et al. 2007, Barrera, Avila et al. 2008), modify
placental structure (Chapter 3), as well as influence pregnancy outcomes. A
possible role for vitamin D3 in early gestation is to protect the placenta from
infection. Vitamin D3 down regulates cytokine production and upregulates
cathelicidin, an antimicrobial protein which is found only in the placenta (Liu,
Kaplan et al. 2009). Vitamin D has also been shown, in the placenta, to down
regulate pro-inflammatory cytokines (IL-6, IFN-y, TNF-a and may up regulate anti-
inflammatory cytokines and induce immune tolerance (Evans, Bulmer et al. 2004,
Diaz, Noyola-Martinez et al. 2009, Shin, Choi et al. 2010). Therefore, there are
many possible roles for vitamin D3 in early gestation in both protecting the placenta

and aiding in differentiation.

4.5.3 Placentas from control vs complicated pregnancies

Gene expression analyses revealed differences in expression of key vitamin
D3 pathway genes between term control placentas and those from complicated
pregnancies. SGA affected placentas had significantly reduced VDR expression

compared to control, which has not been shown previously, although low
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circulating 25(0OH)D3 levels have been associated with SGA (Wei, Qi et al. 2013).
We found placentas from sPTB affected pregnancies had decreased VDR
expression, although another study earlier reported increased VDR and CYP27B17
and decreased CYPZ24A7 expression (Fischer, Schroer et al. 2007). As neither
study reported vitamin D status, this may indicate that these pregnancies have
lower circulating 1,25(0OH),D3; as VDR is self-regulated following binding with
1,25(0H),D3, as well as other complex regulators (Pike, Meyer et al. 2011).

Placentas affected by GDM also had significantly reduced CYPZR7
expression, which has not been reported previously. A recent study did, however
report increased levels of CYP24A1 protein and mRNA expression (Cho, Hong et
al. 2013). Although the authors suggested that vitamin D3 deficiency may be a
result of increased placental CYP24A7 expression, it is more likely that low
25(0OH)D3 would contribute to the aetiology of GDM, as vitamin D-deficiency has
been negatively associated with markers of glucose homeostasis, with the
mechanism suggested to be poor calcium motility in pancreatic cells (Alzaim and
Wood 2013)

The conflicting results may be due to differences in either the mode of
delivery of the baby (which was not reported), circulating 25(0OH)D3 levels, or the
method of normalization of gene expression with only one reference gene.
Although we found no difference in PE or GH affected placental gene expression,
other studies have found PE placentas to have higher CYP27B7 and lower
CYP24A17 expression levels compared to those from uncomplicated pregnancies
(Fischer, Schroer et al. 2007). Placental explants from preeclamptic pregnancies
have previously been cultured and shown to have reduced expression of
CYP27B1 compared to controls (Diaz, Arranz et al. 2002, Halhali, Diaz et al.
2014). Hence, there is considerable variation in results between studies of gene
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expression at term, with differences in gestation, delivery methods and analytic
methods potentially confounding the data.

Expression of IGF family genes was also examined in complicated
placentas in the present study. Although there was no overall difference between
those in placentas from complicated or control pregnancies, /GF 7 expression was
significantly increased in sPTB affected placentas. This directly contradicts a
recent paper, which showed decreased /GF7 expression in PTB placentas
compared to those from uncomplicated term pregnancies (Demendi, Borzsonyi et
al. 2012). This may be due to /GF7 expression decreasing across gestation
(Kumar, Leverence et al. 2012), although the gestational ages of our study and
Demendi ef al. were similar. Alternatively, the difference may be due to different
normalization methods, with Demendi et a/ using normalization to B-actin using
the delta-delta-CT method of normalization rather than the more robust
normalization to the geometric mean of optimal reference genes. In growth
restricted pregnancies, increased placental /GFZ2R, /IGF2 and /GFBP3 expression
have also been reported (Borzsonyi, Demendi et al. 2011, Kumar, Leverence et al.
2012). While we did not find this differential expression in growth restricted
pregnancies, the difference may have been in the definition of growth restriction,
the severity of SGA, the method of delivery of the placenta or other factors
between the studies.

Vitamin D3 levels are measured in many studies and related to outcomes,
without speculation as to how vitamin D3 alters the feto-maternal environment and
affects placental development. Concentrations of both IGFs and vitamin D3 in the
placenta and maternal circulation change across gestation, with circulating
1,25(0OH).D3 levels increasing 3-5 fold across gestation, while both circulating
levels of IGF1 and IGF2 lower than non-pregnant levels at 15 weeks’ gestation and
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IGF1 concentrations are reported to increase late in gestation (Moller, Streym et al.
2013). In preeclamptic pregnancies, circulating IGF1 levels are significantly lower
than in controls in later pregnancy, suggesting alterations in IGF pathways in
complicated pregnancies (Halhali, Villa et al. 2004). These studies have failed to
investigate placental changes that may be associated with pregnancy
complications, so it is difficult to determine the roles of circulating metabolites and

the placenta in pregnancy complications.

4.5.4 Conclusion

Although many studies have examined the roles of the vitamin D3 and IGF
families in pregnancy, most have only looked at circulating levels within each
family, failed to consider interactions and have not examined complicated
pregnancies. We aimed to study vitamin D3 metabolism and IGF families together
to start to elucidate the complex changes that occur in the placenta across
pregnancy and identify possible relationships between the two pathways. We have
shown that there are differences in gene expression of vitamin D3 and IGF family
genes in placentas across gestation and in complicated pregnancies. We have
revealed novel gene expression interactions between the families which require
further investigation, such as the correlations between /GF2 and VDR. We have
also localized key vitamin D3 metabolism proteins in the placenta and decidua.
These investigations will contribute to our understanding of the role of vitamin D3

role in the placenta and how vitamin Dj is involved in pregnancy complications.
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Chapter 5: General Discussion

In the last decade, interest in vitamin D3 has increased dramatically. This is
mainly due to resurgence in the incidence of rickets, although research has
expanded from bone-related disorders to encompass many diseases from cancers
to cardiovascular disease. In parallel there has been an interest in vitamin D3 in
pregnancy. The importance of vitamin D3 in pregnhancy was revealed through three
major findings: the association of vitamin D3 deficiency with pregnancy
complications (Aghajafari, Nagulesapillai et al. 2013), increased levels of
circulating 1,25(0OH),D; in late pregnancy (Ardawi, Nasrat et al. 1997) and the
selective methylation of CYP24A7 in the placenta but not in other tissues
(Novakovic, Galati et al. 2012). Although there have now been many association
studies examining pregnancy complications and vitamin D3 levels, there are still
few studies which examine the placenta and the function of vitamin D3 within the

placenta.

5.1 The role of calcium in vitamin D3 metabolism in
pregnhancy

The primary role of vitamin D3 in the body is to maintain calcium
homeostasis; therefore, this must be addressed when exploring the role of vitamin
D3 in pregnancy. There is little known about the interactions of vitamin D3 and
calcium in pregnancy as most studies have focused on calcium transfer to the
fetus. When it was found that vitamin D3 is not required for placental transfer of
calcium to the fetus (Kovacs, Woodland et al. 2005), other functions of vitamin D3
in the placenta were then explored. In the non-pregnant state serum calcium is
tightly regulated by a number of factors, including PTH, PTHrP, FGF23/Klotho and

vitamin D3 (Kovacs 2008). We found this regulation to be altered in pregnancy, as
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diets low in vitamin Ds; and calcium did not affect kidney CYPZ2/B7 gene
expression in non-pregnant mice, whereas pregnant mice had increased renal
CYPZ27B71 when consuming low calcium diets compared to calcium replete diets
(see Chapter 2). This may be due to the high calcium demands in pregnancy,
increasing 1,25(0OH),D3 production to increase uptake of dietary calcium.

Alterations in kidney gene expression due to vitamin D and calcium
deficiency were reflected in placental gene expression. Kidney gene expression of
Cyp27b1 was increased in mice consuming low calcium diets. This suggests that
these mice were trying to increase their 1,25(OH),D3; production through up
regulation of Cyp27b1. Alternately in the placenta of mice on low calcium diets
there is no change in CypZ27b1 gene expression, although Cyp24afis increased in
the placentas of those mice, suggesting that the placenta may respond to
increased circulating 1,25(OH),D; levels that are indicated by altered kidney
Cyp27b1 expression. As these analyses were from the dam’s kidney and one
pup’s placenta from her litter, correlations between maternal and placental
expression were not performed.

Both calcium and vitamin D3 intake are known to be important, as a sparing
effect exists where adequate calcium intake preserves 25(OH)D; stores whereas
low calcium intake or absorption causes circulating PTH to increase, increasing
conversion of 25(0OH)D3; to 1,25(0OH).D3 thereby reducing circulating 25(OH)D3
(Lips, van Schoor et al. 2014). This was observed in our mice, with non-pregnant
mice fed low calcium diets having the lowest 25(OH)D; levels, regardless of
vitamin D3 intake (see Chapter 2). In our pregnant mice calcium sparing was not
observed, as all mice on diets deficient in vitamin D3; and/or calcium had similar
25(0OH)Ds levels. This may indicate that pregnant mice have higher vitamin D3 and
calcium requirements than non-pregnant mice, as a low calcium and high dietary
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vitamin D3 diet did not increase circulating 25(OH)D3 levels. Therefore, it would be
reasonable to conclude that adequate intake of both calcium and vitamin D3 are
essential to maintain circulating 25(OH)D5 levels, especially in pregnancy where
25(0OH)D3 requirements seem to be increased.

Although no other studies have addressed the issue of vitamin D3 sparing in
pregnancy, the phenomenon has been described in non-pregnant animals and
humans. In rats, a high calcium diet maintained 25(OH)D; stores, whereas these
were depleted in rats on low calcium diets (Anderson, Lee et al. 2010). Vitamin D
sparing was also identified in rats with a linear relationship between vitamin Dj;
half-life and diets containing high or low calcium, suggesting that calcium spares
25(0OH)D3 levels (Clements, Johnson et al. 1987). Patients with partial gastrectomy
were found to have increased 25(OH)D3 half-life when increasing oral calcium
intake. (Davies, Heys et al. 1997). While other studies have not examined half-life,
but rather efficiency of calcium absorption, participants supplemented with vitamin
Ds; (20 pg every second day for 2 weeks, mean serum levels of 86 nmol/L
25(0OH)D3) had 65% higher calcium absorption than those without supplementation
(mean 50 nmol/L 25(0OH)D3) (Heaney, Dowell et al. 2003). Therefore, high dietary
calcium consumption has been shown to spare 25(OH)D3; serum levels in rats and

humans.

5.2 Increased production of 1,25(OH),D3 in pregnancy

Across gestation maternal circulating 1,25(0OH),D3 increases 3-5 fold above
non-pregnant levels (Ardawi, Nasrat et al. 1997). This was initially assumed to be
due to increased production by the placenta, as it seemed unlikely that the
kidney’s tight regulation of vitamin D3 activation would be altered in pregnancy.

The placenta had been confirmed as a site of vitamin D3 activation as it expresses
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CYP27B17 and cultured placentae can produce 1,25(0OH),D3 /n vitro (Diaz, Arranz
et al. 2002). However, a recent study found there is far greater CYP2/B7
expression in the kidney, compared to the placenta, of pregnant mice (Kirby, Ma et
al. 2013). We also found a significant difference in CYP27B87 expression in these
organs, with renal expression highest in pregnant compared to non-pregnant mice
and in kidney compared to placenta (see Chapter 2 and Chapter 3). This is also
likely to be the case in women, as in our human placental studies CYP2/B7 was
expressed at a very low level compared to a commercially available human kidney
RNA sample and was below the limit of detection in some samples. The level of
expression was also orders of magnitude lower than in non-pregnant human
kidney mRNA (see Chapter 4). These data indicate that the increased circulating
1,25(0OH),D3 in late gestation is not likely to be due to increased placental
production, but is much more likely to be a consequence of altered kidney
regulation. It would be reasonable to conclude that placental production of
1,25(0OH).D3 would influence local concentrations only. Outside of pregnancy renal
CYPZ27B17 is under the control of PTH. However, circulating levels of PTH are low
in pregnancy and instead CYPZ27B87 may be stimulated by circulating PTHrP which
has been shown to be abundant in pregnancy (Ardawi, Nasrat et al. 1997).
Alternatively, the decidua may produce additional circulating 1,25(OH),D3 as it has
been shown to express CYPZ27B7 highly in early gestation compared to placenta

(Zehnder, Evans et al. 2002).

5.3 Effect of vitamin D in pregnancy

Fetal and placental weights were expected to be altered by diet at d18.5 in
pregnant mice. Interestingly, there was no change in placental weight but there

was an increase in fetal weight in vitamin D3 and calcium deficient mice (see
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Chapter 3). Similar findings have been reported previously, with mild deficiencies
in other nutrients such as protein resulting in increased fetal growth, while severe
deficiencies decrease fetal growth. This is thought to be due to compensatory
changes in placental function which increase the growth of the fetus, such as
increased placental labyrinth volume or alterations to its composition or transport
capacity (Fowden, Sferruzzi-Perri et al. 2009).

We also examined changes in mouse placental structure in response to
diet. We found changes in structural correlates of placental function in response to
vitamin D3 and calcium deficiency (see Chapter 3). Mild vitamin D3 and calcium
deficiency increased the volume of the maternal blood space and thinned the feto-
maternal trophoblast barrier, as well as increased trophoblast exchange surface
area. This may be due to compensatory increases in maternal blood pressure in
deficient mice which has been reported previously in pregnant, vitamin D3 deficient
mice (Liu, Ouyang et al. 2013). That study also observed, but did not quantify,
increased maternal blood space in placentas of vitamin D3 deficient mice. By
increasing maternal blood pressure placental perfusion can be maintained or
increased. If this is the case, one would expect to see consequent modifications to
the placental labyrinth as we observed and could explain the increased fetal weight
we measured. Although this phenomenon has not been reported in human studies,
it may be an explanation of conflicting results found in initial studies of vitamin D

and SGA babies, as mild deficiency may have increased placental efficiency.

5.4 The role of vitamin Ds in the placenta

The actions of vitamin D3 in the placenta are poorly defined, although
potentially it could have wide-ranging effects as VDR ligation effects transcription

of many genes. A study examining vitamin D response elements (VDRES) /n silico
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found over 900 responsive genes in cancer cells (Wang, Tavera-Mendoza et al.
2005). Addition of 1,25(0OH),D3 to primary term explant placenta cultures
stimulates production of pregnancy hormones such as hCG (Barrera, Avila et al.
2008), estradiol and progesterone (Barrera, Avila et al. 2007), as well as having
antimicrobial (Liu, Kaplan et al. 2009, Shuler, Hendrix et al. 2013) and, in mouse
placenta, anti-inflammatory (Liu, Kaplan et al. 2011) functions. In our mouse work,
we found that although the human genes vascular endothelial growth factor
(VEGFA), hypoxia inducible factor 1-alpha (H/F7A) and hydroxysteroid 17-beta
dehydrogenase 2 (HSD77B2) genes contain VDREs, as do the mouse
counterparts for Hif7a and Hsd77b2 (Wang, Tavera-Mendoza et al. 2005), gene
expression in mouse placenta did not significantly differ between diets (see
Chapter 3). We have only assessed gene expression at day 18.5 in the mouse
placenta. It is possible that effects of deficient diets may have been observed
earlier in gestation or there are no effects on expression of these genes.

Placental gene expression of vitamin D3 pathway components has also
been examined, both in early gestation and term human placental samples.
CYP27B1 was previously reported to be highly expressed in first trimester and
reduced with advancing gestation for both RNA (Zehnder, Evans et al. 2002) and
protein (Ma, Gu et al. 2012). Our investigations into CYP27B17 revealed that RNA
expression is very low in human placenta in both early and late gestation (see
Chapter 4), compared with abundant genes such as the IGFs and also with human
kidney CYP27B7 mRNA. This makes it unlikely that increased vitamin D3
production in pregnancy is due to increased placental production.

Conflicting data on human placental VDR gene expression have also been
reported. We found VDR expression was highest in term compared to early
gestation placentas (see Chapter 4), although it was previously reported that first
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trimester expression was higher than at term (Zehnder, Evans et al. 2002). One
difference between the studies was that Zehnder et a/. did not specify whether the
placentas were from laboured or non-laboured deliveries, which affects placental
gene expression. We also found evidence of altered protein expression, with our
placentas having low VDR expression at term, compared to first trimester (see
Chapter 4). This is different to previous findings of consistently expressed VDR
across gestation (Ma, Gu et al. 2012) in which VDR localization was achieved with
the same antibodies (VDR D-6) and similar protocol to our work. Ma et al/. found
that that VDR protein expression was hypoxia sensitive, with protein levels
decreasing in hypoxic environments (Ma, Gu et al. 2012). Differences may arise in
both gene and protein expression results when laboured or non-laboured
placentas are used. Laboured placentas would be expected to be subject to
hypoxia during labour while those from elective Caesarean deliveries would not be

SO exposed.

5.5 Effect of vitamin D; and IGFs in pregnancy complications

Although there was initially controversy about whether vitamin D3 deficiency
in pregnancy was associated with pregnancy complications, recent systematic
reviews have concluded that vitamin D3 deficiency is associated with PE, GDM,
SGA and PTB (Aghajafari, Nagulesapillai et al. 2013, Tabesh, Salehi-Abargouei et
al. 2013, Wei, Qi et al. 2013). When we examined expression of the vitamin D3 and
IGF family genes in placentas from complicated pregnancies (see Chapter 4),
there was a trend toward increased /GF7 (in PTB) and decreased VDR and
CYP24A7 (in SGA) expression in placentas from complicated pregnancies
compared to controls. Decreased expression of IGF family members in early

pregnancy may impair maternal adaptation to pregnancy and trophoblast invasion
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restricting transformation of spiral arteries. Later in gestation, placental /GF7
MmRNA has been shown to decrease from 25 to 40 weeks’ gestation (Kumar,
Leverence et al. 2012). This is consistent with the increased expression in PTB
samples compared to term controls, as these are from an earlier gestation,
indicating that this may be a physiological finding rather than a pathological
finding. Decreased levels of placental VDR in late gestation would indicate a
reduced ability of the placenta to mediate 1,25(OH),D3 signalling impacting vitamin
D responsive gene expression such as that of 17-beta hydroxy steroid
dehydrogenase 2 (HSD17B2), a gene which is involved in steroidogenesis.
Reduced placental CYP24A7 expression would suggest that concentrations of
1,25(0H),D3 are at a low level in the placenta, as little 1,25(OH),D3 appears to be
synthesised locally in late gestation, due to reduced CYP27B87 mRNA expression
(Zehnder, Evans et al. 2002). This is also supported by our data showing
decreased VDR mRNA as VDR protein directly up regulates CYP24A1.

As VDR regulates the expression of many genes, we propose that vitamin D
responsive genes alter placental development and that these pathways are
essential for normal pregnancy. Such vitamin D responsive genes include H/FT1A
which is a hypoxia inducible transcription factor that regulates expression of genes
involved in trophoblast invasion, differentiation, placental vascularization and
nutrient transport (Pringle, Kind et al. 2010), in addition HIF-1a regulates VEGF
expression which is involved in angiogenesis and HSD77B2 which is involved in
steroidogenesis (Wang, Tavera-Mendoza et al. 2005). When circulating vitamin D3
is deficient, these pathways may be altered, possibly perturbing placental
development and contributing to development of pregnancy complications. Further
work is required to determine whether these pathways are affected by vitamin D3
deficiency in the placenta.
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From this work | would suggest that vitamin D status should be tested in all
pregnant women on an intention-to-treat basis as two recent meta-analyses
concluded that increased vitamin D and calcium intake is protective for pregnancy
complications (PE, SGA, PTB, GDM) (Aghajafari, Nagulesapillai et al. 2013, Wei,
Qi et al. 2013). Although there is controversy over accuracy of testing methods,
this is currently being investigated so that, in the future, the method of assaying

vitamin D at different sites will be standardised (Jones 2015).

5.6 Conclusions

In conclusion, mice consuming low calcium diets had an increased risk of
PTB, while mice consuming diets deficient in vitamin D3 or calcium had
modifications of placental structural correlates of function, contributing to higher
fetal weights. Vitamin D; metabolism was altered by diet in pregnant and non-
pregnant mice, while non-pregnant mice had depleted serum 25(OH)D3 levels
when consuming low calcium diets compared to controls, providing evidence of
vitamin D3 sparing. In human placentas we found altered gene expression of
vitamin D3 and IGF family genes across gestation and in complicated pregnancies,
including reduced VDR expression in PTB and SGA placentas. These results
together indicate that vitamin D3 metabolism is altered in mice consuming vitamin
D-deficient and low calcium diets and also in women with complicated
pregnancies. Increasing our understanding of vitamin D3’s role in pregnancy will
positively impact pregnancy management and reduce the risk of pregnancy

complications.
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