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Chapter 1
General introduction




Despite advances in obstetric practice, acute in-
tra-partum fetal hypoxia-ischemia remains one
of the most common forms of fetal stress and
is associated with the development of cerebral
palsy and cognitive disabilities in later life
Hypoxia-ischemia (HI) or birth asphyxia has
an incidence of 4-to-9 per 1000 neonates and
is defined as an impaired maternal-fetal respi-
ratory gas exchange resulting in hypoxemia, ac-
companied by the development of a combined
respiratory and metabolic acidosis | *'. Asphyxia
will onlylead to functional and structural organ
damage when the period of circulatory failure is
prolonged enough to result in a significant pro-
duction of toxic free radicals.

Free radicals are atoms or molecules that are
highly reactive with other cellular structures
because they contain unpaired electrons. They
are formed as necessary intermediates in a vari-
ety of normal biochemical reactions, but when
generated in excess or not appropriately con-
trolled, radicals can wreak havoc on a broad
range of macromolecules. There are many types
of radicals, but those of most concern in biologi-
cal systems are derived from oxygen, and known
collectively as reactive oxygen species (ROS). Ox-
ygen has two unpaired electrons in separate or-
bits in its outer shell. This electronic structure
makes oxygen especially susceptible to radical
formation. Free radicals can cause damage to
parts of cells such as proteins, DNA, and cell
membranes by stealing their electrons through
a process called oxidation. This is why free radi-
cal damage is called ‘oxidative stress’. When free
radicals oxidize important components of the
cell, those components lose their ability to func-
tion normally, and the accumulation of such
damage may cause the cell to die.

Although asphyxia is a global insult, it is the
brain, the heart and the kidneys that are partic-
ularly at risk of damage from ischemia-reperfu-
sion injury associated with asphyxia

There is increasing evidence from experimen-

tal and clinical studies that a substantial part
of birth asphyxia-related brain damage occurs
upon and immediately after birth, when brain
perfusion and oxygenation are recovering. The
excessive formation of reactive oxygen species
(ROS) and other toxic compounds peaks 30-to-
60 minutes after birth and plays an important
causative role in this reperfusion-reoxygenation
These
pathways are described in more detail in Chap-
ter 2 of this thesis.

damage to the developing brain

Earlier and recent experimental studies in new-
born animals suffering HI have suggested that
postnatal pharmacologic treatment or moderate
hypothermia to prevent or reduce the excessive
production of free radicals can reduce post-HI
damage to the newborn brain if treatment was
started within 6 hours after the start of reperfu-
sion and reoxygenation, the so-called “window
of therapeutic opportunity” . Up to now, in
the clinical setting, only moderate hypother-
mia proved to be beneficial to reduce post-HI
damage to the brain in mildly and moderately
. Most phar-
macologic treatment modalities, even started

asphyxiated human neonates

within the window of opportunity of 6 hours
after birth, did not result in an improved long-
. Post-
natally administered neuroprotective agents

term neurodevelopmental outcome

may be given too late to be fully effective in
terms of reduction of free radical formation,
like superoxide and peroxynitrite, which have
their maximal production immediately (within
30 minutes) after birth

Earlier (pharmacologic) treatment, i.e. ante-
natally via the mother in case of suspected fe-
tal hypoxia, might be a more rational approach
since the concentration of neuroprotective
drugs is already near or even within the thera-
peutical range at birth and during the reperfu-
sion-reoxygenation period shortly after birth.
It thus provides the opportunity to limit or pre-



vent the consequences of potentially injuring
mechanisms. This approach may reduce birth
asphyxia-related damage to the newborn heart
and brain and improve neurodevelopmental
outcome of the threatened fetus and newborn
in an earlier stage of the process.

To successfully neuroprotect the hypoxic fetus

in utero and during reperfusion and reoxygen-

ation around the process of birth, a ‘candidate’

drug should qualify to the following criteria:

1. it should readily cross the placenta;

2. it should not be toxic to the mother;

3.1t should have a therapeutic effect on the fe-
tus, and

4. it should not be toxic to the fetus.

To date there is not much reported in experi-
mental or clinical studies about antenatal phar-
macologic therapies to reduce or prevent fetal
hypoxia-induced neonatal brain damage.

The xanthine oxidase (XO) inhibitor allopu-
rinol has been the cornerstone of the clinical
management of gout and conditions associat-
ed with hyperuricemia since it was approved by
the Food and Drug Administration for that spe-
cific indication in 1966 . In the succeeding de-
cades an increasing number of researchers sug-
gested potential additional beneficial effects of
allopurinol for various forms of ischemic tissue
and vascular injuries, and congestive heart fail-
ure |7,

In the early 1980’ Granger et al. demonstrated
that ischemic bowel injury occurred especially
on reperfusion and was attenuated by superox-
ide dismutase (SOD) '’ On the basis of this ob-
servation, the hypothesis was put forward that
XO-derived reactive oxygen species (ROS) con-
tribute to the ischemic injury via ATP catabo-
lism during hypoxia and increasing electron
acceptor availability on reperfusion. Since the
introduction of the concept of ischemia-reper-
fusion injury, several lines of evidence support

the role of XO-derived ROS generation, and
beneficial effects of XO inhibitors against isch-
emic damage of the heart, brain, intestine, liver,
kidney, lung, and other tissues were shown

Mechanism of action

Formation of the superoxide free radical due to
conversion of hypoxanthine into xanthine by
xanthine oxidase has an important role in the
occurrence of hypoxia-ischemia induced inju-
ry of the brain . Administration of the xan-
thine oxidase inhibitor allopurinol reduces the
production of superoxide free radical forma-
tion, thereby potentially limiting the amount of
hypoxia-reperfusion damage . Furthermore,
allopurinol also has a non-protein bound iron
(pro-radical) chelating and direct free radical
(hydroxyl) scavenging effect, especially when
high dosages are administered

Earlier studies

The first human studies investigating poten-
tial beneficial effects of allopurinol on isch-
emia-reperfusion damage focused on the patho-
genic role of XO in myocardial ischemia and
showed that inhibiting XO activation during
cardiac surgery by allopurinol treatment im-
proved cardiac performance, scored by cardiac
index, and reduced the need for inotropic or me-
chanical support . A more recently performed
study by Clancy et al. showed that allopurinol
provided significant neurocardiac protection in
higher-risk hypoplastic heart infants who un-
derwent cardiac surgery using deep hypother-
mic circulatory arrest

Allopurinol made its way to neonatal medicine
already in the early 1990’s when Palmer er
al. showed that high-dose allopurinol adminis-
tered at 15 min after recovery from cerebral hy-
poxia-ischemia markedly reduced both acute
brain edema and long-term cerebral injury in
immature rats. A prospective randomized study
in human neonates, examining the effects of al-
lopurinol in term asphyxiated neonates, showed

an improvement of electrocortical brain activ-



ity, and a reduction in free radical formation
after early neonatal (<4 hours of life) allopuri-
nol administration ”. A more recent paper by
Gunes ez al. '’ reports an improved neurological
outcome after postnatal allopurinol administra-
tion compared to placebo in term moderately
asphyxiated neonates. A subsequent random-
ized clinical trial by Benders et al. '’ however
could not confirm these results and suggested
that when birth asphyxia had been too severe,
the inflicted brain damage could no longer be
reversed. A recent follow-up study of the two
clinical trials performed by van Bel and Bend-
ers et al., showed a potential beneficial effect of
postnatally administered allopurinol on mor-
tality and severe neurological disabilities at 4-8
years of age, but only in a subgroup of moder-
ately asphyxiated infants (Chapter 3 of this the-
sis). These beneficial effects are in line with
previous findings on neonatal head cooling af-
.Most likely no

advantage of treatment occurs anymore when

ter acute fetal hypoxia at term

the interval to the initiation of treatment is too
long or when brain damage is already too severe.
It is conceivable that earlier allopurinol treat-
ment, e.g. maternally administered allopurinol
during labor in case of suspected fetal hypoxia,
may earlier limit the amount of free radical pro-
duction and subsequent hypoxia-reperfusion in-

jury.

Pharmacologic data have been published by
Boda et al., which showed that therapeutical
plasma levels were reached within 20 minutes in
the human fetus after oral allopurinol adminis-
tration (600 mg) to the mother
studies have been performed using piglets (neo-

. Some animal

natal administration), sheep and sows (maternal
administration) . These studies showed an
adequate placental passage of allopurinol and an
improved outcome after allopurinol treatment
on cerebral energy status and recovery of um-
bilical blood flow respectively. Furthermore, we
showed reduced fetal cardiac oxidative stress in
chronically instrumented fetal sheep after an-

tenatal allopurinol administration to the preg-

nant ewe during repeated periods of ischemia

. In addition our research group performed
a prospective randomized placebo controlled
double blind pilot study, in which we admin-
istered intravenously allopurinol (500 mg) to
pregnant women when fetal asphyxia was sus-
pected. Data from this pilot study showed an in-
verse correlation between levels of allopurinol
and the amount of S1008, a biomarker for brain
tissue damage, in cord blood

Potential side effects

Established side effects of allopurinol are rare
and most commonly include symptoms of hy-
persensitivity like skin rashes /. Stevens-John-
son syndrome has been reported, but only af-
ter prolonged treatment (> 10 days) in case of
gout “l. During previously performed studies in
pregnant women and neonates, including those
performed by our group, no adverse reactions

WEere seen

It becomes increasingly clear that postnatal
(pharmacologic) treatment with antioxidative
drugs or with NMDA-receptor antagonists of
birth asphyxia-related damage to the newborn
brain has a limited neuroprotective effect, even
when therapy has been started within the “win-
dow of opportunity”, being within 6 hours af-
ter birth. This might be due to the maximal for-
mation of reactive (oxygen) species and other
toxic agents like peroxynitrite upon and with-
in the first 30-to-60 minutes after reperfusion
and reoxygenation. Moreover, also during fetal
hypoxia, an important determinant of birth as-
phyxia, free radicals and other toxic agents are
produced albeit in much lower concentrations
as compared to the early reperfusion phase. The
fetus of pregnant women on the brink of deliv-
ery, with signs of (imminent) hypoxia may there-
fore benefit from additional maternal treatment
with drugs reducing excessive neurotransmit-
ter formation and formation of free radicals. If
necessary, early postnatal hypothermia with or



without pharmacologic neuroprotective agents
can further reduce or even prevent fetal hypoxic
and birth asphyxia-related brain damage of the
newborn.



AIM OF THIS THESIS

The aim of this thesis is to investigate the applicability of maternally administered allopurinol for fetal
neuroprotection and to define strategies for future practice.

OUTLINE OF THIS THESIS

Chapter 2 summarizes the molecular mechanisms underlying early reperfusion-reoxygenation damage
and focuses on the most investigated pharmacological agents (phenobarbital, vitamin C and E, allopu-
rinol, melatonin and xenon) to be given antenatally to the mother to neuroprotect the hypoxic fetus.
Chapter 3 investigates the long-term effects of neonatal allopurinol-treatment in infants suffering from
moderate to severe birth asphyxia.

Part I: Animal studies

Chapter 4 provides a model that can be used to investigate the role of xanthine oxidase derived reac-
tive oxygen species in the pathogenesis of fetal hypoxic brain injury and the long-term neurological ef-
fects in rats.

Chapter 5 investigated the contribution of reactive oxygen species, derived from xanthine oxidase, to
the fetal peripheral vasoconstrictor response to hypoxia via interaction with Nitric Oxidase-dependent
mechanisms in the ovine fetus.

In Chapter 6 we tested the hypothesis that maternal treatment with allopurinol during repeated epi-
sodes of fetal asphyxia would limit ischemia-reperfusion damage to the fetal brain in chronically instru-
mented fetal sheep in late gestation.

Part lI: Clinical trial

Chapter 7 describes the protocol of the multicenter randomized double blind placebo controlled clinical
trial, which we performed to assess whether maternal allopurinol treatment during fetal hypoxia would
reduce the release of biomarkers associated with neonatal brain damage.

Chapter 8 focuses on the placental transfer of allopurinol.

Chapter 9 shows the main outcome measures of the multicenter randomized double blind placebo con-
trolled clinical trial.

Finally, in Chapter 10 the results and conclusions of the conducted studies are discussed and suggestions
for future practice and research with respect to the use of allopurinol in perinatal medicine are made.
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Chapter 2

Fetal hypoxia is an important deter-
minant of birth asphyxia and sub-
sequent adverse outcome: antenatal
neuroprotection at term

JOEPE J. KAANDORP, MANON J.N.L. BENDERS, JAN B. DERKS, FRANK VAN BEL

Paediatrics and Child Health, Volume 20, Issue 8, August 2010, Pages 356-361




ABSTRACT

Hypoxic ischemic encephalopathy is directly associated with the development of cerebral palsy and cog-
nitive disabilities later in life, therefore remaining an important problem in perinatal medicine. Postnatal
neuroprotective strategies have been investigated elaborately, but up to now, only moderate hypother-
mia proved to be beneficial in reducing post hypoxic-ischemic encephalopathy in a selected group of as-
phyxiated neonates. Since the vast amount of toxic free radicals is produced in the reperfusion and reox-
ygenation period upon and immediately (30-to-60 minutes) after birth, we postulate that antenatal (i.e.
maternal) pharmacological neuroprotection of the fetus, combined with postnatal hypothermia, might
be a more optimal approach to prevent this free radical induced brain damage. This review summarizes
the molecular mechanisms underlying early reperfusion-reoxygenation damage and focuses on the most
promising pharmacological agents (phenobarbital, vitamin C and E, allopurinol, melatonin and xenon) to
be given antenatally to the mother to neuroprotect the hypoxic fetus.



ith an incidence of 4-to-9 per 1000

neonates, perinatal hypoxia-isch-

emia (HI) or birth asphyxia is one
of the main causes of neonatal HI encephalop-
athy, which is associated with the development
of cerebral palsy and cognitive disabilities later
in life " “. It therefore is one of the most funda-
mental problems in perinatal medicine.
Asphyxia is defined as an impaired maternal-fe-
tal respiratory gas exchange resulting in hy-
poxemia, accompanied by the development of a
combined respiratory and metabolic acidosis
Asphyxia will only lead to functional and struc-
tural organ damage when the period of circula-
tory failure is prolonged enough to result in a
significant production of toxic free radicals
Although asphyxia is a global insult, it is the
brain, the heart and the kidneys that are partic-
ularly at risk of damage from ischemia-reperfu-
sion injury associated with asphyxia

Possible causes of fetal hypoxia during labor in-
clude umbilical cord compression, poor placen-
tal function, placental abruption, inadequate
relaxation of the uterus (leading to poor pla-
cental oxygenation), inadequate maternal ox-
ygenation, and low maternal blood pressure
There is increasing evidence from experimen-
tal and clinical studies that a substantial part
of birth asphyxia-related brain damage occurs
upon and immediately after birth when brain
perfusion and oxygenation are recovering. The
excessive formation of reactive oxygen species,
such as free radicals, and other toxic compounds
peaks 30-to-60 minutes after birth and plays an
important causative role in this reperfusion-re-
oxygenation damage to the immature brain

Earlier and recent experimental studies in new-
born animals suffering HI have suggested that
postnatal pharmacologic treatment or moder-
ate hypothermia to prevent or reduce the ex-
cessive production of free radicals can reduce
post-HI damage to the newborn brain if treat-
ment was started within 6 hours after the start
of reperfusion and reoxygenation, the so-called

“window of therapeutic opportunity” . Up
to now, in clinical trials, only moderate hypo-
thermia proved to be beneficial to reduce post-
HI damage to the brain in mildly and moder-
. Most
pharmacologic treatment modalities, even start-

ately asphyxiated human neonates

ed within the therapeutic window of 6 hours af-
ter birth, did not result in an improved long-
term neurodevelopmental outcome in human
infants . We postulate that postnatally ad-
ministered neuroprotective agents are likely to
be given too late to be really effective in terms
of reduction of free radical formation or other
toxic compounds like superoxide and peroxyni-
trite (see also below), which have their maximal
production immediately (within 30 minutes) af-
ter birth.

We therefore hypothesize that antenatal (phar-
macologic) treatment of the hypoxic fetus, via
the mother, is a more rational approach since
the concentration of neuroprotective drugs are
already near or even within the therapeutical
range at birth and during the reperfusion-reox-
ygenation period shortly after birth.

This review briefly summarizes the molecular
mechanisms underlying early reperfusion-reox-
ygenation damage to the newborn brain and the
current knowledge with respect to early recog-
nition of fetal hypoxia during labor. The paper
also reviews the most promising pharmacolog-
ic agents to be administered antenatally to the
mother to reduce the consequences of fetal hy-
poxia, i.e. to reduce the production of reactive
(oxygen) species like free radicals during fetal
hypoxia and especially upon reperfusion and re-
oxygenation shortly after birth.

Birth asphyxia-induced brain injury is caused
by a chain of events. During sustained hypox-
ia (with or without ischemia) formation of ade-



nosine triphosphate (ATP) is impaired, leading
to the failure of ATP-dependent sodium-potas-
sium pumps that normally maintain the polar-
ity of neuronal membranes. Depolarization of
the neuronal membrane induces a release of ex-
citatory neurotransmitters causing an excessive
influx of calcium into the neuronal and microg-
lial cells through voltage regulated and recep-
tor regulated (N-methyl-D-aspartate [NMDA])

calcium channels. This influx of calcium leads
to a massive production of neurotransmitters
such as glutamate, which induces an activation
of many enzymatic reactions including the ac-
tivation of lipases, proteases and endonucleases.
These events further enhance the production of
free radicals, which leads to lipid peroxidation
and eventually to damage of neuronal cell mem-
branes and nucleotides

Figure 2-1. Possible injuring mechanisms induced upon and after reperfusion- reoxygenation

after fetal and perinatal hypoxia-ischemia
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During fetal hypoxia, but especially upon reperfusion-reoxygenation opening of ion channels leads

to influx of calcium into neurons with subsequent excessive neurotransmitters production and ac-

tivation of enzymatic reactions. This activation gives rise to subsequent metabolisation of hypox-

anthine, fatty acids originating from neuronal cell membranes, of nitric oxide production and the

Fenton reaction (*) This leads to excessive free radicals formation, lipid peroxidation and ultimate

neuronal cell death.



Upon reoxygenation an important early source
of free radical production occurs due to metab-
olisation of hypoxanthine (a degradation prod-
uct of ATP), accumulated during the actual
HI-period, into xanthine and uric acid by the
activated enzyme xanthine oxidase, a process
that needs oxygen. During this process large
amounts of the superoxide free radical (O,") are
formed. The simultaneous occurring metaboli-
sation of arachidonic acid, freed from damaged
cell membranes, into prostaglandins leads to a
further production of the superoxide free rad-
ical. This chain of reactions, causing an excess
production of superoxide, culminates common-
ly within the first 30-60 minutes after the start
of reperfusion and reoxygenation and plays a
central role in further formation of free radi-
cals
1. Superoxide-derived = hydrogen  peroxide
(H,O,) reacts with the pro-radical non pro-
tein-bound iron (NPBI), accumulated in neu-
ronal and microglial cells during the actu-
al HI insult due to a low intracellular pH, to
form the very toxic hydroxyl (OH) free radi-
cal. This reaction is also known by the Fenton
Reaction . Several experimental and clin-
ical studies indeed show that NPBI is related
to brain damage in the immediate post-HI pe-
riod
2. Finally superoxide will also react with the
free radical Nitric Oxide (NO) to form the
toxic compound peroxynitrite (ONOO-). Per-
oxynitrite causes lipid peroxidation of neu-
ronal cell membranes eventually leading to
neuronal cell death /. Nitric Oxide is pro-
duced due to the activation of nitric oxide
synthase (NOS), available in neurons, astro-
cytes (neuronal NOS) and endothelial cells
(endothelial NOS)
of NO, somewhat later in the post-HI peri-

Further production

od, occurs because of activation of inducible
NOS available in microglial cells and invad-
ed white blood cells . Although post-HI
reperfusion-reoxygenation injury to the brain
continues up to days and even weeks after the

completion of HI by a pro- and anti-inflam-
matory response and subsequent inappropri-
ate neuronal cell apoptosis ’/, these process-
es will not be discussed here in detail because

the are beyond the scope of this review.

Figure 2-1 summarizes schematically the injur-
ing mechanisms induced upon and early after
reperfusion and reoxygenation.

To timely start antenatal (maternal) neuropro-
tective treatment, it is important to appropri-
ately identify fetal hypoxia in an early stage. Be-
sides marked loss of fetal movements, a number
of intrapartum surveillance techniques to diag-
nose fetal hypoxia are used nowadays.

Cardiotocography (CTG), introduced in the ear-
ly 70’s, allows continuous recording of the fetal
heart rate, based on the R-R interval of the fetal
electrocardiogram (ECG). Fetuses with progres-
sive heart rate abnormalities caused by hypoxia
such as decreased short-term variability or fetal
tachycardia, followed by fetal bradycardia (due
to a redistribution of organ blood perfusion), are
often born with low Apgar scores and/or sub-
stantial metabolic acidosis. However, since the
interpretation of the fetal heart rate trace is sub-
ject to poor inter- and intra-observer agreement
on classification of tracings and a high percent-
age of false-positive registrations, CTG mon-
itoring alone does not always provide us with
adequate information to discriminate between
normal or abnormal fetal condition during la-
bor . Therefore additional techniques to
assess fetal well-being are necessary to obtain
more detailed information.

Fetal blood sampling (FBS) is one of the oldest
techniques to obtain complementary informa-
tion about fetal oxygenation in case of a non-re-
assuring fetal heart rate tracing by measuring
the pH in fetal scalp blood
lower than 7.20, fetal asphyxia is imminent

.In case of a pH



and termination of pregnancy is advised
A recent Cochrane meta-analysis *°/ reported
data from 12 randomized controlled trials on
the effectiveness of the CTG. They found that
continuous monitoring by means of CTG with-
out FBS leads to a significant increase the num-
ber of caesarean sections, without a marked pos-
itive effect in neonatal outcome. If, however,
FBS was used alongside the CTG, a less promi-
nent increase in caesarean section rate was seen

with a reduction in neonatal seizures of 50%.

Another candidate tool for a more reliable in-
trapartum assessment of fetal condition is fetal
pulse oximetry (FPO), in which the actual lev-
el of fetal hypoxemia is recorded. Two large tri-
als with respect to the usefulness of FPO did
not show any effectiveness in reducing neona-
tal morbidity or overall incidence of caesarean
sections (CS)

Since the 1990’s intrapartum fetal monitoring
by recording the fetal electrocardiogram has
been possible. In case of overt fetal hypoxia,
changes in the ST segment and PR interval of
the fetal ECG are present. Several investigators
have assessed the value of analyzing the param-
eters as an adjunct to conventional cardiotoco-
graphy. A large randomized trial by Amer-Wah-
lin et al. ) showed that analysis of the ST seg-
ment, in addition to conventional CTG moni-
toring, significantly reduced caesarean delivery
rates as well as metabolic acidemia in umbilical
arterial blood. A recent Dutch randomized clin-
ical trial of nearly 6000 patients also showed a
decrease in metabolic acidosis, although there
was no improvement in short term neonatal
outcome ", In addition, there was a 50 % reduc-
tion in fetal scalp sampling in patients where
ST-analysis was used as intrapartum fetal mon-
itoring compared to patients who were only
monitored by CTG. For a more reliable conclu-
sion regarding the value of this technique to ap-
propriately diagnose fetal hypoxia in an early
stage long-term follow-up data of the included
children seems mandatory.

Given the above mentioned considerations fe-

tal monitoring by means of CTG or fetal ECG,
combined with fetal blood sampling to obtain
information about fetal acidosis seems the most
optimal approach to timely diagnose fetal dis-
tress due to hypoxia at this moment.

If fetal hypoxia is suspected during labor, sev-
eral general measures can be performed to opti-
mize fetal condition, depending on the underly-
ing problem.

Management of non-reassuring fetal heart rate
patterns consists of correcting any fetal hypox-
ic-ischemic insult, if possible. Moving the moth-
er to lateral position to decompress the vena
cava is one of the first measures to optimize
uteroplacental perfusion .. Correcting iatro-
genic maternal hypotension after regional an-
esthesia, administrating oxygen to the moth-
er, discontinuing oxytocin administration and
a single intravenous injection of tocolysis to re-
lax the uterus can further improve fetal oxygen-
ation ““'. In case of umbilical cord compression
a change of maternal position or amnioinfusion
can give relief. A recent Cochrane review shows
that amnioinfusion appears to be useful to re-
duce the occurrence of variable heart rate decel-
erations and lower the use of caesarean section.
The trials reviewed, however, were too small to
address the possibility of rare but serious mater-
nal adverse effects of amnioinfusion ”. Trans-
vaginal amnion infusion can also serve to dilute
or wash out thick meconium to possibly prevent
meconium aspiration syndrome. Several stud-
ies however conclude that, although prophylac-
tic amnioinfusion does dilute meconium, it does
not improve perinatal outcome if standard peri-
partum surveillance is used

As already hypothesized, antenatal pharma-



cologic treatment of the hypoxic fetus, via the
mother, is a more rational approach since the
concentration of neuroprotective drugs are al-
ready near or within the therapeutical range
during the process of birth and during reperfu-
sion and reoxygenation shortly after birth. This
is the point of time where a maximal formation
of reactive (oxygen) species such as free radicals
and other toxic compounds can be expected,
eventually leading to substantial damage to the
newborn brain.

To successfully neuroprotect the hypoxic fetus
in utero and during reperfusion and reoxygen-
ation around the process of birth, a ‘candidate’
drug should qualify to the following criteria: 1)
it should readily cross the placenta; 2) it should
not be toxic to the mother; and 3) it should not
be toxic to the fetus. To date there is not much
reported in experimental or clinical studies
about antenatal pharmacologic therapies to re-
duce or prevent fetal hypoxia-induced neona-
tal brain damage. Below we will summarize the
scarce reports concerning this topic and discuss
the most relevant drugs that may classify for
this purpose.

Phenobarbital is a potential neuroprotective
drug that easily passes the placenta and reaches
concentrations that are equal to maternal con-
.Itis reported to be an NMDA-re-
ceptor antagonist and also has gamma-ami-
nobutyric-acid (GABA)-receptor
properties

centrations

activating
. It might furthermore reduce
fluctuations in blood pressure "° and cerebral
perfusion, prevent intracranial hemorrhage ',
and ischaemic brain injury due to a possible free
radical scavenging effect "’.. Especially its effec-
tiveness in preterm infants by reducing brain
damage such as periventricular/intraventricu-
lar hemorrhages (PIVHs) is elaborately inves-
tigated. Postnatal treatment with phenobarbi-
tal has been the subject of a Cochrane review by
Whitelaw and Odd

tal administration of phenobarbital cannot be

, who stated that postna-

recommended as prophylaxis to prevent PIVH

in preterm infants since there is no significant
improvement in neurodevelopmental outcome
and appeared to be associated with an increased
need for mechanical ventilation due to respira-
tory depression. Early studies on maternal phe-
nobarbital showed promising results in prevent-
ing PIVH in preterm infants . However,
adverse effects of antenatal phenobarbital were
seen in a trial by Reinisch et al **,, who showed
a possible detrimental influence on intelligence
in adult males after in utero exposure to pheno-
barbital. Ajayi et al.

barbital administration in term newborns with

stated that early pheno-

perinatal asphyxia increased the incidence of
seizures with a trend towards increased mortal-
ity. However, up to now, no antenatal trials are
known directed to reduce neonatal brain dam-
age during and after fetal hypoxia. From above
mentioned data we must conclude that it seems
unrealistic to expect a reducing effect on the
newborn brain of maternal phenobarbital treat-
ment in case of fetal hypoxia and subsequent
development of neonatal hypoxic-ischemic en-
cephalopathy.

Vitamin C and E are important antioxidative
agents that cross the placenta easily because
these water-soluble vitamins are actively trans-
ported across the placenta from mother to fetus

. Therapeutic or prophylactic suppletion of vi-
tamin C and E to pregnant women was suggested
to have a protective effect in case of pre-eclamp-
sia, since it should reduce oxidative-induced
placental endothelial dysfunction . However,
a large study by Poston er al. showed no reduc-
tion in the incidence of preeclampsia, but did
increase the rate of babies born with a low birth
. Also alarge WHO study did not find
any reduction in preeclampsia after administra-

weight

tion of vitamin C and E to women with poor nu-
tritional status

Allopurinol. Formation of the superoxide free
radical due to conversion of hypoxanthine into
xanthine by xanthine oxidase plays a very im-
portant role in the occurrence of hypoxia- isch-



. Admin-
istration of the xanthine oxidase inhibitor

emia induced injury of the brain

allopurinol (ALLO) reduces the production of
superoxide free radical formation, thereby limit-
ing the amount of hypoxia-reperfusion damage
. Furthermore, ALLO has also a non-protein
bound iron (pro-radical) chelating and direct
free radical (hydroxyl) scavenging effect, espe-
cially when high dosages are administered

A prospective randomized study in human ne-
onates, examining the effects of ALLO in term
asphyxiated neonates, showed an improvement
of electrocortical brain activity and a reduc-
tion in free radical formation after early neo-
natal (<4 hours of life) ALLO administration

. A recent paper by Gunes et al. 'l reports an
improved neurological outcome after postna-
tal ALLO administration compared to a place-
bo in term moderately asphyxiated neonates.
Moreover a randomized clinical trial by Bend-
ers et al. " had comparable results and showed
a beneficial effect of ALLO on neurological de-
velopment when the most severely asphyxiated
neonates were excluded. Apparently, when as-
phyxia has been too severe, the inflicted brain
damage can no longer be reversed. It is conceiv-
able, that earlier ALLO treatment, i.e. the use of
ALLO during labor in the case of suspected hy-
poxia, gives the opportunity to start even ear-
lier with the treatment, thereby limiting the
amount of hypoxia-reperfusion injury and fur-
ther improving neurological outcome.

Pharmacologic data have been published by
Boda et al., which showed that therapeutical
plasma levels were reached within 20 minutes
in the human fetus after ALLO administration
(600 mg) to the mother
ies have been performed using piglets (neona-

. Some animal stud-

tal administration), sheep and sows (maternal
administration) . These studies showed an
adequate placental passage of ALLO and an im-
proved outcome after ALLO treatment on ce-
rebral energy status and recovery of umbilical

blood flow respectively.

Our research group recently performed a pro-
spective randomized placebo controlled double
blind pilot study, in which we administered in-
travenously ALLO (500 mg) to pregnant wom-
en when fetal asphyxia was imminent. Data
from this pilot study showed an inverse correla-
tion between levels of ALLO and the amount
of S1008, a biomarker for brain tissue damage,
in cord blood "\ In addition, we performed a
study in chronically instrumented fetal sheep,
in which we showed evidence of cardio- and
neuroprotection after antenatal ALLO adminis-
tration to the pregnant ewe during repeated pe-
riods of ischemia

Allopurinol has been used in internal medicine
for many years for the treatment of gout. Side
effects of ALLO are rare and most commonly
include symptoms of hypersensitivity like skin
rashes”?.. Stevens-Johnson syndrome has been
reported, but only after prolonged treatment (>
10 days) in case of gout ”’\. During previously
performed studies in pregnant women and neo-
nates, including those performed by our group,
. Togeth-
er with the fact that the costs of ALLO-treat-

ment are low, antenatal allopurinol seems to be

no adverse reactions were seen

promising as a neuroprotective agent.

Currently a national double blind placebo con-
trolled multicenter trial has started in The
Netherlands in which pregnant women on the
brink of delivery are treated with 500 mg allo-
purinol or a placebo in case of suspected fetal
distress.

Melaronin (N-acetyl-5-methoxytryptamine) is a
small lipophilic indoleamine generated primari-
ly in the pineal gland and secreted in a circadian
manner |/, Melatonin plays an important role
in a variety of physiologic functions, including
regulation of circadian rhythms as well as vi-
sual, reproductive, cerebrovascular, neuro-en-
docrine and neuro-immunological actions.
Furthermore melatonin acts as a powerful scav-

enger of oxygen and nitrogen free radicals



In adult animals melatonin is neuroprotective
and the
pre-treatment of melatonin (10 mg/kg intraperi-

in models of focal cerebral ischemia

toneal injection) reduces microglia activation in
the hippocampus after kainic acid-induced in-
flammation in rats

Previous experimental and clinical reports
show that melatonin is rapidly transferred from
maternal to fetal circulation in pregnant near
term women up to 80% of the maternal concen-
tration . Prophylactic maternally admin-
istered melatonin (10 mg/kg intraperitoneal-
ly) prevents oxidative lipid peroxidation, DNA
and mitochondrial damage in the brain of ma-
ture and premature fetal rats “’.. Besides prov-
en benefits of prophylactic treatment, Hamada
et al. " showed that maternal administration
of melatonin within one hour after an HI-epi-
sode can prevent reperfusion-reoxygenation-in-
duced oxidative cerebral damage in neonatal
rats. Miller et al.

administered melatonin to the mother (1 mg bo-

showed that intravenously

lus, then 1 mg/h for 2 h) reduces hydroxyl free
radical generation and lipid peroxidation in fe-
tal sheep in response to asphyxia following um-
bilical cord occlusion. Another experimental
study "/ demonstrated that post-asphyxial an-
tenatal melatonin treatment attenuates the in-
crease in activated microglia and 8-isoprostane
(a marker of lipid peroxidation) production in
mid-gestation fetal sheep. These protective ac-
tions of melatonin are likely due to its direct
scavenging activity |’/ and its indirect effects
on antioxidant enzyme activities. Okatani ez al
showed that melatonin given to the pregnant rat
increased antioxidant enzyme activity in the fe-
tal brain which, thereby, provided indirect pro-

tection against free radical induced injury

Many experimental studies have shown that
maternal administration of melatonin before
hypoxia significantly decreases oxidative dam-
age in the fetal brain . The choice of mater-
nal melatonin treatment used as a single drug or

in combination with other antioxidants such as

ALLO and conventional treatments may lead to
the development of a new approach for neuro-
nal injury induced by fetal hypoxia and subse-
quent birth asphyxia.

Xenon. The noble anesthetic gas xenon (Xe) is an
upcoming neuroprotectant in both in vitro and
in vivo experimental studies

Several incompletely understood characteris-
tics of xenon might explain its neuroprotective
effects . Xenon is directly neuroprotective by
being an NMDA-receptor antagonist """, reduc-
ing overall neurotransmitter release '/, there-
by limiting the excitotoxic apoptotic activity in
the cascade of neuronal damage. Some authors
postulate that xenon can also have a precondi-
tioning effect, if administered before a hypox-
ic-ischemic insult, by inducing a pro-survival re-
sponse by upregulation of a ‘defensive’ gene

For these reasons xenon is an attractive candi-
date for neuroprotection because of the lack of
adverse reactions and the absence of fetotoxici-
ty I'”’l. Most studies are experimental and stud-
ied xenon in combination with hypothermia in
neonatal rats . Thoresen et al. "' showed an
optimal neuroprotective long-term effect on
functional and pathological outcome in neona-
tal rats after 3 hours of hypothermia combined
with 3 hours of xenon administration, with the
neuroprotective effects of the two agents being
additive. They even found a significant benefi-
cial effect after 3 hours of hypothermia com-
bined with one hour of xenon administration,
thereby allowing transport to a specialized cen-
ter and lowering costs. The latter being very im-
portant, since xenon administration is very ex-
pensive. When xenon concentrations are 70% or
more xenon has a sedative effect. To our knowl-
edge no human studies with xenon as a neu-
roprotective agent have been performed until
now. At this moment one trial using postnatal
xenon in combination with hypothermia in hu-
man neonates is running in the UK (trial regis-
ter; Azzopardi, UK).



Besides the promising neuroprotective effects
of postnatal treatment there might be a possible
role for xenon as an antenatal neuroprotective
agent. Xenon has received a marketing license
as an anesthetic drug in several countries in Eu-
rope '’/ and can for example be used as an an-
esthetic during caesarean section in case of fe-
tal hypoxia, thereby allowing neuroprotection

in an even earlier phase.

We are fully aware of the fact that our choice
of drugs and agents discussed in this section
may appear arbitrary and that it may be worth-
while to consider other drugs like N-acetylcys-
teine and other compounds with antioxidative

properties for maternal treatment of the conse-
quences of fetal hypoxia. On the other hand, the
above-mentioned agents are drugs with which
most experience has been obtained in mater-
nal administration. Moreover in most instances
knowledge of placental passage, a pre-requisite
to treat the fetus via the mother, was best inves-
tigated in the drugs and agents discussed above.

It becomes increasingly clear that postnatal
(pharmacologic) treatment with antioxidative
or with NMDA-receptor antagonists of birth
asphyxia-related damage to the newborn brain

Figure 2-2. Proposed treatment scheme in case of fetal hypoxia with or without a subsequent

occurrence of hypoxic-ischemic encephalopathy due to severe reperfusion-reoxygenation

damage to the newborn brain

FETAL HYPOXIA Reperfusion / Reoxygenation Period
. pH ¢ Xanthine Oxidase
« NPB Iron }

« Excitatory
neurotransmitters

« Calcium 4

nNOS/eNOS

1 3>
I I I I [
Birth 30’ 1h 2h 3h days
Fetal pharmalogical interventions
oL L L LR L LEE LR LEEELEELEEEEERD >

Hypothermia and postnatal pharmalogical interventions (<6h after birth)

Y



has a limited neuroprotective effect, even when
therapy has been started within the “window of
opportunity”, being within 6 hours after birth.
This is probably because the maximal forma-
tion of reactive (oxygen) species and other toxic
agents like peroxynitrite occurs upon and with-
in the first 30-to-60 minutes after reperfusion
and reoxygenation. Moreover, also during fetal
hypoxia, an important determinant of birth as-
phyxia, free radicals and other toxic agents are
produced albeit in much lower concentrations
as compared to the early reperfusion phase. The
fetus of pregnant women on the brink of deliv-

ery, with signs of (imminent) hypoxia may there-
fore benefit from additional maternal treatment
with drugs reducing excessive neurotransmit-
ter formation and formation of free radicals. If
necessary, early postnatal hypothermia with or
without pharmacologic neuroprotective agents
can further reduce or even prevent fetal hypoxic
and birth asphyxia-related brain damage of the
newborn. Figure 2-2 summarizes schematically
our proposed treatment protocol.
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ABSTRACT

Objective

Free-radical-induced reperfusion injury has been recognized as an important cause of brain tissue dam-
age after birth asphyxia. Allopurinol reduces the formation of free radicals, thereby potentially limiting
the amount of hypoxia-reperfusion damage. In this study the long-term outcome of neonatal allopurinol
treatment after birth asphyxia was examined.

Design
Follow-up of 4 to 8 years of two earlier performed randomized controlled trials.

Setting
Leiden University Medical Center, University Medical Center Groningen and University Medical Center
Utrecht, The Netherlands.

Patients
Fifty-four term infants were included when suffering from moderate-to-severe birth asphyxia in two
previously performed trials.

Intervention
Infants either received 40 mg/kg allopurinol (with an interval of 12h) starting within 4h after birth or
served as controls.

Main outcome measures

Children, who survived, were assessed with the Wechsler Preschool and Primary Scales of Intelligence
test or Wechsler Intelligence Scale for Children and underwent a neurological examination. The effect of
allopurinol on severe adverse outcome (defined as mortality or severe disability at the age of 4-8 years)
was examined in the total group of asphyxiated infants and in a predefined subgroup of moderately as-
phyxiated infants (based on the amplitude integrated electroencephalogram).

Results

The mean age during follow-up (n=23) was 5 years and 5 months (SD 1 year and 2 months). There were no
differences in long-term outcome between the allopurinol-treated infants and controls. However, sub-
group analysis of the moderately asphyxiated group

showed significantly less severe adverse outcome in the allopurinol-treated infants compared with con-
trols (25% vs 65%; RR 0.40, 95%Cl 0.17 to 0.94).

Conclusions
The reported data may suggest a (neuro)protective effect of neonatal allopurinol treatment in moder-
ately asphyxiated infants.



ypoxia-ischemia (HI) during birth

asphyxia damages the susceptible de-

veloping brain. Reperfusion of previ-

ously ischemic brain tissue is now recognized as
an important mechanism for substantial addi-
tional brain injury due to the formation of toxic
free radicals !'’. This reperfusion injury may be
ameliorated by neuroprotective strategies such
as hypothermia and/or early post-asphyxial
pharmacological intervention like allopurinol
. BExperimental studies investigating specific
pharmacological therapies showed promising
results “’/, but appeared to be less successful in
studies in the human neonate .. Up to now only
therapeutic hypothermia of the brain or the
whole body proved to reduce post-HI damage to
the brain in moderately asphyxiated human ne-
onates "' In severely asphyxiated neonates (de-
fined by a severely abnormal amplitude integrat-
ed electroencephalogram (aEEG) plus seizures)
hypothermia, however, did not seem to signifi-

cantly improve neurodevelopmental outcome

We previously performed two randomized con-
trolled trials on the effect of high dose allopu-
rinol (40mg/kg/day) for reducing post-HI brain
damage in respectively 22 and 32 asphyxiated
human neonates . The xanthine oxidase in-
hibitor allopurinol potentially protects against
reperfusion-induced brain injury by reducing
free radical formation and in high dosages also
acts as a free radical scavenger and free iron
chelator . A recent Cochrane meta-anal-
ysis, involving our two studies and a compara-
ble Turkish trial

ly available data are insufficient to determine

, concluded that the current-

whether allopurinol is beneficial as a neuropro-
tective treatment for birth asphyxia-induced
HI encephalopathy .. However, the neuropro-
tective effect of allopurinol in the subgroup of
moderately asphyxiated children was not yet

analyzed.

In this study we investigated neurodevelopmen-
tal and cognitive outcome between 4 and 8 years
of age in the surviving patients of our two pre-

viously performed randomized controlled trials.
Because recent studies showed that in particular
infants suffering from moderate birth asphyxia
benefit from neuroprotection with hypother-
mia in contrast to those suffering from severe
birth asphyxia, we analyzed differences in mor-
tality and long-term developmental outcome be-
tween allopurinol-treated and non-treated chil-
dren not only in the entire group of asphyxiated
infants, but also in a subgroup of moderately as-
phyxiated infants

Participants

The infants included in this follow-up study
were the participants in our two randomized
controlled trials concerning the effect of ear-
ly neonatal allopurinol-treatment in reducing
post-HI brain damage . The inclusion crite-
ria of these studies were similar according to the
following criteria; (near) term infants, without
known chromosomal anomalies, who suffered
from birth asphyxia defined as fetal distress
(late decelerations on fetal monitoring or meco-
nium staining; the need for resuscitation for > 2
minutes; cord or lowest pH < 7.00 and multi-or-
gan failure).

After admission, electrical brain activity was
monitored by aEEG (CEM, Lectromed; Ox-
ford Instruments, Oxford, UK). Amplitude in-
tergraded EEG has been proven to be of value
for evaluating background and seizure activity.
The type of background pattern predicts long-
term outcome . The following patterns, of
increasing abnormality, can be distinguished;
continuous normal voltage, discontinuous nor-
mal voltage, burst suppression, continuous ex-
tremely low voltage and flat trace. The last three
patterns, which are abnormal, are induced by
hypoxic-ischemic encephalopathy. Van Bel et al.
included all children with the above mentioned
inclusion criteria, irrespective of the aEEG. In
the study by Benders et al. only those children,
with the above-mentioned inclusion criteria,



which had a burst suppression pattern or worse
on the amplitude-integrated electroencephalo-
gram (aEEG) were included.

Intervention

If all inclusion criteria were met, the infants re-
ceived either two dosages of 20 mg/kg allopu-
rinol (Apurin; Multipharma, Copenhagen, Den-
mark) intravenously starting within 4 hours
after birth (with an interval of 12 hours) or
served as controls. Because high dosages were
used for the first time, the study by van Bel et al.
was performed randomized, but not blinded to
monitor possible side effect. Benders er al. per-
formed the study randomized, double blind and
placebo controlled.

Outcome assessment
Children, who survived and could be tested,
were assessed with the Wechsler Preschool and
Primary Scale of Intelligence (WPPSI-III, an
individually administered instrument for as-
sessing the intelligence of children aged 2:6-7:3)
or the Wechsler Intelligence Scale for Chil-
dren (WISC-III-NL for children aged 6-17) by
. With these tests Verbal, Per-
formance and Full Scale Intelligence Quotients

psychologists

(IQs) were measured. Total IQs were classified
according to the guidelines of the Dutch Profes-
sional Association of Psychologists; IQ was de-
fined normal if = 90, moderately delayed if 70 <
IQ < 90 and severely delayed if < 70

Every child underwent a standardized neuro-

logical examination by a neonatologist trained
in neurodevelopmental assessments. Cerebral
Palsy (CP) was classified using the Gross Motor
Function Classification System (GMECS). The
GMECS describes the major functional char-
acteristics of children with CP. It is a five-lev-
el pattern-recognition system. Children that are
classified as GMFECS levels I and IT have the po-
tential to walk independently both indoors and
outdoors, and in the community as well. In con-
trast, children classified in GMFECS levels III to
V are limited in their self mobility. They walk
with a mobility device and are potential wheel-
chair users . The psychologists and neona-
tologists who assessed neurodevelopmental out-
come were independent and not informed about
patient allocation.

Neurodevelopmental outcome was classified as
normal outcome, mild disability or severe dis-
ability. A Full Scale IQ of = 9o without any phys-
ical abnormalities was defined as normal. Cere-
bral Palsy classified as GEMCS levels I or II,
epilepsy with good response to treatment, hear-
ing impairment and/or 70 =< IQ < 90 were clas-
sified as mild disabilities. Cerebral Palsy clas-
sified as GEMCS levels III to V, epilepsy not
responding to treatment, blindness, deafness
and/or a Full Scale IQ < 70 were regarded as se-
vere disabilities.

The combined frequency of mortality or severe
disability in survivors at 4-8 years of age was
considered as severe adverse outcome.

Table 3-1. Survival rates of two RCTs concerning neonatal allopurinol after birth asphyxia

Died 2 6

Survivors 9 5

13 10



Table 3-2. Baseline Characteristics

Gestational age (wks.days) 40.0 (37.0-41.4)

Birth weight (g)

Cord pH 6.90 (6.49-7.05)
Apgar score at 5 minutes 4(2-7)
aEEG

CNV, n (%) 8 (29%)

BS, n (%) 8 (29%)

CLV, n (%) 2 (7%)

FT,n (%) 10 (36%)

3500 (2425-5270)

39.6 (36.0-42.0) 0253
3240 (2300-4720) 0.747
6.94 (6.60-7.15) 0112
4 (1—8) 0.471
5 (20%) 0.405
12 (48%) 0371
4 (16%) 0414
4 (16%) 0.109

Data are reported as median (range), unless otherwise stated. *One child was excluded because of

a suspected syndrome.

Survival rates and long-term neurodevelopmen-
tal outcome were compared in both groups. All
infants were then divided in two predefined
groups for subgroup analysis based on the
aEEG-signal; moderately asphyxiated neonates
were defined by having a burst suppression pat-
tern or better on the aEEG and severely asphyx-
iated neonates were defined by having contin-
uous low voltage or flat trace patterns on the
aEEG. The analysis of the tracings was done by
two neonatologists (FvB, MB) with expertise in
the interpretation of the aEEG. The aEEGs were
classified using well-established criteria as pub-
lished by Toet er al
classification system to distinguish moderate-

. This is a clinically used

ly asphyxiated infants from severely asphyxiat-
ed infants "’\. Disagreements were solved by dis-
cussion. This subgroup analysis was performed
to test the hypothesis that no advantage of neo-
natal allopurinol treatment is seen when brain

damage is too severe.

Statistical analysis

Statistical analyses were performed with the
SPSS 15.0 statistical package. Categorical vari-
ables were compared by Fisher’s exact test. Dif-
ferences regarding continuous data were as-
sessed by Student’s t test or Mann-Whitney U
test depending on normality. The analyses con-
cerning severe adverse outcome were stratified
by trial. We report separate risk ratios (RR) per
trial and a pooled RR with 95% confidence in-
terval (95%CI), generated by using a Mantel
Haenszel approach (Review Manager (RevMan)
[Computer program]. Version 5.1. Copenhagen:
The Nordic Cochrane Centre, The Cochrane
Collaboration, 2011). Statistical significance
was based on two-sided tests with a cut-off lev-
el of 0.05.

Ethical Approval
Both studies were approved by the local ethi-
cal committees of the three participating hospi-
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tals (the Leiden University Medical Center, the = phyxiated infants received allopurinol (ALLO)

University Medical Center Groningen and the  and 26 asphyxiated infants served as controls

University Medical Center Utrecht [the Nether- ~ (CONT) (table 3-1).

lands]). Informed consent was given by the par-  There were no significant differences between

ents of all participating children. the groups regarding gestational age, birth
weight, cord pH, Apgar scores, distribution of

Results aEEG patterns (table 3-2) or the age at follow-up.

Fifty-four full term infants were included in  In total, 31 infants died in the neonatal period,
the two previously performed studies; 22 chil-  leaving 23 survivors (13 in the ALLO-group and
dren in the study by van Bel et al. and 32 infants 10 in the CONT-group) available for long-term
in the study by Benders er al. Twenty-eight as-  follow-up. During the years it became clear

Table 3-3. Mortality and developmental outcome in survivors of two RCTs concerning neonatal
allopurinol after birth asphyxia

Total group of asphyxiated infants

ALLO (n=28) CONT (n=26)

Mortality, n (%)

Died 15 (54%) 16 (62%) 0376
Survivors 13 (46%) 10 (39%) ’
Excluded 0 1°
Q¢ (n=11) (n=8)
Verbal 92.4 (13.4) 100.1 (21.3) 0.361
Performance 94.3 (13.6) 94.0 (16.4) 0.957
Full Scale 92.8(13.8) 96.6 (15.7) 0.590
Long-term neurodevelopmental outcome, n (%) (n=13) (n=9)
Severe disabled ¢ 1(8%) 1(11%) 1.000
Mild disabled © 5(39%) 4 (44%) 1.000
Normal f 7 (54%) 4 (44%) 0.680
Overall long-term outcome, n (%)
Severe adverse outcome ¢ 16 (57%) 17 (68%) 0.571

2Subgroup of moderately asphyxiated children; children with a burst suppression pattern or better on the aEEG.
®Excluded because of suspected syndrome.

¢ Values are reported as mean (SD).

4The two children with a severe disability both had Cerebral Palsy (GMFCS = 3).
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that one child in the CONT-group, with con-
sanguine parents, was suspected to have a syn-
drome. The infant had mental retardation and
epilepsy (not responding to anti-epileptic treat-
ment), which could not be solely explained by
perinatal asphyxia since the neonatal MRI was
normal. He was therefore excluded from further
analyses.

The age of the children at follow-up was 5 years
5 months (SD 1y 2mo) in the ALLO-treated and
5 years 6 months (SD 1y 1mo) in the non-treat-

ed children. There were no infants with Full
Scale IQ-scores lower than 70 as tested with
the WISC or WPPSI. Full Scale IQs of = 70
and < 90 were found in seven infants; three in
the CONT-group and four in the ALLO-group.
Hearing impairment was apparent in one child
with normal IQ-scores in the ALLO-group. In
the CONT-group one child, with normal IQ-
scores, suffered from epilepsy well responding
to treatment. In the ALLO-group one child had
developed a spastic quadriplegic Cerebral Palsy
classified as GMFCS level V with cortical blind-

Subgroup of moderately asphyxiated infants *

ALLO (n=16) CONT (n=17)
4 (25%) 10 (59%)
12 (75%) 7 (41%)
(n=11) (n=6)

924 (13.4) 98.8(17.1)
94.3 (13.6) 99.8 (13.9)
92.8(13.8) 98.7 (14.3)
(n=12) (n=7)

0 (0%) 1(14%)

5 (42%) 2 (29%)

7 (58%) 4 (57%)

4 (25%) 11 (65%)

¢ The group of mild disabled children included children with epilepsy well responding to treatment, hearing impair-

ment or 70 < IQ < 90.

fNormal outcome:1Q = 90, no physical impairment. ¢ Severe adverse outcome was defined as mortality or severe dis-
ability. " Pooled RR, generated by using a Mantel Haenszel approach to stratify by trial.

ALLO, allopurinol; CONT, controls.

0.053

0.414
0.470
0.429

0.368
0.656
1.000

0.047

RR (95%CI)

0.40 (0.17-0.94)"
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ness and severe mental retardation. One child
in the CONT-group developed a spastic quadri-
plegic Cerebral Palsy classified as GMFCS level
IV. Both children were not tested because severe
neurodevelopmental delay was already estab-
lished and therefore the parents refused to co-
operate.

One child in the ALLO-group did not speak
Dutch as his first language so the verbal IQ
could not be tested reliably. In this specific case
the performal IQ, instead of the total IQ, was
therefore used to classify outcome.

One child, in the ALLO-group in the study by
van Bel er al. did not undergo the psychological
test. The parents refused to cooperate, because
the child did not have neurological problems
at 5 years of age and received normal educa-
tion. At the age of 12 all children in the Neth-

erlands undergo a CITO-test */, which is a stan-

dardized Dutch test to assess the intelligence of
children in different subareas (e.g. mathematics,
language). The outcome is a transformed scale
score. The raw score (i.e. the number of ques-
tions answered correctly) is converted to a per-
centile. Individual scores are compared with
scores of children of the same age in the Nether-
lands. This child scored pyo, which means 70%
of all other children of that age who performed
the same test scored lower. Her outcome was
therefore classified as “normal”.

No significant differences in long-term out-
come were seen in children in the ALLO-group
compared to the CONT-group (table 3). How-
ever, after excluding the most severely asphyx-
iated children based on the aEEG, significantly
less severe adverse outcome was seen in the al-
lopurinol treated infants compared to controls
(25% Vs 65%; p = 0.047). Separate risk ratios (RR)
for severe adverse outcome per trial are shown

Figure 3-1. Severe adverse outcome in two randomized controlled trials concerning neonatal al-

lopurinol after birth asphyxia

van Bel 1998 1
Benders 2006 3
Subtotal (95% CI) 16
Total events 4

Heterogeneity: Chi>=0.42, df=1 (P=0.52); 1>=0%
Test for overall effect: Z=2.10 (P=0.04)

Total events 16
Heterogeneity: Chi’=7.80, df=3 (P=0.05); I’=62%
Test for overall effect: Z=0.72 (P=0.47)

4 9 21.9%

7 8 35.8%
17 57.7%

11

17

Test for subgroup differences: Chi?=6.70, df=1 (P=0.010), 1’=85.1%

Occurrence of severe adverse outcome (indicated as ‘events’) in a subgroup of moderately asphyxi-

ated infants, stratified by trial. A pooled RR for severe adverse outcome in the experimental (allopu-
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LONG-TERM NEUROPROTECTIVE EFFECTS OF ALLOPURINOL AFTER MODERATE PERINATAL ASPHYXIA.

FOLLOW-UP OF TWO RANDOMIZED CONTROLLED TRIALS

in figure 3-1. The pooled RR for severe adverse
outcome in the ALLO-group was 0.40 (0.17-0.94)
(table 3-3, figure 3-1).

Discussion

Although no significant effect of neonatal allo-
purinol treatment is seen in reducing mortality
or developmental disability in the overall group
of asphyxiated infants, the present data sug-
gest that neonatal treatment with allopurinol
does lower the risk of severe adverse outcome
(i.e. mortality or severe disability) in moderately
asphyxiated infants. These findings are in line
with the hypothesis that no advantage of neona-
tal treatment is seen when birth asphyxia is too
severe, as stated earlier by Gluckman et al. when
treating them with moderate hypothermia .
However, the number of children involved in
the analyses is small, so the conclusions drawn
have to be taken with caution. There were also

some small differences in inclusion criteria be-
tween both studies. The study by Benders ez al.
only included children with a burst suppression
pattern or worse on the amplitude-integrated
electroencephalogram (aEEG). This might ex-
plain the differences in overall mortality rate
between the two studies, since it probably re-
sulted in the inclusion of more severely asphyx-
iated infants in the study by Benders et al. Fur-
thermore, there was a substantial variation
between subjects in follow-up age, but since de-
velopmental scores calculated by WPPSI and
WISC are adjusted for age, this should not be
regarded as a big drawback.

In a true intention-to-treat analysis, the infant
who was excluded because of a suspected syn-
drome should have been included. We neverthe-
less decided to exclude this child from further
analyses. The child was diagnosed with epilep-
sy not responding to treatment, so would there-
fore be classified in the “severe adverse out-

Risk Ratio

M-H, Fixed, 95% CI

0.25[0.03,1.82]
0.49 [0.20,1.20]
0.40[0.17,0.94]

1998
2006

0.85 [0.55,1.32]

rinol) group was generated using a Mantel Haenszel approach.

Risk Ratio
M-H, Fixed, 95% CI

0.01

T T 1
0.1 1 10 100

Favours experimental Favours control
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come”™group. With a small sample size, like in
the present study, including this child could
have had enormous influence on the final re-
sults and conclusions. Since the child made part
of the control group, this would have made the
results more significantly in favor of allopuri-
nol, which could not be justified.

It must be stated that there are limitations of
aEEG interpretation depending on experience,
especially in interpreting baseline drift, seizure
recognition (with or without seizure detection)
and the fact that it is only possible to give a gen-
eral and not localized assessment of background
pattern of brain activity. However, in our opin-
ion, this method to assess the severity of brain
damage is reliable in both clinical care and re-
search settings if used by well-trained neonatol-
ogists

To our knowledge, this is the first report con-
cerning follow-up data after neonatal allopuri-
nol treatment and, despite the above-mentioned
limitations, we are of the opinion that this fol-
low-up study provides us with some interesting
data.

As already stated we could not find a neuropro-
tective effect of neonatal treatment with allo-
purinol in the overall group of asphyxiated in-
fants such as is the case with hypothermia. Our
study, however, had insufficient power to ex-
clude a modest but important effect size.
Another possible explanation might be the rel-
atively late administration of allopurinol with
a median of 3 hours postnatally. Since the vast
amount of toxic free radicals, an important rea-
son for post-HI damage to the developing brain
is produced during the hypoxic ischemic event
itself and in particular upon reperfusion and re-
oxygenation in the first 30 to 60 minutes after
birth, we suggest that earlier treatment might
be more effective. By intravenous adminis-
tration of allopurinol to the mother when fe-
tal distress, an important determinant of peri-
natal asphyxia, is suspected, therapeutic levels

of allopurinol and its active metabolite oxypu-
rinol can be reached even before birth .In
this way, therapeutic levels of allopurinol are
already available upon reperfusion, thereby re-
ducing the formation of toxic free radicals in an
earlier and crucial stage, namely during maxi-
mal free radical formation.

A recent pilot study in this respect, performed
by our research group, showed a significant in-
versed correlation between levels of fetal allo-
purinol and S1008 (a clinically used marker for
brain damage) in cord blood . A large multi-
center randomized clinical trial on maternal
treatment with allopurinol in case of signs of fe-
tal hypoxia is now running in the Netherlands
(NCTo0189007) to investigate whether or not
maternal allopurinol-treatment can further im-
prove long-term outcome of neonates exposed
to (severe) fetal hypoxia

In conclusion, the effects of neonatal treatment
with allopurinol seem promising in moderate-
ly asphyxiated infants. Although the window
of opportunities is probably quite small it is not
clear whether the more severely asphyxiated
children can also benefit from allopurinol treat-
ment if treatment is started upon or even before
birth in case of (severe) fetal hypoxia. Given the
fact that superoxide production occurs upon
and during the early reperfusion/reoxygenation
phase, it seems to be appropriate to already treat
the mother in case of suspected fetal distress
during labor to reach therapeutic levels in the
newborn before reoxygenation, thereby reduc-
ing free radical formation in the earliest possi-
ble state. Therapeutic hypothermia did not play
any role in this follow-up study, since both ini-
tial trials were performed before the introduc-
tion of therapeutic mild hypothermia in clinical
practice. For future research, however, it is very
important to take the impact of mild therapeu-
tic hypothermia on allopurinol metabolism and
pharmacokinetics into account.
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ABSTRACT

Fetal brain hypoxic injury remains a concern in high risk delivery. There is significant clinical interest
in agents that may diminish neuronal damage during birth asphyxia, such as in allopurinol, an inhibitor
of the pro-oxidant enzyme xanthine oxidase. Here, we established in a rodent model the capacity of al-
lopurinol to be taken up by the mother, cross the placenta, rise to therapeutic levels and suppress xan-
thine oxidase activity in the fetus. On day 20 of pregnancy, Wistar dams were given 30 or 100 mg.kg™ al-
lopurinol orally. Maternal and fetal plasma allopurinol and oxypurinol concentrations were measured,
and xanthine oxidase activity in the placenta and maternal and fetal tissues determined. There were sig-
nificant strong positive correlations between maternal and fetal plasma allopurinol (r=0.97, P<0.05) and
oxypurinol (r=0.88, P<0.05) levels. Under baseline conditions, maternal heart (2.18+0.62 mU mg?), ma-
ternal liver (0.29+0.08 mU mg?), placenta (1.36+0.42 mU mg?), fetal heart (1.64+0.59 mU mg?) and fe-
tal liver (0.14+0.08 mU mg?) samples all showed significant xanthine oxidase activity. This activity was
suppressed in all tissues 2h after allopurinol administration and remained suppressed 24h later (P<0.05),
despite allopurinol and oxypurinol levels returning towards baseline. The data establish a mammalian
model of xanthine oxidase inhibition in the mother, placenta and fetus, allowing investigation of the
role of xanthine oxidase-derived reactive oxygen species in the maternal, placental and fetal physiology
during healthy and complicated pregnancy.



espite advances in obstetric practice,
acute intra-partum fetal hypoxia re-
mains one of the most common forms
of fetal stress, with substantial morbidity and
mortality . One possible strategy to combat
the detrimental effects of fetal hypoxia would
be to decrease the associated excessive genera-
tion of reactive oxygen species (ROS) from stim-
ulated pro-oxidant mechanisms within the cell,
such as the xanthine oxidase pathway . In-
deed, maternal treatment with the xanthine ox-
idase inhibitor allopurinol is being considered
in human pregnancy complicated by intra-par-
tum hypoxia in order to protect the infant from
excessive generation of ROS . This clinical
interest in antenatal maternal administration
of allopurinol follows previous studies which
reported that allopurinol treatment in the as-
phyxiated neonate improved neonatal outcome
, but if the time-interval between hypoxia and
treatment had been too long, or when fetal hy-
poxia had been too severe, no reduction in se-
rious morbidity or mortality was observed
Therefore, there has been growing clinical and
scientific interest in establishing whether peri-
natal outcome may be improved in complicated
labor if the window of treatment with allopuri-
nol could be initiated before birth, for instance
via maternal treatment to cover the actual peri-
od of fetal hypoxia and reperfusion

Whilst there have been studies in large animals

including the pregnant ewe and sow '’/, no
small animal model of allopurinol administra-
tion to the mother during pregnancy has been
established. Such a model is indispensable in
species with a comparatively shorter lifespan to
allow follow up of the effects of xanthine oxi-
dase inhibition during pregnancy on the phys-
iology of the offspring in later life. This is es-
sential when many of the conditions associated
with a suboptimal fetal environment such as
cardiovascular disease and type 2 diabetes only

emerge in later life.

Therefore, the aims of this study were to in-

vestigate in rodent pregnancy: 1) whether xan-
thine oxidase is active in the placenta, maternal
and fetal tissues in late gestation; 2) if mater-
nal oral administration of allopurinol could in-
crease maternal plasma levels of allopurinol and
its active metabolite oxypurinol; 3) if mater-
nal allopurinol and oxypurinol could cross the
placenta, yielding therapeutic levels in the fe-
tal circulation, and 4) whether elevations in ma-
ternal and fetal plasma levels of allopurinol and
oxypurinol resulted in suppression of xanthine
oxidase activity in the placenta, maternal and
fetal tissues. These aims were determined us-
ing a clinically-relevant dose of allopurinol (30
mg kg™), comparable to the dose given in previ-
ous human studies '/, and alarger dose (100 mg
kg™ to investigate any pharmacological benefit
in terms of either greater fetal levels of allopu-
rinol and/or longer inhibition of xanthine oxi-
dase activity.

All procedures involving animals were car-
ried out under the Animals (Scientific Pro-
cedures) Act 1986 and approved by the Local
Ethics Review Committee of the University of
Cambridge, UK. Thirty-five time-mated preg-
nant Wistar rats (Charles River Limited, UK)
were delivered to the University of Cambridge
between 10-14 days of gestation and were in-
dividually housed under standard conditions
(21%1°C, 55% humidity, 12h/12h light/dark cy-
cle) with free access to food and water.

On day 20 of pregnancy all animals were ran-
domized to either control or allopurinol treat-
ment. Allopurinol (3omg.kg™ or 100mg.kg?, Sig-
ma, UK, suspended in 3ml Hartley’s Strawberry
Jelly) was placed in a clear glass bowl inside the
cage at 8am. Animals had been given an untreat-
ed jelly dose the day before to condition them to
eat it. Following allopurinol treatment, animals
underwent euthanasia (CO, followed by cervi-
cal dislocation) at either 2h, 6h or 24h following
administration (n=5 all time points and doses).



A further five animals underwent euthanasia at
8am on day 20 of pregnancy to act as controls.
Following euthanasia, a maternal blood sam-
ple was taken by cardiac puncture for the mea-
surement of maternal circulating allopurinol
and oxypurinol levels. Fetal rats were then ex-
posed by laparotomy. The fetuses were subject-
ed to cervical transection and blood was collect-
ed and pooled from all fetuses. Maternal and
fetal blood samples were anti-coagulated with
ethylenediaminetetraacetic acid (EDTA), cen-
trifuged (3000g for 5 minutes), and the plasma
was frozen in liquid nitrogen and subsequent-
ly stored at -80°C until analysis for allopurinol
and oxypurinol. Samples of placenta, maternal
heart, maternal liver, and fetal liver of ca. 100mg
were taken, weighed and homogenized in buf-
fer (iml of 100mM TRIS-HCI, pH 7.5 with 10ml
protease inhibitor cocktail, SIGMA, P8340). Fe-
tal heart samples were ca. 20-25mg. All further
analysis was adjusted for the weight of tissue
taken. Fetal tissue samples and associated pla-
centas were taken only from male pups to re-
duce any differences attributable to sex. The
sex of each fetal pup was determined by their
ano-genital distance as previously described
Following centrifugation of the tissue homog-
enate (30 min, 10 000og at 4°C), the supernatant
was decanted and frozen in aliquots at -80°C un-
til further analysis.

Plasma allopurinol and oxypurinol measure-
ments

Allopurinol and oxypurinol plasma concentra-
tions were determined by using reversed-phase,
high-performance liquid chromatography with
UV-detection at 254 nm for the quantification
.The
method was linear between 0.5 and 25 mg.ml*

of allopurinol and oxypurinol in plasma

with alower limit of detection of 0.2 mg.ml* for
both compounds.

Xanthine oxidase assay

Fetal plasma xanthine oxidase activity lev-
els were measured using a commercially avail-
able assay kit (A22182, Invitrogen, UK). The

assay works on the principle that xanthine ox-
idase produces superoxide anions. In vitro, su-
peroxide spontaneously degrades to hydro-
gen peroxide (H,0)). HO,, in the presence of
horseradish peroxidase (HRP), reacts stoichio-
metrically with Amplex Red reagent to generate
the red-fluorescent oxidation product, resoru-
fin. In brief, 50 ml of tissue homogenate or xan-
thine oxidase standard solution was added to
50 ml of 100 pM Amplex Red reagent solution
which also contained 0.4 U.mL* HRP and 200
pM hypoxanthine. The resulting solutions were
mixed and then incubated for 30 min at 37°C.
The presence of resorufin was detected by flu-
orescence using excitation in the range of 530-
560 nm and emission detection at 590 nm. Ac-
tivity was then expressed per mg of wet tissue.

Data and statistical analysis

All values are expressed as mean + S.E.M. The
correlation between fetal and maternal allo-
purinol and oxypurinol levels was assessed us-
ing the Pearson Product Moment correlation
(Sigma-Stat 3.5; Chicago, IL, USA). Allopuri-
nol, oxypurinol and xanthine oxidase activity
levels were compared using one-way ANOVA
comparing with reference to time oh. Where
significant differences were found, the Stu-
dent-Newman-Keuls post-hoc test was applied
(Sigma-Stat 3.5; Chicago, IL, USA). Statistical
significance was accepted when P<0.05.

Allopurinol and oxypurinol levels in maternal
and fetal plasma

Administration of 30 mg.kg* and 100 mg.kg* al-
lopurinol to the pregnant rat led to increases in
both maternal and fetal allopurinol and oxypu-
rinol by 2h (Figure 4-1). Following the adminis-
tration of allopurinol at both doses of 30 mg.kg™
and 100 mg.kg?, allopurinol levels returned to
baseline at 6h following dosing, however oxy-
purinol levels remained significantly elevated
in both mother and fetus. Although maternal
and fetal plasma oxypurinol levels were detect-



able 24h following dosing, they were not signifi-
cantly different from baseline.

When all paired maternal and fetal plasma con-
centrations of allopurinol and oxypurinol were
related to determine maternal to fetal transfer, a
significant positive correlation was obtained for
both compounds (P<0.05; Figure 4-2). The cor-
relation coefficient (r) for the relationship be-
tween maternal and fetal allopurinol was 0.97,
and between maternal and fetal oxypurinol was
0.88, indicating a high degree of correlation
(Figure 4-2).

Plasma xanthine oxidase levels

Xanthine oxidase activity was detectable in
maternal heart, maternal liver, placenta, fetal
heart and fetal liver (Figure 3). Maternal and fe-
tal cardiac tissue displayed the greatest activ-
ity (2.17+0.6 mU.mg* and 1.65:0.59 mU.mg?,
respectively), followed by placenta (1.3610.41
mU.mg”) and then maternal liver and fetal liv-
er (0.29:0.09 mU.mg* and 0.14+0.08 mU.mg").
Treatment with allopurinol at 30 mg.kg* and

100 mgkg* significantly depressed activity in
all tissues by 2 h and this suppression was sus-
tained 6 and 24 h following treatment.

Despite intense basic science research and clin-
ical trials investigating the potential neuropro-
tective effects of the xanthine oxidase inhib-
itor allopurinol on the fetal brain during and
following acute fetal hypoxia , no
animal model exists that offers the possibility
of maternal administration of allopurinol and
long term follow up of the treated offspring.
Here, we show that allopurinol administered
orally to the pregnant rat during late pregnancy
leads to therapeutic rises in circulating allopuri-
nol and oxypurinol in the mother and fetus. The
increased levels achieved were functionally rel-
evant as demonstrated by significantly reduced,
xanthine oxidase activity levels in the placenta,
and maternal and fetal tissues following 24h of
maternal allopurinol administration. The level

Figure 4-1. Maternal and fetal plasma allopurinol and oxypurinol measurements
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Figure 4-2. Maternal to fetal allopurinol and oxypurinol correlations
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of suppression of xanthine oxidase activity was
similar with the low and high doses of maternal
allopurinol administration.
Currently, human clinical studies based in the
Netherlands are assessing whether antenatal
allopurinol administration during intra-par-
tum fetal hypoxia can reduce overall morbidi-
ty and mortality in the newborn . Recent
follow-up data from those trials suggests that
there may be a reduction in the relative risk of
severe disability between 4 and 8 years of age
in children who were moderately asphyxiat-
ed intra-partum but received postnatal allopu-
rinol treatment starting within 4 h after birth
. Importantly, postnatal allopurinol was not
associated with any negative side effects in the
. The ratio-
nale behind moving clinical therapy from post-

children who were followed up

natal to antenatal allopurinol administration is
that by shortening the period between the be-
ginning of ROS production and the antioxidant
cover, the overall tissue injury, and thereby clin-
ical disability, may be reduced. In support of this

hypothesis, we have recently reported that ma-
ternal antenatal allopurinol administration can
reduce hippocampal brain damage in an ovine
model of repeated birth asphyxia
Previous reports have confirmed that maternal
treatment with allopurinol crosses the ovine
, porcine "’ and human placenta to in-
crease fetal plasma concentrations of allopuri-
nol and oxypurinol. In sheep, a dose of 20 mg
kg-1 iv. to the maternal ewe led to peak mater-
nal allopurinol and oxypurinol concentrations
of 47 and 17 mg ml” respectively and allopuri-
nol concentrations of approximately 5 mg ml*in
the fetus

el, 15 mg kg™ allopurinol given intravenously to

. In a pregnant sow and piglet mod-

the mother led to fetal peak concentrations of
5 mg mg*
levels of allopurinol and oxypurinol reached 3.3

. In the present study, the plasma

mg mg* and 8.5 mg mg” respectively in mater-
nal plasma and 2.1 mg mg-1 and 4.0 mg mg™ re-
spectively in fetal plasma for the 30 mg kg™ oral
dose, values that are slightly lower than those
measured in the sheep and pig for doses of sim-



ilar magnitude. This may reflect species differ-
ences in the pharmacokinetics of allopurinol

For example, there may be reduced bioavailabil-
ity of allopurinol and oxypurinol following oral
administration relative to other routes of ad-
ministration and/or differences in drug transfer
across the placenta. It is also possible that bas-
al xanthine oxidase activity in the rodent dam
and its fetus may be different, altering the rate
of conversion of allopurinol to oxypurinol. Fi-
nally, differences in the clearance of allopurinol
and oxypurinol from the circulation may also

exist. Following treatment with 100 mg kg™ of
allopurinol to the mother, fetal values of allopu-
rinol and oxypurinol were 11.6 mg mg* and 5.2
mg mg* at 2h, respectively. It might have been
expected that these values would be approxi-
mately three times greater than those recorded
following 30 mg kg*. However, given that xan-
thine oxidase catalyses the conversion of allo-
purinol to oxypurinol, and that this reaction is
prevented by oxypurinol as the active metabo-
lite, the production of oxypurinol may prevent
conversion of allopurinol to oxypurinol, lead-

Figure 4-3. Maternal, fetal and placental xanthine oxidase activity
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ing to a relatively high allopurinol concentra-
tion and therefore decreasing the rate of further
generation of oxypurinol ””. There was also a
high correlation between paired maternal and
fetal concentrations of allopurinol and oxypuri-
nol, independent of time point of dose, indicat-
ing that placental transfer is reliable and con-
sistent. However, fetal levels of allopurinol and
oxypurinol were lower than maternal, reflected
by the coefficient of the straight line relation-
ship being < 1.
Effective inhibition of xanthine oxidase has
been previously reported in the adult rat over
the range of allopurinol doses from 2-50 mg kg*
. In the sheep fetus, concentrations of allopu-
rinol of 2.25 mg ml* achieved alowering of ROS
production '”, and 5 mg ml* allopurinol in-
creased umbilical blood flow following umbil-
ical cord occlusion "' In ovine pregnancy, larg-
er doses of allopurinol led to suppression of a1
mediated vasoconstriction in the fetal femoral
vascular bed via decreasing ROS mediated NO
. In this study, al-

lopurinol concentrations as low as 2.1 mg ml*

depletion in the circulation

were sufficient to inhibit xanthine oxidase ac-

tivity in the fetal rat, with higher doses not of-
fering greater inhibition. Despite the decrease
in allopurinol and oxypurinol levels over the
24h period examined in this experiment, xan-
thine oxidase activity was still suppressed in all
tissues investigated. Therefore, doses of allopu-
rinol as low as 30 mg kg* administered to the
mother are effective to promote the long-term
suppression of xanthine oxidase activity in pla-
centa and the fetal organs.

In summary, the current study in rodent preg-
nancy has established a human clinically rele-
vant model of maternal allopurinol administra-
tion that leads to therapeutic concentrations of
allopurinol and oxypurinol in the fetal circula-
tion. A single dose of 30 mg kg™ allopurinol is
sufficient to suppress xanthine oxidase activi-
ty in the mother, placenta and fetus for at least
24h. The model is indispensable to investigate
the long-term consequences of maternal treat-
ment with allopurinol on the physiology of the
offspring, and to establish the lasting safety of
xanthine oxidase inhibition in human high-risk
pregnancy in current clinical obstetric practice.
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ABSTRACT

Background

Hypoxia is a common challenge to the fetus, promoting a physiological defense to redistribute blood
flow towards the brain and away from peripheral circulation. During acute hypoxia, reactive oxygen spe-
cies (ROS) interact with nitric oxide (NO) to provide an oxidant tone, which contributes to the mecha-
nisms redistributing the fetal cardiac output, however the source of ROS is unknown. This study inves-
tigated whether ROS derived from xanthine oxidase contribute to the fetal peripheral vasoconstrictor
response to hypoxia via interaction with NO-dependent mechanisms.

Methods and Results

Fifteen pregnant ewes and their fetuses were surgically prepared for long term recording at 118 days of
gestation (term approximately 145 days). After 5 days recovery, mothers were infused i.v. for 30 min with
either vehicle, low (30 mg.kg?) or high (150mg.kg™) allopurinol with or without fetal NO blockade. Allo-
purinol inhibited the increase in fetal plasma uric acid and suppressed the fetal femoral vasoconstrictor,
glycemic and lactate acidemic responses during hypoxia (all P<0.05), effects that were restored to con-
trol levels with fetal NO blockade.

Conclusions

The data provide evidence for the activation of fetal XO in vivo during hypoxia and for XO-derived ROS
in contributing to the fetal peripheral vasoconstriction, part of the fetal defense to hypoxia. The data
are of significance to the understanding of the physiological control of the fetal cardiovascular system
during hypoxic stress. The findings are also of clinical relevance in the context of obstetric trials in which
allopurinol is being administered to pregnant women when the fetus shows signs of hypoxic distress.



etal hypoxia can result in marked fetal
cardiovascular compromise with sub-
sequent hypoxic-ischemic encephalop-
athy !/, which is associated with cerebral palsy
and cognitive disability in later life " Therefore
the prevention and management of fetal hypox-
ia remain major concerns in obstetric practice

today.

The beneficial effects of the xanthine oxidase
inhibitor allopurinol in reducing hypoxic dam-
age in adult cardiology and in pediatric and
adult cardiothoracic surgery have long been es-
tablished
rinol in protecting the physiology of the fetus

. In contrast, the effects of allopu-

against hypoxia during the developmental pe-
riod have been less well described. One study
reported that treatment with allopurinol of
the hypoxic neonate following complicated la-
bor improved neonatal outcome "l However,
if the time-interval between the hypoxic chal-
lenge and treatment was too long, or the hypox-
ia too severe, no reductions in serious morbidi-
ty or mortality were reported “.. Consequently,
there has been growing clinical interest in es-
tablishing whether perinatal outcome in com-
plicated pregnancy may be improved if the win-
dow of treatment with allopurinol is advanced,
for instance via maternal treatment to cover the
actual period of fetal hypoxia in complicated la-
bor. Maternal treatment with allopurinol cross-
es the placenta yielding therapeutic levels in the
neonatal circulation ' justifying this route of
administration for preventative therapy in ob-
stetric practice. However, virtually nothing is
known about the effects of maternal treatment
with allopurinol on the maternal or fetal phys-
iology, or on maternal and fetal cardiovascular
function.

We have discovered that the interaction be-
tween the superoxide anion («O2-) and nitric
oxide (NO) provides an oxidant tone in the fe-
tal vasculature that controls blood flow in sev-
eral circulations during basal and hypoxic

conditions . Maternal treatment with allo-

purinol under basal conditions increased umbil-
ical blood flow and the gain of the fetal cardi-
ac baroreflex, but it impaired fetal 1 adrenergic
mediated pressor and femoral vasopressor re-
sponses via increasing NO bioavailability
However, the effect of maternal treatment with
allopurinol on the fetal cardiovascular defense
to acute hypoxia remains unknown. Therefore,
in this study we tested the hypothesis that xan-
thine oxidase has a role in the regulation of fe-
tal cardiovascular function during acute hypox-
ia. The hypothesis was tested by investigating
the in vivo effects of maternal treatment with
high and low doses of allopurinol on the fe-
tal cardiovascular responses to hypoxia in the
chronically catheterized ewe and fetus during
late gestation. To determine whether enhanced
NO bioavailability was an involved mechanism
mediating the effects of allopurinol on fetal car-
diovascular function, maternal treatment with
allopurinol was repeated in the presence of fe-
tal in vivo NO blockade with a NO clamp

Surgical preparation

Experiments were conducted on pregnant
Welsh Mountain ewes using procedures ap-
proved by the Local Ethics Review Committee
of the University of Cambridge and licensed by
the Home Office under the UK Animals (Scien-
tific Procedures) Act, 1986.

Fifteen Welsh Mountain sheep fetuses and
their mothers were surgically instrumented un-
der general anesthesia for long-term recording
between 118 and 120 days of gestation (term ca.
145 days) using strict aseptic conditions, as de-
. Midline abdominal and
uterine incisions were made, the fetal hind

scribed in detail

limbs were exteriorized and the right femoral
artery and vein were isolated and catheterized
@.d., 0.86 mm; o.d., 1.52 mm; Critchly Electri-
cal Products, NSW, Australia). A further cath-
eter was anchored onto the fetal hind limb for
measurement of amniotic pressure and for ad-



ministration of antibiotics into the amniotic
cavity (600 mg in 2 ml, benzylpenicillin; Crysta-
pen, Schering-Plough, Animal Health Division,
Welwyn Garden City, UK). A transonic flow
probe was also implanted around the contra-lat-
eral femoral artery (Type 2RS, Transonic Sys-
tems Inc). The dead space of the catheters was
filled with heparinized saline (80 i.u. heparin.
ml* in 0.9% NaCl) and the catheter ends were
plugged. A Teflon catheter (i.d. 1.0 mm, o.d. 1.6
mm, Altec, UK) was inserted in the maternal
femoral artery and placed in the descending aor-
ta, and a maternal venous catheter placed in the
inferior vena cava (i.d., 0.86 mm; o.d., 1.52 mm;
Critchly Electrical Products, NSW, Australia).
The catheters and flow probe cable were then
exteriorized via a keyhole incision in the mater-
nal flank, and placed in a bag sutured to the skin
of the ewe. Antibiotics were administered dai-
ly to the ewe (0.20-0.25 mgkg* .M. Depocil-
lin; Mycofarm, Cambridge, UK), to the fetus LV.
and into the amniotic cavity (300 mg Penbri-
tin; SmithKline Beecham Animal Health, Wel-
wyn Garden City, Hertfordshire, UK). Mean
fetal arterial blood pressure (corrected for am-
niotic pressure), femoral blood flow, fetal heart
rate (triggered from the arterial blood pressure
or femoral blood flow pulse), maternal blood
pressure and maternal heart rate (triggered from
blood pressure) were continuously recorded us-
ing a custom made computerized Data Acqui-
sition System (DAS; Department of Physiolo-
gy, Development and Neuroscience, Cambridge
University, UK).

Experimental protocol

Following 5 days of post-operative recovery,
ewes and fetuses were subjected to the acute hy-
poxia protocol which consisted of 2 h normox-
ia, 0.5 h hypoxia and 1 h recovery (Figure 5-1).
Acute hypoxia in the fetus was induced by ma-
ternal inhalational hypoxia ", changing the
concentrations of gases breathed by the ewe to
6% O2 in N2 with small amounts of CO2 (15
Lmin® air, 35 Lmin® N2, 1.5-2.5 Lmin* CO2).
This mixture was designed to reduce the fetal

PaO2 to ca. 10 mmHg whilst maintaining fetal
PaCO2. Following the 0.5 h period of hypoxia,
the ewe was returned to breathing air for the 1
h recovery period.

Acute hypoxia was induced following mater-
nal IV. infusion with vehicle (n=11), the low
(30 mgkg?, n=5) or the high dose of allopuri-
nol (150 mg.kg?, n=9; Sigma, UK). Allopurinol
was dissolved in the minimum volume of 4M
sodium hydroxide (NaOH) and made up with
Vehicle was saline treated with 4M
NaOH to achieve the same pH of the allopu-
rinol solution

saline

The 30 min infusion period
started 20 min following the onset of record-
ing during normoxia. The low dose of allopuri-
nol was adapted from recent studies of allopuri-
The
high dose of allopurinol was 5 times the low

nol compatible with human treatment

dose. The timing of the acute hypoxic challenge
coincided with peak concentrations of oxypuri-
nol (the active metabolite of allopurinol) mea-
sured in fetal plasma following maternal treat-
ment with a comparable dose of allopurinol in
the same breed of sheep

The experiment with the high dose of allopuri-
nol was repeated following fetal treatment with
the NO clamp (n=6). The NO clamp is an estab-
lished technique that combines fetal treatment
with the NO synthase inhibitor NG-nitro-L-ar-
ginine methyl ester (L-NAME; 100 mg.kg™ bo-
lus dissolved in 2 ml saline, fetal i.a; Sigma) with
the NO donor sodium nitroprusside (5.1+2.0
pg.kg'.min?, mean+SD dissolved in saline, fetal
1V, Sigma). The technique blocks de novo syn-
thesis of NO while compensating for the tonic
production of the gas and thereby maintaining
basal cardiovascular function

Blood sampling regimen and assays

During any acute hypoxia protocol, descending
aortic blood samples (1.0 ml) were taken from
the mother and fetus at set time intervals: 0, 50
and 120 min of normoxia, 5, 15 and 30 min of
hypoxia, and 15 and 60 min of recovery. Arte-



Figure 5-1. Diagrammatic representation of the acute hypoxia protocol
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The experimental protocol consisted of 2 hours of normoxia, 0.5 hours of hypoxia (6% O2) and 1

hour of recovery, with maternal infusion from 20-50 min of: saline vehicle (n=11), the low dose of

allopurinol (3omg.kg™; n=5), the high dose allopurinol (150mg.kg™; n=9) or high dose of allopurinol
during fetal blockade of NO synthase with the NO clamp (n=6).

rial blood gas and acid base status (ABL5 Blood
Gas Analyzer, Radiometer; Copenhagen, Den-
mark; measurements corrected to 39.5 °C for
fetal blood and 38 °C for maternal blood), per-
centage saturation of hemoglobin with oxygen
(Sat Hb) and the blood hemoglobin concentra-
tion [Hb] (Hemoximeter OSM3, Radiometer;
Copenhagen, Denmark), and blood glucose and
lactate concentrations (Yellow Springs 2300
Stat Plus Glucose/Lactate Analyzer; YSI Ltd,
Farnborough, UK) were determined for each
sample. Given xanthine oxidase catalyzes the
conversion of hypoxanthine to uric acid, plas-
ma concentrations of urate were also measured
using HPLC with electrochemical detection

In brief, aliquots of maternal and fetal plasma
(acidified 1:1 with ice-cold 10% metaphophor-
ic acid, centrifuged and the supernatant stored
at -80°C) were diluted 1:4 with ice-cold 5% met-
aphophoric acid; final dilution of plasma 1 in 10.
To this 100 pl HPLC-grade heptane was added
and following vortex mixing for 40 s, the sam-
ples were centrifuged (13,000rpm; 5 min) and
the lower (aqueous) layer removed and treated
with heptane again until the supernatant was
clear. This clear supernatant was transferred to
20.8 ml HPLC vial. An electrochemical detector
(EG&G Instruments; Wokingham, Berkshire)

with a working electrode (set at 400 mV and sen-
sitivity of 0.5 pA) was used for detection. Final
concentrations for urate were calculated with
external standards, which were run simultane-
ously. The limit of sensitivity for the assay was
0.1 pmol.I" for urate, and the inter-assay coeffi-
cient of variation was less than 5%. An addition-
al 1 ml of arterial blood was withdrawn at set
intervals for fetal plasma catecholamine analy-
ses during acute hypoxia following maternal IV.
infusion with vehicle (n=6) or the high dose of
allopurinol (n=6) only to minimize fetal blood
loss. These samples were collected under ster-
ile conditions into chilled heparin tubes (2 ml
Li+-heparin tubes; LIP Ltd., Shipley, UK) con-
taining reduced glutathione (4 nmol per tube;
G-4251; Sigma, UK) and EGTA (5 nmol per tube;
E-4378; Sigma, UK). Samples were then centri-
fuged at 4000 rpm for 4 min at 4°C and stored
at -80°C until analysis. Fetal plasma catechol-
amine concentrations were measured by a com-
mercially available catecholamine radioimmu-
noassay previously validated for use with sheep
plasma (2-CAT RIA, Diasourse) and as previous-
ly described in detail

Data and statistical analyses
Values for blood gas, acid-base and metabolic



status are the mean+S.E.M. for normoxia before
(Pre i), during (During i) or after (Post i,) infu-
sion, hypoxia (H, the mean value of 5, 15 and 30
min of hypoxia) and recovery (R, the mean value
of 15 and 60 min of recovery). Values for plasma
uric acid are the mean+S.E.M. at 0, 50 and 120
min of normoxia, 30 min of hypoxia, and 60 min
of recovery. Fetal and maternal cardiovascular
variables were recorded continually, and were
compiled into line graphs of the mean+S.E.M.
for every minute, for all animals. The serial car-
diovascular variables were analyzed using sum-
mary measures to focus the number of compari-
sons "’ To determine the effects of allopurinol
on basal maternal and fetal cardiovascular func-
tion, the mean of minute means were deter-
mined before (Pre i, 0-20 min), during (During
i, 21-50min) and after (Post i, 51-120 min) in-
fusion. To determine the effects of allopurinol
on maternal and fetal cardiovascular function
during acute hypoxia, the means + S.E.M. for
the absolute change in the area under the curve
(AUC) from normoxic baseline in cardiovascu-
lar variables were calculated. These were deter-
mined as 30 minute epochs during normoxia (N,
90-120 min), hypoxia (H, 121-150 min) and re-
covery (R, 151-180 min). For all data, compari-
sons within (effect of time) and between (effect
of treatment) groups were assessed statistical-
ly using two-way ANOVA with repeated mea-
sures. Where a significant effect of time or
treatment was indicated, the post hoc Tukey
test was used to isolate the statistical differenc-
es. For all comparisons, statistical significance
was accepted when P<0.05.

Maternal arterial blood gas, acid base and met-
abolic status

Pre-infusion values for maternal arterial blood
gas, acid base and metabolic status were similar
in all ewes and were within the normal range for
pregnant Welsh Mountain sheep at this stage of
gestation (Table 5-1). Infusion with saline ve-
hicle or the low dose of allopurinol had no ef-

fect on arterial blood gas, acid base or metabolic
status. In contrast, infusion with the high dose
of allopurinol, with or without fetal treatment
with the NO clamp, significantly increased ma-
ternal pHa for the duration of the protocol. Fur-
ther, high allopurinol infusion significantly in-
creased maternal acid-base excess (ABE) and
decreased maternal PaO2 without affecting ma-
ternal hemoglobin saturation with oxygen (Sat
Hb; Table 5-1).

In all ewes, acute hypoxia induced significant
falls of similar magnitude in maternal PaO2
and Sat Hb without any alteration to PaCOz2
(Table 5-1). During recovery, infusion with the
high dose of allopurinol, with or without fetal
treatment with the NO clamp, maintained the
increased maternal pHa. In contrast, all other
variables across the groups returned to pre-in-
fusion values.

Fetal arterial blood gas, acid base and metabol-
ic status

Pre-infusion values for fetal arterial blood gas,
acid base and metabolic status were similar in
all fetuses and were within the normal range for
the Welsh Mountain sheep fetus at this stage of
gestation (Table 5-2). Infusion with vehicle or
allopurinol had no effect on basal arterial blood
gas or acid base status. In all fetuses, acute hy-
poxia induced significant falls of similar mag-
nitude in fetal PaO2 and Sat Hb without any
alteration to PaCO2 (Table 5-2). Acute hypoxia
induced a significant decrease in pHa and ABE
by the end of the hypoxic challenge in control
fetuses only (Table 5-2). In all fetuses, acute hy-
poxia led to a significant increase in blood lac-
tate. In contrast, a significant increase from
baseline in blood glucose during hypoxia only
reached significance in the control fetuses and
fetuses from mothers treated with the low dose
of allopurinol. When blood glucose and lac-
tate were calculated as a change from normoxic
baseline, the increments from baseline in blood
glucose and lactate were significantly depressed
in fetuses from mothers treated with the high



5
XANTHINE OXIDASE AND THE FETAL CARDIOVASCULAR DEFENSE TO
HYPOXIA IN LATE GESTATION OVINE PRECNANCY

Table 5-1. Maternal arterial blood gas and acid base status

N
Prei During i Post i
pH, Vehicle 7.53+0.01 7.51+0.01 7.54£0.01 7.52+0.01 7.52+0.01
Low Allopurinol 7.530.01 7.53£0.01 7.52+0.02 7.52+0.03 7.53+0.02
High Allopurinol 750+£0.02  7.61£0.02%"  757:0.01*  7.56£0.01*  7.56+0.01*
High Allopurinol + NO Clamp 749:0.01  7.61£0.02%"  757:0.01*  757:+0.02*  7.57:+0.01*
P CO, Vehicle 34.5+0.8 353:13 33.5£0.9 34.8:0.8 34.2+0.8
(mmHg)  Low Allopurinol 35.8:1.6 35.8+1.1 36.8:0.4 35.710.8 35.5+1.3
High Allopurinol 36.1+1.7 335:1.1 33.8+0.8 34.620.8 34.2+0.7
High Allopurinol + NO Clamp 37.70.8 34.7+0.8 37.0£1.0 34.9+0.9 35.5+1.0
P,O, Vehicle 106+3 100+3 109+4 33:1* 10142
(mmHg)  Low Allopurinol 10423 1014 101:3 3542* 105+4
High Allopurinol 105+2 86+5%" 107+2 37+1* 107+3
High Allopurinol + NO Clamp 104+2 77+3% 100+2 37+3* 102+3
Sat Hb Vehicle 97.3+0.7 96.5+0.8 96.7+0.7 54.1+2.5* 95.9+0.6
(%) Low Allopurinol 95.6+0.4 95.5+0.6 95.8+0.5 60.4+3.9% 96.1+0.4
High Allopurinol 98.5+1.5 92.6+1.3 99.0£1.3 59.4+2.8* 99.1£13
High Allopurinol + NO Clamp 99.2+0.6 97.2+1.2 98.8+1.0 57.8+4.9% 99.1+0.5
ABE Vehicle 5.8:0.5 5.7+0.4 5.8+0.6 6.0£0.5 54105
(meql”)  Low Allopurinol 6.4:13 7.2+13 6.8:14 7.2+14 6.6:13
High Allopurinol 5.9:0.7 11.7+1.3%  9.5:1.0% 8.8£1.2 8.6:1.1
High Allopurinol + NO Clamp 6.2+1.4 12.7£1.3%* 8.8+1.7 8.3:1.6 8.7x1.4
[Clucose]  Vehicle 2.95+0.24 3.08+0.25 3.08+0.24 3.10+0.20 3.19+0.29
(mmol")  Low Allopurinol 338:030  3.69:035  373:041  343:036  3.54:042
High Allopurinol 249:0.18 2561020  2.53:0.23  2.63:0.24  2.80+0.23
High Allopurinol + NO Clamp 2.89+0.13  291:0.15  2.89:0.16  2.89:0.17  3.31:0.21
[Lactate]  Vehicle 0.39+0.07 0.45:+0.08 0.47+0.10 0.56+0.09 0.44+0.05
(mmol?)  Low Allopurinol 050:011  052:011  054:011  055:011  0.52:0.13
High Allopurinol 0.44£0.04  0.69:0.12  0.68:0.16  0.95:0.20  0.66:0.15

High Allopurinol + NO Clamp 0.40+0.03 0.57+0.03 0.56+0.06  0.97+0.23 0.75+£0.18

Values represent the means + S.E.M. at o (Pre i), 50 (During i) and 115 (Post i) min of normox-

ia, at 30 min of hypoxia (H) and at 60 min of recovery (R) for mothers exposed to 0.5 hour of hy-
poxia either during saline vehicle infusion (n=11), treatment with the low dose of allopurinol (30
mg.kg?, n=5), treatment with the high dose allopurinol (150 mg.kg?; n=9) or treatment with the
high dose of allopurinol during fetal blockade of NO synthase (NOS) with the NO clamp (n=6).
Significant difference (P<0.05) are: *, within group with respect to time period Pre i. *, between
groups with respect to saline vehicle infusion (Two-way ANOVA with post hoc Tukey test).
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5

XANTHINE OXIDASE AND THE FETAL CARDIOVASCULAR DEFENSE TO
HYPOXIA IN LATE GESTATION OVINE PRECNANCY

Table 5-2. Fetal arterial blood gas and acid base status

N

During i

pH

P.CO,
(mmHg)

P.O

872

(mmHg)

Sat Hb
(%)

ABE
(meq 1)

[Glucose]
(mmol.I?)

[Lactate]
(mmol.I)

Vehicle

Low Allopurinol

High Allopurinol

High Allopurinol + NO Clamp
Vehicle

Low Allopurinol

High Allopurinol

High Allopurinol + NO Clamp
Vehicle

Low Allopurinol

High Allopurinol

High Allopurinol + NO Clamp
Vehicle

Low Allopurinol

High Allopurinol

High Allopurinol + NO Clamp
Vehicle

Low Allopurinol

High Allopurinol

High Allopurinol + NO Clamp
Vehicle

Low Allopurinol

High Allopurinol

High Allopurinol + NO Clamp
Vehicle

Low Allopurinol

High Allopurinol

High Allopurinol + NO Clamp

7.36+0.01
7.36+0.00
7.36+0.01
7.33:0.02
53.1:1.5
57.0+1.2
53.1:0.8
55.8+0.7
20+1
191

56.4:3.0
51314
55.0+3.2
58.8+2.9
3.6:0.5
4.6+0.7
3.0:0.6
1.7:1.0
0.91:0.10
1.15£0.12
0.97+£0.09
0.91+0.08
0.87+0.06
1.02:£0.11
0.85+0.06
0.95+0.10

7.37+£0.01
7.36:0.00
7.37£0.01
7.34+0.01

51.5£1.2
54.3:1.8
51.3£1.2
53.0+0.8
20+1
19:1

52.9:33
50.7+2.5
49.5+3.5
52.5+3.1
3.4:0.4
4.2+0.6
0.9+2.6
1.320.8
0.97:0.25
1.17:0.35
0.84+0.20
0.89+0.15
0.87+0.08
1.02:0.12
0.98+0.09
1.16+0.11

7.37+0.01
7.36x0.01
7.36:0.01
7.35£0.01
51.5+1.0
55.8+0.9
52.8+1.2
53.5:0.9
20+1
19:1
20+1
2141
51523
529+2.1
525431
54.0+3.7
3.610.5
4.2:0.6
3.4£0.5
1.7:0.6
0.96+0.09
1.16+0.14
0.82+0.08
0.88+0.04
1.10£0.06
1.07£0.17
1.00+0.06
1.36+0.10

7.30+0.02*
7.32+£0.01
7.32+0.02
7.35+0.01
53.8+1.2
55.0:1.0
52.9+1.0

17.3+1.5*
19.1:1.4*
20.3+2.0*
21.5+3.6*
-1.4+1.2%
0.7£1.2
0.1+1.3
-1.3+13
1.40+0.18*
1.52:0.23
1.09+0.12
1.09+0.12
3.46+0.51*
2.88+0.59*
2.63+£0.50*
2.79:+0.62*

7.26+0.02*
7.30£0.01*
7.30£0.02*
7.27+0.03*
52.9:1.3
53.5:1.4
52.7+0.8
52.6:0.9
20+1
18+1
201
2211
50.8+3.3
494121
52.9:3.1
54.3:4.4
-3.8+1.3%
-1.5:1.1%
-0.9+1.4*
-3.0£1.8*
1.38+0.18*
1.40+0.24
1.08:0.16
1.21:0.07
4.97+0.49*
3.80+0.51*
3.30:0.51*
3.95:0.72*

Values represent the means + S.E.M. at 0 (Pre i), 50 (During i) and 115 (Post i) min of normoxia, at 30
min of hypoxia (H) and at 60 min of recovery (R) for fetuses exposed to 0.5 hour of hypoxia either

during maternal saline vehicle infusion (n=11), maternal treatment with the low dose of allopurinol (30
mg.kg?; n=5), maternal treatment with the high dose allopurinol (150 mg.kg*; n=9) or maternal treat-
ment with the high dose of allopurinol during fetal blockade of NO synthase (NOS) with the NO
clamp (n=6). Significant difference (P<0.05) are: * within group with respect to time period Pre i. 1, be-

tween groups with respect to saline vehicle infusion (Two-way ANOVA with post hoc Tukey test).
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dose of allopurinol relative to control (A[glu-
cose]: 0.49+0.15 vs. 0.12+0.13 mmol.1?, A[lactate]:
2.59+0.51 Vvs. 1.59+0.48 mmol.l*, P<o0.05 for sa-
line vs. high allopurinol). Fetal treatment with
the NO clamp during maternal infusion with
the high dose of allopurinol restored the incre-
ment in fetal blood glucose and lactate towards
control levels (A[glucose]: 0.29+0.11 mmol.1?, A[-
lactate]: 1.85+0.61 mmol.1?).

During recovery, PaO2 and Sat Hb returned to
pre-hypoxic levels in all fetuses whilst PaCOz2
remained unaltered (Table 5-2). There was a sig-
nificant decrease in pHa and ABE in all fetuses
(Table 5-2). All fetuses continued to show a sig-
nificant increase in blood lactate during recov-
ery and blood glucose remained significantly el-
evated from normoxic baseline only in control

Figure 5-2. Maternal cardiovascular function
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Low Allopurinol Infusion
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fetuses (Table 5-2). The increments from base-
line in blood glucose and lactate during recov-
ery were again significantly depressed in fetuses
from mothers treated with the high dose of allo-
purinol relative to control (A[glucose]: 0.47+0.15
vs. 0.10:0.16mmol.I", A[lactate]: 4.10+0.50 vs.
2.45+0.48 mmol.l?, P<0.05 for saline vs. high al-
lopurinol). Fetal treatment with the NO clamp
during maternal infusion with the high dose
of allopurinol restored the increment in fe-
tal blood glucose but not lactate towards con-
trol levels during recovery (A[glucose]: 0.31+0.10
mmol]?, A[lactate]: 3.01+0.71 mmol.l?, P<o.05
for saline vs. high allopurinol + NO clamp).
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Values represent the means + S.E.M. calculated every minute for arterial blood pressure and heart

rate during 2 hours of normoxia, 0.5 hour of hypoxia (dashed lines) and 1 hour of recovery for

mothers either during saline vehicle infusion (n=11), treatment with the low dose of allopurinol (30

mg.kg?; n=5), treatment with the high dose allopurinol (150 mg.kg*; n=9) or treatment with the
high dose of allopurinol during fetal blockade of NO synthase (NOS) with the NO clamp (n=6).



pressure and heart rate were similar in all ewes
(Figure 5-2). Infusion with saline or the low
dose of allopurinol had no effect on basal ma-
ternal cardiovascular function. In contrast, in-
fusion with the high dose of allopurinol led to
a significant decrease in maternal basal arterial
blood pressure and a significant increase in ma-
ternal basal heart rate (Figure 5-2, 5-4A).

Pre-infusion values for fetal arterial blood pres-
sure, heart rate and femoral vascular resistance
were similar in all fetuses (Figure 5-3). Maternal
infusion with the low or high dose of allopuri-
nol, with or without the NO clamp, significant-

Figure 5-3. Fetal cardiovascular function
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ly decreased basal fetal arterial blood pressure
but only infusion with the high dose of allopu-
rinol, with or without fetal treatment with the
NO clamp, significantly increased basal fetal
heart rate. Allopurinol treatment at either dose
did not affect basal fetal femoral blood flow or
fetal femoral vascular resistance (Figure 5-3,

5-4B).

Effects of allopurinol on maternal and fetal
cardiovascular function during hypoxia

Maternal arterial blood pressure and heart rate
increased significantly during acute hypoxia
following maternal infusion with vehicle (Fig-
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Values represent the means + S.E.M. calculated every minute for fetal arterial blood pressure, fe-

tal heart rate, fetal femoral blood flow and fetal femoral vascular resistance during 2 hours of
normoxia, 0.5 hour of hypoxia (dashed lines) and 1 hour of recovery for fetuses either during ma-
ternal saline vehicle infusion (n=11), maternal treatment with the low dose of allopurinol (30
mg.kg’; n=5), maternal treatment with the high dose allopurinol (150 mg.kg?; n=9) or maternal
treatment with the high dose of allopurinol during fetal blockade of NO synthase (NOS) with

the NO clamp (n=6).



Figure 5-4. Statistical summary of the basal effects of allopurinol
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Values are the means + S.E.M. for the percent change in mean cardiovascular variables in the
mother (A) and in the fetus (B). These were calculated before (Pre i, 0-20 min), during (During

i, 21-50 min) and after (Post i, 51-120 min) maternal infusion with saline vehicle (o; n=11), mater-
nal treatment with the low dose of allopurinol (30 mg.kg?;e; n=5), maternal treatment with the
high dose allopurinol (150 mg.kg™;@; n=9) or maternal treatment with the high dose of allopurinol
during fetal blockade of NO synthase (NOS) with the NO clamp (g; n=6). Significant difference
(P<0.05) are: *, within group with respect to time period Pre i. +, between groups with respect to
saline vehicle infusion (Two-way ANOVA with post hoc Tukey test).



Figure 5-5. Statistical summary of the effects of allopurinol during hypoxia
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Values are the means + S.E.M. for the absolute change in the area under the curve (AUC) from
normoxic baseline in cardiovascular variables in the mother (A) and in the fetus (B). These were
calculated as 30 minute epochs during normoxia (N, 90-120 min), hypoxia (H, 121-150 min) and re-
covery (R, 151-180 min) after maternal infusion with saline vehicle (o; n=11), maternal treatment
with the low dose of allopurinol (30 mg.kg*e; n=5), maternal treatment with the high dose allo-
purinol (150 mg.kg™;@; n=9) or maternal treatment with the high dose of allopurinol during fetal
blockade of NO synthase (NOS) with the NO clamp (g; n=6). Significant difference (P<0.05) are:
*, within group with respect to time period Pre i. +, between groups with respect to saline vehicle
infusion (Two-way ANOVA with post hoc Tukey test).



Figure 5-6. Fetal plasma catecholamine responses to acute hypoxia
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ure 5-2, 5-5A). Although treatment with either
dose of allopurinol tended to diminish the in-
crement in maternal arterial blood pressure
during hypoxia, this failed to reach significance
(Figure 5-5A).
pressure and heart rate returned to pre-hypoxic

Both maternal arterial blood
levels during recovery across all groups.
In all groups, acute hypoxia led to a signifi-

cant increase in fetal arterial blood pressure
and femoral vascular resistance and a signifi-

Values represent the means + S.E.M. for fetal
plasma adrenaline and noradrenaline at o (Pre
i), 50 (During i) and 115 (Post i) min of nor-
moxia (N), at 30 min of hypoxia (H) and at 60
min of recovery (R) for fetuses exposed to 0.5
hour of hypoxia either during maternal saline
vehicle infusion (white dots, n=5) or maternal
treatment with the high dose allopurinol (150
mg.kg?; black dots, n=5).

cant decrease in fetal heart rate and fetal fem-
oral blood flow (Figure 5-3, 5-5B). The increase
in arterial blood pressure and the decrease in
heart rate were similar across all groups whilst
the increase in femoral vascular resistance was
markedly diminished in fetuses treated with
maternal infusion with allopurinol (Figure 5-3,
5-5B). Fetal treatment with the NO clamp re-
turned the femoral vascular resistance response
to control levels in fetuses from mothers infused
with the high dose of allopurinol. The increase

Figure 5-7. Maternal and fetal plasma uric acid concentrations during the hypoxia protocol
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Values are the means + S.E.M. for maternal
and fetal plasma uric acid during the hypox-
ia protocol after maternal infusion with sa-
line vehicle (o; n=5), maternal treatment with
the low dose of allopurinol (30 mg.kg™;e; n=5),
maternal treatment with the high dose allo-
purinol (150 mg.kg™;@; n=5) or maternal treat-
ment with the high dose of allopurinol during
fetal blockade of NO synthase (NOS) with
the NO clamp ( 5; n=5). Significant differ-
ence (P<0.05) are: *, within group; +, between
groups with respect to saline vehicle infusion
(Two-way ANOVA with post hoc Tukey test).



in fetal arterial blood pressure was sustained in
all groups during the recovery period (Figure
5-3, 5-5B). In contrast, fetal heart rate, femoral
blood flow and femoral vascular resistance re-
turned to pre-hypoxic values.

Fetal plasma catecholamines

Since increases in fetal plasma catecholamines
contribute to the femoral vasoconstrictor re-
sponse to acute hypoxia |/, it was of interest to
determine if maternal allopurinol affected this
response in the fetal circulation. Plasma nor-
adrenaline and adrenaline showed a significant
increase from baseline concentrations during
acute hypoxia. These elevations in fetal plas-
ma catecholamines were not affected by mater-
nal treatment with the high dose of allopurinol
(Figure 5-6).

Maternal and fetal plasma uric acid
Pre-infusion maternal uric acid levels were sim-
ilar in all groups and were not significantly al-
tered by allopurinol infusion or hypoxia. Fetal
plasma uric acid levels were higher than mater-
nal levels during the pre-infusion period. Hy-
poxia increased fetal plasma uric acid levels and
there was a continued increase during the re-
covery period. In contrast, maternal plasma uric
acid remained unaltered from baseline during
acute hypoxia. Maternal allopurinol treatment
led to a decrease in fetal plasma basal uric acid
levels when given at 150 mg.kg?, with and with-
out the fetal NO clamp. Both low and high dos-
es of maternal allopurinol led to a dose-depen-
dent inhibition of the increase in fetal plasma
uric acid measured during acute hypoxia and re-
covery (Figure 5- 7).

This study tested the hypothesis that xanthine
oxidase has a role in the regulation of fetal car-
diovascular function during acute hypoxia. The
principle findings of the study show that mater-
nal treatment with allopurinol significantly di-
minished the rise in fetal plasma uric acid and

the fetal femoral vasoconstrictor, hyperglyce-
mic and lactic acidemic responses to acute hy-
poxia. The effects of maternal allopurinol on
fetal femoral vascular resistance, glucose and
lactate concentrations in fetal blood were pre-
vented by fetal in vivo NO blockade. Therefore,
the data support the hypothesis tested to imply
that enhanced NO bioavailability is an involved
mechanism mediating the effects of maternal
allopurinol treatment on fetal cardiovascular
function during acute hypoxia.

The fetal defense to acute hypoxia is largely con-
tingent on fetal cardiovascular responses, which
have been well characterized. This fetal cardio-
vascular defense includes bradycardia and pe-
. The latter aids
the redistribution of the fetal combined ven-

ripheral vasoconstriction

tricular output away from less essential vascular
beds to maintain oxygen and nutrient delivery
to the brain; the so-called brain sparing effect
. The physiology underlying this response is
also well delineated. The fetal bradycardia and
peripheral vasoconstriction are triggered exclu-
sively by a carotid body chemoreflex . Re-
lease of hormones, such as catecholamines, into
the fetal circulation maintain the neurally-trig-
gered peripheral vasoconstriction '’ and return
fetal heart rate back to basal levels, opposing
the enhanced vagal tone .. The neural and en-
docrine peripheral vasoconstriction is further
fine-tuned by an oxidant tone, created by the
interaction between «O* and NO during acute
hypoxia, whereby a fall in the ratio favors dil-
atation and an increase enhances constriction
. Data in the present study show that ma-
ternal treatment with allopurinol markedly di-
minished the fetal peripheral vasoconstrictor
response to acute hypoxia without affecting fe-
tal bradycardia and that this hemodynamic ef-
fect was prevented by fetal in vivo NO blockade.
Therefore, the data in this study support that ac-
tivation of xanthine oxidase contributes to the
femoral vasoconstrictor response during acute
hypoxia by altering the peripheral vascular ox-
idant tone. Hence, maternal treatment with al-



lopurinol shifts the ratio between <O, and NO
towards dilatation, opposing chemoreflex and
endocrine vasoconstrictor influences on the fe-
tal femoral vascular bed. The normalization of
the magnitude of the femoral vasoconstrictor
response to acute hypoxia in the presence of fe-
tal in vivo NO blockade during maternal treat-
ment with allopurinol confirms this as an in-
volved mechanism.

The increase in fetal blood glucose concentra-
tions during acute hypoxia results from an in-
hibition in glucose uptake and utilization by
peripheral tissues coupled with stimulation of
. The fetal lactic
acidemia response to acute hypoxia principally

hepatic glucose production

arises from the anaerobic metabolism of glucose
in hypoxic fetal tissues, in particular the hind
limbs in which blood flow is markedly reduced

. As well as helping in the redistribution of
blood flow away from less essential vascular
beds towards the fetal brain, the peripheral va-
soconstriction also markedly decreases oxygen
consumption in the fetus, as the latter is exqui-
sitely coupled to oxygen delivery . Since fe-
tal treatment with phentolamine prevented the
glycemic response but enhanced insulin secre-
tion during acute hypoxia ", and since infusion
of catecholamines increased glucose output in
the sheep fetus "/, both the reduction in insu-
lin-dependent glucose uptake and the increase
in glucose production by the fetal tissues may be
mediated via neural and endocrine adrenergic
pathways. Depression of the glycemic response
to acute hypoxia following fetal exposure to al-
lopurinol in this study may therefore represent
an effect on insulin release and/or on the gluco-
genic pathways mediated either via the neural
sympathetic or plasma amine activities. Indeed,
allopurinol has been reported to depresses the
hyperglycemia of hemorrhagic shock via sim-
ilar mechanisms ”. The depressed circulating
lactate concentrations during acute hypoxia in
the fetus following exposure to allopurinol in
the present study may have resulted from the di-

minished increased in blood glucose availability

and/or from the decreased production of lac-
tate by the fetal hind limbs
depressive effects of allopurinol on the fetal lac-

. Reversal of the

tic acidemic response to acute hypoxia follow-
ing fetal NO blockade may thus result from the
restoration towards control levels of the hyper-
glycemic response and/or the femoral vasocon-
strictor response during acute hypoxia in the fe-
tus.

One could argue that inhibition of the fetal pe-
ripheral vasoconstrictor response to acute hy-
poxia following exposure to XO inhibition may
be mediated via depressed chemo-transduction
mechanisms within the carotid body and/or
due to reduced activation of endocrine constric-
tor responses, such as the increase in plasma cat-
echolamine levels in the fetus during acute hy-
poxia. However, in the present study, we further
show that maternal treatment with even very
high doses of allopurinol did not affect the mag-
nitude of the increase in fetal plasma catechol-
amine concentrations during acute hypoxia. In-
hibition of the fetal femoral vasoconstriction
and depression of the fetal glycemic response
during acute hypoxia as a consequence of an ef-
fect of allopurinol on plasma amine activities is
therefore not supported. Similarly, dissociation
between a lack of an effect of allopurinol on the
fetal bradycardia, which persists during acute
hypoxia, and inhibition of the fetal femoral va-
soconstriction during the same time period does
not support an effect of allopurinol at the lev-
el of the carotid chemoreflex, since both fetal
bradycardia and fetal femoral vasoconstriction
are triggered by the same carotid body chemore-
flex
ther support an affect of allopurinol acting to

. Rather, these additional findings fur-

alter the local oxidant tone at the level of the fe-
tal peripheral vasculature. Accordingly, we have
reported that fetal treatment with other antiox-
idants, such as vitamin C, or other agents that
increase NO bioavailability, such as statins, has
a similar effect on the fetal peripheral vascular
oxidant tone, shifting the ratio towards dilata-
tion via NO-dependent pathways, and impair-



ing the redistribution of blood flow away from
peripheral circulations during acute hypoxia in
the fetus

A hypotensive effect of allopurinol during bas-
al conditions supports the idea that the cellular
oxidant milieu also plays a tonic contribution to
peripheral vascular resistance and that, under
basal conditions, XO-derived O, is involved in
arterial blood pressure maintenance. The mech-
anisms mediating the tachycardic responses to
allopurinol in either the mother or fetus are
less clear. The dissociation between the magni-
tude and timing of the depressor and cardiac re-
sponses both suggest that baroreflex activation
is an unlikely contributing mechanism increas-
ing heart rate. A more likely explanation is that
allopurinol has direct chronotropic effects.
Studies have reported that allopurinol increas-
. We have also
reported that the tachycardic response to allo-

es myocardial contractility

purinol during basal conditions in late gestation
fetal sheep can be prevented by fetal treatment
with the R1-adrenergic antagonist atenolol, sug-
gesting that allopurinol may enhance sympa-
thetic influences on the heart.

In summary, data in the present study show that
maternal treatment with low and high doses of

allopurinol induces significant effects on mater-
nal and fetal cardiovascular function not only
during basal conditions but also in response to
acute hypoxia. The data are not only of signif-
icance to the understanding of the physiologi-
cal control of the fetal cardiovascular system
during acute hypoxic stress, but they are also of
particular clinical relevance in the context of
ongoing trials in which allopurinol is being ad-
ministered to pregnant women when their un-
born child shows signs of hypoxic distress

. Collec-
tively, past and present evidence on the effects

as highlighted in a recent editorial

of allopurinol on the fetus are of mixed clini-
cal implications. Beneficial effects of maternal
treatment with allopurinol are supported by
its protective effects on umbilical blood flow

,and on the fetal heart
during and following periods of ischemia and

and fetal brain

reperfusion. Detrimental consequences on the
fetus of maternal treatment with allopurinol
are supported by its effects in impairing fetal
peripheral vascular reactivity to constrictor ag-
onists '” and on the fetal cardiovascular defense
to acute hypoxia (present work). Clearly, further
work is warranted. Until then, the therapeutic
use of allopurinol in clinical obstetric practice

should be approached with caution.
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ABSTRACT

Free radical induced reperfusion injury is a recognized cause of brain damage in the newborn after birth
asphyxia. The xanthine-oxidase inhibitor allopurinol reduces free radical synthesis and crosses the pla-
centa easily. Therefore, allopurinol is a promising therapeutic candidate. This study tested the hypothesis
that maternal treatment with allopurinol during fetal asphyxia limits ischemia-reperfusion (I/R) damage
to the fetal brain in ovine pregnancy. The I/R challenge was induced by 5 repeated measured compres-
sions of the umbilical cord each lasting 10 min, in chronically-instrumented fetal sheep at 0.8 of gesta-
tion. Relative to control fetal brains, the I/R challenge induced significant neuronal damage in the fetal
hippocampal cornu ammonis zone 3 and 4. Maternal treatment with allopurinol during the I/R challenge
restored the fetal neuronal damage towards control scores. Maternal treatment with allopurinol offers
potential neuroprotection to the fetal brain in the clinical management of perinatal asphyxia.



uring labor and delivery, the most

common challenge to the fetus is re-

peated compression of the umbilical
cord. If severe or prolonged enough, this may
result in perinatal asphyxia, leading to marked
fetal acidosis and cardiovascular compromise
with subsequent hypoxic-ischemic encephalop-
athy (HIE), predictive for future cerebral pal-
sy and cognitive disability '". The incidence of
severe perinatal asphyxia is estimated 4-9 per
1000 full-term neonates, of whom 15-20% will
die and about 25% of the survivors will perma-
nently suffer from neuropsychological deficits

To date, the only established treatment for HIE
is therapeutic hypothermia of the neonate
However, only mild to moderately asphyxiated
infants seem to significantly benefit and only
a small reduction of death or disability is seen

. Therefore, there is a great need for addi-
tional treatment options to help prevent or di-
minish cerebral damage in the infant due to
perinatal asphyxia.

Repeated compressions of the umbilical cord
not only induce fetal asphyxia and acidosis but
also episodes of ischemia-reperfusion (I/R), pro-
moting the excessive generation of reactive ox-
ygen species (ROS) such as the superoxide (O,)
and hydroxyl (OH) anions . Several potential
antioxidant pharmacologic options to intervene
in the putative neurotoxic cascade have already
been studied “'". Drugs like tetrahydrobiopter-
in, melatonin, nNOS inhibitors, xenon and vita-
min C showed promising results in experimen-
tal studies, but have not yet been translated to

clinical use

One of the main pro-oxidant pathways stimu-
lated by I/R is the xanthine oxidase pathway

. Allopurinol, a xanthine oxidase inhibitor
and FDA-approved drug, inhibits the conver-
sion of hypoxanthine into xanthine and uric
acid, thereby limiting the toxic overproduction
of ROS. In high doses, it also functions as a che-

lator of Non Protein Bound Iron (NPBI) and a
direct scavenger of the hydroxyl radical '"'. Fur-
thermore, substantial knowledge on the use of
allopurinol in terms of dose and in vivo safety
profiles is already available . Collectively,
these properties make allopurinol a strong po-
tential candidate for cerebral neuroprotection

arising from I/R damage.

A recent follow-up study of two prospective
randomized controlled trials determining the
effects of postnatally administered allopurinol
in term asphyxiated human neonates showed a
beneficial effect of treatment on mortality and
severe disabilities at 4-8 years of age, but only
in the moderately asphyxiated group [20]. It was
further reported that treatment with allopuri-
nol of the asphyxiated neonate improved neona-
tal outcome '°/, however if the time-interval be-
tween I/R and treatment had been prolonged,
or again when asphyxia had been too severe, no
reduction in serious morbidity or mortality was
observed ', Therefore, there has been accumu-
lating interest in establishing whether perinatal
cerebral outcome may be improved if the win-
dow of treatment with allopurinol is advanced,
for instance via maternal treatment to cover
the actual period of fetal asphyxia and of I/R
in complicated labor. Maternal treatment with
allopurinol crosses the placenta, it suppresses
O, production in the fetus "’/ and yields thera-
peutic levels in the neonatal circulation "/, jus-
tifying this route of administration for preven-
tative therapy in obstetric practice.

Therefore, this study tested the hypothesis that
maternal treatment with allopurinol during re-
peated episodes of fetal asphyxia would lim-
it I/R damage to the fetal brain. The hypothe-
sis was tested in chronically instrumented fetal
sheep in late gestation subjected to an I/R chal-
lenge involving repeated, measured compres-
sion of the umbilical cord with or without ma-
ternal treatment with allopurinol.



Ethical Approval

The study was approved by the Cambridge Uni-
versity Ethical Review Committee. All proce-
dures were performed under the UK Animals
(Scientific Procedures) 1986 Act and conduct-
ed under the authority of the appropriate proj-
ect and personal licenses.

Animals and Surgical Procedures

Eleven Welsh Mountain Sheep were surgical-
ly instrumented for long-term recording at 124
days of gestation (term is ~ 145 days) using strict
aseptic conditions, as previously described in
detail . Under general anesthesia (1.5-2.0%
halothane in 50:50 O :N,0O), midline abdominal
and uterine incisions were made, the fetal hind
limbs were exteriorized and, on one side, fetal
arterial (i.d., 0.86 mm; o.d.,, 1.52 mm; Critch-
ly Electrical Products, NSW, Australia) and
venous (i.d., 0.56 mm; o.d., 0.96 mm) catheters
were inserted. Another catheter was anchored
onto the fetal hind limb for recording of the ref-
erence amniotic pressure. In addition, a tran-
sit-time flow transducer was implanted around
the left umbilical artery close to the common
umbilical artery inside the fetal abdominal cav-
ity (4SB; Transonic Systems Inc., Ithaca, NY,
USA) . An inflatable occluder cuff (In Vivo
Metrics) was positioned around the proximal
end of the umbilical cord, as described previous-
ly in detail. Ewes were instrumented with
arterial and venous catheters placed in the left
femoral artery and vein, respectively. All inci-
sions were closed in layers. The catheters, oc-
cluder cable and flow probe leads were then ex-
teriorized via a keyhole incision in the maternal
flank and kept inside a plastic pouch sewn onto
the maternal skin.

Post-Operative Care and Experimental Proto-
col

Antibiotics were administered daily to the ewe
(0.20-0.25 mg.kg* im. Depocillin; Mycofarm,
Cambridge, UK) and fetus iv. and into the am-

niotic cavity (150 mg.kg™* Penbritin; SmithKline
Beecham Animal Health, Welwyn Garden City,
Hertfordshire, UK). Following at least five days
of post-operative recovery, all fetuses were sub-
mitted to an I/R challenge, produced by 5 x 10
minutes inflations of the cord occluder with
sterile saline at 10-minute intervals. Each cord
compression was designed to reduce umbilical
blood flow by 80-90% from baseline, and to lead
to a progressive fall in fetal arterial pH to 6.9 by
the end of the fifth compression. In five fetuses,
the I/R challenge was induced during maternal
LV. treatment with allopurinol (Sigma Ltd., 20
mg.kg* maternal weight, dissolved in buffered
saline and infused over a twenty minute peri-
od). In the remaining six fetuses, the I/R chal-
lenge was induced during maternal infusion
with buffered saline at the same rate. Infusion
of either allopurinol or vehicle started 10 min-
utes before the fourth umbilical cord compres-
sion and finished immediately after the end of
it. The dosing regimen of allopurinol was ad-
opted from the only study that used the drug in
women undergoing uncomplicated labor

Blood sampling regimen

To determine arterial blood gas, acid base and
metabolic status, maternal and fetal arterial
blood samples (0.3 mL) were drawn into sterile
syringes one hour prior to the I/R challenge, at
10 minute intervals during and for 48 hours fol-
lowing the I/R challenge (ABL5 Blood Gas An-
alyzer, Radiometer, Copenhagen, Denmark; see
Figure 6-1). Values for percentage saturation of
hemoglobin with oxygen (SatHb) were deter-
mined using a hemoximeter (OSM3; Radiom-
eter). Blood glucose and lactate concentrations
were measured by an automated analyser (Yel-
low Springs 2300 Stat Plus; YSI Ltd., Farnbor-
ough, UK). Additional paired maternal and fetal
blood samples (1 mL) were taken in the allopu-
rinol treated pregnancies at varying set inter-
vals, starting at the onset of the infusion period
and up to five hours following the end of infu-
sion, to compile a comprehensive serial profile
of maternal and fetal plasma concentrations of



allopurinol and oxypurinol without affecting
materno-fetal concentrations of hemoglobin.
Reversed-phase high-performance liquid chro-
matography (HPLC) with UV-detection at 254
nm was used for the quantification of allopuri-
nol and oxypurinol in both the fetal and mater-

Figure 6-1. Experimental protocol

nal plasma. The method was linear between 0.5
and 25 mg.L* with a lower limit of detection of
0.2 mg.L" for both compounds

Histological Evaluation
Forty-eight hours after the end of the experi-
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At least 5 days after surgery, all fetuses were subjected to an ischemia-reperfusion (I/R) challenge

(gray bar). After 1 hour of basal recording, the

I/R challenge consisted of 5 compressions of the

umbilical cord, each of 10 minutes’ duration (black bars) with a 10-minute interval. Maternal in-

fusion with allopurinol or vehicle started 10 m
sion and finished immediately after the end of

inutes before the fourth umbilical cord compres-
it (white bar). Fetal arterial blood samples (arrows)

were taken for analysis of blood gas and metabolic status. B, Data are umbilical blood flow (UBF)

mean+standard error of the mean (SEM), befo
I/R allopurinol pregnancies (black bars) and in
differences *P < .05 versus baseline (2-way rep
man-Keuls test).

re and after each umbilical cord compression in 5
6 I/R vehicle pregnancies (white bars). Significant
eated measures analysis of variance with t New-



mental protocol, ewes and fetuses were subject-
ed to humane euthanasia using a lethal dose of
sodium pentobarbitone (200 mgkg* LV. Pen-
toject; Animal Ltd., York, UK) for tissue collec-
tion. Tissues were also harvested from 6 un-in-
strumented fetal sheep at 0.8 gestation, which
served as age-matched controls. Immediately
after euthanasia, a Caesarean section was per-
formed and fetal brains were perfusion-fixed
with formaldehyde delivered through the carot-
id arteries under constant pressure. Fixed brains
were embedded in paraffin. Four-micrometer
coronal sections were cut at the level of the dor-
sal hippocampus, caudate nucleus and cerebel-
lum and stained with H and E and a combined

staining procedure using acid fuchsin-thionin
(0.1% fuchsin, Gurr/BDH; 0.25% thionin, Chro-
ma). The latter stain highlights (acidophilic)
damaged neurons; these neurons have a bright
pink cytoplasm on a blue Nissl background.
Cells were considered to be necrotic if they had
acidophilic cytoplasm, nuclear pyknosis or loss
of nuclear detail. The proportion of necrotic
cells was determined in the hippocampus (Cor-
nu Ammonis (CA), areas 1+2 and 3+4, dentate
gyrus and parahippocampal cortex), thalamus
and caudate nucleus by light microscopy (Zeiss
standard 25, Germany) at 100x and 400x mag-
nification. Examination was performed using a
6-point scale: 0 (0%), 1 (>0-10%), 2 (>10-50%), 3

Table 6-1. Fetal arterial blood gases and metabolic status

pHa I/R vehicle 7.36+0.01
I/R allo 7.36+0.01
ABE (mEq.L?Y) I/R vehicle 4.8+0.5
I/R allo 3.6+0.8
PaO2 (mmHg) I/R vehicle 21.3:2.0
I/R allo 20.8+1.9
PaCO2 (mmHg) I/R vehicle 58.0+1.2
I/R allo 55.2+2.0
SatHb (%) I/R vehicle 55.315.0
I/R allo 57.9:+7.4
Lactate (mmol.L?) I/R vehicle 1.13+0.20
I/R allo 1.05+0.20
Glucose (mmol.LY) I/R vehicle 0.97+0.09
I/R allo 0.80+0.11

7.11+0.03* 6.97£0.03* 7.34+0.01
7.07+0.02* 6.97+0.03* 7.35+0.01
-6.7+2.1* -15.0£1.7* 3.0:0.8

-9.0£0.98* -15.0£1.3* 2.8+0.5

14.2+£1.9* 14.0£1.4* 23.8+2.0
13.6+2.4* 13.4+3.7* 21.4+13
81.7+3.4* 90.8+5.5* 57.0+0.91
84.4+5.4* 90.6+5.4* 54.8+1.2
24.0+3.4* 21.8+2.1* 58.8+5.7
24.6+5.0* 22.8+5.9* 58.1+5.5
6.11+1.17* 9.79+1.24* 0.92+0.14
6.09+0.94* 9.09+0.99* 1.19+0.27
1.66+0.29* 1.72+0.10* 1.04+0.16
1.65+0.38* 1.18+0.30* 1.05+0.23

Fetal physiologic parameters (arterial pH, blood gases, glucose and lactate values) 60 min before

umbilical cord compression (baseline), immediately before and immediately after the end of in-

fusion of allopurinol or buffered saline and at 48 hours after the I/R challenge (see Materials and

Methods and Figure 6-1). Significant differences within groups are *p < 0.05 vs baseline (two-way

RM ANOVA with post hoc t-Newman-Keuls test). There were no significant differences between

the two treatment groups.



(>50-90%), 4 (>90-99%) and 5 (100%) . Sec-
tions were randomly numbered and scored si-
multaneously using a dual viewing attachment
by two investigators (JK and MH) who were un-

aware of the experimental groups.

To assess apoptosis, another set of four-microm-
eter coronal sections of the hippocampus, thal-
amus, basal nuclei, cortex and white matter was
stained with a cleaved caspase-3 stain. The de-
gree of apoptosis was determined using a 3-point
scoring system as previously described !"'l. Sec-
tions were randomly numbered and scored si-
multaneously using a dual viewing attachment
by two investigators (HT and PN) who were un-

aware of the experimental groups.

Data and statistical analyses

Cardiovascular data were recorded continually
at 1 s intervals using a computerized Data Ac-
quisition System (Department of PDN, Uni-
versity of Cambridge, UK). Summary measures
analysis was applied to the cardiovascular seri-
al data to focus the number of comparisons and
areas under the curve were calculated for statis-
tical comparison, as previously described in de-
tail "’ For all variables, values are expressed as
mean + S.E.M. Comparisons between groups
were assessed using one or two-way ANOVA
with an appropriate post hoc test. The rela-
tionships between indices of fetal brain damage
and values for fetal arterial blood gases or acid
base and metabolic status were assessed using
the Pearson Product Moment correlation. For
all comparisons, P <0.05 was considered signif-
icant.

Plasma levels of allopurinol

Administration of allopurinol to pregnant ewes
led to elevations in fetal plasma levels of allopu-
rinol between 4 and 7 mg.L* within 90 minutes
of the start of the infusion. These fetal plasma
concentrations of allopurinol are within the hu-
man therapeutic range for xanthine oxidase in-

hibition .. Plasma levels of the active metab-
olite oxypurinol rose more gradually to levels
between 1 and 1.5 mg.L* at two hours after ma-
ternal administration and these elevations last-
ed much longer, returning towards baseline 5

hours after treatment.

Fetal arterial blood gas, acid base and metabol-
ic status

Repeated compressions of the umbilical cord
transiently decreased fetal PaO,, SatHb, pH,
and arterial base excess (ABE) and increased
PaCO,, glucose and lactate concentrations (Ta-
ble 6-1).

Changes in the vehicle and allopurinol treat-
ed groups, respectively, before and at the end of
the I/R challenge are summarized as follows: fe-
tal pH was reduced from 7.36 + 0 at baseline to
6.97 + 0.03 versus 7.36 + 0 to 6.97 + 0.03 by the
end of the fifth compression (both groups P <
0.05), arterial base excess was reduced from 4.8
+ 0.5 to -15 + 1.7 mEq.L* versus 3.6 + 0.8 to -15
1.3 mEq.L"* (both groups P < 0.05), PaO, was re-
duced from 21 + 2 to 14 + 1 mmHg versus 21 +
2 to 13 + 2 mmHg (both groups P<0.05), SatHb
was reduced from 55 + 5to 22 + 2 % versus 58 + 7
to 23 + 6 % (both groups P < 0.05), PaCO, was in-
creased from 58 + 1 to 91 + 6 mmHg versus 55 +
2to 91 + 5 mmHg (both groups P < 0.05), lactate
levels rose from 1.1 + 0.2 to 9.8 + 1.7 mmol.L*
versus 1.1+ 0.2t09.9 + 1.2 mmol.L* (both groups
P < 0.05) and glucose levels rose from 1.0 + 0.1
to 1.7 + 0.1 mmol.L” versus 0.8 £ 0.1 to 1.2 + 0.3
mmol.L* (both groups P < 0.05). There were no
differences in the magnitude of any change in
arterial blood gas, acid base excess or metabolic
status between groups.

Assessment of Neuronal Necrosis

Relative to controls, the I/R challenge induced
significantly greater neuronal damage in the
hippocampal cornu ammonis zone 3 and 4 of
fetal sheep brains (Figures 6-2 and 6-3). Mater-
nal treatment with allopurinol during the I/R
challenge restored fetal cerebral neuronal dam-



Figure 6-2. Histopathological images; acid fuchsin thionin staining
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Representative images of the histopathological appearance of fetal sheep brains at 0.8 of gesta-

tion in controls (A, D, and G), the ischemia-reperfusion (I/R) vehicle group (B, E, and H), and the
I/R allopurinol group (C, F, and ). Panels A to C represent zone 4 of the cornu ammonis; panels D
to F are images of the parahippocampal cortex; and panels G, H, and | represent the thalamus. An

acid fuchsin and thionin staining was used to detect neuronal loss (acidophilic positive neurons).

age in these areas towards control scores (Fig-
ures 2 and 3). Differences in fetal brain neuronal
damage between control and I/R groups, and
relative protection following I/R by maternal
allopurinol treatment, was also prominent, al-
though outside statistical significance (P=0.08),
in the fetal dentate gyrus and thalamic regions
(Figure 6-3).

Assessment of Neuronal Apoptosis

Relative to controls, significantly greater apop-
tosis in the basal nuclei and cortex was mea-
sured in fetuses subjected to the I/R challenge.
However, the magnitude of apoptosis in these
fetal brain regions was similar between vehi-
cle and allopurinol treated groups (Figure 6-4).

Differences in the extent of neuronal apopto-
sis between control and fetuses subjected to the
I/R challenge, independent of allopurinol treat-
ment, were also apparent in other fetal brain re-
gions. However, these differences fell outside
statistical significance (P=0.08, Figure 6-4).

When variables representing fetal arterial blood
gases, acid base and metabolic status were cor-
related to indices of cerebral necrosis or apop-
tosis in all brain regions within individual ani-
mals for all groups, no significant relationships
were found.

Fetal Cardiovascular Variables
Data concerning fetal cardiovascular variables



Figure 6-3. Neuronal damage scores in fetal sheep brain
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are described in detail in a previous article by
our group'’. These data show that maternal
treatment with allopurinol helped maintain
umbilical blood flow and reduced fetal cardiac

oxidative stress after I/R.

This study was designed to investigate the poten-
tial neuroprotective effects of the FDA-approved

drug allopurinol, when administered to the
mother during intra-uterine asphyxia at term. To
test the hypothesis, we developed an experimen-
tal model to simulate perinatal asphyxia by using
5 intermittent umbilical cord occlusions lead-
ing to clinically relevant metabolic acidosis with
subsequent brain damage in late gestation fetal
sheep. At the start of maternal allopurinol infu-
sion, mean pH was 7.07+0.02 and 7.11+0.03 in the
I/R allopurinol and I/R vehicle groups respec-

Figure 6-4. Apoptosis (assessed with cleaved caspase 3) in fetal sheep brain
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tively, indicating severe fetal asphyxia. In the
human clinical setting, this would be the time-
point to start preparing an emergency Cesarean
section or instrumented vaginal delivery, a win-
dow of time in which maternal infusion with al-
lopurinol could be incorporated.

The data show that in the late gestation ovine
fetus repeated, intermittent, measured compres-
sions of the umbilical cord led to neuronal cell
damage and apoptosis in most brain areas exam-
ined. Ischemia-reperfusion induced significant-
ly greater neuronal damage in the hippocam-
pal cornu ammonis zone 3 and 4, as compared
to non-ischemic controls. Differences between
groups were prominent, although outside statis-
tical significance, in the dentate gyrus and thal-
amus regions. Maternal administration with al-
lopurinol during I/R restored fetal neuronal
damage towards control scores, confirming a
possible role for xanthine oxidase in the path-
way leading to neuronal damage and supporting
a potential neuroprotective effect of antenatal
antioxidant treatment.

Several experimental models to induce fetal as-
phyxia have previously been performed; either
partial occlusion of the umbilical cord for 30
minutes to several hours, repetitive infrequent
occlusions lasting 5 minutes, occlusions of in-
creasing length and/or frequency and (nearly)
total occlusion for 10 minutes, as in our mod-
el . Although a broad variation of distri-
bution patterns of neuronal damage and apop-
tosis have been identified after using these
different techniques, the observed (para)hip-
pocampal vulnerability has frequently been de-
scribed . In our study, the hippocampus
and the parahippocampal cortex, areas involved
in memory and spatial orientation and naviga-
tion, were also the most severely damaged brain
areas, results in keeping with the characteristics
of such studies.

Apparent differences in histological brain dam-
age between the I/R allo and I/R vehicle groups
that did not reach statistical significance in the

preset study are most likely due to the small
number of subjects used. Alternatively, a lack
of an effect of allopurinol treatment could re-
flect brain damage triggered via pro-oxidant
pathways other than via the activation of xan-
thine oxidase. Several other pathways may pro-
mote oxidative stress, such as the glutamate-in-
duced excitotoxicity which proceeds via NMDA
receptor activation, producing Ca* influx and
thereby activation of Ca*-dependent NOS, par-
ticularly nNOS. At high concentrations, NO-
reacts with superoxide (O,”) to produce per-
oxynitrite (ONOO-), which in turn induces lip-
id peroxidation and mitochondrial nitrosyla-
tion. Consequently, mitochondrial dysfunction
and membrane depolarization develop with fur-
ther release of O,.

An increased influx of calcium also leads to the
activation of cytosolic phospholipases, increas-
ing eicosanoid release and inflammation with
concomitant accumulation of neutrophils. A
combined therapeutic approach using drugs,
which influence different parts of the neuro-
toxic cascade, like melatonin '/ or tetrahydro-
biopterin, might therefore further improve the
outcome of antioxidant therapy.

In the present study, analysis of indices of apop-
tosis also revealed significant programmed cell
death in most brain areas of fetal sheep that un-
derwent ischemia-reperfusion. However, mater-
nal treatment with allopurinol during the I/R
challenge did not have a significant effect on re-
ducing the amount of apoptotic brain cells. This
may be because histological assessment was per-
formed at 48 hours after ischemia reperfusion,
while the process of apoptosis normally reach-
es its maximum 72 hours after a hypoxic isch-
emic event

Previous papers have reported on effects of al-
lopurinol in post-asphyxial reperfusion brain
damage in both animals and humans. Although
allopurinol has been administered both be-
fore and after hypoxic-ischemic insults in these
studies, most of the experiments have been car-



ried out postnatally. Only five other studies in
the literature have reported on antenatally ad-
ministered allopurinol, but none of them have
described any effects on the histology of the
brain

In the present study, therapeutic ranges of al-
lopurinol and its metabolite oxypurinol have
shown to be attainable after antenatal mater-
nal treatment with allopurinol, while no ad-
verse side effects were observed. These findings
are in line with previous studies in both ani-
mals and humans . Masaoka et al. were
the first to investigate antenatally administered
allopurinol during intermittent umbilical cord
occlusion in fetal sheep, and described a signifi-
cantly reduced production of superoxide in the
allopurinol treated animals . This indicates
either a direct effect of allopurinol in prevent-
ing the production of free radicals, in scaveng-
ing free radicals once formed, or both. These re-
sults were confirmed in the ovine fetuses used
in the present study, in which we found reduced
indices of oxidative stress in the cardiovascular
system after maternal treatment with allopuri-
nol . A randomized controlled human clini-

cal pilot study performed by our group has also

shown a significant reduction of Non Protein
Bound Iron (NPBI) in the cord blood of allopu-
rinol treated infants, confirming the oxidative
stress-reducing effect of allopurinol in humans.
Furthermore, an inverse correlation between
levels of allopurinol and levels of S-1008, a
marker of brain damage, in umbilical cord blood
was seen, further indicating a potential neuro-
protective effect

In summary, this is the first report investigating
the protective value of antenatal administration
of allopurinol during birth asphyxia on brain
damage in the late gestation sheep fetus. The
data support the hypothesis tested that mater-
nal treatment with allopurinol during repeated
episodes of fetal asphyxia would limit I/R dam-
age to the fetal brain. Maternal treatment with
allopurinol therefore remains a promising ther-
apeutic option to complement neonatal head
cooling. A large prospective multicenter place-
bo controlled trial in the Netherlands investi-
gating the effect of maternal administration
of allopurinol on markers of brain damage and
neonatal outcome in humans has recently com-
pleted recruitment
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ABSTRACT

Background

Hypoxic-ischemic encephalopathy is associated with the development of cerebral palsy and cognitive
disability later in life and is therefore one of the fundamental problems in perinatal medicine. The xan-
thine-oxidase inhibitor allopurinol reduces the formation of free radicals, thereby limiting the amount of
hypoxia-reperfusion damage. In case of suspected intra-uterine hypoxia, both animal and human studies
suggest that maternal administration of allopurinol immediately prior to delivery reduces hypoxic-isch-
emic encephalopathy.

Methods/Design

The proposed trial is a randomized double blind placebo controlled multicenter study in pregnant wom-
en at term in whom the fetus is suspected of intra-uterine hypoxia.

Allopurinol 500 mg IV or placebo will be administered antenatally to the pregnant woman when fetal hy-
poxia is suspected. Fetal distress is being diagnosed by the clinician as an abnormal or non-reassuring fe-
tal heart rate trace, preferably accompanied by either significant ST-wave abnormalities (as detected by
the STAN-monitor) or an abnormal fetal blood scalp sampling (pH < 7.20). Primary outcome measures are
the amount of S100R (a marker for brain tissue damage) and the severity of oxidative stress (measured by
isoprostane, neuroprostane, non protein bound iron and hypoxanthine), both measured in umbilical cord
blood. Secondary outcome measures are neonatal mortality, serious composite neonatal morbidity and
long-term neurological outcome. Furthermore pharmacokinetics and pharmacodynamics will be investi-
gated. We expect an inclusion of 220 patients (110 per group) to be feasible in an inclusion period of two
years. Given a suspected mean value of S1008 of 1.05 ug/L (SD 0.37 ug/L) in the placebo group this tri-
al has a power of 90% (alpha 0.05) to detect a mean value of S1008 of 0.89 ug/L (SD 0.37 ug/L) in the ‘al-
lopurinol-treated’ group (z-test2-sided). Analysis will be by intention to treat and it allows for one inter-
im analysis.

Discussion
In this trial we aim to answer the question whether antenatal allopurinol administration reduces hypox-
ic-ischemic encephalopathy in neonates exposed to fetal hypoxia.



ypoxic-ischemic encephalopathy is

associated with development of ce-

rebral palsy and cognitive disability
later in life '". The recognition, prevention and
treatment of intra-uterine hypoxia is therefore
one of the main priorities in perinatal medicine.
Animal and human studies have shown that
brain damage not only occurs during the hypox-
ic-ischemic event, but continues for hours up to
days upon and after reoxygenation and reper-
fusion and is caused by production of free rad-
icals

Free radical formation due to conversion of hy-
poxanthine into xanthine by xanthine-oxidase
.Admin-
istration of the xanthine-oxidase inhibitor allo-

is very important during this process

purinol (ALLO) reduces the production of free
radicals, thereby limiting the amount of hypox-
. Furthermore, ALLO
also has a non-protein bound iron (pro-radi-

ia-reperfusion damage

cal) chelating and direct free radical (hydrox-
yl) scavenging effect. Animal research in as-
phyxiated pigs demonstrated beneficial effects
of postnatally administrated ALLO on cerebral
energy status and cytotoxic edema

A prospective randomized study in human ne-
onates, examining the effects of ALLO in term
asphyxiated neonates, showed an improvement
of electrocortical brain activity and a reduc-
tion in free radical formation after neonatal
ALLO administration "l. A more recent paper by
Gunes et al. Il reports an improved neurological
outcome after postnatal ALLO administration
compared to a placebo in term asphyxiated neo-
nates. Benders et al however demonstrated that
ALLO was not effective if administrated 3 to 4
hours after the hypoxic incident to severely as-
phyxiated neonates . However, when the most
severely asphyxiated children were exclud-
ed from the study, a beneficial effect of ALLO
was seen on neurological development. This is
in line with previous studies by Gluckman ez al.
on neonatal head cooling ""’. They also demon-

strated a beneficial effect of their treatment af-

ter exclusion of the most severely asphyxiated
neonates. Apparently, no advantage of neonatal
treatment is seen anymore, when the interval to
the initiation of treatment is too long or when
the brain damage is too severe. This has prob-
ably been the major disadvantage of late post
neonatal treatment with ALLO on the Neona-
tal Intensive Care Unit (NICU). ALLO admin-
istrated at the NICU is likely to be given too late
to provide adequate neuroprotection during the
early period of reoxygenation in which the vast
amount of free radicals is being produced.

Apparently, when the asphyxia has been too se-
vere, the inflicted brain damage can no longer
be reversed. It is conceivable that earlier ALLO
treatment, i.e. the use of ALLO during labor in
case of suspected fetal hypoxia, provides the op-
portunity to start earlier with the treatment,
thereby limiting the amount of hypoxia-reper-
fusion injury and improving neurological out-
come.

Pharmacological data have been published by
Boda et al, who showed that pharmacological
plasma levels were reached in the human fetus
after ALLO administration to the mother

A systematic review in Pubmed, searching for
[ allopurinol, fetus, neonate, asphyxia, hypox-
ia] did not provide us with any additional stud-
ies performed in humans. Some animal studies
have been performed using piglets (neonatal ad-
ministration), sheep and sows (maternal admin-
istration) . These studies showed improved
outcome after allopurinol treatment on cerebral
energy status and recovery of umbilical blood
flow respectively.

We recently performed a prospective random-
ized placebo controlled pilot study, in which
we administered ALLO to the pregnant wom-
an when fetal asphyxia was imminent. Data
from this pilot study show an inverse correla-
tion between levels of ALLO and the amount of
S100R, a biomarker for brain tissue damage, in

cord blood . In addition, we performed a study



in the chronically instrumented fetal sheep, in
which we showed evidence of cardio- and neu-
roprotection after antenatal ALLO administra-
tion to the pregnant ewe during repeated peri-
ods of ischemia

Incidence and financial impact of birth as-
phyxia

Birth asphyxia carries a high incidence, 4-9
per 1000 live born neonates. On estimate 1-4 of
these neonates will die or develop a severe hand-
icap . With almost 200.000 deliveries in
the Netherlands annually, this implicates that
each year approximately 800 neonates will die
or suffer from a handicap due to birth asphyx-
ia. Moreover, there is evidence that individuals
suffering from moderate birth asphyxia, devel-
op behavioral problems later in life

The health care costs of asphyxia are enormous.
Many of these children are admitted to a neo-
natal intensive care unit at a cost of € 1.500, -
per day, with an average duration of admission
of 10 days. Estimated costs of disabled children
are € 80.000, - and € 20.000, - yearly for severe-
ly and moderately handicapped children respec-
tively. The costs of neonatal care are annually 20
million Euros, whereas the costs of care for dis-
abled children born in one year are more than
one hundred million Euros.

As the costs of ALLO and its administration are
relatively low (100 Euros per pregnant woman),
a small treatment effect will already make the
intervention cost-effective.

Safety of allopurinol

Allopurinol has been used in internal medicine
for many years for the treatment of gout. Side
effects of ALLO are rare and most commonly
include symptoms of hypersensitivity like skin
rashes ", Stevens-Johnson syndrome has been
reported, but only after prolonged treatment
(> 10 days) in case of gout |*'. During previously
performed studies in pregnant women and ne-

onates, no adverse reactions were seen

Aims

The objective of the study is to test the hypoth-
esis that intra-uterine treatment with ALLO
in case of suspected fetal hypoxia will reduce
brain damage and with that may improve neo-
natal outcome.

Participants/eligibility criteria

Pregnant women with a gestational age of at
least 36 weeks and suspected intra-uterine hy-
poxia (fetal distress) during labor can be includ-
ed in the trial. Fetal distress is being diagnosed
by the clinician as an abnormal or non-reassur-
ing fetal heart rate trace, preferably accompa-
nied by either significant ST-wave abnormal-
ities (as detected by the STAN-monitor) or an
abnormal fetal blood scalp sampling (pH < 7.20).
Neonates suspected of chromosomal or congen-
ital anomalies will be excluded.

Procedures, recruitment, randomization and
collection of baseline data

The study will be a randomized double blind
placebo controlled multicenter study. Hospitals
which participate in the Dutch Consortium for
Studies in Women’s health and reproductivity
will participate in the trial. The study will be
staffed by research midwives and -nurses, who
will counsel patients at the outpatient clinic or
at the obstetric ward.

Before entry into the study, subjects will be in-
formed about the aims, methods, reasonably an-
ticipated benefits and potential hazards of the
study. Subjects will be informed that their par-
ticipation is voluntary and that they may with-
draw consent to participate at any time during
the study. They will be informed that choos-
ing not to participate will not affect their care.
In every center an independent gynecologist
will be available for more detailed information
both for patients and colleagues if required. Af-
ter giving sufficient information, written in-
formed consent will be obtained. The consent
form must be signed before performance of any



study-related activity.

In case of suspected fetal distress and written
informed consent, the patient will be random-
ized immediately prior to delivery (Figure 7-1).

All details of delivery are recorded in the case
record form that is accessible through a website
(www.studies-obsgyn.nl/allo). In case of admit-
tance of one or more children to the neonatal in-
tensive care unit, details of this admittance are
also recorded.

Data will be collected using Oracle Clinical Re-
mote Data Capture (RDC), which is a new gen-
eration of application systems that enable col-
lection and cleanup of clinical trial data using
the Internet. For detailed information on Ora-
cle RDC see http://www.ctc-g.co.jp/~CTCLS/
opa/en/. The expertise for this technology is
already used in the study group and applied in
the ZonMw funded consortium studies that are
currently running.

Interventions

All women who are identified as having sus-
pected fetal distress and have given informed
consent prior to delivery will be randomized in
two groups: One group of pregnant women will
receive one IV dosage of 500 mg ALLO. The oth-
er group will receive one IV dosage of placebo
antenatally.

Outcome measures

Primary outcome measures are related to bio-
chemical brain damage markers (S1008, eno-
lase) and the severity of oxidative stress as
measured by isoprostane, neuroprostane, non
protein bound iron and hypoxanthine in umbil-
ical cord blood.

The main primary outcome measure will be the
protein S1008 as this is, at present, the most val-
idated biochemical marker for brain tissue dam-
age. Secondary outcome parameters are neona-
tal mortality and short term neonatal morbidity,
such as hypoglycemia, convulsions and post-hy-
poxic neonatal encephalopathy, length of ad-
mission at the neonatal intensive care unit and

placental transfer, pharmacodynamics and -ki-
netics of ALLO. Neonatal encephalopathy will
be assessed by Sarnat- and Thompson scores

Follow up of women and infants

Blood sampling will be performed to assess the
amount of tissue damage (i.e. S1008, enolase,
troponin), oxidative stress (i.e hypoxanthine,
isoprostane, neuroprostane and non protein
bound iron) and ALLO plasma levels. Immedi-
ately after delivery, samples of cord blood and
maternal blood are obtained. One hour and 18-
24 hours after birth neonatal blood samples are
obtained in all children with clinically indicat-
ed blood sampling.

Long-term follow-up using neuropsychological
tests and validated neurodevelopmental ques-
tionnaires at the age of 4-5 and 8 years and addi-
tional MRI at the age of 8 years is desirable, but
is depending on future funding.

Sample size

The sample size is calculated based on the pri-
mary outcome measure cord-S1008 as a marker
of brain damage. Our own pilot study showed
a mean value of Si00R of 1.05 ug/L (SD 0.37
ug/L) in the ‘non-treated’ group with suspect-
ed intra-uterine hypoxia. Based on this same pi-
lot study we expect the mean value of S1008 to
be lower in the ‘allopurinol-treated’ group com-
pared to the ‘non-treated group’.

Based on the accrual of patients in our pilot
study we consider an inclusion of 220 patients
(1120 ALLO, 110 placebo) to be feasible in an in-
clusion period of 2 years. Given a suspected
mean value of S1008 of 1.05 ug/L (SD 0.37 ug/L)
in the placebo group this trial has a power of
90% with an alpha of 0.05 to detect a mean value
of S1008 of 0.89 ug/L (SD 0.37 ug/L) in the ‘allo-
purinol-treated’ group (z-test2-sided)



7
ANTENATAL ALLOPURINOL FOR REDUCTION OF BIRTH ASPHYXIA INDUCED BRAIN DAMAGE (ALLO’TRIAL);
A RANDOMIZED DOUBLE BLIND PLACEBO CONTROLLED MULTICENTER STUDY

Figure 7-1. Flowchart ALLO-trial

Eligibility criteria (N=220)

Gestational age = 36 weeks

Suspected fetal distress by either:

1. Abnormal or non-reassuring fetal heart rate trace

2. Significant ST-wave abnormalities (as detected by the
STAN monitor)

3. Abnormal fetal scalp sampling (pH < 7.20)

Absence of congenital, chromosomal or syndromal anoma-

lies

Informed consent available

RN

Allopurinol 500 mg i.v. (n=110)

Placebo i.v. (n=110) (dissolved in water for
(dissolved in water for injection) to the

injection) to the mother in 10 minutes
mother in 10 minutes

~N

Immediate delivery

Umbilical cord sampling for fetal pH, markers
of tissue damage, indices of oxidative stress,

lactate and allopurinol levels

Y

Short term neonatal follow-up

Blood sampling for oxidative stress, markers of
tissue damage, allopurinol plasma levels, glu-
cose and lactate, < 1 h after birth and 18-24 h
after birth in all children with clinically indi-

cated blood sampling.

90




Data analysis

Data will be analyzed according to the inten-
tion to treat principle. Outcome measures will
be analyzed with (non)parametric tests where
continuous variables are concerned. Propor-
tional data will be reported as relative risks with
95% confidence intervals. Multivariable regres-
sion techniques will be applied to correct for
any important differences in prognostic base-
line characteristics, despite of randomization,
by adding all prognostic variables as indepen-
dent variables. Both corrected and uncorrect-
ed group differences will be reported. Numbers
needed to treat (NNT) will be reported for both
continuous and discrete data.

Interim analysis

An interim analysis will be performed at t=0.5
using O’Brien -Fleming alpha spending func-
tion. An interim analysis will be performed af-
ter the inclusion of 110 women. This analysis
will be done by an independent person that will
be unaware of the allocation of treatment or
placebo when they judge data on effectiveness.

Data safety monitoring committee

Serious Adverse Events (SAEs) and Suspect-
ed Unexpected Serious Adverse Reactions (SU-
SARs) will be reported to a Data Safety Mon-
itoring Committee (DSMC). The DSMC can
order to perform an extra interim analysis and,

if indicated, terminate the trial prematurely.

Ethical considerations

This study is approved by the National Central
Committee on Research involving Human Sub-
jects (CCMO - NL26516.000.09).

In conclusion, hypoxic-ischemic encephalopa-
thy is associated with development of cerebral
palsy and cognitive disability later in life and is
therefore one of the fundamental problems in
perinatal medicine. Prevention of brain dam-
age and developing adequate therapy is there-
fore of big importance. The xanthine-oxidase
inhibitor allopurinol (ALLO) reduces free rad-
ical formation, thereby limiting the amount of
hypoxia-reperfusion damage. Animal and hu-
man studies suggest that administration of
ALLO immediately prior to delivery in case of
suspected fetal asphyxia might reduce hypox-
ic-ischemic encephalopathy. We designed a ran-
domized placebo controlled multicenter trial
to determine whether intra-uterine treatment
with allopurinol reduces hypoxic-ischemic en-
cephalopathy in neonates exposed to fetal hy-
poxia.

To our knowledge no similar studies are or will
shortly be performed in the Netherlands or
abroad.
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ABSTRACT

Design
We used data from a randomized double blind multicenter trial comparing maternal allopurinol versus
placebo in case of imminent fetal hypoxia (NCTo0189007).

Patients
We studied 58 women in labor at term, with suspected fetal hypoxia prompting immediate delivery, in
the intervention arm of the study.

Setting
Delivery rooms of 11 Dutch hospitals.

Intervention
500 mg allopurinol, intravenously to the mother, immediately prior to delivery.

Main outcome measures
Drug disposition (maternal plasma concentrations, cord blood concentrations) and drug safety (mater-
nal and fetal adverse events).

Results

Within 5 minutes after the end of maternal allopurinol infusion target plasma concentrations of allopuri-
nol of =2 mg/L were present in cord blood. Of all analyzed cord blood samples, 95% (52/55) had a target
allopurinol plasma concentration at the moment of delivery. No adverse events were observed in the ne-
onates. Two mothers had a red and/or painful arm during infusion.

Conclusions

A dose of 500 mg intravenous allopurinol rapidly crosses the placenta, and provides target concentra-
tions in 95% of the fetuses at the moment of delivery, which makes it potentially useful as a neuroprotec-
tive agent in perinatology with very little side-effects.



espite advances in maternal and neo-

natal care, limited progress has been

achieved in reducing the incidence
of fetal asphyxia and subsequent neurodevel-
opmental disabilities /. Neuronal damage fol-
lowing birth asphyxia is most likely caused by
the formation of free radicals in the reperfusion
phase starting directly after birth /. Current-
ly, the only established treatment for free radi-
calinduced hypoxic-ischemic encephalopathy is
postnatal mild hypothermia, often started sev-
eral hours after the ischemic and reperfusion
phases /.. Therefore, there is need to optimize
therapeutic options to further prevent or reduce
hypoxia-induced brain damage during labor,
preferably in an earlier stage in the process of

(or even before) free radical production.

Several potential antioxidant pharmacologic
options to intervene in the putative neurotox-
ic cascade have already been studied "°. Drugs
like tetrahydrobiopterin, melatonin, nNOS in-
hibitors, xenon and vitamin C showed promis-
ing results in experimental studies, but have not

yet been translated to clinical use

Several pathways may promote oxidative stress
during labor, such as the glutamate-induced ex-
citotoxicity which proceeds via N-methyl-D-as-
partate (NMDA) receptor activation, producing
Ca* influx and thereby activation of Ca*“de-
pendent nitric oxide synthase (NOS), partic-
ularly neuronal NOS . At high concentra-
tions, nitric oxide (NO-) reacts with superoxide
(O, to produce peroxynitrite (ONOO-), which
in turn induces lipid peroxidation and mito-
chondrial nitrosylation !’ Consequently, mito-
chondrial dysfunction and membrane depolar-
ization develop with further release of (O,). An
increased influx of calcium also leads to the ac-
tivation of cytosolic phospholipases, increasing
eicosanoid release and inflammation with con-

comitant accumulation of neutrophils

One of the main pro-oxidant pathways stimu-
lated by ischemia and reperfusion is the xan-

thine oxidase pathway Allopurinol, a
FDA-approved xanthine oxidase inhibitor for
lowering uric acid concentrations in patients
with gout and neoplastic diseases, inhibits the
conversion of hypoxanthine into xanthine and
uric acid, thereby inhibiting the production of
the reactive oxygen species hydrogen perox-
ide (H,0,) and superoxide
in high dosages, it functions as a chelator of

. Furthermore,

non-protein bound iron and as a direct scaven-
ger of hydroxyl radicals. All these mechanisms
could potentially result in neuroprotective ef-
fects. Allopurinol is metabolised into the ac-
tive metabolite oxypurinol, which blocks uric
acid production. Its plasma concentrations are
therefore used in the monitoring of gout pa-
tients

A recent follow-up study of two prospective
randomised controlled trials in human neonates
in which the effects of postnatally administered
allopurinol in term asphyxiated neonates were
studied, showed a beneficial effect of allopuri-
nol administration on mortality and severe dis-
abilities at 4-8 years of age, but only in the mod-
erately asphyxiated group "’ These beneficial
effects are in line with previous findings on
neonatal head cooling after acute fetal hypox-
ia at term Il. Most likely no advantage of treat-
ment occurs anymore when the interval to the
initiation of treatment is too long or when brain
damage is already too severe. It is conceivable
that earlier allopurinol treatment, i.e. maternal-
ly administered allopurinol during labor in case
of suspected fetal hypoxia, may earlier limit the
amount of free radical production and subse-
quent hypoxia-reperfusion injury.

For successful intrauterine neuroprotection of
the hypoxic fetus during the perinatal reper-
fusion and reoxygenation phases, a ‘candidate’
drug such as allopurinol should, besides being
effective in the fetus, readily cross the placenta
and should not be harmful to mother and fetus.

The aim of our study was to investigate the



pharmacological applicability of allopurinol for
intrauterine neuroprotection after maternal ad-
ministration, by studying drug disposition (ma-
ternal plasma concentrations, cord blood con-
centrations) as well as drug safety (maternal
and neonatal adverse events). We studied the re-
quired minimal time that was needed to obtain
intrauterine target allopurinol concentrations
after the end of maternal allopurinol adminis-
tration, to identify the possible therapeutic time
window for administration of allopurinol to the
mother in labor in case hypoxia occurs.

Setting and study population

The study population was extracted from wom-
en participating in a randomized double blind
placebo controlled multicenter trial performed
by our group (NCTo00189007) .. The trial fo-
cused on the effect of maternally administered
allopurinol during fetal hypoxia on lowering
brain specific biomarkers of neonatal brain
damage. The study was conducted in 11 hospi-
tals participating in the Dutch Consortium for
Studies in Women’s Health and Reproductivi-
ty. Pregnant women with a gestational age of at
least 36 weeks and suspected intra-uterine fetal
hypoxia, prompting immediate delivery, were
eligible to participate in the trial. Fetal hypox-
ia was suspected, being an abnormal or non-re-
assuring fetal heart rate trace (according to FI-
GO-criteria), significant ST-wave abnormalities
(detected by the STAN-monitor) or abnormal fe-
. Wom-
en bearing a child suspected of chromosomal or

tal blood scalp sampling (pH < 7.20)

congenital anomalies were not eligible '’ For
this study, only singletons were used in the as-
sessment of the transplacental pharmacokinet-
ics.

Intervention

Women were randomly assigned in a dou-
ble-blind fashion to receive either a single in-
travenous dose of 500 mg allopurinol (ALLO) in
somL water for injection (Acepurin, AcePhar-

maceuticals, Zeewolde, the Netherlands) or pla-
cebo (CONT, 500mg Mannitol/somL water for
injection) administered in 10 minutes immedi-
ately prior to delivery "\. The dose of allopuri-
nol was based on a study in healthy pregnancies,
performed by Boda et al. ’/, and on a previously
pilot-study performed by our group **". Current-
ly the maximum allowed dose of allopurinol in
a single dose in clinical use is 500 mg (as stated
in the SPC of the product)

Study drugs were stored at 20-25°C and dis-
solved immediately before administration. Al-
lopurinol and placebo had exactly the same ap-
pearance; freeze dried white powder in glass
vials with a pH of 11 after dilution with water

for injection.

Bioanalysis

Venous cord blood and maternal blood sam-
ples were obtained immediately after birth ac-
cording to protocol. Allopurinol and oxypu-
rinol plasma concentrations were determined
by the Clinical Pharmaceutical and Toxicolog-
ical laboratory of the University Medical Cen-
ter Utrecht. This method is used for research
and routinely monitoring of patients with gout
on allopurinol therapy . Blood samples were
collected in heparinized tubes and centrifuged
at 3000 rpm for1o minutes. Plasma concentra-
tions were determined using reversed- phase
high-performance liquid chromatography (RP-
HPLC) with UV-detection at 254 nm. The meth-
od was linear between 0.5 and 25 mg/]1 with a
lower limit of quantification (LLoQ) of 0.2 mg/1
for both compounds.

Transplacental transport

Transplacental transport of allopurinol was
studied by comparing obtained maternal and
cord plasma concentrations immediately af-
ter birth. The transplacental ratio is expressed
as the plasma concentration in the fetus divid-
ed by the plasma concentration in the moth-
er. Only maternal and cord blood samples that
were drawn within a 30 minute interval were
used to calculate the transplacental ratio, oth-



erwise the ratio could be distorted due to on-
going drug clearance in the mothers blood af-
ter collection of the cord blood. Transplacental
transport can occur via passive (e.g. diffusion),
active (e.g. ATP-requiring transporters) or com-
bined transport mechanisms (e.g. facilitated dif-
fusion) “’.. Only in presence of active transport,
fetal drug concentration can exceed the con-
centrations in the mother (transplacental ratio
>1), since diffusion depends on the concentra-
tion-gradient. Without active transport, trans-

placental ratios can only reach a maximum of 1
(e.g. equal concentration in fetus and mother).

Safety

The occurrence of (serious) adverse events and
obtained plasma concentrations of allopurinol
and oxypurinol were used to study maternal
and fetal safety. For maternal safety of the drug
only oxypurinol plasma concentrations were as-
sessed, since only for oxypurinol a target win-
dow for uric acid lowering therapy in patients

Figure 8-1. Flowchart of patient enrollment and follow-up

222 Women underwent randomisation

111 Women were assigned to

receive allopurinol (109 Singletons; 2 Twins)

70 Received total 25 Received part of

amount of allopurinol the total amount

before birth of allopurinol

58 Maternal blood samples
were available for the
detection of allo- and

oxypurinol levels

111 Women were assigned to

receive placebo (111 Singletons)

7 Received an 9 Delivered without

unknown amount receiving

of allopurinol allopurinol

55 Cord blood samples
were available for
the detection of allo-

and oxypurinol levels

20 Maternal blood / cord blood samples were drawn within

30 minutes after birth to examine placental transfer



with gout (target >5 mg/L) is known

Ethical considerations

This study was approved by the National Cen-
tral Committee on Research involving Human
Subjects (CCMO - NL26516.000.09) and by Sci-
entific Boards and Ethical Committees of the
11 participating hospitals (the University Med-
ical Center Utrecht, the Mdxima Medical Cen-
ter Veldhoven, the University Medical Center
Groningen, the VU University Medical Cen-
ter Amsterdam, the Academic Medical Cen-
ter Amsterdam, the Diakonessenhuis Utrecht,
the Jeroen Bosch Hospital ‘s Hertogenbosch,
the Maastricht University Medical Center, the
Leiden University Medical Center, the Groene
Hart Hospital Gouda, the Gelre Hospital Apel-
doorn).

Informed consent was obtained from both fu-
ture parents, antenatally at the outpatient clin-

ic or at the labor ward. Randomization only oc-
curred if fetal hypoxia was suspected.

Trial registration

The study is registered in the Dutch Trial Reg-
ister (NTR1383) and the Clinical Trials protocol
registration system (NCT00189007).

From October 2009 until December 2011, 222
eligible mothers and their 224 infants were en-
rolled in the randomized trial. We randomly al-
located 111 women (two were pregnant of a di-
chorionic twin) to the group that received 500
mg allopurinol; 111 women received a placebo
drug (figure 8-1). In total 70 mothers received
the full allopurinol dose of 500 mg. Forty-one of
the 111 women did not receive the full dose be-
cause the child was born before the whole dose
was administered.

Table 8-1. Characteristics of the analyzed pregnant women and neonates

Age (years)
Gravida
Parity

Time between end of allopurinol administration and blood withdrawal (minutes)

Measured allopurinol plasma concentration (mg/L)

Measured oxypurinol plasma concentration (mg/L)

Birth weight (kg)

Gestational age (weeks+days)

Time between end of allopurinol administration and blood withdrawal (minutes)
Measured allopurinol umbilical cord concentration (mg/L)

Measured oxypurinol umbilical cord concentration (mg/L)

33.1(19.0 - 41.0)
2(1-8)
0(0-3)

57 (5 - 309)
43(0.9-14.0)
37(0.8-8.0)

3.22 (1.66 - 4.38)
40+1 (36+1 - 42+0)
6 (1 - 44)

3.7 (0.7 - 16.5)
09 (<LLQ® - 3.91)



Figure 8-2. Allopurinol concentrations in umbilical cord samples after intravenous maternal

allopurinol administration (n = 55)
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In 58 mothers who received the full dose blood
samples for the analysis of allopurinol and oxy-
purinol plasma concentrations were available
as well as all relevant information (administra-
tion times, blood withdrawal times) (figure 8-1).
Allopurinol and oxypurinol plasma concentra-
tions in cord blood were available, and all rele-
vant information was known in 55 neonates of
the mothers that received the full dose. Charac-
teristics of the studied women and neonates are
displayed in table 8-1.

Fetal drug disposition and transplacental
transport

Within 5 minutes after the end of maternal al-
lopurinol infusion target plasma concentrations
of allopurinol were present in cord blood. Of all
analyzed cord blood samples, 95% (52/55) had a
target allopurinol plasma concentration of =2
mg/L at the time of delivery. No concentrations
below the target concentration were found if
the time interval between the end of allopuri-
nol infusion and delivery was at least 7 minutes.

Umbilical cord allopurinol plasma concentra-
tions are illustrated in figure 8-2.

In 20 cases maternal and cord blood samples
were drawn within half an hour of each other.
The observed transplacental ratio (cord blood /
mother) for allopurinol ranged from 0.23 to 0.91.
In none of the cases the allopurinol concentra-
tion in cord blood exceeded the maternal allo-
purinol plasma concentration (for all cases the
transplacental ratio was < 1). Transplacental ra-
tios are shown in figure 8-3.

Maternal and neonatal safety

No adverse events were observed in the neo-
nates in the allopurinol group and no serious
adverse events or suspected unexpected serious
adverse reactions occurred in the mothers who
had received allopurinol. This is in line with the
detected oxypurinol plasma levels in the mater-
nal blood samples. Of the mothers who received
allopurinol, 14% (8/58) had a target oxypurinol
plasma concentration (=5 mg/L for lowering



Figure 8-3. Allopurinol transplacental ratio (fetal/maternal) after

maternal allopurinol administration (n = 20)
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uric acid concentrations) corresponding with a
target level for obtaining a hypo-uricemic effect
(figure 8-4). These target concentrations were
observed between 27 and 155 minutes after the
end of the allopurinol administration. Five of
the 111 women (4.5%) had a red and/or painful
arm after the infusion of allopurinol, which re-
covered within several hours after the end of ad-
ministration.

After administration of a single intravenous
dose of 500 mg allopurinol to the mother, tar-
get plasma concentrations were observed in 95%
of the umbilical cord samples at the moment of
delivery. Since target plasma concentrations in
umbilical cord samples were already observed
within 5 minutes after the end of the allopuri-
nol administration, maternal distribution and
transplacental transport occur rapidly.

Allopurinol is most likely transferred to the fe-
tus via passive transport since transplacental ra-
tios of >1 were not found in our studied cases.

An active transplacental transport seems un-
likely given the consistency of this ratio.

A dose of 500 mg allopurinol seems to be a safe
dose for both mother and fetus, since no adverse
events were observed except some transient red-
ness and pain around the IV cannula in 4.5% of
the participating mothers. Allopurinol hyper-
sensitivity was not observed in our patients.

In preclinical and clinical studies, allopurinol
has shown to have neuroprotective properties.
An animal study in chronically instrumented
fetal sheep has shown evidence of cardio- and
neuroprotection after antenatal allopurinol ad-
ministration to the pregnant ewe during re-
peated periods of ischemia . In a prospec-
tive randomized placebo controlled pilot study
in which allopurinol was administered to the
pregnant woman when fetal asphyxia was im-
minent, we found an inverse correlation be-
tween levels of allopurinol and the amount of
S100R, a biomarker for brain tissue damage, in
cord blood

In an animal model of asphyxia it has been
shown that the production of reactive oxygen



species after ischemia and reperfusion peaks
within 10-20 minutes after the end of the isch-
emia-reperfusion period, depending on the du-
ration of the ischemic period . Pre-ischemia
administration of allopurinol to rats resulted
in a decreased amount of superoxide anion rad-
icals production during the reperfusion phase
and suppressed the free radical peak !'“. These
observations emphasize that allopurinol is im-
mediately effective as a neuroprotectant and
target levels should ideally be present right at
the start of ischemia and reperfusion. The fact
that allopurinol has a rapid transplancental pas-
sage favors its administration as soon as signs of
fetal hypoxia occur.

A previous study examining transplacental
transport of 600 mg of allopurinol administered
orally to women after the onset of labor showed
target allopurinol levels in the cord blood of all
68 participating women, with a minimum time

of 23 minutes after administration “*. Correct-

ed for bioavailability, an oral dose of 600 mg al-
lopurinol is equal to about 500 mg of an intra-
venous dose. During labor gastric emptying is
known to be delayed and laboring women are
prone to vomiting, so oral administration of al-
lopurinol may result in a delayed and unpredict-
able concentration in the fetus

It seems, therefore, preferable to choose the in-
travenous administration route. The fact that in
the present study target allopurinol levels were
detected in cord blood within 5 minutes after
the end of administration further emphasizes
this point.

In one third of the participating women we did
not succeed to administer the whole 500 mg
dose of allopurinol before birth. In cases like
these, an “escape” dose of allopurinol, adminis-
tered via the umbilical cord at the resuscitation
table, might be considered in future studies.

In conclusion, our study showed that intrave-
nously administered allopurinol to the moth-

Figure 8-4. Maternal oxypurinol plasma concentration after
intravenous maternal allopurinol administration (n = 58)
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er, rapidly crosses the placenta, resulting in tar-
get neonatal allopurinol concentrations at birth
and is safe to both mother and neonate, making
this a promising approach for early fetal neuro-
protective therapy during labor.
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ABSTRACT

Objective
To determine whether maternal allopurinol treatment during suspected fetal hypoxia would reduce the
release of biomarkers associated with neonatal brain damage.

Study design

We performed a randomized double blind placebo controlled multicenter trial among laboring women
with clinical indices of fetal hypoxia in 11 participating hospitals. Fetal hypoxia was diagnosed by an ab-
normal fetal heart rate, significant ST-changes on fetal ECG and/or fetal scalp pH<7.20. When immedi-
ate delivery was foreseen based on these symptoms, women were allocated to receive allopurinol 500 mg
IV (ALLO) or placebo IV (CONT). Primary endpoint was S1008 in cord blood, a tissue-specific biomark-
er for brain damage. Analyses were performed according to the intention-to-treat principle. The differ-
ence in median (DiM) S100R between the treatment groups was estimated with quantile regression. We
also examined the difference in infants with values >75* percentile (>p75) between the groups, which is
reported as Risk Ratios (RR).

Results

222 women were randomized to receive allopurinol (ALLO, n=111) or placebo (CONT, n=111). Cord S1008
was not significantly different between the two groups; 44.5 pg/mL (20.2 to 71.4) in the ALLO-group vs
54.9 pg/mL (26.8 to 94.7) in the CONT-group (DiM -7.69 (95%Cl -24.9 to 9.52). The distribution of in-
fants with an S100R value >p75 was not significantly different either (ALLO, n=23 (23%)) vs CONT, n=25
(27%); Ry, 0,5 0-85 (95%Cl 0.53 to 1.4)). Post-hoc subgroup-analysis showed a marked gender differ-
ence in treatment effect of allopurinol in favor of girls. There were significantly less girls with an S1008
value >p75 in the ALLO-group (ALLO, n=5 (12%)) as compared to the placebo-treated group (CONT, n=10
(31%); RRSmBW5 0.37 (95%Cl 0.14 to 0.99)). This difference was not found in boys (ALLO, n= 18 (32%) vs
CONT, n=15 (25%); RRSmB)WS 1.4 (95%Cl 0.84 to 2.3)).

Conclusions

Maternal treatment with allopurinol during fetal hypoxia did not significantly lower neuronal damage
markers in cord blood. Post-hoc analysis revealed a potential beneficial treatment effect in girls.



ypoxic-ischemic encephalopathy
is strongly associated with cere-
bral palsy and cognitive disability
The prevention and treatment of fetal hypox-
ia is therefore an important priority in peri-
natal medicine. Animal and human studies
have shown that brain damage not only occurs
during hypoxic-ischemic events, but continues
after reoxygenation and reperfusion due to pro-
duction of free radicals
At present, the only established treatment for
hypoxic-ischemic encephalopathy in the clini-
cal setting mild hypothermia, but only moder-
ately asphyxiated infants seem to benefit with a
small reduction of death and disability "/ There
is, therefore, a need for additional treatment op-
tions to prevent or reduce cerebral damage after
perinatal asphyxia.
Allopurinol, a xanthine oxidase inhibitor and
FDA-approved drug for gout, inhibits conver-
sion of hypoxanthine into xanthine and uric
acid, thereby limiting the excessive produc-
tion of reactive oxygen species. Furthermore, at
high dosages, the combined functions of chelat-
ing Non Protein Bound Iron (NPBI) and scav-
enging hydroxyl radicals might collectively re-
. Substantial
knowledge on the use, dosage, safety profile

sult in a neuroprotective effect

and placental transfer of allopurinol is already
available, making it very interesting for trans-
lation to clinical use in perinatology. When ad-
ministered postnatally to asphyxiated rats, al-
lopurinol preserved cerebral metabolism and
reduced both cytotoxic edema and perinatal
hypoxic-ischemic brain damage /. Clinical tri-
als in neonates at the NICU (neonatal intensive
care unit), however, could not entirely confirm
these results °’l. No advantage of neonatal treat-
ment was seen in human infants when the inter-
val to initiation of treatment had been too long
CItis

therefore conceivable that advancing the win-

or when brain damage was too severe

dow of treatment forward, by administering
allopurinol to the mother and fetus during la-
bor in case of suspected fetal hypoxia, may pro-
vide the opportunity to limit the generation of

excess free radical formation and subsequent
reperfusion injury in the infant.

A recent study in chronically instrumented fe-
tal sheep provided evidence of cardiac and neu-
roprotection following antenatal allopurinol
administration to pregnant ewes during repeat-
ed periods of fetal ischemia “”. Furthermore,
a randomized placebo controlled pilot study in
which we administered allopurinol to pregnant
women with imminent fetal asphyxia, showed
an inverse correlation between allopurinol lev-
els and S1008, a clinically used biomarker for
brain tissue damage, in cord blood

In the present multicenter randomized place-
bo controlled clinical trial we evaluated our hy-
pothesis that maternal allopurinol treatment
during fetal hypoxia reduces markers of neona-
tal brain damage in cord blood.

Recruitment / Eligibility criteria

This study was conducted at the delivery wards
of 11 hospitals participating in the Dutch Con-
sortium for Studies in Women’s health and Re-
productivity, as a double blind placebo con-
trolled randomized trial. Pregnant women with
a gestational age = 36 weeks and suspected in-
tra-uterine fetal hypoxia, prompting immediate
delivery, were eligible to participate in the tri-
al. Women bearing a child suspected of chromo-
somal or congenital anomalies were not eligible.
Informed consent was obtained antenatally at
the outpatient clinic or at the labor ward. Ran-
domization only occurred if the clinician decid-
ed to end labor and deliver the child immedi-
ately because of the suspicion of fetal hypoxia
(e.g. an abnormal or non-reassuring fetal heart
, Sig-
nificant ST-wave abnormalities (detected by the
STAN-monitor)
sampling (pH < 7.20).

rate trace (according to FIGO-criteria)
or abnormal fetal blood scalp
Intervention

Women were randomly assigned in a dou-
ble-blind fashion to receive either a single in-



travenous dose of 500 mg allopurinol (ALLO) in
somL water for injection (Acepurin®, AcePhar-
maceuticals) or placebo (CONT, 500mg Man-
nitol/somL water for injection) administered,
in 10 minutes, immediately prior to delivery.
The dose of allopurinol was based on a study in
healthy pregnancies " and on our pilot-study

. This dose of 500 mg is the maximum dosage
approved in adults as a single intravenous injec-
tion, as stated in the SPC of the product [14].
AcePharmaceuticals (Zeewolde, the Nether-
lands) prepared the study drugs and generat-
ed the random allocation sequence in blocks
of four (2:2), using a computer program (“Ran-
dList”, version 1.2 (Windows XP), clinical trial
version) with stratification according to partic-
ipating hospitals. Every site was supplied with
sequentially numbered study drug packages, la-
beled in a blind manner. Allocation was per-
formed by an attending nurse who administered
the contents of the first in line sequentially
numbered study drug package, as soon as a con-
senting patient met the inclusion criteria. The
nurse carrying out the study-protocol was not
directly involved in the care of the woman in la-
bor to ensure no delay in delivering the child.
Study drugs were stored at 20-25°C and dis-
solved immediately before administration. Al-
lopurinol and placebo had exactly the same
appearance; both were freeze-dried as white
powder in glass vials with a pH of 11 after dilu-
tion. Participants, care providers and those who
assessed outcomes remained blinded for alloca-
tion until the statistical analysis of the primary
outcome parameter.

Outcome parameters

Primary outcome measure was S1008 in cord
blood, an extensively studied biochemical
marker for brain-tissue damage and subsequent
. S100R is
present in high concentrations in glial cells and

neurodevelopmental disabilities

Schwann cells. During a hypoxic-ischemic in-
sult, this protein is released from damaged tis-
sue in the systemic circulation. Several studies
have shown that elevated plasma levels of S1008

are directly related to the development of hy-
poxic-ischemic encephalopathy

Secondary outcome parameters were indi-
rect markers of free radical production (8-iso-
prostane, neuroketal), neonatal mortality and
short-term morbidity. Isoprostanes and neuro-
prostanes are prostaglandin-like compounds
produced by free radical-induced peroxidation
of arachidonic acid and docosahexaenoic acid
respectively, which are highly enriched in the
brain . As a next step highly reactive -ke-
toaldehydes (neuroketals) are formed as prod-
ucts of free radical-induced peroxidation of
neuroprostanes

Data collection

Fetal venous cord blood and maternal blood
samples were obtained immediately after birth.
To assess the severity of fetal hypoxia, venous
cord lactate and arterial cord pH were measured
at the participating site. Blood samples for as-
sessment of brain damage markers, free radical
markers and plasma concentrations of allopu-
rinol and its active metabolite oxypurinol were
collected in heparinized tubes and centrifuged
at 3000 rpm/10 minutes within 30 minutes after
collection. The supernatant was stored at a tem-
perature of -70°C until batch analysis at the end
of the recruitment period.

All details of delivery and neonatal admission
were recorded by trained research nurses and
midwives at the participating site in a case re-
cord form that was accessible through a website
(www.studies-obsgyn.nl/allo). Data were col-
lected using Oracle Clinical Remote Data Cap-
ture (RDC, http://www.ctc-g.co.jp/~CTCLS/
opa/en/).

Laboratory techniques

Brain damage markers

Brain damage markers were analyzed by Hae-
moscan (Groningen, the Netherlands). The test
for detecting S100R is based on sandwich for-
mation of immobilized anti-S-100 antibody,
S1008 from the test sample and biotin-labeled



S100R8 antibody. Label is measured after strepta-
vidin-HRP binding and subsequent conversion
of o-phenylenediamine (OPD) (Abnova, Tai-
pei, Taiwan). 8-Isoprostane was determined by
means of a competitive enzyme immunoassay
(Cayman, Ann Arbor, MI). Neuroketals were
measured by immunoassay (EIA) by competi-
tion with a specific antibody for binding to neu-
roketal coated microtiter plates (Haemoscan,
Groningen, The Netherlands).

Allopurinol / oxypurinol

Allopurinol (ALLO) and oxypurinol (OXY)
plasma concentrations were determined by the
laboratory of clinical pharmacology in the Uni-
versity Medical Center Utrecht using reversed-
phase high-performance liquid chromatography
with UV-detection at 254 nm for quantifica-
tion of ALLO and OXY in plasma. The method
was linear between 0.5 and 25 mg/1 with a low-
er limit of quantification of 0.2 mg/1 for both
compounds

Statistical methods

Sample size

The sample size was calculated based on the pri-
mary outcome measure cord S1008 as a mark-
er of brain damage. Based on our pilot study
we expected mean values of S1008 to be low-
er in the ‘ALLO-treated’ group compared to the
‘non-treated group’. Given a suspected mean val-
ue of S100R of 1.05 ug/L (SD 0.37 ug/L) in the
placebo group !, this trial needed 220 patients
(1120 ALLO, 110 placebo) to detect a mean value
of S1008 of 0.89 ug/L (SD 0.37 ug/L) in the ‘AL-
LO-treated’ group (z- test, , ) with a power of
90% and an alpha of 0.05.

Data analysis

An independent data safety monitoring com-
mittee monitored the trial and reviewed interim
results. An interim analysis was performed af-
ter including 110 women using O’Brien -Flem-
ing alpha spending function . This analysis
was done by an independent person who was

unaware of the allocation of treatment or place-

bo when judging the data on significant differ-
ences in neonatal mortality, neonatal NICU-ad-
mission and serious adverse events. At interim
analysis a nominal value p-value < 0.005, and at
the final analysis a nominal p-value < 0.049 was
considered to be statistically significant.

All analyses were based on the intention-to-treat
principle. We compared the primary outcome,
in women exposed to allopurinol as compared
with placebo. Since the distribution of Sioof
was right-skewed, we calculated a difference in
medians (DiM) with 95% confidence intervals
(95% ClIs) by using linear quantile mixed mod-
els. To account for the stratified randomization,
the analysis was adjusted for center by fitting a
random intercept for each center.

For continuous outcomes that were normal-
ly distributed with or without log-transforma-
tion, linear mixed models were used to calculate
difference in means or difference in geomet-
ric means, respectively. Differences in dichoto-
mous outcomes were assessed using a log-bino-
mial mixed model to estimate a risk ratio (RR)
with 95% CI, while accounting for the strati-
fied randomization. All statistical analyses were
conducted in R for Windows, version 2.15.0.

Post-hoc analyses

Three post-hoc analyses were performed. Be-
cause both Si1008 and neuroketal approached
physiological values, we examined the effect of
allopurinol in infants with S1008- and neuroke-
tal values > p75. We also performed a subgroup
analysis in infants with a cord pHa < 7.15. Fi-
nally, because of gender-specific treatment ef-
fects in previous studies investigating neuropro-
tective strategies , we performed a post-hoc
subgroup analysis based on the sex of the in-
fant. The treatment effect was investigated us-
ing an interaction term between the treatment
and gender in the regression model. When the
interaction term was significant (p < 0.05), the
treatment effect was also estimated in boys and
girls separately.



From October 2009 through December 2011,
222 eligible mothers and their 224 infants were
enrolled in the trial. We randomly allocated 111
women (two had a dichorionic twin pregnan-
cy) to the ALLO-group and 111 to the placebo
(CONT) group (figure 9-1). One mother with a
twin pregnancy received the medication before
birth of both children. In this case, no blood
sampling was performed due to logistic prob-

lems. The other mother bearing a twin preg-
nancy received the drug after the delivery of the
first child. Only cord blood of the second child
was obtained for analysis of the primary out-
come.

Of all participants 98 (87%) and 92 (83%) cord
blood samples were collected in the ALLO-group
and CONT-group respectively to assess the pri-
mary (S1008) and secondary outcome parame-
ters (neuroketal, 8-isoprostane and allopurinol
levels) (figure 9-1). Missing cord blood samples,

Figure 9-1. Enrollment, Randomization and Follow-up of Study Participants

222 Women underwent randomisation

111 Women were assigned to receive
allopurinol (109 Singletons; 2 Twins)

70 Received total amount of allopurinol
before birth
25 Received part of the total amount
of allopurinol
9 Delivered without receiving allopurinol

7 Received unknown amount of allopurinol

113 Live births

98 Cord blood samples were obtained for
assessment of primary outcome (S1008)

98 Maternal blood samples were obtained

111 Women were assigned to receive
placebo (111 Singletons)

70 Received the total amount of placebo
before birth
25 Received part of the total amount
of placebo
14 Delivered without receiving placebo

2 Received unknown amount of allopurinol

111 Live births

92 Cord blood samples were obtained for
assessment of primary outcome (S1008)

94 Maternal blood samples were obtained
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MATERNAL ALLOPURINOL ADMINISTRATION DURING SUSPECTED FETAL HYPOXIA;
A NOVEL NEUROPROTECTIVE INTERVENTION? A MULTICENTER RANDOMIZED PLACEBO CONTROLLED TRIAL

Table 9-1. Baseline Characteristics

Maternal Age, mean + SD
Gestational Age, median (IQR)
Nulliparity, n (%)

Multiple gestation, n (%)

Diabetes Mellitus / Gestational n (%)
PIH/PE, n (%)

Smoking, n (%)

Termination of labor based on*

Abnormal fetal heart rate trace, n (%)
Significant ST-wave abnormalities, n (%)

Fetal blood scalp sampling with pH < 7.20, n (%)
Time between infusion and delivery, median (IQR)

Tocolytics administered, n (%)

Infants+

Mode of delivery
Spontaneous, n (%)
Instrumented vaginal delivery, n (%)
Cesarean Section, n (%)

Male gender child, n (%)

Birth weight (gram), mean + SD

nancies.

ALLO: Allopurinol group; CONT: Placebo group; SD: Standard Deviation; IRQ: interquartile range; PIH: Pregnancy In-
duced Hypertension; PE: Preeclampsia. * Numbers for this variable exceed the total number of included women, since
some patients had more than one reason to terminate labor. + The ALLO-group contained two dichorionic twin preg-

ALLO CONT
N=111 N=111
32649 32.7+43
40.1 (38.6-41.0) 40,6 (39.1-41.3)
84 (76) 82 (74)
2(1.8) 0(0)

12 (11) 9(8)

33 (30) 22 (20)

10 (9) 10 (9)

103 (93) 103 (93)
24(22) 33 (30)

15 (14) 22 (20)
14.0 (7.3-26.8) 11.5 (7.0-28.5)
76 (69) 84 (76)
113 111
18 (16) 11 (10)

44 (39) 57 (52)

49 43) 42 (38)

66 (58) 72 (65)
3217 + 567 3329+ 536

and subsequent missing values of brain damage
markers, were mainly due to logistic problems
(no appropriate blood sampling material present
or a prolonged (> 30 min) time between blood
sampling and centrifuging the blood).

Clinical outcome measures

Baseline characteristics of the groups were compara-
ble (table 9-1). Overall more boys (61.6%) than girls
(38.4%) were included in the trial. Boys and girls
were equally distributed between the two groups.

111

There were no significant differences in Ap-
gar score, umbilical artery pH and Base Ex-
cess, or hypoglycemia between the groups (ta-
ble 9-2). The mean umbilical artery pH in the
ALLO- and CONT-group was 7.19 + 0.084 and
7.19+0.080 respectively. None of the children
developed convulsions or hypoxic-ischemic en-
cephalopathy, and there were no differenc-
es between the two groups in the amount of
NICU-admissions (ALLO n=11 (10%) vs CONT
n=9 (8%) (table 9-2)).
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Table 9-2. Neonatal Data as a Function of Treatment Group

ALLO CONT Risk Ratio (95% CI)*
N=113* N=111 ALLO vs CONT
Apgar score < 7 at 5 min, n (%) 8(7.2) 6(5.4) 133 (0.48t03.73)
Umbilical artery pH, mean + SD 7.19 + 0.084 7.19 + 0.080 -0.002 (-0.025 to 0.021)*
Umbilical artery BE, mean = SD -6.7+3.9 -6.8+£3.8 0.043 (-0.95 to 1.03)*
Umbilical artery pH (< 7.05) 3(2.7) 1(0.9) 3.00(0.31t0 28.7)
and BE (< -12) , n (%)
NICU admission, n (%) 11 (10) 9(8) 1.22(0.52 t0 2.86)
Length of stay > 2 days, n (%) 33 44 0.75 (0.17 to 3.30)
Hypoglycemia, n (%) 18 (16) 16 (15) 1.13 (0.60 to 2.10)
Convulsions, n (%) 0(0) 0(0) NA
Hypoxic Ischemic Encephalopathy, n (%) 0(0) 0(0) NA

ALLO: Allopurinol group; CONT: Placebo group; Cl: Confidence Interval; SD: Standard Deviation; IRQ: interquartile
range; BE: Base Excess; NICU: Neonatal Intensive Care Unit. * Two dichorionic twin pregnancies. + Associations are
reported as risk ratios, unless stated otherwise; § Mean difference (95% Cl).

Maternal and cord allopurinol and oxypurinol  was 500 mg (interquartile range (IQR) 370 to
concentrations 500 mg). Time from start of maternal admin-
The median total dose of the study drug received  istration of ALLO or placebo to birth ranged
by women before delivery in the ALLO-group  from 0 to 59 minutes (median 14 minutes (IQR

Figure 9-2. Maternal allopurinol/oxypurinol and cord allopurinol/oxypurinol concentrations
(mg/L) at birth
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Data shown as box-whisker plots (presented as median and IQR).
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Figure 9-3. Umbilical Cord S1008 levels
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Cord concentrations of the primary out-
come measure S100R (pg/mL) in the allo-
purinol-treated and placebo-treated groups
shown as box-whisker plots (presented as
median and IQR).

7.3 to 27 minutes)) and 0 to 99 minutes (median
12 minutes (IQR 7.0 to 29 minutes)) respective-
ly. There were 73 (33%) cases where the mother
did not receive the total amount of study medi-
cation, mostly due to fast delivery of the child.
Maternal and umbilical cord ALLO and OXY
concentrations are shown in figure 9-2. Mater-
nal ALLO and OXY concentrations ranged be-
tween 0 pg/mL and 15 pg/mL (median: 3.9 (IQR
2.1 to 5.5) pg/mL) and between o pg/mL and 8.0
pg/mL (median: 3.2 (IQR 2.1 to 4.5) pg/mL), re-
spectively. Umbilical cord concentrations of
ALLO and OXY ranged between o pg/mL and 16
pg/mL (median: 3.3 pg/mL) and between o pg/
mL and 6.8 pg/mL (median: 0.82 pg/mL) respec-
tively. Target blood levels of ALLO (= 2.0 pg/ml)
in cord blood were reached in 64 (72%) of the
measured samples.

Cord S1008, Neuroketal and 8-isoprostane
concentrations

The primary outcome measure S1008 did not
significantly differ between the two groups;

44.5 pg/mL (20.2 to 71.4) in the ALLO-group
vs 54.9 pg/mL (26.8 to 94.7) in the CONT-group
(DiM -7.69 (95%CI -24.9 to 9.52, figure 9-3), nor
did 8-isoprostane and neuroketal (table 9-3).
Since S100R and neuroketal approached physi-
ological values, we also examined the distribu-
tion of infants with values >p75 between the
two groups (table 9-3). The number of infants
with an SiooR-value >p75 did not differ be-
tween the ALLO- and placebo group (ALLO,
n=23 (23%) vs CONT, n=25 (27%); (RRslM)P75
0.85 (95%CI 0.53 to 1.4)). This also applied for
neuroketal (ALLO, n= 22 (23%) vs CONT, n=24
@7%); (RR  recanspys 0-85 (0-51 to 1.4)). Post-hoc
subgroup-analysis indicated a significant treat-
ment-interaction for infants with an arterial
cord pH < 7.15 for neuroketal-values >p75. Strat-
ified analysis showed a treatment effect in this
group, in which significantly fewer infants had
neuroketal-values >p75 in the ALLO-group (n=3
(14%)) as compared to the placebo-group (n=11
(46%); p=0.033). No interactions were found for
S100R or 8-isoprostane.

Post-hoc analysis of gender differences
Post-hoc subgroup-analysis showed a significant
treatment-gender interaction for Sioof >p7s5
(p=0.049) and neuroketal (p=0.027). Stratified
analysis indicated a marked gender difference in
treatment effect of allopurinol in favor of girls for
both S1008 and neuroketal (table 9-3, figure 9-5).
There were significantly less girls with an S1008
value >p75 in the ALLO-group as compared to the
CONT-group (n=5 (12%) vs n=10 (31%); RR, .
0.37 (95%CI 0.14 to 0.99), table 9-3). This differ-
ence was not found in boys (ALLO, n=18 (32%)
vs CONT, n=15 (25%); RRSIDO&W5 1.4 (95%CI 0.84
to 2.3)). Furthermore, the mean neuroketal val-
ue in cord blood of allopurinol-treated girls was
significantly lower than in placebo-treated girls
(ALLO, 18.0 pg/mL (12.1 to 26.9) vs CONT, 32.2
pg/mL (22.7 to 45.7); GMD -16.4 (95%CI -24.6 to
-1.64), table 9-3, figure 9-5). Again, this difference
was not found in boys (ALLO, 32.4 pg/mL (24.4
10 43.1) vs CONT, 32.1 pg/mL (24.7 to 41.8); GMD
2.38 (95%CI -10.3 to 21.3))



Figure 9-4. Gender Specific Cord Concentrations of S1008 (pg/mL)
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Data are shown as box-whisker plots (presented as median and IQR).

Figure 9-5. Gender Specific Cord Concentrations of Neuroketal (pg/mL)
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Serious Adverse Events and Suspected Unex-
pected Severe Adverse Reactions

One Serious Adverse Event (severe postpartum
hemorrhage resulting in IC-admission of the
mother) and one Suspected Unexpected Severe
Adverse Reaction (anaphylactic reaction after
the administration of study medication and pre-
operative medication prior emergency Cesare-
an section) were reported during the study, both
for patients in the placebo-group.

In this trial, maternal administration of al-
lopurinol during suspected fetal hypoxia did
not significantly lower brain damage markers
(S100R8, neuroketal and 8-isoprostane) in cord
blood. Post-hoc analysis, however, revealed a
potential neuroprotective effect in girls as in-
dicated by the lower S1008 and neuroketal val-
ues in the treatment group. There is increasing
evidence that gender difference plays a role in
the effectiveness of pharmacologic neuropro-
tection after perinatal ischemia-reperfusion
. This gender difference in treatment effect
might be explained by different pathways for
programmed cell-death or by hormonal influ-
ences
This was the first multicenter randomized clini-
cal trial that evaluated whether a maternally ad-
ministered neuroprotective drug during acute
fetal hypoxia could reduce neuronal damage
markers in cord blood. The primary outcome,
S100R, is a surrogate measure of brain damage.
Whereas clinical outcome parameters would
have provided us with more optimal answers to
our hypothesis, the used biomarker has exten-
sively been investigated and has proven to be di-
rectly related to the amount of neuronal damage
and clinical outcome . A follow-up study
on neurodevelopmental outcome at 2 years of
age using ASQ- en CBCL-questionnaires is cur-
rently running.
Despite the complexity of the study, we were
able to obtain 86% of all cord samples. Levels of
cord S1008 measured in this trial were slightly

lower than those obtained in the pilot study

This can be explained by the fact that perina-
tal hypoxia was less severe in our multicenter
trial as compared to the pilot study (mean pHa
Pilot: 7.16 and mean lactate Pilot 8.0 mmol/L;
mean pHa RCT 7.19 and mean lactate RCT 6.9
mmol/L)
minent fetal hypoxia during labor, including

. The total group of infants with im-

the non-randomized patients, in participating
hospitals had a mean cord pHa of 7.15, confirm-
ing the relatively mild hypoxia in our studied
population. The treatment effect of allopurinol
might potentially be larger among fetuses with
more severe fetal hypoxia. This is partly con-
firmed by the post-hoc analysis we performed in
infants with an arterial pH lower than 7.15, in
which we found significantly less infants with
high neuroketal values in the ALLO group, com-
pared to the placebo group.

In contrast to postnatal neuroprotection of in-
fants with proven asphyxia, the present trial re-
cruited mothers with suspected fetal hypoxia.
Fetal surveillance during labor remains diffi-
cult and is often false positive in detecting fe-
tal hypoxia, which might result in substantial
over-treatment. However, although the arte-
rial pH of the infants was within the normal
range at birth, elevated lactate levels did suggest
there had been earlier periods of fetal hypoxia.
A finding that is supported by data from Derks
et al, in which arterial cord pH of fetal sheep re-
stored earlier than lactate levels in cord blood,
after a period of controlled asphyxia “. Final-
ly, our study was not designed to examine the
difference in treatment effect between genders,
which limits the strength of our conclusions.
Allopurinol remains promising as a neuropro-
tective drug in perinatology. Our recent fol-
low-up study of two small prospective random-
ized controlled trials in neonates, investigating
effects of postnatal allopurinol in asphyxiat-
ed neonates, showed beneficial effects of allo-
purinol on mortality and severe disabilities at
4-8 years of age in moderately asphyxiated ne-
onates ’l. Furthermore, maternal allopurinol
treatment helped to maintain umbilical blood
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General blood measures, umbilical cord

Table 9-3. Important Chemical Markers Umbilical Blood

Uric Acid, mean + SD 0.34+0.076 0.35+0.096
Lactate, mean + SD 6.55 £ 2.45 714 +£291
Troponin, geometric mean (IQR) 0.017 (0.013 to 0.021) 0.018 (0.014 to 0.024)
Biomarkers brain damage, umbilical cord
S1008 in pg/ml, median (IQR) 44.5(20.2to 71.4) 54.9 (26.8 to 94.7)
S100R girls 32.8 (153 t0 53.3) 48.4(20.3 to 109.1)
S100R boys 48.6 (25.2 t0 96.6) 31.8 (14.4 to 83.0)
S100R > 75th percentile (85 pg/ml), n (%) 23(23) 25(27)
S1008 girls, n (%) 5(12) 10 (31)
S1008 boys, n (%) 18 (32) 15 (25)
Neuroketal in pg/ml, geometric mean (95% CI) 25.2(19.8 to 32.1) 32.1(26.1t039.6)
Neuroketal girls 18.0 (12.1t0 26.9) 32.2(22.7 to 45.7)
Neuroketal boys 32.4 (24.4t0 43.1) 32.1(24.7 to 41.8)
Neuroketal > 75th percentile (62.5 pg/ml), n (%) 22(23) 24 (27)
Neuroketal girls, n (%) 7(17) 8 (26)
Neuroketal boys, n (%) 15 (27) 16 (28)
Isoprostane in pg/ml, geometric mean (95% Cl) 128.4(108.0 to 152.7) 117.1(93.8 to 146.3)

ALLO: Allopurinol group; CONT: Placebo group; Cl: Confidence Interval; SD: Standard Deviation; IRQ: interquartile range.
* The difference in medians was estimated using linear quantile mixed models. Quantile regression was used because for
S100R the distribution of S1008 was right-skewed and could not be normalized using e.g. a log-transformation. + P < 0.05.

flow and reduced fetal cardiac oxidative stress
after ischemia-reperfusion in fetal sheep . Fe-
tal sheep treated with allopurinol also had sig-
nificantly less neuronal damage in the hippo-
campal brain area .. All results from previous
research indicate cardio- and neuroprotective
effects of allopurinol administered to neonates
or fetuses during or after perinatal hypoxia **
102220 Although the present trial could only
confirm (potential) neuroprotection in girls, it
is remarkable that even in these very mildly hy-

poxic fetuses a treatment effect of allopurinol
might have been revealed. Whether the neuro-
protective effect is really gender specific with a
direct effect of allopurinol on the brain or sec-
ondary to a cardioprotective effect remains to
be elucidated.

In conclusion, our study indicates that allopuri-
nol is safe and potentially effective in prevent-
ing hypoxic damage to the brain of newborn
girls. The latter, however, is based on post-hoc



9

MATERNAL ALLOPURINOL ADMINISTRATION DURING SUSPECTED FETAL HYPOXIA;
A NOVEL NEUROPROTECTIVE INTERVENTION? A MULTICENTER RANDOMIZED PLACEBO CONTROLLED TRIAL

Difference in mean

(95%CI) ALLO vs CONT

Difference in geometric
mean (95% CI)
ALLO vs CONT

-0.003 (-0.026 to 0.021)
-0.60 (-1.35 t0 0.16)
-0.001 (-0.004 to 0.003)

-7.53 (-15.5 to 3.62)

-16.4 (-24.6 to -1.64) T
238 (-10.3 to 213)

6.5(-23.7 to 47.1)

Difference in median
(95% ClI)*

Risk Ratio (95% CI)
ALLO vs CONT
ALLO vs CONT

7.69 (:24.9 to 9.52)
-12.5 (-50.0 to 25.0)
310 (21.1to 14.9)
0.85 (0.53 to 1.36)
037 (0.14 t0 0.99) +
1.38(0.84 0 2.28)

0.85 (0.51 to 1.41)

0.66 (0.27 to 1.63)
0.99 (0.54 to 1.81)

analyses and should be more intensively inves-
tigated before being implemented in perinatal
medicine. Furthermore, future research should
combine fetal allopurinol treatment with post-
natal neuroprotective interventions if the new-
born infant appears to be really asphyxiated at
birth (i.e. Apgar score < 7 at 5 minutes, pH um-
bilical artery < 7.05). Alternatively, in case of un-
expected birth asphyxia, allopurinol treatment
via the umbilical cord at the resuscitation table
might result in a more optimal selection of in-
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fants needing treatment. This approach bypass-
es any placental problems, which may result in
suboptimal placental transfer of allopurinol.
And finally, any future research focusing on
perinatal neuroprotection should always take
gender differences into account.
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Chapter 10
General discussion




n this thesis we have investigated the use

of the xanthine oxidase inhibitor allopu-

rinol as a neuroprotective and cardiopro-
tective agent during acute fetal hypoxia in three
different species. This current chapter will dis-
cuss and summarize the results of our studies
that focused on the pharmacological, neuropro-
tective and cardiovascular effects of allopurinol
on the fetus in the late gestational rat, sheep and
human pregnancy.

As explained in more detail in Chapter 1 to 3,
current postnatal (pharmacologic) treatment of
birth asphyxia-related damage to the newborn
brain has a limited neuroprotective effect, even
when therapy has been started within the “win-
dow of opportunity”, being within 6 hours after
birth. This might be due to the fact that maxi-
mal formation of reactive oxygen species (ROS)
occurs within the first 30-to-60 minutes after
reperfusion and reoxygenation. Moreover, al-
ready during fetal hypoxia substantial amounts
of ROS are being produced.

The FDA-approved drug allopurinol is known
to inhibit the formation of ROS, thereby poten-
tially limiting free radical induced hypoxic isch-
emic encephalopathy. Our randomized clinical
trial (ALLO trial), described in Chapter 7 and
Chapter 9, investigated whether biomarkers for
brain damage would be reduced after compli-
cated hypoxic labor if the window of treatment
with allopurinol would be initiated earlier, via
maternal treatment, to cover the actual period
of fetal hypoxia and reperfusion. Further re-
search conducted in this thesis investigated the
mechanisms of action of allopurinol in terms of
xanthine oxidase inhibition (Chapter 4 and 5),
placental transfer (Chapter 8) and perinatal out-
come after maternal (Chapter 6 and 9) or post-
natal (Chapter 3) allopurinol treatment.

Adequate placental passage of allopurinol is
necessary to obtain therapeutic fetal plasma lev-
els and subsequent potential beneficial effects
on the fetus. Furthermore, the route and tim-

ing of administration, and dosage of the drug
are important to obtain therapeutic levels of al-
lopurinol at the start of reperfusion and reox-
ygenation, without having major negative side
effects on both mother and fetus. Since allopuri-
nol is not registered for neuroprotection during
perinatal hypoxia it is difficult to define thera-
peutic levels of allopurinol for this specific indi-
cation. It is however known that certain plasma
levels of allopurinol are able to inhibit xanthine
oxidase (XO), which may result in lower levels
of circulating ROS and free radicals, and subse-
quently less tissue damage

Previous reports have confirmed that maternal
treatment with allopurinol crosses the ovine 7,
porcine "' and human *’ placenta to achieve fe-
tal plasma concentrations of allopurinol and
its active metabolite oxypurinol. Our rat mod-
el showed that treatment with 30 mgkg* al-
lopurinol significantly suppressed XO-activ-
ity two hours after oral administration for at
least 24 hours in all tissues examined with fe-
tal allopurinol and oxypurinol plasma levels of
2.1 pg ml* and 4.0 pg mg* respectively (Chap-
ter 4). Although higher doses of oral allopuri-
nol did cause higher blood levels of both allo-
purinol and oxypurinol, they did not result in
significantly more XO inhibition but only make
the occurrence of adverse side effects of the
drug more likely (Chapter 5). Peak plasma-lev-
els of allopurinol between 4 and 7 pg ml™* were
found in the fetal sheep in our sheep model af-
ter the intravenous administration of 20 mg.kg™
allopurinol to the pregnant ewe and were main-
tained past 1 h after the start of maternal ad-
ministration . These allopurinol levels led to
improved cardiovascular function (less fetal
cardiac workload during and immediately af-
ter asphyxia) ' and reduced neuronal damage
in the hippocampal area in the treated sheep fe-

tuses (Chapter 6).

Placental transfer in pregnant women was first
examined by Boda et al, who found allopurinol
levels of more than 7 pg ml* in cord blood al-



ready 23 minutes after oral allopurinol adminis-
tration of 600 mg to women going through un-
complicated labor . In a clinical pilot study,
performed by our group, median allopurinol lev-
els of 2.0 pg ml* (range 0.2-7.3 pg ml™) were seen
in the cord blood of infants, 56 minutes (range 18
to 190 minutes) after a single intravenous dose
of 500 mg allopurinol to the mother when sus-
picion of fetal hypoxia prompted immediate de-
livery "l Furthermore, an inverse correlation be-
tween the levels of allopurinol and oxypurinol
and S1008 (an important tissue marker for neu-
ronal damage) in cord blood was found. Infants
with an allopurinol level = 2 pg ml* in their cord
blood had significantly lower S1008 values than
placebo treated infants. In our subsequently per-
formed randomized clinical trial (RCT), in 95%
of all measured cord blood samples an allopuri-
nol plasma concentration of = 2 pg ml* was mea-
sured at the time of delivery after maternal allo-
purinol administration of 500mg intravenously
(~6mg.kg") (Chapter 8). No allopurinol concen-
trations lower than 2 pg ml* were found if the
time interval between the end of allopurinol in-
fusion and delivery was at least 7 minutes. In
this multicenter RCT, however, these values did
not significantly lower brain damage markers
(S1008, neuroketal and 8-isoprostane) in cord
blood (Chapter 9), probably due to the fact that
the extent of hypoxia was relatively mild in the
recruited group of patients.

In summary all performed studies investigat-
ing maternally administered allopurinol show
a high correlation between paired maternal and
fetal concentrations of allopurinol and oxypu-
rinol, independent of time of administration or
dose. These data indicate that placental transfer
of allopurinol is fast, reliable and consistent in all
species examined. Fetal levels of allopurinol and
oxypurinol were always lower than maternal lev-
els, reflecting a potential passive transfer across
the placenta.

Collectively, allopurinol remains of interest as a
neuroprotective drug in perinatology. Our fol-

low-up study of two small prospective random-
ized controlled trials in neonates (described in
chapter 3) investigating effects of postnatal al-
lopurinol in asphyxiated neonates, showed ben-
eficial effects of allopurinol on mortality and se-
vere disabilities at 4-8 years of age in moderately
asphyxiated neonates . Beneficial effects of ma-
ternal treatment with allopurinol are supported
by its protective effects on umbilical blood flow

, and on the fetal heart
(Chapter 6) during and following periods of isch-

and fetal brain

emia and reperfusion. No adverse effects were
seen in the treated women or human infants af-
ter allopurinol administration in all performed
studies (Chapter 3,8 and 9)

There are, however, also some drawbacks to the
use of allopurinol in clinical perinatology. In
our randomized clinical trial, maternal adminis-
tration of allopurinol during suspected fetal hy-
poxia did not significantly lower brain damage
markers (S1008, neuroketal and 8-isoprostane) in
cord blood (Chapter 9). Fetal surveillance during
labor remains difficult and is often false positive
in detecting fetal hypoxia, which might result
in substantial over-treatment. Furthermore, al-
though no adverse effects were seen in the moth-
ers and infants in all clinically performed re-
search on allopurinol, there are some potential
adverse effects. Maternal treatment with high
doses of allopurinol resulted in impairing fetal
peripheral vascular reactivity to constrictor ago-
nists ' and on the fetal cardiovascular defense to
acute hypoxia in fetal sheep (Chapter 5). These
effects, however, were only seen after the admin-
istration of very high doses of allopurinol (100
mg/kg), which is 5 times higher than the high-
est clinically used dose. Finally the xanthine ox-
idase pathway is not the only pathway responsi-
ble for the production of reactive oxygen species.
Several other pathways may promote oxidative
stress, such as described in Chapter 2. A com-
bined therapeutic approach using drugs that in-
fluence different parts of the neurotoxic cascade
might therefore further improve the outcome of
antioxidant therapy



Post-hoc analysis of the multicenter RCT did re-
veal a potential neuroprotective effect in girls
as indicated by the lower S1008 and neuroketal
values in the treatment group. There is increas-
ing evidence that gender differences play a role
in the effectiveness of pharmacologic neuropro-
tection after perinatal ischemia-reperfusion

A wide variety of clinical and experimental
studies suggest gender differences in sensitivi-
ty and response to cerebral injury. In perinatol-
ogy male fetuses seem to be more prone in de-
veloping (a suspicion of) fetal hypoxia than
female fetuses '’ which is also reflected in our
clinical trial in which we included significant-
ly more male than female fetuses (62% vs 38%
respectively). Not only are males more suscep-
tible to perinatal insults, they also suffer more
long-term cognitive deficits as compared to fe-
males with comparable injury ""“. This gender
difference might be explained by different path-
ways for programmed cell-death or by hormon-
al influences .Animal studies using induced
neonatal hypoxia-ischemia suggest that this sex
discrepancy may be caused by the presence of
certain sex-specific hormones, such as circulat-
ing estradiol '“/ and testosterone . Substan-
tially elevated testosterone present in human
male fetuses may enhance neuronal excitotox-
icity following a hypoxic-ischemic insult. Fur-
ther evidence suggests that following such
injury, male and female cells diverge in the pro-
portional activation of caspase-dependent and
caspase-independent pathways leading to apop-
totic death

revealed the sexes to differentially favor one of

. Interestingly, research has

these two pathways, with females largely utiliz-
ing the caspase-dependent pathway and males
relying more heavily on the caspase-indepen-
dent pathway of cell death following an hypox-
ic-ischemic insult . Finally, data indicate
that females may possess a gene-linked advan-
tage through a family of inhibitors of apoptosis,
the most potent being X-linked IAP (XIAP)

. XIAP is known to act on the caspase-depen-

dent apoptotic pathway, and it is possible that
increased expression of XIAP in females may
contribute to an advantage for females follow-
ing perinatal hypoxia-ischemia. Taken togeth-
er, this evidence suggests interplay of hormonal
differences and genetically determined apop-
totic mechanisms, through which perinatal fe-
males may be provided with alevel of protection
against hypoxic-ischemic injury that is greater
than for perinatal males

In conclusion, the studies presented in this the-
sis indicate that maternally administered allo-
purinol rapidly crosses the placenta, is effective
in suppressing xanthine oxidase activity, has lit-
tle adverse side effects (as long as clinically com-
patible dosages are used) and is potentially ef-
fective in preventing hypoxic ischemic damage
to the heart and brain in fetal sheep and human
female neonates. The latter, however, is based
on post-hoc analyses and should be more inten-
sively investigated before being implemented in
perinatal medicine.

Maternally administered allopurinol seems to
have too little beneficial effects when used as
a solemn therapeutic approach for perinatal as-
phyxia in a clinical setting, probably because
fetal surveillance during labor is still too in-
sensitive to optimally detect imminent fetal as-
phyxia. This may result in a suboptimal selec-
tion of patients really needing the treatment.

Future research could therefore combine fetal
allopurinol (pre)treatment (prevention) with
another promising fetal neuroprotective agent
like melatonin **, and postnatal neuroprotec-
tive interventions (repair), such as hypothermia,
postnatally administered allopurinol, 2-IB "
erythropoietin or stem cells ”” if the new-
born infant appears to be really asphyxiated at
birth (i.e. Apgar score < 7 at 5 minutes, pH um-

bilical artery < 7.05). Alternatively, in case of un-



expected birth asphyxia, allopurinol treatment
via the umbilical cord at the resuscitation table
might result in a more optimal selection of in-
fants needing treatment. This approach bypass-
es any placental problems, which may result in
suboptimal placental transfer of allopurinol.
And finally, any future research focusing on
perinatal neuroprotective strategies should al-
ways take gender differences into account.
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SUMMARY

espite advances in obstetric practice,

acute intra-partum fetal hypoxia-isch-

emia (HI) or birth asphyxia remains
one of the most common forms of fetal stress.
Hypoxia-ischemia damages the susceptible fe-
tal brain and especially reperfusion of previous-
ly ischemic brain tissue is recognized as an im-
portant mechanism for substantial additional
brain injury due to the excessive formation of
free radicals known as reactive oxygen species
(ROS). The resulting hypoxic-ischemic enceph-
alopathy (HIE) is associated with the develop-
ment of cerebral palsy and cognitive disabilities
later in life.

As explained in more detail in Chapter 1 to 3,
current postnatal (pharmacologic) treatment of
birth asphyxia-related damage to the newborn
brain has a limited neuroprotective effect, even
when therapy has been started within the “win-
dow of opportunity”, being within 6 hours after
birth. This might be due to the fact that max-
imal formation of ROS occurs within the first
30-to-60 minutes after reperfusion and reoxy-
genation. Moreover, already during fetal hypox-
ia, substantial amounts of ROS are being pro-
duced. We therefore postulated that antenatal
(i.e. maternal) pharmacological neuroprotection
of the fetus, combined with postnatal neuropro-
tective strategies (such as hypothermia), might
be a more optimal approach to prevent this free
radical induced brain damage.

Chapter 2 summarizes the molecular mecha-
nisms underlying early reperfusion-reoxygen-
ation damage and focuses on the most investi-
gated pharmacological agents (phenobarbital,
vitamin C and E, allopurinol, melatonin and xe-
non) to be given antenatally to the mother to
neuroprotect the hypoxic fetus. One potential
strategy to diminish the detrimental effects of
fetal hypoxia would be to decrease the associ-
ated excessive generation of ROS from stimu-
lated pro-oxidant mechanisms within the cell,

such as the xanthine oxidase pathway. Adminis-
tration of the xanthine oxidase inhibitor allopu-
rinol reduces the production of superoxide free
radical formation, thereby limiting the amount
of hypoxia-reperfusion damage. Furthermore,
allopurinol also has a non-protein bound iron
(pro-radical) chelating and direct free radical
(hydroxyl) scavenging effect, especially when
high dosages are administered.

Chapter 3 describes the long-term effects of
neonatal allopurinol-treatment in infants suf-
fering from moderate to severe birth asphyxia.
Fifty-four term infants were included when suf-
fering from moderate to severe birth asphyxia
in two previously performed trials. Infants re-
ceived either two doses of 20 mg/kg allopuri-
nol intravenously starting within 4 hours after
birth (with an interval of 12 hours) or served as
controls. Children, who survived and could be
tested, were assessed with the Wechsler Pre-
school and Primary Scales of Intelligence test
(WPPSI) or Wechsler Intelligence Scale for
Children (WISC) and underwent a neurolog-
ical examination. The effect of allopurinol on
severe adverse outcome (defined as mortality
or severe disability at the age of 4-8 years) was
examined in the total group of asphyxiated in-
fants and in a predefined subgroup of moderate-
ly asphyxiated infants (based on the amplitude
integrated electroencephalogram). The mean
age during follow-up (n = 23) was 5 years and 5
months (SD 1y 2mo). There were no differenc-
es in long-term outcome between the allopuri-
nol treated infants and controls. However, sub-
group analysis of the moderately asphyxiated
group showed significantly less severe adverse
outcome in the allopurinol treated infants com-
pared to controls (25% vs 65%; RR 0.40 (95%CI
0.17 to 0.94)). The reported data may suggest a
(neuro)protective effect of neonatal allopuri-
nol-treatment, but only in moderately asphyxi-
ated infants. These beneficial effects are in line
with previous findings on neonatal head cool-



ing after acute fetal hypoxia at term by Gluck-
man et al. Most likely no advantage of treatment
occurs anymore when the interval to the initia-
tion of treatment is too long or when brain dam-
age is already too severe. It is conceivable that
earlier allopurinol treatment, i.e. maternally ad-
ministered allopurinol during labor in case of
suspected fetal hypoxia, may earlier limit the
amount of free radical production and subse-
quent hypoxia-reperfusion injury.

The aim of this thesis was to investigate the ap-
plicability of maternally administered allopuri-
nol for fetal neuroprotection and to define strat-
egies for future practice.

In Chapter 4 the capacity of allopurinol to be tak-
en up by the mother, cross the placenta, rise to
therapeutic levels and suppress xanthine oxidase
activity in the fetus was established in a rodent
model. On day 20 of pregnancy, Wistar dams were
given 30 or 100 mgkg* allopurinol orally. Mater-
nal and fetal plasma allopurinol and oxypurinol
concentrations were measured, and xanthine oxi-
dase activity in the placenta and maternal and fetal
tissues determined. There were significant strong
positive correlations between maternal and fetal
plasma allopurinol (r=0.97, P<0.05) and oxypurinol
(r=0.88, P<0.05) levels. Under baseline conditions,
maternal heart (2.18+0.62mU.mg"), maternal liver
(0.29+0.08mU.mg"), placenta (1.36+0.42mU.mg?),
fetal heart (1.64+0.59mU.mg?) and fetal liver
(0.14+0.08mU.mg") samples all showed signifi-
cant xanthine oxidase activity. This activity was
suppressed in all tissues 2h after allopurinol ad-
ministration and remained suppressed 24h later
(P<o0.05), despite allopurinol and oxypurinol lev-
els returning towards baseline. The data provide
a rodent model of xanthine oxidase inhibition in
the mother, placenta and fetus, allowing investi-
gation of the role of xanthine oxidase-derived re-
active oxygen species in the maternal, placental
and fetal physiology during healthy and compli-
cated pregnancy.

Hypoxia is acommon challenge to the fetus, pro-
moting a physiological defense to redistribute
blood flow towards the brain and away from pe-
ripheral circulation. During acute hypoxia, re-
active oxygen species (ROS) interact with nitric
oxide (NO) to provide an oxidant tone, which
contributes to the mechanisms redistributing
the fetal cardiac output, however the source of
ROS responsible for this defence is unknown.
In Chapter 5 we investigated whether ROS de-
rived from xanthine oxidase (XO) contribute to
the fetal peripheral vasoconstrictor response
to hypoxia via interaction with NO-dependent
mechanisms. Fifteen pregnant ewes and their
fetuses were surgically prepared for long-term
recording at 118 days of gestation (term is ap-
proximately 145 days). After 5 days recovery,
mothers were infused iv. for 30 min with either
vehicle, low (30 mg.kg?) or high (150mg.kg”) al-
lopurinol with or without fetal NO blockade.
Allopurinol inhibited the increase in fetal plas-
ma uric acid and suppressed the fetal femoral va-
soconstrictor, glycemic and lactate acidemic re-
sponses during hypoxia (all P<0.05), effects that
were restored to control levels with fetal NO
blockade. The data provide evidence for the ac-
tivation of fetal XO in vivo during hypoxia and
for XO-derived ROS in contributing to the fetal
peripheral vasoconstriction, part of the fetal de-
fense to hypoxia. The data in this study are of
significance to the understanding of the phys-
iological control of the fetal cardiovascular sys-
tem during hypoxic stress. The findings are also
of clinical relevance in the context of obstetric
trials, if high doses of allopurinol are being ad-
ministered to pregnant women when the fetus
shows signs of hypoxic distress.

In Chapter 6 we tested the hypothesis that ma-
ternal treatment with allopurinol during fe-
tal asphyxia limits ischemia-reperfusion (I/R)
damage to the fetal brain in ovine pregnan-
cy. The I/R challenge was induced by 5 repeat-
ed measured compressions of the umbilical cord
each lasting 10 min, in chronically-instrument-
ed fetal sheep at 0.8 of gestation. Relative to



control fetal brains, the I/R challenge induced
significant neuronal damage in the fetal hippo-
campal cornu ammonis zone 3 and 4. Maternal
treatment with allopurinol during the I/R chal-
lenge restored the fetal neuronal damage to-
wards control scores. The results of this study
suggest that maternal treatment with allopuri-
nol offers potential neuroprotection to the fe-
tal brain in the clinical management of perina-
tal asphyxia.

Chapter 7 provides a detailed description of the
study protocol of our clinical trial (the ALLO-tri-
al). The ALLO-trial was conducted as a random-
ized double blind placebo controlled multicenter
trial among laboring women with suspected fetal
hypoxia in 11 participating hospitals. Fetal hy-
poxia was suspected in case of an abnormal fetal
heart rate, significant ST-changes on fetal ECG
or fetal scalp pH<7.20. When immediate delivery
was foreseen based on these symptoms, women
were allocated to receive allopurinol 500 mg IV
or placebo IV. Primary outcome measures were
the amount of S1008 (a marker for brain tissue
damage) and the severity of oxidative stress (mea-
sured by isoprostane, neuroprostane), both mea-
sured in umbilical cord blood. Secondary out-
come measures were neonatal mortality, serious
composite neonatal morbidity and long-term
neurological outcome. Furthermore pharmaco-
kinetics and pharmacodynamics were investigat-
ed.

Chapter 8 describes drug disposition (maternal
plasma concentrations, cord blood concentra-
tions) and drug safety (maternal and fetal adverse
events). Data from the randomized double blind
multicenter trial were used. In 55 of 111 wom-
en in the intervention arm of the study the to-
tal dose of allopurinol was administered to the
mother before delivery of the child, and a cord
blood sample was available. Within 5 minutes af-
ter the end of maternal allopurinol infusion tar-
get plasma concentrations of allopurinol of =2

mg/L were present in cord blood. Of all analyzed
cord blood samples, 95% (52/55) had a target allo-
purinol plasma concentration at the moment of
delivery. No adverse events were observed in the
neonates. Two mothers had a red and/or painful
arm during infusion.

In Chapter 9 the main outcomes of the clinical
ALLO-trial are described. In the ALLO-trial 222
women were randomized to receive allopurinol
(ALLO, n=111) or placebo (CONT, n=111). Cord
S100R was not significantly different between
the two groups; 44.5 pg/mL (20.2 to 71.4) in the
ALLO-group vs 54.9 pg/mL (26.8 to 94.7) in the
CONT-group (DiM -7.69 (95%CI -24.9 to 9.52)).
The distribution of infants with an Si008 value
>p75 was not significantly different either (ALLO,
n=23 (23%) vs CONT, n=25 (27%); RRSmB)W5 0.85
(95%CI 0.53 to 1.4)). Post-hoc subgroup-analysis
showed a marked gender difference in treatment
effect of allopurinol in favor of girls. There were
significantly less girls with an S1008 value >p75 in
the ALLO-group (ALLO, n=5 (12%)) as compared
to the placebo-treated group (CONT, n=10 (31%);
RRSM&W5 0.37 (95%CI 0.14 to 0.99)). This differ-
ence was not found in boys (ALLO, n=18 (32%) vs
CONT, n=15 (25%); RRSmoE)WS 1.4 (95%CI 0.84 to
2.3)). In conclusion, maternal treatment with allo-
purinol during fetal hypoxia did not significant-
ly lower neuronal damage markers in cord blood,
probably due to the fact that fetal hypoxia was rel-
atively mild in the investigated population. Post-
hoc analysis however revealed a potential benefi-
cial treatment effect in girls.

In conclusion (as stated in the general discussion
in Chapter 10), the studies presented in this the-
sis indicate that maternally administered allo-
purinol rapidly crosses the placenta, is effective
in suppressing xanthine oxidase activity, has lit-
tle adverse side effects (as long as clinically com-
patible dosages are used) and is potentially effec-
tive in preventing hypoxic ischemic damage to the
heart and brain in fetal sheep and human female
neonates. The latter, however, is based on post-hoc
analyses and should be more intensively investi-



gated before being implemented in perinatal med-
icine.

Maternally administered allopurinol seems to
have too little beneficial effects when used as
a solemn therapeutic approach for perinatal as-
phyxia in a clinical setting, probably because
fetal surveillance during labor is still too in-
sensitive to optimally detect imminent fetal as-
phyxia. This may result in a suboptimal selec-
tion of patients really needing the treatment.

Future research could therefore combine fetal
allopurinol (pre)treatment (prevention) with
another promising fetal neuroprotective agent
like melatonin, and postnatal neuroprotec-

tive interventions (repair), such as hypother-
mia, postnatally administered allopurinol, 2-IB,
erythropoietin or stem cells if the newborn in-
fant appears to be really asphyxiated at birth
(i.e. Apgar score < 7 at 5 minutes, pH umbilical
artery < 7.05). Alternatively, in case of unexpect-
ed birth asphyxia, allopurinol treatment via the
umbilical cord at the resuscitation table might
result in a more optimal selection of infants
needing treatment. This approach bypasses any
placental problems, which may result in subop-
timal placental transfer of allopurinol. And fi-
nally, any future research focusing on perinatal
neuroprotective strategies should always take
gender differences into account.



NEDERLANDSE SAMENVATTING

Hersenschade ten gevolge van asfyxie (zuurstof-
tekort) bij de pasgeborene is een ernstige com-
plicatie binnen de verloskunde. Pasgeborenen
die blootgesteld zijn aan asfyxie kunnen direct
of op latere leeftijd ernstige problemen ervaren
in hun neurologische ontwikkeling. In milde
gevallen kunnen zich leerproblemen, gedrags-
problemen of geheugenproblemen voordoen. In
ernstigere gevallen kan er zelfs sprake zijn van
sterfte, spasticiteit of mentale retardatie. Her-
kennen, voorkomen en behandelen van zuur-
stofproblemen tijdens de bevalling is daarom
van groot belang.

Op het moment van asfyxie wordt een reeks
chemische reacties in gang gezet in het lichaam
welke in hoofdstuk 2 meer in detail worden be-
sproken. Kort gezegd komt er ten gevolge van as-
fyxie een grote hoeveelheid aan schadelijke stof-
fen vrij, vrije radicalen genaamd. Vrije radicalen
zorgen voor schade aan alles wat ze tegenko-
men, zoals celmembranen, celkernen en DNA.
Dit kan overal in het lichaam gebeuren, maar
vooral het hart en de hersenen van pasgebore-
nen zijn hiervoor erg gevoelig. Op het moment
van zuurstofgebrek zelf kan er al hersenschade
ontstaan, maar als er daarna weer zuurstofrijk
bloed het hart of hersenen instoomt (reperfusie)
wordt de grootste hoeveelheid aan deze vrije ra-
dicalen gevormd. Logischerwijs geldt; hoe meer
schade er ontstaat, hoe ernstiger de neurologi-
sche gevolgen op latere leeftijd waarschijnlijk
zullen zijn.

Tot op heden is koeling van de pasgeborene op
de Neonatale Intensive Care Unit (NICU) de
enige therapie waarvan wetenschappelijk be-
wezen is dat het de mate van hersenschade na
asfyxie kan beperken. Deze behandeling wordt
echter pas ingezet na de bevalling, wanneer het
grootste deel van de schadelijke stoffen al is ge-
vormd.

Allopurinol is een geneesmiddel dat al sinds
lange tijd gegeven wordt voor jicht, een ge-
wrichtsaandoening die wordt veroorzaakt door
verhoogde urinezuurspiegels in het bloed. Naast
het verlagen van urinezuurspiegels kan allopu-
rinol ook de vorming van vrije radicalen voorkoé-
men door de remming van een enzym; genaamd
xantine-oxidase, en op die manier mogelijk her-
senschade bij de pasgeborene beperken.

In de afgelopen 15-20 jaar komen uit verschil-
lende onderzoeken steeds meer aanwijzingen
dat allopurinol inderdaad hersenschade ten ge-
volge van asfyxie kan verminderen. Bij de mens
werd het middel voor deze indicatie in de ja-
ren negentig van de vorige eeuw als eerste on-
derzocht door het na de geboorte te geven aan
ernstig asfyctische kinderen. Bij dit onderzoek
werd een verminderde radicalenproductie en
behoud van hersendoorbloeding gezien bij de
kinderen die na de geboorte allopurinol kre-
gen toegediend. Toen deze studie in 2003 met
meer patienten werd herhaald bleken er echter
geen significante verschillen zichtbaar op korte
termijn uitkomsten. Een mogelijke verklaring
hiervoor is dat het gemiddelde tijdstip van toe-
diening (3 uur na de geboorte) te laat was om een
significante daling in vrije radicalen productie
te kunnen bewerkstelligen. In hoofdstuk 3 wor-
den de resultaten beschreven van het vervolgon-
derzoek bij deze kinderen op 4-8 jarige leeftijd.
De kinderen die nog leefden en konden worden
getest werden getest met de Wechsler Preschool
and Primary Scales of Intelligence test (WPP-
SI) of Wechsler Intelligence Scale for Child-
ren (WISC), afhankelijk van hun leeftijd op dat
moment. Het effect van allopurinol op ernsti-
ge morbiditeit (sterfte of ernstige neurologische
beperkingen op 4-8 jarige leeftijd) werd onder-
zocht in de gehele studiegroep (n=54) en in een
voorgespecificeerde groep van matig ernstig as-
fyctische kinderen. De gemiddelde leeftijd tij-



dens follow-up (n=23) was 5 jaar en 5 maanden
(SD 1 jaar, 2 maanden). Er waren geen verschil-
len in lange termijn uitkomsten tussen de kin-
deren die allopurinol hadden gekregen en de
kinderen die het medicijn niet hadden gehad. In
de subgroep van matig ernstig asfyctische kin-
deren werd wel een significant effect van allo-
purinol gevonden op het verminderen van sterf-
te of ernstige neurologische beperkingen (25%
vs 65%; RR 0.40, 95%CI 0.17-0.94). Deze uitkom-
sten suggereren een mogelijk neuroprotectief
effect van neonatale behandeling met allopu-
rinol, maar alleen in matig ernstig asfyctische
kinderen. Deze uitkomsten zijn vergelijkbaar
met de studies naar neonatale koeling van de on-
derzoeksgroep van Dr. Gluckman. Waarschijn-
lijk heeft de ingezette therapie onvoldoende ef-
fect als de behandeling te laat wordt ingezet of
de hersenschade al te ver gevorderd is.

Om de allopurinol zo vroeg mogelijk bij het
kind te kunnen krijgen ontstond de gedachte
om het aan de moeder te geven op het moment
van een verdenking op foetale nood. Op deze
manier komt het middel, via de placenta, al bjj
het kind nog voordat het geboren is.

Met dit idee werd van 2005 tot 2007 een pilo-
tonderzoek verricht. Hierbij werden 53 vrou-
wen onderzocht bij wie tijdens de bevalling een
dusdanige verdenking op foetale nood bestond
dat acuut ingrijpen noodzakelijk was door mid-
del van een keizersnede danwel vacuumpomp-
of tangverlossing. De helft van deze vrouwen
kreeg op dat moment 500 mg allopurinol iv. en
de andere helft kreeg een niet werkzaam me-
dicijn (placebo). Uit dit pilotonderzoek kwam
ten eerste naar voren dat allopurinol zeer snel
de placenta passeert. Ten tweede bleek er een
significant verband te bestaan tussen de hoog-
te van de spiegels van allopurinol en de waar-
de van een marker voor hersenweefselschade
(S100R) in het navelstrengbloed. Hoe hoger de
allopurinol-spiegels waren, hoe lager de waarde
van S100R.

Hoofdstuk 4 tot en met 6 beschrijven dierexpe-
rimentele studies die zijn uitgevoerd aan de Uni-
versiteit van Cambridge, Engeland. In hoofd-
stuk 4 werden verschillende eigenschappen van
allopurinol onderzocht bij zwangere ratten. Zo-
wel de mate van opname van allopurinol door
de moeder (wanneer oraal toegediend), de mate
van placenta-passage, het bereiken van thera-
peutische spiegels in de foetus als de mate van
remming van xanthine-oxidase bij de foetus
werden onderzocht. Op de 20° dag van de zwan-
gerschap (normale zwangerschapsduur bij raten
is 21 dagen), kregen zwangere ratten 30 of 100
mgkg* allopurinol oraal toegediend. Materna-
le en foetale plasma allopurinol en oxypurinol
spiegels werden gemeten en xanthine oxidase
activiteit werd bepaald in de placenta en in ma-
ternale en foetale weefsels. Er waren significant
positieve correlaties tussen maternale en foeta-
le allopurinol (r=0.97, P<0.05) waarden. Onder
normale omstandigheden was er sprake van ver-
hoogde xanthine oxidase activiteit in het mater-
nale hart (2.18+0.62mU.mg"), de maternale lever
(0.29+0.08mU.mg"), de placenta (1.36+0.42mU.
mg™), het foetale hart (1.64+0.59mU.mg") en de
foetale lever (0.14+0.08mU.mg™). Deze activiteit
was onderdrukt in alle weefsels 2 uur na allopu-
rinol toediening (zowel bij 30 als bij 100 mg.kg”
allopurinol) en bleef onderdrukt tot minstens
24 uur later (P<0.05), ondanks dalende allopuri-
nol spiegels.

Hypoxie is een veel voorkomend probleem voor
het ongeboren kind, waarbij er een fysiologisch
compensatie mechanisme is door bloeddoor-
stroming van verschillende organen te verplaat-
sen (redistribueren) van de perifere circulatie
(bijvoorbeeld huid en spieren) naar meer be-
langrijke organen, zoals de hersenen. Tijdens
acute hypoxie zorgen vrije zuurstofradicalen
tezamen met stikstof oxide voor een verander-
de vaatwandtonus die bijdraagt aan het onder-
liggende mechanisme van redistributie van het
bloed. De bron van deze vrije zuurstof radicalen



is echter nog grotendeels onbekend. Hoofdstuk
5 laat zien dat vrije radicalen die vrijkomen bij de
omzetting van hypoxanthine in xanthine door
xanthine oxidase (XO), bijdragen aan de foeta-
le perifere vasoconstrictie (samenknijpen van
vaten) bij hypoxie via stikstofoxide-afhanke-
lijke mechanismen. Vijftien zwangere schapen
en hun ongeboren lammeren werden operatief
voorzien van meetapparatuur op dag 118 van de
zwangerschap (normale zwangerschapsduur bij
schapen is ongeveer 145 dagen). Na een herstel-
periode van 5 dagen, kregen de moeders ofwel
een placebo medicijn, ofwel een “lage” dosis al-
lopurinol (30 mg.kg-1) ofwel een “hoge” dosis al-
lopurinol (150mg.kg-1) intraveneus toegediend,
met of zonder blokkade van stikstofoxide. Al-
lopurinol remde de stijging van foetale urine-
zuurspiegels en onderdrukte foetale femorale
vasoconstrictie, glycemische en zuur-base reac-
ties tijdens hypoxie (allen P<0.05). Deze effecten
werden teniet gedaan wanneer foetaal stikstof
oxide werd geblokkeerd. De data in deze studie
leveren bewijs voor de activatie van foetale XO
tijdens hypoxie bij schapen. Het toont tevens
aan dat de door XO veroorzaakte vrije radica-
len productie mede verantwoordelijk is voor de
foetale perifere vasoconstrictie die onderdeel is
van de foetale beschermingsmechanismen bij
hypoxie. De data zijn van groot belang in het
begrijpen van de fysiologische controle mecha-
nismen van het foetale cardiovasculaire systeem
tijdens hypoxie en zijn daarnaast belangrijk bij
het verrichten van Kklinische trials wanneer
hoge doses van allopurinol worden toegediend
aan de zwangere vrouw als de foetus tekenen
van hypoxie vertoont.

In hoofdstuk 6 werd, opnieuw bij zwangere
schapen, de hypothese getoetst dat materna-
le behandeling met allopurinol tijdens foetale
asfyxie reperfusieschade aan het foetale brein
kan verminderen. Episodes van ischemie en re-
perfusie werden bewerkstelligd door 10 foetale
lammeren op dag 118 van de zwangerschap, vijf
opeenvolgende navelstrengcompressies van 10
minuten te laten ondergaan. Ten opzichte van

6 controle-lammeren veroorzaakte ischemie en
reperfusie significant meer histologische neuro-
nale schade in cornu ammonis zone 3 en 4 van
de foetale hippocampus (een deel van het brein
dat o.a. verantwoordelijk is voor het geheugen).
Maternale behandeling met allopurinol tijdens
de episodes van ischemie en reperfusie brachten
de gevonden histologische scores voor neurona-
le schade weer terug naar controle waarden. De
resultaten van deze studie suggereren wederom
dat maternale behandeling met allopurinol een
potentieel neuroprotectief effect heeft op het
foetale brein ten tijde van perinatale asfyxie.

Met de hoopgevende uitkomsten van het dier-
experimentele onderzoek en het eerder uitge-
voerde humane pilotonderzoek werd besloten
het humane pilotonderzoek op landelijk niveau
te herhalen, zodat er met grotere aantallen pati-
enten en in verschillende patiéntengroepen uit-
spraken kunnen worden gedaan.

De ALLO-trial, een dubbelblind gerandomi-
seerde placebo gecontroleerde multicenter tri-
al includeerde patiénten van oktober 2009 tot
december 2011 in 11 verschillende ziekenhui-
zen in Nederland. De onderzoeksmethoden wa-
ren hetzelfde als bij het pilotonderzoek en wor-
den in detail beschreven in hoofdstuk 7. Op het
moment dat een patiénte de inclusiecriteria be-
reikte was er sprake van een dusdanige verden-
king op foetale hypoxia dat werd gestreefd naar
de direct geboorte van het kind (abnormaal car-
diotocogram (CTG), significant STAN-event
of een micro bloed onderzoek (MBO) met een
pH < 7.20), en werd 500 mg allopurinol of een
placebo medicijn iv. toegediend via een spuiten-
pomp. Nadat het kind geboren was, werd navel-
strengbloed afgenomen voor het meten van de
S100R -waarde (een bekende biochemische mar-
ker voor hersenweefselschade), de mate van vrije
radicalenproductie (neuroprostaan en isopros-
taan) en de allopurinol-spiegels.



In hoofdstuk 8 onderzochten we de placen-
ta-passage van allopurinol bij de mens door
middel van het bepalen van maternale plasma
concentraties van allopurinol en allopurinol
concentraties in navelstrengbloed. Daarnaast
beoordeelden we de veiligheid van het mid-
del door te kijken naar ongewenste effecten bij
moeder en/of kind. Data uit de ALLO-trial wer-
den hiervoor gebruikt: in de trial kregen 70 van
de 111 vrouwen de totale hoeveelheid allopuri-
nol toegediend v6dr de geboorte van het kind.
Van 55 van deze 111 moeder-kind paren die al-
lopurinol kregen toegediend was navelstreng-
bloed beschikbaar voor het bepalen van de al-
lopurinol spiegels. In deze groep werden binnen
5 minuten na het einde van de maternale allo-
purinol infusie streef-spiegels van allopurinol
in het navelstrengbloed gevonden van =2 mg/L.
Van allopurinolspiegels =2 mg/L is aangetoond
dat het XO-activiteit kan remmen. Van al de ge-
analyseerde samples had 95% (52/55) een waar-
de boven deze streef-spiegels ten tijde van de
geboorte van het kind. Omdat allopurinol al ge-
ruime tijd wordt gegeven voor jicht weten we
veel over de bijwerkingen van het medicijn. De
belangrijkste bijwerkingen die op kunnen tre-
den zijn gewoonlijk zeldzaam en meestal van
lichte aard. De meest voorkomende reacties zijn
huidreacties, zoals jeuk en roodheid. Nooit eer-
der werden ernstige bijwerkingen beschreven
bij een éénmalige dosis en ook in deze trial wer-
den geen nadelige effecten waargenomen bij de
neonaten. Twee moeders hadden een rode en/of
pijnlijke arm tijdens de infusie van allopurinol.

In hoofdstuk 9 worden de uitkomsten van de
ALLO-trial beschreven. In totaal werden 222
vrouwen geincludeerd, van wie 111 allopurinol
kregen toegediend en 111 vrouwen een place-
bo-medicijn. De waarde van de hersenscha-
de marker S100f was niet significant verschil-
lend tussen de twee groepen (ALLO, 44.5 pg/
mL (20.2 tot 71.4) vs placebo, 54.9 pg/mL (26.8
tot 94.7); DiM -7.69 (95%CI -24.9 tot 9.52)). Ook
het aantal kinderen met een S100R waarden
>p75 was niet significante verschillend tussen

de twee behandelgroepen (ALLO, n=23 (23%)
vs placebo, n=25 (27%); RRSIOO&WS 0.85 (95%CI
0.53 tot 1.4)). Post-hoc subgroep analyse toonde
een opvallend sexe verschil in behandeleffect in
het voordeel van meisjes. Er waren significant
minder meisjes met een S1008 waarde >p75 in
de ALLO-groep (ALLO, n=5 (12%)) ten opzich-
te van de placebo-groep (placebo, n=10 (31%);
RRSmE)P75 0.37 (95%CI 0.14 to 0.99)). Dit verschil
werd niet terug gezien bij jongens (RR .~ 1.4
(95%CI 0.84 to 2.3)). Samengevat verlaagde ma-
ternale behandeling met allopurinol ten tijde
van een verdenking op foetale hypoxie niet sig-
nificant neuronale hersenschade markers in het
navelstrengbloed. Post-hoc analyse toonde ech-
ter wel een mogelijk voordelig effect van mater-
nale behandeling van allopurinol bij meisjes.

Zoals wordt beschreven in de “general discus-
in hoofdstuk 10 laten de studies in dit
proefschrift zien dat maternale toediening van
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allopurinol snel de placenta passeert, effectief is
in het remmen van xanthine oxidase en weinig
nadelige effecten heeft (zolang klinisch compa-
tibele doseringen worden aangehouden). Ook
lijkt het middel potentieel effectief in het ver-
minderen van schade aan het hart en de herse-
nen bij foetale schapen en vrouwelijke neona-
ten. Dit laatste is echter gebaseerd op post-hoc
analyses en zal eerst meer uitgebreid moeten
worden onderzocht alvorens het toe te passen in
de perinatologische zorg.

Maternale allopurinol lijkt te weinig signifi-
cant voordelige effecten te hebben wanneer het
wordt toegepast als op zichzelf staande thera-
peutische benadering voor perinatale asfyxie in
de klinische setting. Mogelijk is dit het gevolg
van de nog altijd relatief insensitieve foetale be-
wakingsmethoden die resulteren in een subop-
timale selectie van kinderen die daadwerkelijk
de behandeling nodig hebben.

Toekomstig onderzoek zou zich daarom kunnen
richten op het combineren van foetale (voor-)be-
handeling op het moment van een verdenking



op foetale nood met bijvoorbeeld allopurinol en
een ander veelbelovend foetaal neuroprotectief
middel als melatonine (preventie), in combina-
tie met neonatale interventies (herstel), zoals
hypothermie, postnataal toegediende allopuri-
nol, 2-IB, erythropoietine of stamcellen op het
moment dat de pasgeborene daadwerkelijk teke-
nen van ernstige asfyxie vertoont (bijvoorbeeld
een Apgar score < 7 na 5 minuten en een arterie-
le navelstreng pH < 7.05). In het geval van on-
verwachte asfyxie na de geboorte van het kind
kan worden overwogen directe behandeling
met allopurinol toe te passen op de resuscita-

tie-tafel door het toedienen van allopurinol via
de navelstreng. Dit optimaliseert de selectie van
de juiste patiéntengroep en vermijdt mogelijke
placentaire problemen (abruptio placentae, pla-
centa-insufficiéntie) die kunnen resulteren in
een suboptimale passage van allopurinol door
de placenta. Tot slot dient toekomstig onder-
zoek op het gebied van perinatale hypoxie altijd
rekening te houden met mogelijke gender-ver-
schillen bij het analyseren van de gevonden uit-
komsten.
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