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ABSTRACT: In complicated labor, neonatal outcome may depend
not only on the extent of fetal asphyxia and acidosis but also on the
effects on the fetal cardiovascular system of reactive oxygen species
(ROS) generated during the ischemia-reperfusion (I/R) associated
with repeated compressions of the umbilical cord. This study tested
the hypothesis that maternal treatment with clinical doses of the
antioxidant allopurinol in the setting of fetal asphyxia would reduce
oxidative stress in the fetal cardiovascular system. The hypothesis
was tested in chronically instrumented fetal sheep in late gestation by
investigating the effects of maternal treatment with therapeutic doses
of allopurinol or vehicle on the fetal cardiovascular system during
and after episodes of I/R. The latter were produced by repeated,
measured compressions of the umbilical cord. The data show that
maternal treatment with allopurinol helped maintain umbilical blood
flow and it reduced fetal cardiac oxidative stress after I/R of the type
associated with clinically relevant acidemia and repetitive fetal heart
rate decelerations. The data support the hypothesis tested and suggest
that maternal treatment with allopurinol may offer plausible clinical
intervention in the management of perinatal asphyxia in complicated
labor. (Pediatr Res 68: 374–380, 2010)

One of the most common challenges that the fetus experi-
ences during pregnancy, and in particular during the

processes of labor and delivery, are periods of asphyxia
secondary to compressions of the umbilical cord (1). Perinatal
asphyxia may result in marked fetal acidosis and cardiovas-
cular compromise with subsequent hypoxic-ischemic enceph-
alopathy, which is predictive of developing cerebral palsy and
cognitive disability later in life (2). Therefore, the prevention
and management of perinatal asphyxia remain major concerns
in obstetric practice today.

Repeated compressions of the umbilical cord not only
induce fetal asphyxia and acidosis but also episodes of isch-
emia-reperfusion (I/R), promoting the generation of reactive
oxygen species (ROS) such as the superoxide anion (O2

��). The
latter serves as a precursor of other damaging ROS, such as
the hydroxyl radical (�OH) and peroxynitrite (ONOO�). In-
creased O2

�� also decreases the bio-availability of nitric oxide
(NO) and, in the circulation, an increased ratio of O2

��: NO
leads to endothelial dysfunction and vasoconstriction (3). Free
radical generation as a result of I/R may therefore restrict
blood flow in vascular beds, particularly in those, which are
highly dependent on NO, such as the umbilical (4) and
myocardial (5) circulations. The umbilical vascular bed and
the fetal heart may therefore be particularly susceptible to
repeated compressions of the umbilical cord in complicated
labor as a result of oxidant stress, compounding the adverse
effects of asphyxia and acidosis.
One mechanism via which ROS are generated is through

the activation of the xanthine oxidase (XO) pathway. The XO
inhibitor allopurinol can offer protection against I/R-induced
injury not only by reducing the formation of O2

�� but also
through direct free radical scavenging properties and chelation
of nonprotein bound iron (6). Consequently, the beneficial
effects of allopurinol in reducing I/R damage in adult cardi-
ology and in pediatric and adult cardiothoracic surgery have
long been established (7,8). However, the beneficial effects of
allopurinol in the newborn period after birth asphyxia have
been less well described. One study reported that treatment
with allopurinol of the asphyxiated neonate improved neonatal
outcome (9), but if the time-interval between I/R and treat-
ment had been too long, or when asphyxia had been too
severe, no reduction in serious morbidity or mortality was
reported (10). Therefore, there has been growing interest in

Received March 4, 2010; accepted June 23, 2010.
Correspondence: Dino A. Giussani, Ph.D., Department of Physiology, Development &

Neuroscience, University of Cambridge, Cambridge, CB2 3EG, UK; e-mail: dag26@
cam.ac.uk
Supported by funding from the Perinatal Center Wilhelmina Children’s Hospital

Utrecht, the Royal Dutch Academy of Sciences (Ter Meulen Fonds), the Dutch Institute
for Scientific Research (NWO), the Dutch Society of Obstetrics and Gynecology
(NVOG), and the British Heart Foundation.

Abbreviations: AUC, area under the curve; I/R, ischemia-reperfusion;MAP,
maternal arterial pressure; MHR, maternal heart rate; ROS, reactive oxygen
species

0031-3998/10/6805-0374
PEDIATRIC RESEARCH

Vol. 68, No. 5, 2010

Copyright © 2010 International Pediatric Research Foundation, Inc.
Printed in U.S.A.

374



establishing whether perinatal outcome may be improved if
the window of treatment with allopurinol is initiated before
birth, for instance via maternal treatment to cover the actual
period of fetal asphyxia and I/R induced by recurrent umbil-
ical cord compression in complicated labor. Maternal treat-
ment with allopurinol crosses the placenta, it suppresses O2

��

production in the fetus (11) and yields therapeutic levels in the
neonatal circulation (12), justifying this route of administra-
tion for preventive therapy in obstetric practice. However,
virtually nothing is known about the effects of maternal treat-
ment with allopurinol on the fetal cardiovascular system.
Therefore, this study tested the hypothesis that maternal treat-

ment with clinical doses of allopurinol in the setting of fetal
asphyxia would reduce oxidative stress in the fetal cardiovascular
system. The hypothesis was tested by investigating in the chron-
ically instrumented ovine fetus in late gestation, the effects of
maternal treatment with allopurinol on the fetal cardiovascular
system during and after episodes of I/R produced by repeated,
measured compression of the umbilical cord.

METHODS

All procedures were performed under the UK Animals (Scientific Proce-
dures) Act 1986 and were approved by the Ethical Review Committee of the
University of Cambridge.

Surgical preparation. Eleven Welsh Mountain Sheep were surgically
instrumented for long term recording at 124 d of gestation (term is �145 d)
using strict aseptic conditions as previously described (13). Under general
anesthesia (1.5–2.0% halothane in 50:50 O2:N2O), fetal arterial (inner diam-
eter, 0.86 mm; outer diameter, 1.52 mm; Critchly Electrical Products, NSW,
Australia) and venous (inner diameter, 0.56 mm; outer diameter, 0.96 mm)
catheters were inserted. Another catheter was anchored onto the fetal hind
limb for recording of the reference amniotic pressure. Two fetal ECG leads
were placed s.c. on the precordium, between the apex and the left sternal
border, and on the right shoulder. In addition, a transit-time flow transducer
was implanted around the left umbilical artery close to the common umbilical
artery inside the fetal abdomen (4SB; Transonic Systems Inc., Ithaca, NY).
An inflatable occluder cuff (In Vivo Metrics, CA) was positioned around the
proximal end of the umbilical cord (13). Ewes were instrumented with arterial
and venous catheters placed in the left femoral artery and vein, respectively.

Postoperative care and experimental protocol. Antibiotics were adminis-
tered daily to the ewe (0.20–0.25 mg � kg�1 i.m. Depocillin; Mycofarm,
Cambridge, UK) and fetus i.v. and into the amniotic cavity (150 mg � kg�1

Penbritin; SmithKline Beecham Animal Health, Welwyn Garden City, Hert-
fordshire, UK). After at least 5 d of postoperative recovery, between 129 and
130 d of gestation, all fetuses were submitted to an I/R challenge, produced
by 5 � 10 min inflations of the cord occluder with sterile saline at 10-min
intervals (Fig. 1). Each cord compression was designed to reduce umbilical
blood flow by 80 to 90% from baseline, and to lead to a progressive fall in
fetal arterial pH to �6.95. In five fetuses, the I/R challenge was induced
during maternal i.v. treatment with allopurinol (Sigma Chemical Co. Ltd., 20
mg � kg�1 maternal weight, dissolved in 20 mL of buffered saline and infused

over a 20-min period; 1 mL/min). In the remaining six fetuses, the I/R challenge
was induced during maternal infusion with buffered saline at the same rate.
Infusion of either allopurinol or vehicle started 10 min before the fourth umbilical
cord compression and finished immediately after the end of it. The dosing
regimen of allopurinol was adopted from the only study that used the drug in
women undergoing uncomplicated labor (12). Forty-eight hours after the end of
the experimental protocol, ewes and fetuses were subjected to euthanasia (sodium
pentobarbitone 200 mg � kg�1 i.v. Pentoject; Animal Ltd., York, UK). The fetal
hearts were collected and snap-frozen for measurement of pro- and antioxidant
protein levels via Western blot. Hearts collected from five noninstrumented fetal
sheep at 0.8 gestation served as age-matched controls.

Blood sampling regimen. Maternal and fetal arterial blood samples (0.3
mL) were drawn into sterile syringes 1 h before, at 10 min intervals during, and
for 48 h after the I/R challenge to determine arterial blood gas and acid base status
(Fig. 1; ABL5 Blood Gas Analyzer, Radiometer, Copenhagen, Denmark). Values
for percentage saturation of Hb with oxygen (Sat Hb) were determined using a
hemoximeter (OSM3; Radiometer). Blood lactate concentrations were measured
by an automated analyser (Yellow Springs 2300 Stat Plus; YSI Ltd., Farnbor-
ough, UK). Fetal plasma concentrations of troponin, an index of cardiac stress,
were measured at six time points during the study: at baseline (�60 min), shortly
before infusion with vehicle or allopurinol (50 min) and after infusion at 120 min,
5, 24, and 48 h. Troponin was measured by chemiluminescent technology using
the Beckman Unicell DxI 800 immunoassay system.

Additional paired maternal and fetal blood samples (1 mL) were taken in
the allopurinol treated pregnancies at varying set intervals, starting at the
onset of the infusion period and up to 5 h after the end of infusion, to compile
a comprehensive serial profile of maternal and fetal plasma concentrations of
allopurinol and oxypurinol (the active metabolite of allopurinol) without
affecting materno-fetal concentrations of Hb. In some animals (n � 3),
maternal and fetal blood samples were taken during pilot experiments to
address whether umbilical cord compression per se altered the concentration
of allo- or oxypurinol in maternal or fetal plasma. The quantification of
allopurinol and oxypurinol in both fetal and maternal plasma (HPLC) was
linear between 0.5 and 25 mg � l�1 with a lower limit of detection of 0.2
mg � l�1 for both compounds.

Western blotting. Tissue from the fetal left ventricle was homogenized in
ice-cold buffer and centrifuged at 150,000 rpm. Aliquots were removed from the
supernatant for protein quantification (BCA assay, Sigma Chemical Co., UK) and
the supernatant diluted in a calculated volume of sample buffer, such that all
supernatants were of equal protein concentration. Equal amounts of protein
(20–30 �g) from each sample were loaded onto acrylamide gels and separated by
SDS-PAGE and protein from the gel was transferred onto a nitro-cellulose
membrane. Once transfer was complete, membranes were stained with Ponceau
to check for uniform protein loading and membranes were blocked. Membranes
were incubated overnight with specific primary antibodies and after washing with
a species-specific secondary antibody, followed by incubation with a substrate
(ECL or ECL Plus kit, Amersham Biosciences, Bucks, UK) according to the
manufacturer’s instructions (see Table 1 for details). The samples were exposed
to x-ray film and the levels of protein expression were quantified densitometri-
cally as a ratio of protein loading.

Data and statistical analyses. Cardiovascular data were recorded contin-
ually at 1 s intervals using a computerized Data Acquisition System (Depart-
ment of PDN, University of Cambridge, UK). Summary measures analysis
was applied to the cardiovascular serial data to focus the number of compar-
isons, and areas under the curve were calculated for statistical comparison, as
previously described in detail (14). The T/QRS of the fetal electrocardiogram
(ECG) was analyzed using a STAN S31 (Neoventa Medical) machine. Mean
values for the T/QRS ratio were calculated during baseline and at 10 min

Figure 1. Experimental protocol. At least 5 d
after surgery, all fetuses were submitted to an
I/R challenge (gray bar). After 1 h of basal
recording, the I/R challenge consisted of five
compressions of the umbilical cord, each of 10
min duration (black bars) with a 10-min inter-
val. Maternal infusion with allopurinol or vehi-
cle started 10 min before the fourth umbilical
cord compression and finished immediately after
the end of it (white bar). Fetal arterial blood
samples (arrows) were taken for analysis of
blood gas and metabolic status.
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intervals during the I/R challenge. For all variables, values are expressed as
mean � SEM. Variables were assessed using one or two-way ANOVA with
repeated measures, as appropriate. Where a significant effect was indicated,
the post hoc Tukey or t-Newman-Keuls test was used to isolate the statistical
difference (Sigma Chemical Co.-Stat; SPSS Inc., Chicago, IL). For all com-
parisons, statistical significance was accepted when p � 0.05.

RESULTS

Allopurinol and oxypurinol in maternal and fetal plasma.
Maternal treatment with allopurinol produced transient eleva-
tions in the concentrations of both allopurinol and oxypurinol

in maternal and fetal plasma (Fig. 2). In maternal plasma, peak
concentrations of allopurinol and oxypurinol occurred be-
tween 20 and 30 min after the start of infusion, reaching
values of 47 and 17 mg � L�1, respectively. In fetal plasma,
elevations in allopurinol between 4 and 7 mg � L�1 were
within the therapeutic ranges described by Boda et al. (12),
and these were maintained past 1 h after the start of maternal
administration. Relative to allopurinol, the elevation in oxy-
purinol in fetal plasma was more gradual and lasted longer,
reaching peak values between 1 and 1.5 mg � L�1 at 2 h after
the start of infusion. Compression of the umbilical cord per se
did not alter maternal and fetal plasma concentrations of
allopurinol and oxypurinol; these remained undetectable.
Maternal variables. Basal maternal arterial blood gas and

acid base status were not different between vehicle and allo-
purinol pregnancies [vehicle group: pH 7.52 � 0.01, partial
pressure of carbon dioxide in the arterial blood (PaCO2) 39 �
1 mm Hg, partial pressure of oxygen in arterial blood (PaO2)
103 � 3 mm Hg, ABE 7.9 � 0.9 mEq � L�1, SatHb 97 � 1%;
allopurinol group: pH 7.52 � 0.01, PaCO2 37 � 0.4 mm Hg,
PaO2 100 � 4 mm Hg, ABE (acid/base excess) 7.0 � 0.9
mEq � L�1, SatHb 97 � 1%]. These values remained unaf-
fected from baseline throughout the experimental protocol.
Basal maternal arterial blood pressure (MAP) and heart rate

Figure 2. Maternal and fetal plasma allopuri-
nol and oxypurinol. The data show the serial
profile of plasma concentrations of allopurinol
and oxypurinol in maternal (open symbols, pan-
els A and B) and fetal (solid symbols, panels C
and D) plasma after maternal treatment with
allopurinol. Paired maternal and fetal blood
samples (1 mL) were taken in the allopurinol-
treated pregnancies at varying set intervals,
starting at the onset of the allopurinol infusion
period (time point 50 min in Fig. 1) and for 5 h
thereafter.

Figure 3. Fetal blood gas and acid base status.
Data are the mean � SEM for fetal blood gas
and acid base status in samples taken before,
during and after each umbilical cord compres-
sion. In five fetuses (F), the I/R challenge was
induced during maternal i.v. treatment with al-
lopurinol. In the other six fetuses (E), the I/R
challenge was induced during maternal infusion
with buffered saline at the same rate. Significant
differences within groups are *p � 0.05 vs
immediately preceding baseline; §p � 0.05 vs
�60 min sample (two-way RM ANOVA with
post hoc t-Newman-Keuls test).

Table 1. Details of antibodies for Western blot analysis

Antibody Supplier

Anti-COX-2 Cayman Chemicals (Ann Arbor, MI)
Anti-Hsp70 Stressgen Bioreagents Corp. (York, UK)
Anti-Hsp90 Stressgen Bioreagents Corp. (York, UK)
Anti-eNOS Cell Signaling Technology (Danvers, MA)
Anti-MnSOD Millipore (Watford, UK)
Anti-GPX Abcam (Cambridge, UK)
Anti-catalase Abcam (Cambridge, UK)
ECL antimouse horse radish
peroxidase-linked
secondary antibody

Amersham Biosciences (Buck., UK)

ECL antirabbit horse radish
peroxidase-linked
secondary antibody

Amersham Biosciences (Buck., UK)
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(MHR) were not different between groups (vehicle: MAP
104 � 10 mm Hg, MHR 97 � 6 bpm; allopurinol: MAP 99 �
5 mm Hg, MHR 91 � 5 bpm). Although MAP remained
unaffected from baseline in both groups, there was a transient
increase from baseline in MHR to a maximum of 156 � 20
bpm at 52 min after the onset of infusion in ewes treated with
allopurinol (p � 0.05).
Fetal arterial blood gas, metabolic status, and survival.

Compressions of the umbilical cord produced transient epi-
sodes of hypoxia and hypercapnia of similar magnitude in
both vehicle and allopurinol groups (Fig. 3). Repeated umbil-
ical cord compression also led to a gradual decline in fetal
basal pH and ABE and a gradual increase in fetal basal lactate
concentrations. Again, the magnitudes of these changes were
similar between groups (Fig. 3). By the end of the fifth
compression, fetal pH was reduced from 7.36 � 0 at baseline
to 6.97 � 0.03 versus 7.36 � 0 to 6.97 � 0.03 (both groups
p � 0.05).
All fetuses in the pregnancies treated with allopurinol sur-

vived the I/R challenge and they were in good physiologic
condition 48 h after the end of the study protocol, with values
representing fetal arterial blood gas and metabolic status
similar to those measured before I/R. In contrast, one fetus
from the vehicle treated pregnancies died 3 h after the end of
the I/R challenge as a result of cardiovascular collapse. Values
for cardiovascular data in this fetus after the end of the I/R
challenge have been excluded from the data analysis.
Fetal cardiovascular variables. Mean values for basal fetal

arterial blood pressure and basal fetal heart rate were similar
between vehicle and allopurinol groups (55.4 � 3.6 mm Hg
versus 53.8 � 3.6 and 164 � 5 versus 163 � 10 bpm,
respectively). Values for these variables during the I/R exper-
imental protocol are shown as percentage changes from base-
line in Fig. 4. Compression of the umbilical cord led to rapid
transient falls in fetal heart rate and rapid transient increases in
fetal arterial blood pressure. The magnitude and pattern of
these changes were similar between vehicle and allopurinol
pregnancies until the onset of maternal treatment with allo-
purinol. Maternal treatment with allopurinol led to an increase
in values for fetal heart rate calculated before the fourth
(185 � 17 versus 193 � 13 bpm) and fifth (193 � 14 versus
210 � 12 bpm) compression [control versus allopurinol, area
under the curve (AUC), p � 0.05]. After the I/R challenge,
fetal arterial blood pressure remained significantly below and
fetal heart rate remained significantly above basal values in
both groups of pregnancies until the end of the fifth recording
period (Fig. 4). The pattern and magnitude of the fall in fetal
arterial blood pressure postI/R were similar between the
groups. In contrast, postI/R, while the increase in fetal heart
rate was mild and sustained in control pregnancies, it was
markedly and transiently exacerbated in allopurinol pregnan-
cies, showing a 53% increase at 110 min after the onset of
maternal treatment with allopurinol.
Mean values for basal umbilical blood flow were similar

between vehicle and allopurinol groups (138 � 19 versus
135 � 28 mL � min�1, respectively). Umbilical blood flow
was similarly reduced by 80 to 90% from baseline during each
compression period in both groups (Fig. 4). After the I/R

challenge, umbilical blood flow returned to basal values
within 5 min in pregnancies treated with allopurinol. In
marked contrast, in pregnancies treated with vehicle, umbili-
cal blood flow remained significantly depressed from basal
values until the end of the recording period, 5 h after the start
of the challenge (Fig. 4).
In the vehicle group, there was a significant increase in the

fetal T/QRS ratio during each of the five compressions of the
umbilical cord (Figs. 5 and 6). In addition, values for the fetal
T/QRS ratio in this group remained significantly elevated
from baseline immediately after the fourth and fifth umbilical
cord compression (Fig. 6). In the allopurinol group, the fetal
T/QRS was also significantly elevated during each of the five
umbilical cord compressions. However, the values for T/QRS
achieved in this group were significantly lower than those of
fetuses in the vehicle group after treatment (Fig. 6).
Basal values for concentrations of troponin in fetal plasma

were similar in vehicle and allopurinol groups (Fig. 7). Al-
though fetal plasma troponin increased significantly at 20 min
(time point 120 min) and 5 h after the I/R challenge in vehicle
treated pregnancies, these increases were prevented in allo-
purinol treated pregnancies (Fig. 7).
Cardiac pro- and antioxidant proteins. Analysis by West-

ern blot revealed a significant increase in the protein expres-
sion of COX-2, eNOS, and Hsp90 in hearts isolated from
fetuses subjected to I/R treated with vehicle relative to hearts
isolated from control fetuses (Fig. 8). Maternal treatment with
allopurinol reverted the increase in fetal cardiac COX-2,
eNOS but not Hsp90. Similarly, levels of the antioxidant

Figure 4. Fetal cardiovascular variables. Data are the mean � SEM of the
percent change from mean baseline calculated every minute in six allopurinol
pregnancies (F) and in buffered saline six pregnancies (E). Significant
differences are comparisons of AUC: *p � 0.05 vs baseline 1 h period; §p �
0.05, allopurinol vs saline (two-way RM ANOVA with t-Newman-Keuls
test).
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proteins mnSOD and GPX were significantly decreased in
hearts isolated from fetuses subjected to I/R during vehicle
relative to hearts isolated from control fetuses (Fig. 8). Ma-
ternal treatment with allopurinol partially reduced the de-
crease in fetal cardiac mnSOD and GPX.

DISCUSSION

The data show that in the late gestation ovine fetus repeated,
intermittent, measured compression of the umbilical cord
designed to reduce umbilical blood flow by 80 to 90% of basal
values led to repeated fetal bradycardia and progressive fetal
acidemia of human clinical relevance (mean � SEM: 6.97 �
0.03 in both vehicle and allopurinol treated pregnancies).
After the I/R challenge, umbilical blood flow in untreated
pregnancies remained significantly depressed from basal val-
ues until the end of the recording period, 5 h after the start of
the challenge. In addition, one fetus in this group died 3 h after
the end of the I/R challenge. In marked contrast, in pregnan-
cies treated with allopurinol, umbilical blood flow was re-
stored to basal values within 5 min after I/R and all fetuses in
this group survived the challenge. These data suggest that I/R
does compound the effects on the fetus of asphyxia and
acidosis by restricting umbilical blood flow to extents that
may lead to fetal death. Episodes of I/R may increase the ratio
of vascular O2

��:NO in the umbilical vascular bed. Maternal
treatment with allopurinol may thus increase the bioavailabil-
ity of NO, protecting against increases in umbilical vascular
resistance and better maintaining umbilical blood flow. Fur-
ther, the data show that the physiologic mechanism underlying
the effects of I/R on the umbilical vascular bed is, in part, due
to the activation of the XO pathway. Accordingly, XO is
known to be present in the human placental vascular bed (15).
Second, placental XO activity is up-regulated during labor
(16). Third, ROS, generated by hypoxanthine and XO, poten-

Figure 5. Fetal ECG wave form after umbilical
cord compression. Example of an ECG wave
form trace and associated STAN event obtained
before and after the onset of an umbilical cord
occlusion event in a late gestation sheep fetus
(Y47). Umbilical cord compression started at
12:20.

Figure 6. Fetal T/QRS ratio. Data are mean � SEM of the fetal T/QRS
analyzed using a STAN S31 (Neoventa Medical) machine in six allopurinol
pregnancies (F) and in six buffered saline pregnancies (E). Significant
differences are *p � 0.05 vs baseline; §p � 0.05, allopurinol vs saline AUC
(two-way RM ANOVA with t-Newman-Keuls test).

Figure 7. Fetal plasma troponin. Data are mean � SEM of troponin mea-
sured in circulating fetal plasma in six allopurinol (f) and in six buffered
saline pregnancies (�). Significant differences are *p � 0.05 vs baseline;
§p � 0.05, allopurinol vs saline (two-way RM ANOVA with t-Newman-
Keuls test).

378 DERKS ET AL.



tiated the vascular tension in the human umbilical artery, and
pretreatment with the NO synthase inhibitor NG-methyl-L-
arginine (LNMA) significantly attenuated the vasospasmic
effect of ROS. The latter suggests that a component of the
constrictor effects of XO-induced ROS on the umbilical vas-
cular bed may be mediated specifically by decreasing the
bioavailability of NO (3).
In this study, any effects on fetal cardiac compromise of I/R

with and without maternal treatment with allopurinol were
assessed by monitoring changes in the fetal T/QRS ratio (17),
measurement of concentrations of troponin in circulating fetal
plasma, and alterations in cardiac pro- and antioxidant pro-
teins. It is established that fetal asphyxia promotes elevations
of the ST segment and an increase in the height of the T-wave
in the fetal ECG, as a result of a surge in adrenaline and
myocardial glycogenolysis (18). An increase in the T/QRS

ratio and in circulating concentrations of troponin are also
established measures of enhanced myocardial performance,
workload, and damage (19,20). In this study, maternal treat-
ment with allopurinol reduced the increments from baseline in
the fetal T/QRS ratio during compression of the umbilical
cord posttreatment and it also reduced the increment in fetal
plasma troponin concentrations after the I/R challenge, results
consistent with a protective effect of allopurinol on fetal
cardiac workload during and immediately after asphyxia. Sev-
eral mechanisms could be responsible for these protective
effects. Inkeeping with this line of thinking, studies of heart
failure have reported that allopurinol resulted in decreased
myocardial oxygen consumption and improved mechanical
efficiency in pacing induced heart failure (21).
Further data in the article show that episodes of I/R led to

increased expression of oxidant proteins and decreased ex-
pression of antioxidant proteins in the fetal heart, findings
consistent with the induction of oxidative stress in the fetal
heart. Hearts isolated from fetuses subjected to I/R showed a
significant increase in the protein expression of COX-2,
eNOS, and Hsp90 relative to control fetuses. COX-2 has been
shown to be induced in neonatal rat cardiomyocytes in re-
sponse to oxidative stress (22) and xanthine oxidoreductase
has been reported to be a regulator of COX-2 expression (23).
Taken together these findings suggest that allopurinol prevents
the induction of COX-2 through XO inhibition. Although
constitutively expressed, eNOS activity is regulated by a
number of factors, including the molecular chaperone Hsp90.
The data in this study show that episodes of I/R increase
eNOS and Hsp90 in the fetal heart, suggesting that umbilical
cord compression in complicated labor may increase the sus-
ceptibility of eNOS to become uncoupled and produce further
ROS. Interestingly, eNOS up-regulation after I/R did not
occur in fetuses whose mothers received allopurinol treatment.
Decreased production of ROS secondary to activation of the
XO pathway in allopurinol treated pregnancies may better
maintain the bioavailability of NO, thereby preventing any
need for eNOS up-regulation. Further, excess NO is known to
decrease eNOS expression, a negative feedback effect dem-
onstrated both in vivo and in the vascular tissues of rats after
administration of an NO donor (24).
Manganese superoxide dismutase, catalase, and glutathione

peroxidase are powerful antioxidant enzymes that contribute
to the ability of the cell to quench ROS. Glutathione is known
to play a far more important role as a hydrogen peroxide
scavenger, particularly in the heart because its biologic activ-
ity is much greater than that of catalase (23). The diminished
decrease in the fetal cardiac expression of antioxidant en-
zymes in allopurinol treated pregnancies after I/R again sug-
gests reduced ROS generation, alleviating the consumption of
antioxidant defenses in the fetal heart.
In conclusion, in vivo and molecular data in this study

strongly support the hypothesis tested that maternal treatment
with clinical doses of allopurinol in the setting of fetal as-
phyxia reduces oxidative stress in the fetal cardiovascular
system. The data suggest that maternal treatment with allo-
purinol may offer plausible clinical intervention in the man-
agement of perinatal asphyxia in complicated labor.

Figure 8. Pro- and antioxidant proteins in the fetal heart. Data are the
mean � SEM of pro-oxidant and antioxidant proteins expressed as a percent-
age of control in fetal hearts in pregnancies, which received during the I/R
challenge either maternal i.v. treatment with allopurinol (n � 5, p) or buffered
saline (n � 5, f), and in 5 age-matched control fetuses (�). Different symbols
are significantly different p � 0.05 (one-way ANOVA with Tukey test).
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