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Abstract

In pregnancy fetal growth and development occur in a sexually dimorphic
manner. Male and female fetuses respond differently to the intrauterine
environment with males disproportionately suffering from perinatal mor-
bidity and mortality. We have demonstrated placental dysfunction and
sexually dimorphic responses in pregnancies complicated by severe pre-
eclampsia. Production of cytokines and apoptosis in the male placenta is
heightened relative to that of the female placenta. We also find increased
expression and stabilization and a sexual dimorphism in expression of the
transcription factor HIF-1a, but a defect in binding to the hypoxia response
element with corresponding reduced expression of HIF-1a target genes
including VEGF and Glut-1. HIF-1a is involved in crosstalk with the redox
sensitive transcription factor NFkB in regulation by cytokines, reactive
oxygen species and expression of inflammatory genes. We find increased
placental expression and DNA binding of NFkB and a sexually dimorphic
response suggesting a role for NFkB in placental dysfunction with pre-
eclampsia. Placental mitochondrial complex III activity and complex I and
IV expression are reduced and alterations in mitochondrial morphology are
found in preeclampsia and are linked to the hypoxamir miR-210. We pro-
pose that with severe PE placental HIF-1a is stabilized by excessive ROS,
inflammation and relative hypoxia. This increases the expression of miR-
210 in the placenta causing repression of mitochondria-associated target
genes, potentially leading to mitochondrial and placental dysfunction. This
placental dysfunction may lead to a fetal programming effect that results in
disease in later life.
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1 Introduction

The syndrome of preeclampsia (PE) is defined by
hypertension and significant proteinuria devel-
oped at or after 20 weeks of gestation in previ-
ously normotensive women and which resolves
postpartum [1]. It is a multisystem disorder, which
complicates 5-8 % of pregnancies worldwide [2]
and is associated with significant fetal and mater-
nal morbidity and mortality. Severe PE is associ-
ated with fetal growth restriction, indicating
placental dysfunction, and with preterm birth and
perinatal death. Several mechanisms have been
suggested to play a role in the pathogenesis of PE
including an abnormal immune response, defec-
tive placentation, relative placental hypoxia or
ischemia and oxidative/nitrative stress [3]. This
leads to an exaggerated maternal inflammatory
response [4] and generalized maternal endothelial
cell activation, the causes of which are still uncer-
tain but thought to be triggered by angiogenic or
other factors released from the placenta [5] that
damage the maternal endothelium [6, 7]. In par-
ticular, our studies have focused on the effect of
preeclampsia on placental function as a mediator
of fetal programming. Recently, developmental
programming of cardiovascular disease, poten-
tially mediated by placental dysfunction, has been
suggested to occur in offspring of preeclamptic
women [8—10]. We summarize our recent studies
on placental function in PE, revealing a sexually
dimorphic effect on inflammation and apoptosis
and the novel role of micro RNA’s in regulation of
placental mitochondrial function.

2 Sexual Dimorphism in
Pregnancy

In “normal” pregnancy and development fetal
growth occurs in is a sexually dimorphic manner
with the male and female fetus responding

differently to the intrauterine environment. Male
fetuses grow faster and are usually larger than
females [11]. However, a male fetus is more at a
risk of poor outcome than the female fetus in
association with placental insufficiency, PE,
infection, IUGR, preterm delivery [11] and more
late stillbirths associated with pre-gestational
diabetes [12]. A Norwegian population-based
study of 1.7 million singleton births clearly iden-
tified that preterm delivery and perinatal mortality
and morbidity are dominated by the male sex [13].
While some reports suggest that PE is more prev-
alent with male fetuses [14], the Norwegian
study shows an increased incidence of PE at
<37 weeks gestation with a female fetus, but
which may reflect the fact that male fetuses are
delivered earlier due to other problems [15] and
may not therefore stay in utero to allow the
mother to develop PE. Sex specific adaptation of
the placenta may be central to the differences
seen in fetal growth and survival. Male fetuses
reputedly try to maximize growth in utero, a
strategy that places them at risk in an adverse
environment [12] and may lead to increased inci-
dence of adverse perinatal outcomes, including
preterm birth, placenta previa, premature lung
development; in contrast, females were shown to
be more sensitive to maternal asthma [16-19].
Females, however, may adapt to the adverse
intrauterine environment in an attempt to survive
further maternal insults and ensure survival. The
female neonate can more readily adapt to ex
utero life even when delivered in a highly imma-
ture state at mid gestation, an effect possibly
mediated by in utero adaptations to an adverse
environment prior to delivery [20]. This may then
relate to their risk of developing disease in adult
life where differences in incidence to various dis-
eases are clearly documented. The sex of the
fetus also seems to be able to affect maternal
physiology, an effect potentially mediated via the
placenta. The male fetus is associated with a
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more vasoconstricted state in the maternal micro-
circulation and greater endothelial dysfunction of
preeclamptic women compared to those with
female fetus [18].

3 Role of the Placenta
in Sexually Dimorphic Events
in the Fetus

What underlies the sexual dimorphism in fetal
growth and development and response to an
adverse intrauterine environment? The placenta
functions as a key regulator of fetal growth and
development by facilitating nutrient supply to and
waste removal from the fetus and secretion of
peptide and steroid hormones that regulate fetal
growth and development. Alterations in placental
function have the ability to mediate fetal program-
ming [21, 22]. There is burgeoning evidence that
these roles of the placenta can be regulated in a
sexually dimorphic manner. Microarray analysis
has shown distinct sexually dimorphic differences
in gene expression in the human placenta. In par-
ticular immune genes were expressed at higher
level in female placenta compared to male [23].
Expression of 59 genes were changed in the pla-
centa of women with asthma vs. no asthma with a
female fetus compared to only 6 genes changed in
those with asthma but a male fetus [24]. Hence
gene expression in the placenta also responds to
maternal inflammatory status in sex-dependent
manner [24-27] with differences seen in placental
cytokine expression, insulin-like growth factor
pathways and the placental response to cortisol in
relation to an adverse maternal condition (asthma).
Changes in diet also provide distinctive signature
of sexually dimorphic genes in placenta with
expression generally higher in genes in female
than male placentas [28]. Yeganegi et al. have
shown that male placenta has higher TLR4 expres-
sion and a greater production of TNFa in response
to LPS than the female placenta, which may
underlie the propensity to preterm birth in males
[29]. The mechanisms underlying such changes
remain unknown; but evidence from other com-
plicated pregnancies links sex differences to
gonadal steroids. Immune function in adults is
known to be regulated in a sex-specific manner as
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determined by differential effects of estrogen and
testosterone [30]. There have been reports that
women with PE have increased plasma testoster-
one levels compared to those of healthy pregnant
women, with significantly higher levels in male-
than in female-bearing preeclamptic pregnancies
[31-34]. At the same time, the placental levels of
aromatase, a rate-limiting enzyme converting
androgens to estrogens, varied depending on fetal
sex: it was much higher in the preeclamptic pla-
centas with female than male fetuses [35].
Aromatase can be downregulated by TNFa,
hypoxia, insulin and leptin, which mirror the
actual conditions of the placenta in the context of
maternal obesity [33, 36-38].

4 Sexual Dimorphism in the
Placenta with Preeclampsia

We have reported elevated levels of TNF-a, IL-6
and IL-8 in preeclamptic placentae compared to
normotensive controls, and a sexual dimorphism
in expression of cytokines with male preeclamp-
tic placenta showing much higher levels of cyto-
kines than female preeclamptic placentas [39]
(Fig. 12.1). Reinforcing our previous work
showing increased placental oxidative and nitra-
tive stress during PE and significant alterations
in antioxidant defenses [40] we found significant
increases in ROS levels defined by DCF staining
in placenta from preeclamptic compared to nor-
motensive pregnancies [41]. Oxygen tension has
a major role in placental development [42] and
human cytotrophoblast proliferation [43]. The
transcription factor hypoxia-inducible factor-1a
(HIF), which is expressed in the villous cytotro-
phoblast and decreases with gestational age in
normal pregnancies [44], plays a role in the
regulation of trophoblast function [45]. Hypoxia
is reported to stimulate expression of a number
of angiogenic proteins including endothelin,
VEGF and Flt-1 [46] possibly via the action of
HIF-1a [47]. Increased placental HIF-la has
been previously observed in pregnancies com-
plicated by PE [48, 49], however, a defect in the
oxygen sensing mechanism was also seen in
early onset PE such that HIF-1a was not respon-
sive to hypoxia [49].
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Fig. 12.1 Production of cytokines and chemokines by
male and female placentas of normotensive and pre-
eclamptic pregnancies. (a) TNFa, (b) IL-8 and. (c) IL-6
levels in CTRL and PE placentas. N=5 in each group.
*p<0.05 vs. FCTRL and MCTRL. *p<0.05 compared to
FPE. Reproduced from Muralimanoharan et al. [39] with
permission from Elsevier

We recently found increased placental
HIF-1a protein levels with severe PE at term,
but no change in HIF-1oo mRNA [41] indicating
that HIF-1a protein is stabilized. In addition to
hypoxia, inflammatory cytokines, estrogen and
reactive oxygen species (ROS) stabilize HIF-1a
during normoxia in a number of tissue types
including placenta [50]. Hence the increased
ROS may be responsible for the stabilization of
otherwise short lived HIF-1a in placenta seen
during PE [50]. HIF-1a is thought to bind to
the consensus HRE and activates transcription
of downstream targets such as VEGF and
GLUT-1. However, in the placenta with severe
PE we found low binding of HIF-la to the
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HRE and thus significantly lower levels of
VEGF and GLUT-1 mRNA levels with PE
compared to normotensive controls [41]. This
aberrant response of placental cells to a hypoxic
or inflammatory insult may lead to tissue dam-
age underlying the pathology observed in PE.
We also revealed a sexually dimorphic effect as
we have recently shown that levels of HIF-1a
were significantly higher in male preeclamptic
placentas compared to both female preeclamp-
tics and to normotensive male and female con-
trols (Fig. 12.2). VEGF protein levels were
significantly lower in preeclamptic placenta
and still lower in male preeclamptic compared
to female [39].

Increased trophoblast apoptosis has been
observed in placentas from pregnancies compli-
cated by PE and thought to contribute to the
pathogenesis of this condition [51]. Early studies
found no difference in Bcl-2, Bcl-xL, Bax and
Bak expression in placental villi of preeclamptic
vs. normotensive placentas [52], but others
reported the expression of Bcl-2 to be less abun-
dant in syncytiotrophoblast from severe pre-
eclamptic placentas [53]. The increased
trophoblast apoptosis with PE is thought to be the
result of placental oxidative stress, in part trig-
gered by hypoxia [54] which decreases expres-
sion of Bcl-2 (anti-apoptotic) while increasing
the expression of p53 and Bax (pro-apoptotic)
[55]. We observed an increase in apoptosis in pre-
eclamptic placenta, which was significantly
greater in the placentas of males compared to
females, again indicating sexual dimorphism
[39]. The increased expression of the apoptotic
proteins p53 and p53 upregulated modulator of
apoptosis (PUMA), as well as Bax, activated cas-
pase-3 and caspase-9 together with significantly
lower expression of Bcl-2 in preeclamptic pla-
centas are consistent with the increased apopto-
sis. In addition, we have found that PUMA, Bax
and Bcl-2 were changed in a fetal sex-dependent
manner with significantly greater expression in
the male preeclamptic placenta [39].

There is a growing body of evidence that
HIF-la can also be activated through
inflammation-related factors that include cyto-
kines (IL-1b and TNFa) with NFkB as the key
link that drives cytokine cellular signaling [56].
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Fig.12.2 Expression of HIF-1a and VEGF in the placen-
tal villous tissue of normotensive and preeclamptic preg-
nancies. (a) Representative Western blots showing
expression of HIF-1a and VEGF. Actin expression was
used as loading control. (b) Scatter plot showing the quan-

There is a crosstalk between hypoxia and inflam-
mation in placenta: HIF-1a activates NFxB [57],
NF«xB controls HIF-1a transcription [57], and
HIF-1a activation may be concurrent with inhibi-
tion of NFxB [58]. NFxB is a redox-sensitive
transcription factor regulating a battery of inflam-
matory genes, and has a variety of different
effects in numerous pathological states [59]. In
most cells, NFkB is found in the cytoplasm in its
inactive form, bound to inhibitory proteins. Many
extracellular stimuli, including bacterial lipo-
polysaccharide, viruses, oxidants, inflammatory
cytokines, and immune stimuli, can activate
NF«xB. Once activated, it binds to regulatory
DNA elements in the promoter regions of
inflammatory and immune response genes, such
as those encoding pro-inflammatory cytokines,
chemokines, enzymes relevant for inflammation,
and adhesion molecules [60]. Vaughan and Walsh
reported a marked increase in NFxB activity in
preeclamptic placentas as well as in cultured tro-
phoblasts exposed to either hypoxia or inflamma-
tion or both [61].

In addition to sexual dimorphism in pro-
inflammatory cytokine production and apoptosis
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tification of HIF-la and VEGF. N=5 in each group.
*p<0.05 compared to FCTRL and MCTRL. *p<0.05
compared to FPE. Reproduced from Muralimanoharan
et al. [39] with permission from Elsevier

in the placenta with PE [39], we also found an
increase in the expression and binding activity of
NFxB p65 in the preeclamptic placentas compared
to CTRL with much higher levels in male pre-
eclamptic compared to female (Fig. 12.3). This
may suggest that increased inflammatory and tro-
phoblast cell death observed in the placenta of pre-
eclamptic pregnancies are, at least partially,
induced by NF«B p65, further emphasizing the
role of inflammation in the etiology of PE. Further
studies are required to understand the mechanism(s)
underlying the sexual dimorphism in inflamma-
tory responses and the involvement of NFkB.

5 Inflammation, Oxidative
Stress and Mitochondrial
Function

The inflammation and oxidative stress of normal
pregnancy are heightened in PE [62] with placen-
tal mitochondria, an important source of reactive
oxygen species (ROS), contributing to generation
of oxidative stress [63]. Mitochondria are the
major oxygen consuming organelles, play a
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Fig.12.3 NFkB p65 expression and binding to DNA in
placentas from normotensive and preeclamptic preg-
nancies. (a) Representative Western blots and (b) quan-
tification bars showing expression of NFkB p65
expression in nuclear fraction of CTRL and PE villous
tissue. Expression of histone H3 was used as loading

crucial role in sensing the cellular oxygen
concentration [64] and are the main source of
endogenous ROS in most mammalian cell types
[65]. Of the oxygen consumed by mitochondria,
up to 5 % is converted to ROS as byproducts of
oxidation-reduction reactions in the respiratory
chain. When dysfunctional, mitochondria generate
excessive amounts of ROS which may be involved
in the triggering of PE and IUGR [66, 67].
Obesity, a major health issue in both the devel-
oped world and in developing countries [68], is
associated with increased morbidity in pregnancy
per se, but is also associated with programming of
offspring for disease in adult life [69]. Obesity
increases the risk of development of PE, thought
to be due to the pre-existing low grade inflamma-
tion and oxidative stress of obesity [70]. An
increase in reactive oxygen species (ROS) and
reduction in the oxidative capacity of brown adi-
pocytes results in impaired thermogenesis, and
has been linked to diet-induced obesity [71].
Wilson-Fritch et al. demonstrated down-
regulation of approximately 50 % of gene
transcripts encoding mitochondrial proteins in

9

control. (c) EMSA showing binding of nuclear protein
extract to the consensus DNA binding site of p65.
N=5 in each group. *p<0.05 compared to FCTRL and
MCTRL. #p<0.05 compared to FPE. Reproduced from
Muralimanoharan et al. [39] with permission from
Elsevier

adipose tissue in a rodent model with the onset
of obesity [72]. In adults, obesity is associated
with compromised mitochondrial function [73]
suggesting this may be a mechanism linking
obesity to PE.

Mitochondrial oxidative phosphorylation is a
key energy source for placental function [74].
Several studies have shown that the increasing
metabolic activity of placental mitochondria
results in excessive production of ROS leading to
oxidative stress, which may be exaggerated in
pregnancies complicated by PE, IUGR and
maternal obesity [75-80]. Thus, mitochondrial
abnormalities and ROS formation could be part
of a vicious cycle and represent a central mecha-
nism of placental dysfunction in these disease
states. Mitochondrial function in other metabolic
tissues (e.g., liver, heart and brain) appears to be
regulated by sex hormones [§1-85]. The involve-
ment of placental mitochondrial dysfunction in
the pathogenesis of PE has been described in
patients with mitochondrial disorder patients [67]
and since reinforced [86], the exact mechanism
remains unclear.
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Fig. 12.4 Mitochondrial dysfunction in preeclampsia.
(a) Electron micrograph illustrating the morphological
changes in the mitochondria of control and preeclamptic
placenta (magnification=50,000). Hash indicates mito-
chondrial swelling and broken cristae in placentas from
PE and asterisk showing intact mitochondria form CTRL
placenta. (b) Mitochondrial complex activity measured
calorimetrically in the isolated mitochondria from flash

Mitochondria exist as dynamic networks and
alterations in mitochondrial morphology during
apoptotic cell death, fragmentation of the network
and the remodeling of the cristac have been
reported [87, 88]. We have reported significant
morphological abnormalities at the ultrastructural
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Immunoblots showing expression of mitochondrial com-
plex proteins. VDAC was used as loading control. (d)
Band intensity of the mitochondrial complexes is normal-
ized to the intensity of VDAC Values shown are
mean+SEM, *p<0.05 vs. control, (n=6 each group).
Reproduced from Muralimanoharan et al. [41] with per-
mission from Elsevier

level, together with reduction in complex III
activity and reduction in the protein expression of
complexes I and IV in the preeclamptic placentas
[41] (Fig. 12.4). Reduction in complex activity
suggests altered electron flow through complex II1
and perhaps damage to other complexes, which
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may contribute to an increase in ROS production.
The scope and nature of the decreased activity in
complex III in PE remains to be defined.

6 MicroRNA and Placental
Function

Regulation of cell proliferation, mitochondrial
metabolism, oxygen sensing and apoptosis in
placenta has been recently found to be regulated
by small (22 nucleotide) non-coding RNAs-
microRNAs (miRNAs) [89]. MiRNAs are highly
conserved, regulatory molecules that play an
important role in the post-transcriptional regula-
tion of gene expression by promoting RNA insta-
bility or translational inhibition [90]. Enquobahrie
et al. [91] have shown eight differentially
expressed placental miRNAs in pregnancies
complicated by PE with miR-34C, 139 and 328
being downregulated and miR-210 upregulated
[91]. Upregulation of placental miR-210 has
been also described in preterm and severe PE
[92-96]. Zhang et al. found that elevated miR-
210 during PE suppresses trophoblast cell migra-
tion and invasion by targeting Homeobox-A9
(HOXAY9) and Ephrin-A3 (EFNA3) [97]. MiR-
210 is known to be involved in the hypoxic
response and has been shown to be over-expressed
in a HIF-1a-dependent manner in many types of
tumors. It is purported to be involved in the shift
of tumor metabolism from oxidative phosphoryla-
tion to glycolysis (Warburg effect) [98]. In addi-
tion, a mechanistic link between miR-210, HIF-1a,
mitochondria-associated target proteins, and mito-
chondrial function has been identified in cancer
cells [99, 100]. MiRNAs are now recognized as
essential mediators of numerous cellular processes
[101] with a number of hypoxia-related miRNAs
(hypoxamirs) such as miR-23, miR-24, miR-26,
miR-107 and miR-210 being identified that dis-
play significant upregulation in hypoxia [102].
MiR-210 expression is under direct control of
HIF-1a and is downregulated in HIF-1a knockout
cell lines [103] and is robustly induced in the
hypoxic state in several tissues [104]. Interestingly
miR-210 is involved in mitochondrial dysfunction
in various types of cancer [105] with miR-210
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delivery under normal oxygen conditions being
able to inhibit mitochondrial energy production,
impair oxygen consumption [106], induce lactate
accumulation [99, 100], alter mitochondrial
membrane potential and disrupt mitochondrial
structure in cancer cells [107].

7 miR-210 and Placental
Mitochondprial Function

We recently tested the hypothesis that mitochon-
drial dysfunction seen in the placenta of preg-
nancies complicated by PE is mediated by
over-expression of miR-210. We observed a
twofold increase in the expression of miR-210
during PE and strong correlation between miR-
210 expression and hypoxic markers in our
patient cohort [41], confirming that miR-210
expression was likely driven by hypoxia in vivo,
as previously shown in other solid tumors.

We subsequently searched for targets of miR-
210 involved in mitochondrial function. MiR-
210 targets ISCU in trophoblast cell lines [93]
possibly by targeting the transcript coding for
ISCU, which facilitate the assembly of iron—sulfur
clusters that are incorporated into enzymes
involved in energy production, including mito-
chondrial respiratory complexes [106]. ISCU are
a prosthetic group that promotes electron trans-
port and oxidation-reduction in mitochondria
cluster assembly protein [108]. Reduced expres-
sion of ISCU mediated by miR-210 contribute to
a decrease in the activity of the TCA cycle
(through aconitase targeting) and the electron
transport chain (through complex I destabiliza-
tion) [106]. Mir-210 regulates the expression of
ISCU, a key factor in the assembly of Fe-S clus-
ter subunits of complexes I, IT and III in the mito-
chondria of cancer cells [100]. Indeed we found a
reduction in placental ISCU mRNA expression
during severe preeclampsia (Fig. 12.5).
Repression of ISCU by miR-210 could alter the
stoichiometry and function of complexes in elec-
tron transport and oxygen consumption leading
to an increase in ROS production and decreased
protein expression of complex I and activity of
complex III as corroborated by our data.
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To explore the role of miR-210 in placental
mitochondrial respiration we conducted gain-
and loss-of-function experiments using cultured
primary trophoblast. Mitochondrial function of
isolated trophoblast was determined by extracel-
lular flux measurements, sequentially adding
pharmacological inhibitors of the respiratory
chain similar to previous approaches [109]. Over-
expression of miR-210 caused a 50 % reduction
in maximum respiration and 60 % reduction in
reserve (spare) capacity of trophoblast cells [41].
Furthermore, miR-210 inhibition rescued the
mitochondrial respiration in the presence of
Deferoxamine (DFO) which chemically simu-
lates hypoxia. When cells are subjected to stress,
mitochondria are capable of drawing upon their
reserve capacity to serve the increasing energy
demands for maintenance of organ function, cel-
lular repair or ROS detoxification [110]. This
suggests that mir-210 acts to regulate mitochon-
drial function during hypoxia to prevent the cells
depleting their spare capacity in order to preserve
ATP production. We propose that short-term
hypoxia treatment does not alter cellular ATP
production, since we did not find a significant

of control pregnancies and those complicated by preeclamp-
sia. Values shown are mean+SEM, *p<0.05 vs. control,
(n=6 each group). Reproduced from Muralimanoharan
et al. [41] with permission from Elsevier

effect on the ATP coupled respiration. However,
long-term hypoxia or continuous cycles of isch-
emia/reoxygenation may result in further deple-
tion of mitochondrial spare capacity and an
inability of the cells to maintain ATP production
resulting in excessive ROS production and
increase in mitochondrial damage. Based on our
in vivo and in vitro functional studies, we suggest
that miR-210 exerts a major influence on placen-
tal mitochondrial function during PE.

8 Summary

We have demonstrated placental dysfunction in
pregnancies complicated by severe preeclampsia
and clearly show sexually dimorphic responses,
with the response of the male placenta being
heightened relative to that of the female placenta,
both in production of cytokines and in apoptotic
responses. We also show increased expression and
stabilization of the transcription factor HIF-1a,
together with a sexual dimorphism in HIF-la
expression but a defect in binding to the hypoxia
response element and corresponding reduced
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expression of HIF-la target genes including
VEGEF and Glut-1. HIF-1a is involved in crosstalk
with the redox sensitive transcription factor NFkB
in regards to their regulation by cytokines, reac-
tive oxygen species and their effect on expression
of inflammatory genes. We find increased expres-
sion and DNA binding of NFkB with preeclamp-
sia and again a sexually dimorphic response. This
perhaps underlies a role for NFkB in placental
dysfunction with preeclampsia. We also find
mitochondrial dysfunction in preeclampsia, evi-
denced by reductions in complex III activity and
complex I and IV expression and alterations in
mitochondrial morphology. We have also demon-
strated a link between the increases in the hypox-
amir miR-210 and placental mitochondrial
dysfunction in preeclampsia and have identified
the mitochondrial targets of miR-210 as ISCU.
Thus, we propose a model that with severe PE
placental HIF-1a is stabilized by different factors
including excessive production of ROS, inflam-
mation and relative hypoxia. This, in turn,
increases the expression of miR-210 in the
placenta causing repression of mitochondria—
associated target genes, potentially leading to
mitochondrial and placental dysfunction. This
placental dysfunction may lead to a fetal program-
ming effect that results in disease in later life.
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