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Abstract

The quality of the intrauterine environment interacts with our genetic
makeup to shape the risk of developing disease in later life. Fetal chronic
hypoxia is a common complication of pregnancy. This chapter reviews
how fetal chronic hypoxia programmes cardiac and endothelial dysfunc-
tion in the offspring in adult life and discusses the mechanisms via which
this may occur. Using an integrative approach in large and small animal
models at the in vivo, isolated organ, cellular and molecular levels, our
programmes of work have raised the hypothesis that oxidative stress in the
fetal heart and vasculature underlies the mechanism via which prenatal
hypoxia programmes cardiovascular dysfunction in later life.
Developmental hypoxia independent of changes in maternal nutrition pro-
motes fetal growth restriction and induces changes in the cardiovascular,
metabolic and endocrine systems of the adult offspring, which are nor-
mally associated with disease states during ageing. Treatment with anti-
oxidants of animal pregnancies complicated with reduced oxygen delivery
to the fetus prevents the alterations in fetal growth, and the cardiovascular,
metabolic and endocrine dysfunction in the fetal and adult offspring.
The work reviewed offers both insight into mechanisms and possible
therapeutic targets for clinical intervention against the early origin of car-
diometabolic disease in pregnancy complicated by fetal chronic hypoxia.
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1 Fetal Hypoxia

Fetal hypoxia is one of the most common conse-
quences of complicated pregnancy and it may
occur by insufficiency of either uterine blood
flow, increased placental vascular resistance with
a consequent decrease in umbilical blood flow, or
by a decrease in the maternal arterial oxygen
content [1-3]. Other mechanisms such as fetal
anaemia or increased fetal oxygen consumption
(e.g. in pyrexia) are relatively rare in clinical
practice [4]. Risk factors which predispose to the
development of fetal hypoxia can be classified
into maternal, intra-partum and iatrogenic.
Maternal risk factors include diabetes, pregnancy
induced or chronic hypertension, Rh sensitiza-
tion, maternal infection, sickle cell anaemia,
chronic substance abuse, asthma, seizure disor-
ders or smoking [5—13]. Intra-partum risk factors
for fetal hypoxia encompass multiple pregnancy,
pre or post-term birth, prolonged labour, placen-
tal abruption, placenta praevia, prolapsed umbili-
cal cord or abnormal presentation of the fetus
[14-21]. Maternal hypotension, which may
accompany epidural anaesthesia is an example of
an iatrogenic risk factor for the development of
fetal hypoxia [22].

2 The Fetal Defence
to Hypoxia

In contrast to glucose or protein, which can be
stored as reserves in our body for prolonged peri-
ods of time, there is no similar mechanism for the
long-term storage of oxygen in our bodies either
before or after birth. Consequently, before and
after birth, our physiology is largely dependent
on a constant supply of oxygenated blood. Not
surprisingly, the source of this constant delivery

of oxygen is drastically different between the
intra- and extra-uterine environments. Therefore,
it should also be unsurprising that the strategy of
our cardiovascular system to defend tissues
against periods of reduced oxygenation is also
dramatically different during the fetal and post-
natal periods. Outside the womb, there is a vast
supply of oxygen from the atmosphere. In the
adult period, a reduction in oxygen supply to the
tissues is met with an increase in ventilation to
increase the level of oxygenation in our pulmo-
nary blood. This luxurious supply of atmospheric
oxygen allows the adult cardiovascular system to
increase perfusion not only to essential vascular
beds but also to peripheral tissues, maintaining
their oxygenation during periods of systemic
hypoxia [23]. Within the womb, the supply of
oxygenated fetal blood is dependent on the pla-
centa. In contrast to pulmonary ventilator pro-
cesses, intrauterine mechanisms to increase the
input and output of oxygenated blood are limited.
However, a number of adaptations, unique to life
in the womb, permit the supply of oxygen to the
fetus to exceed its metabolic needs, equipping the
unborn child with a considerable margin of safety
for oxygenation under basal conditions during
development. For example, relative to the adult,
these adaptations allow the fetus to bind greater
concentrations of oxygen in its haemoglobin, to
have an increased basal blood flow to most tis-
sues, and to relinquish the bound oxygen to the
fetal tissues at lower oxygen tensions [24]. In
addition, shunts in the fetal circulation and pref-
erential streaming ensure an adequate supply of
oxygenated blood to tissues most at risk of dam-
age during reductions in oxygenation [24, 25].
Finally, the fetus has a greater capacity than the
adult to hinder oxygen-consuming processes
[24]. Consequently, the fetal defence strategies
during episodes of hypoxia capitalise on increas-
ing the efficiency of these fetal adaptations,
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thereby either consuming even less oxygen,
extracting even more oxygen from haemoglobin
and ultimately making better use of this finite
supply of oxygenated blood [25]. The defence
responses to episodes of hypoxia of the fetal car-
diovascular system exemplify some of these
strategies. In the late gestation fetus, an episode
of acute hypoxia triggers fetal bradycardia [26].
Deceleration of the fetal heart has several advan-
tages as it permits maintenance of normal levels
of myocardial oxygen consumption despite
hypoxic conditions [27] and prolongs the beat-to-
beat interval, thereby increasing end diastolic fill-
ing volume, which helps maintain fetal cardiac
output [28]. Reducing the velocity of blood flow
through the fetal coronary circulation will also
prolong diffusion time, an effect likely to increase
the efficiency of myocardial blood gas exchange.
During episodes of acute hypoxia, the fetal car-
diac output is also redistributed due to differen-
tial vasomotion. For instance, circulations
perfusing the fetal brain undergo active vasodila-
tation and those perfusing peripheral circulations
undergo active vasoconstriction [25, 26].
Therefore, the fetal cardiac output follows the
path of least resistance, becoming diverted from
less essential vascular beds towards those perfus-
ing the brain—the so called brain sparing effect.
The fetal bradycardia and brain-sparing circula-
tory responses to acute hypoxia have been con-
served across all species studied to date, from the
chick embryo to the sheep fetus, the non-human
primate and the human fetus (see [29]).

3 The Physiology Underlying
the Fetal Cardiovascular
Defence to Hypoxia

More than two decades ago, for the first time,
Transonic flow probes were surgically
implanted around the carotid and femoral arter-
ies of late gestation fetal sheep in long-term
preparations to be able to visualise the fetal
brain sparing response to acute hypoxia in real
time ([30]; Fig. 7.1). The data revealed that the
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Fig. 7.1 Fetal brain sparing effect during acute hypoxia
in real time in vivo. Values are mean+S.E.M. of change
from baseline in carotid blood flow and femoral blood
flow measured simultaneously in 14 fetal sheep between
118 and 125 days gestation (term ~145 days) during basal
conditions and in response to a 1 h period of acute hypoxia
(box). Fetal descending aortic PO, during acute hypoxia
was reduced from 23.4+0.7 to 13.2+0.3 mmHg. Redrawn
from [30]

fetal peripheral circulatory response occurs
within seconds of the onset of hypoxia, suggest-
ing a neurally-triggered response. It is now estab-
lished that while the increase in cerebral blood
flow during acute hypoxia results from an
increase in nitric oxide (NO; [31]), both the
bradycardia and the peripheral vasoconstriction
in the fetus are initially triggered by the same
carotid body chemoreflex, as bilateral section
of the carotid sinus nerves prevents them from
occurring [30]. Once triggered by the carotid
chemoreflex, fetal peripheral vasoconstriction
is maintained by the release of constrictor agents
into the fetal circulation, such as catechol-
amines, vasopressin and neuropeptide Y [32-34].
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We now know that this neuro-endocrine peripheral
constrictor drive is fine-tuned by opposing dilator
influences, such as an increase in NO produc-
tion in fetal peripheral vasculature during acute
hypoxia [35]. Data to support this comes from
studies using fetal in vivo treatment with a NO
clamp. The latter is a technique that permits
blockade of de novo synthesis of NO during acute
hypoxia while maintaining basal cardiovascular
function [36, 37]. Application of the NO clamp to
the late gestation sheep fetus markedly enhanced
the magnitude of the femoral vasoconstrictor
response, revealing the full strength of the unop-
posed chemoreflex and endocrine constrictor
responses [35]. Most recently, we have discov-
ered that the bioavailability of NO in the fetal
peripheral vascular beds is itself limited by the
generation of reactive oxygen species, such as the
superoxide anion (‘O,"), during acute hypoxia.
Therefore, it is the actual interaction between
'O, and NO that provides a local oxidant tone to
the fetal vasculature, whereby a fall in the ratio
favours dilatation and an increase promotes vaso-
constriction. We have shown that this vascular
oxidant tone is operational in fetal life and that it
can be easily manipulated [29, 38-40]. For
instance, fetal treatment with antioxidants or with
statins markedly diminished the magnitude of the
femoral vascular resistance response to acute
hypoxia. This effect was by increasing the bio-
availability of NO, as fetal treatment with anti-
oxidants or with statins during NO blockade with
the NO clamp restored the full magnitude of the
femoral vasoconstrictor response [29, 39].
Combined, therefore, data show that the periph-
eral vasoconstrictor response to acute hypoxia in
the fetus is an aggregate of mechanisms, result-
ing from carotid chemoreflex stimulation,
enhanced endocrine vasoconstrictors and a local
vascular oxidant tone determined by the interac-
tion between *O,™ and NO.

4 Fetal Chronic Hypoxia

In fetal physiology, it is a well accepted view that
should the duration of the period of fetal oxygen
deprivation become prolonged, then the fetal
circulatory defence response to acute hypoxia
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persists. Therefore, in response to chronic fetal
hypoxia, such as may occur during preeclampsia
or placental insufficiency, persisting redistribu-
tion of blood flow away from peripheral circula-
tions is believed to maintain oxygen and nutrient
delivery to the fetal brain. The biological trade-
off is asymmetric fetal growth restriction,
whereby babies are not only small but they are
thin for their length with a low ponderal index
[41]. These infants also show a greater impact of
hypoxia on body growth relative to brain growth,
usually represented in neonatology by an increase
in the bi-parietal diameter to the body length ratio
of the infant [41]. Persisting redistribution of
blood flow away from vascular beds considered
less essential in fetal life, such as those perfusing
the fetal kidneys or the fetal pancreas, may also
explain the reduced endowment of kidney neph-
rons and of beta cells in the islet of Langerhans in
intrauterine growth-restricted (IUGR) offspring
[42, 43]. Data to support persisting redistribution
of blood flow away from less essential vascular
beds towards the fetal brain in pregnancy compli-
cated by chronic fetal hypoxia is difficult to
obtain, but the group of Professor Longo at Loma
Linda University has been able to just do that.
Exploiting the natural hypobaric hypoxia of
pregnancy at high altitude and combining it with
expertise to measure regional blood flow changes
with radioactively labelled microspheres, they
reported that during long-term high altitude
hypoxia in sheep, blood flow to the fetal brain is
maintained and there is a sustained decrease in
blood flow to the fetal carcass ([44]; Fig. 7.2). In
comparison to asymmetric [IUGR, the less well
described side effect of persisting redistribution
of blood flow away from peripheral circulations
may be endothelial dysfunction leading to an
increase in fetal peripheral vascular resistance,
which will increase fetal cardiac afterload if car-
diac output is maintained. Persisting increases in
fetal cardiac afterload may overwhelm the Frank-
Starling mechanism and trigger changes in the
morphology and function of the fetal heart and
aorta [28]. Accordingly, several studies in chick
embryos and fetuses of mammalian species
have now reported that developmental hypoxia
promotes cardiac and aortic wall hypertrophic
growth, altered cardiac function, pulmonary
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Fig.7.2 Fetal brain
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hypertension, sympathetic hyper-innervation of
peripheral resistance arteries and NO-dependent
peripheral vascular endothelial dysfunction (see
[45] for review). The cardiac and aortic wall
remodelling and asymmetric growth restriction
that occurs in sea level chick embryos incubated
at high altitude is no longer observed in sea level
embryos incubated at high altitude with oxygen
supplementation [46, 47], underlying the direct
effects of chronic hypoxia on fetal growth and on
cardiovascular development. In the clinical set-
ting, fetal aortic wall thickening is particularly
relevant as, in humans, an increase in large artery
stiffness independently predicts cardiovascular
risk [48], being a key component in the aetiology
of cardiovascular diseases including hyperten-
sion, atherosclerosis and coronary heart disease
[49]. An increase in wall thickness, in particular,
in the aorta has also been proposed as the first
physical sign of atherosclerosis [50]. In human
perinatal clinical studies, there have been four
additional reports linking babies born from preg-
nancies complicated by placental insufficiency
with aortic wall thickening, increased aortic stiff-
ness and reduced distensibility [51-54]. In addi-
tion, developmental hypoxia in animals and
humans induces neonatal pulmonary hyperten-
sion with a marked cardiopulmonary remodelling
[55-57]. A remarkable number of unique studies
by the groups of Gilbert, Pearce and Longo have
reported that in fetal sheep subjected to high alti-
tude from day 30 of gestation to term (ca.

145 days), there is evidence of a fetal origin of
cardiac dysfunction. They reported an inability of
the chronically hypoxic ovine fetus to maintain
cardiac output, secondary to a decrease in the con-
tractile function of myocardial cells (see [45, 58]
for review). Similarly, Keller and colleagues
using the chick embryo reported that sustained
hypoxia during incubation decreased ventricular
pressures and ventricular ejection fraction, con-
sistent with depressed systolic function [59].
Therefore, sustained increases in fetal cardiac
afterload may not only overwhelm the Frank-
Starling mechanism but also the compensatory
ventricular hypertrophic growth, eventually lead-
ing to hallmarks of heart failure. Therefore,
chronic fetal hypoxia is not only an immediate
threat to fetal survival, but it is also an important
environmental influence triggering asymmetric
TUGR and a fetal origin of cardiac as well as pul-
monary and peripheral vascular disease.

5 Programming
of Cardiovascular
Dysfunction in Adulthood
by Fetal Chronic Hypoxia

Over the last 5 years, there has been a surge of
studies reporting programming of cardiovascular
dysfunction in adult offspring of hypoxic preg-
nancy. The laboratory of Zhang, also at Loma
Linda University, in an exceptional series of



82

investigations has consistently reported that
hypoxic pregnancy in rats increases the suscepti-
bility of cardiac ischaemic-reperfusion (I/R)
injury at adulthood (see [45, 60] for review). The
programming of this cardiac defect at adulthood
is associated with the decreased expression of the
cardio-protective gene protein kinase C epsilon
(PKCe). Further, repression of cardiac PKCe
gene expression in fetal rat pup hearts of hypoxic
pregnancy is epigenetically regulated [60]. They
reported that the increase in the promoter meth-
ylation and the reduced expression of the PKCe
gene in fetal rat pup hearts of hypoxic pregnancy
could be prevented by treatment with a DNA
methylation inhibitor. Conversely, treatment of
hearts from adult offspring of normoxic preg-
nancy with a PKCe translocation inhibitor could
mimic the defects in hearts of offspring from
hypoxic pregnancy. The laboratory of Davidge
reported that hypoxia-induced TUGR is associ-
ated with the development of chronic cardiopul-
monary dysfunction during ageing, identifying a
mismatch in glucose metabolism, leading to pro-
ton accumulation in the post-ischaemic myocar-
dium of offspring born IUGR as a potential
mechanism involved (see [45, 61] for review).
Further, they reported that a postnatal high fat
diet accelerated cardiac dysfunction in [IUGR oft-
spring of hypoxic pregnancy. In addition, Niu
and colleagues have reported that hearts of adult
offspring of hypoxic pregnancy have in addition
a sympathetic dominant phenotype, being more
responsive to f; adrenergic agonists and less
responsive to muscarinic agonists [62]. The latter
is of further clinical relevance, as heightened
sympathetic excitation with diminished parasym-
pathetic reactivity is an unsustainable situation to
maintain cardiac output, and such a cardiac phe-
notype has been strongly associated with even-
tual heart failure in humans [63, 64]. Accordingly,
exposure of chick embryos, mice and rat pups to
prolonged developmental hypoxia promotes
dilated cardiomyopathy, with evidence of pump
dysfunction that is demonstrable in the offspring
and maintained into adulthood (see [45] for
review). Other studies in chickens and rodents
have consistently reported that hypoxic develop-
ment can also programme peripheral vascular

D.A. Giussani et al.

dysfunction in adulthood, showing defects in the
capacity of peripheral vascular resistance vessels
to relax during stimulation with NO-dependent
dilator agonists, such as with acetylcholine (see
[45] for review). Data are also beginning to sur-
face to suggest the programming of an insulin
resistant phenotype in adult offspring of hypoxic
pregnancy [65-67].

6 Intervention Against
Programming
of Cardiovascular
Dysfunction in Hypoxic
Pregnancy

With accumulating evidence pointing towards
the programming of a metabolic syndrome by
development complicated by fetal chronic
hypoxia, which encompasses cardiac sympa-
thetic dominance with increased susceptibility to
I/R injury, peripheral endothelial dysfunction and
insulin resistance, there is intensifying interest in
identifying potential clinical therapy. In recent
publications, using an integrative approach at the
in vivo, isolated organ, cellular and molecular
levels, our group has proposed the hypothesis
that the molecular basis underlying the program-
ming of cardiovascular dysfunction in the adult
offspring of hypoxic pregnancy is through the
generation of oxidative stress in utero [62]. This
offers the exciting prospect that maternal supple-
mentation with antioxidants in pregnancy com-
plicated by fetal chronic hypoxia may protect
against the development of cardiovascular dis-
ease in the offspring, even before they are born.
Accordingly, in a longitudinal study in rats, we
reported on the effects of maternal treatment of
hypoxic pregnancy with the antioxidant vitamin
C on the cardiovascular system of the offspring at
the end of gestation and at adulthood. In the fetus,
pregnancy under hypoxic conditions promoted
aortic thickening with enhanced nitrotyrosine
staining and an increase in cardiac HSP70 expres-
sion, both robust measures of vascular and
cardiac oxidative stress, respectively [62]. By
adulthood, offspring of hypoxic pregnancy had
in vivo evidence of altered baroreflex function,
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markedly impaired NO-dependent vasorelax-
ation in peripheral resistance arteries and a car-
diac sympathetic dominant phenotype. Maternal
treatment with vitamin C prevented these cardio-
vascular defects in fetal and adult offspring of
hypoxic pregnancy [62, 68]. In addition to anti-
oxidant effects on the fetal cardiovascular sys-
tem, additional protective effects of maternal
treatment with vitamin C on the chronically
hypoxic fetus may be due to alterations in the
vascular oxidant tone at the level of the placental
circulation. We have previously reported that
vitamin C enhances umbilical blood flow via
NO-dependent mechanisms [38]. Maternal treat-
ment with vitamin C may therefore quench free
radicals and increase NO bioavailability, shifting
the placental vascular oxidant tone towards dila-
tation. Antioxidants may thus further protect fetal
oxygen delivery by increasing in umbilical blood
flow in complicated pregnancy [69, 70].

7 Antioxidant Protection
in Hypoxic Pregnancy
of Large Mammalian Species

With the perspective of translating the findings in
rodent species to the human situation, the British
Heart Foundation requested evidence that mater-
nal treatment with antioxidants was protective
in fetal and adult offspring of hypoxic pregnancy
in larger mammalian species, such as in sheep.
In contrast to rodent species, sheep permit surgi-
cal instrumentation of the mother and fetus for
long-term recording, allowing in vivo real time
evaluation of the safety of antioxidant therapy on
the maternal and fetal physiology as the chronic
hypoxic pregnancy is occurring. At the Barcroft
building of the University of Cambridge, we have
now created four isobaric hypoxic chambers able
to maintain chronically-instrumented materno-
fetal ovine preparations for the duration of preg-
nancy under controlled hypoxic conditions. The
chambers are supplied with nitrogen and air pro-
vided by nitrogen generators and air compressors
from a bespoke nitrogen generating system
(Domnick Hunter Gas Generation, Gateshead,
Tyne & Wear, UK). We have also created a

wireless data acquisition system (CamDAS,
Maastricht Instruments, The Netherlands), which
is able to record maternal and fetal arterial blood
pressure and blood flow in four circulations, such
as the uterine, umbilical, fetal carotid and fetal
femoral vascular beds. Exteriorised maternal and
fetal catheters and flow probe leads terminate in
miniaturised pressure and flow boxes, which are
housed in a bespoke jacket worn by the ewe.
Electronic signals are then transmitted via blue-
tooth technology to a laptop sitting outside the
chambers, thereby recording continuous mater-
nal and fetal cardiovascular function without
interruption of the hypoxic exposure. In this set
up, we have taken great care to minimise mater-
nal stress. An additional advantage of this system
is that the degree of fetal chronic hypoxia induced
is not restricted to the level achieved by ovine
pregnancy at 3,500-4,000 m above sea level,
which results in fetal arterial PO, values of ca.
18 mmHg [44]. Consequently, one is able to
determine the effects of significant chronic fetal
hypoxia, resulting in fetal arterial PO, of ca.
11-13 mmHg, akin to values reported in human
pregnancy complicated by severe IUGR [71].
Using these hypoxic chambers for the first time,
our investigations revealed that hypoxic preg-
nancy, reducing the maternal arterial PO, from
107.0+1.5 to 46.8 0.4 and the fetal arterial PO,
from 22.1+1.1 to 12.0+£0.2 mmHg during the
last third of gestation in sheep, promoted asym-
metric fetal growth restriction, systolic and dia-
stolic cardiac dysfunction in the fetus and
significant hypertension at adulthood. Intravenous
treatment of pregnant ewes with vitamin C for the
last third of gestation prevented these defects in
fetal and adult offspring of hypoxic pregnancy
(unpublished data).

8 Future Perspectives

While our studies in rodent and ovine pregnancy
offer insight to mechanism and thereby closer
targets for human clinical intervention against
developmental origins of cardiac and peripheral
vascular dysfunction in offspring of risky preg-
nancy, there is a caveat. In both our rodent and
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ovine studies, only maternal treatment with
vitamin C in very high doses, incompatible with
human treatment, are effective. The reason is
because the kinetics of the reaction between "O,~
and NO is so fiercely fast, that for vitamin C to be
able to compete in vivo with NO for any given
concentration of *O,, its concentrations must
exceed that of NO by a factor of 100,000.
Therefore, for vitamin C to be able to work as an
antioxidant in vivo, its concentrations would need
to be ca. 10,000 pmol 1-! or 10 mmol 17! to pre-
vent the interaction between ‘O, and NO [29,
62]. This may explain the inability of maternal
treatment with vitamin C to protect against pla-
cental vascular oxidative stress in preeclamptic
pregnancy in all reported clinical trials to date
[72, 73]. Interestingly, in all trials, the dose of
maternal vitamin C administration was 1 g per
pregnant woman per day, yielding circulating
maternal concentrations of vitamin C of
~120 pmol 174, far short of the 10,000 pmol 17
range required for the antioxidant vitamin to be
effective in vivo. Since excessive doses of vita-
min C promote oxaluria leading to the formation
of kidney stones and several studies have sug-
gested pro-oxidant activity of ascorbic acid with
pharmacological doses even in healthy pregnancy
[74, 75], there is increasing interest in alternative
antioxidant therapies, compatible with human
treatment. One interesting candidate is a
mitochondrial-targeted antioxidant. Mitochondria
are a major site of reactive oxygen species (ROS)
production, therefore protecting them from oxi-
dative damage should be one of the most effec-
tive antioxidant therapeutic strategies. However,
conventional antioxidants are ineffective because
they cannot penetrate the mitochondria [76]. Part
of the problem relates to the difficulty of deliver-
ing antioxidants to mitochondria in situ. Dr Mike
Murphy from the Mitochondrial Biology Unit,
Addenbrookes Hospital, Cambridge and col-
leagues have developed the mitochondrial tar-
geted antioxidant MitoQ that overcomes the
problem. MitoQ consists of a quinone moiety
covalently attached to a triphenylphosphonium
(TPP) cation. The TPP cation is lipophilic, and its
positive charge results in the 100-1,000-fold
accumulation of MitoQ in the mitochondrial
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matrix, driven by the negative trans-membrane
potential. Once inside the matrix, MitoQ is
reduced by complex II in the respiratory chain to
the active quinol form of the antioxidant. This
will react with any ROS present, recycling MitoQ
back into the quinone form and removing the
ROS. Initial experiments with MitoQ demon-
strated its ability to prevent lipid peroxidation in
cell culture [77]. The benefits of MitoQ have now
been revealed in a range of in vivo studies in rats
and mice and in two phase II human trials [76,
78]. For instance, Dominiczak and colleagues
showed elegantly that in vivo treatment with
MitoQ of stroke-prone spontaneously hyperten-
sive rats reduced arterial blood pressure, cardiac
hypertrophy and improved NO-dependent endo-
thelial function [78]. In contrast to vitamin C and
other conventional antioxidants, MitoQ demon-
strates no pro-oxidant activity and long-term
administration to mice for 28 weeks revealed no
toxic effects [76, 79]. However, the antioxidant
benefits of MitoQ in risky pregnancy of any spe-
cies await investigation. Future studies in our
laboratory will determine the protective effects of
MitoQ against the programming of cardiovascu-
lar disease in pregnancy complicated by fetal
chronic hypoxia in small and large animal
models. This offers exciting potential for human
clinical intervention.
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