
Original Article

Cardiol Young 2007; 17: 295–300
© Cambridge University Press

ISSN 1047-9511
doi: 10.1017/S1047951107000534

THE CHRONIC HYPOXIA OF CYANOTIC CARDIAC

disease that occurs in the setting of tetralogy of
Fallot leads to a down regulation of the anti-

oxidant defences. Chronically cyanotic myocardium
may be less well protected than the normally per-
fused myocardium against oxygen-mediated free
radical injury, which potentially represents a higher

risk for cardiovascular surgery, due to the higher vul-
nerability of cells to oxidative damage resulting
from the sudden increase in oxygen concentration at
the time of surgical repair.1–3

The myocardial antioxidant enzyme activities,
such as glutathione peroxidase, are reduced in patients
with tetralogy of Fallot.4 Reperfusion of acutely
ischaemic myocardium is associated with various
distinctive pathophysiologic derangements, which are
collectively referred to as reperfusion injury. Among
these, arrhythmias, transient mechanical dysfunction,
and cell death have been attributed to reactive oxy-
gen species.5 Increased production of vascular reactive
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oxygen species, especially superoxide anion, con-
tributes significantly to functional and structural
alterations that occur in hypertension.6,7 The nicoti-
namide adenine dinucleotide phosphate oxidase of
the vascular cell membrane is an important source of
reactive oxygen species, particularly superoxide anion,
altering the redox state in the vasculature, namely in
vascular smooth muscular and endothelial cells.8

This enzyme is involved in both hypertrophy of vas-
cular smooth muscle, and in some forms of impaired
endothelial-dependent relaxation. Some studies sug-
gest a possible association between polymorphisms
of the CYBA gene, which encodes the p22phox sub-
unit of nicotinamide adenine dinucleotide phosphate
oxidase, with hypertension and atherosclerosis. Of
the several identified polymorphisms of CYBA, the
C242T allele, which results in the substitution of
tyrosine for histidine at codon 72 of p22phox, seems
to have a functional effect in the production of super-
oxide by the vascular wall of patients with athero-
sclerosis.9 Since it is presently accepted that oxidative
stress plays a role in the pathogenesis of hyperten-
sion and atherosclerosis, the enzymes that generate
reactive oxygen species may be important determi-
nants of the course of vascular disease.10

The downstream effects of production of reactive
oxygen species are the oxidation of proteins, which
may be reversible or irreversible. Redox-sensitive pro-
teins, which include the low-molecular-weight pro-
tein tyrosine phosphatase, are the targets for specific
oxidation by various oxidants, including hydrogen
peroxide. This modification can be reversed by intra-
cellular reducing agents, such as glutathione and
thioredoxin.11,12 Low-molecular-weight protein tyro-
sine phosphatase is involved in the dephospholyla-
tion of phosphorilated tyrosines in proteins, which
result from protein tyrosine kinase activities at the
membrane and cytoplasm, thus controlling the rate
of glycolysis and several signal transduction pathways
of growth factors and cytokines.12,13

Nicotinamide adenine dinucleotide dependent-
methemoglobin reductase, or nicotinamide adenine
dinucleotide cytochrome b5 reductase, are responsible
for the conversion of methaemoglobin to deoxyhaemo-
globin. This represents an important mechanism
that allows the maintenance of levels of deoxyhaemo-
globin, since in conditions of oxidative stress there is
a rise of methaemoglobin, which is known to be inca-
pable of reversible binding of oxygen. Methaemoglo-
bin reductase thus maintains the iron of haemoglobin
in the ferrous state. It has been shown that its activity
increases after production of hydrogen peroxide and
nitric oxide by inflammatory and endothelial cells,
as a consequence of the activation of nicotinamide
adenine dinucleotide phosphate oxidase, and nitric
oxide synthase, respectively.14

The aim of our study was to evaluate the possible
influence of the p22phox C242T gene polymorphism
on blood pressure and the low-molecular-weight pro-
teins tyrosine phosphatase and methemoglobin reduc-
tase as markers of oxidative stress in children with
tetralogy of Fallot.

Materials and methods

Subjects
We selected randomly 38 caucasian children with
tetralogy of Fallot of both genders from a larger
cohort of patients being followed in our unit for pae-
diatric cardiology. The median age at the time of
surgical repair was 1.5 years, with the 25th centile at
0.9 years and the 75th at 3.4 years. We also included
185 healthy individuals as controls so as to establish
frequencies of alleles and genotypes. From this group,
we matched a sub-sample of 53 healthy caucasian
children for age and participation in a longitudinal
study on cardiovascular health risks in order to com-
pare enzymic activities. All data were obtained at a
mean age of 11.7 plus or minus 3.2 years for the 38
patients with tetralogy, and 11.0 plus or minus 1.0
years for the 53 controls.

Methods
Recommended methods and techniques were used to
evaluate the anthropometric parameters of weight
and height.15,16 Body mass index was calculated.17

Charts of growth prepared by Centers for Disease
Control and Prevention were used for reference.18

Blood pressure was evaluated by oscillometry with a
Dinamap Critikon® monitor attached to cuffs of an
appropriate size for each child, as recommended19

using the values provided by the 1987 Task Force on
Blood Pressure values as the reference.20

Activity of the low-molecular-weight protein tyro-
sine phosphatase, in �mol/gHb/h, was evaluated using
the method of the Dissing et al.21 Activity of
methaemoglobin reductase, in �mol/gHb/min, was
determined using the method of Board et al.22 Levels
of erythropoietin in the plasma were assessed by a com-
mercially available enzyme-linked immunosorbent
assay kit, and expressed in mlU/ml. The p22phox
C242T gene polymorphism was determined by poly-
merase chain reaction restriction fragment length
polymorphism.23 We used the Statistical Package for
the Social Sciences for statistical analysis. Differences
between groups were tested with the Chi-square
test, Student’s t test, and one-way analysis of variance.
Results were regarded as statistical significant for p
less than 0.05. The study was approved by the ethical
committee of our Hospital, and informed parental
consent was obtained.
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Results

Clinical data, including anthropometric parameters,
body mass index and blood pressure of individuals
from the two groups are summarized in Table 1. There
were no significant differences between groups con-
cerning nutritional state. Both systolic and diastolic
levels for blood pressures, however, were lower in the
patients with tetralogy of Fallot.

Frequencies of the p22phox C242T polymorphism
gene and its alleles are shown in Table 2. Genotype fre-
quencies in both groups are in Hardy-Weinberg equi-
librium. CC, CT and TT genotypic frequencies were
63.1%, 31.6% and 5.3% in those with tetralogy of
Fallot, and 34.1%, 52.4%, and 13.5% in the con-
trols. Frequencies of the C and T alleles were 79.0%
and 21.0% for those with tetralogy of Fallot, and
60.3% and 39.7% in the controls. The frequency 
of the T allele was significantly higher in the 
controls than in those with tetralogy of Fallot 
(p less than 0.01).

Activities of the low-molecular-weight protein
tyrosine phosphatase, and methaemoglobin reductase,
according to the p22phox C242T genotypes, are
shown in Table 3. The patients with tetralogy of

Fallot showed significantly lower values of both pro-
teins, particularly the carriers of the p22phox C242T
CC genotype when compared to controls.

There was a correlation between the values of low-
molecular-weight it protein tyrosine phosphatase and
methaemoglobin reductase in the patients with tetral-
ogy of Fallot (r equal to 0.48; p equal to 0.007), that
was not found in the age-matched controls (r equal to
0.02; p equal to 0.91). Levels of erythropoietin in the
plasma from patients with tetralogy of Fallot, at
17.76 plus or minus 8.01 mlU/ml, were signifi-
cantly higher than in controls, in whom levels were
measured at 9.35 plus or minus 2.99 mlU/ml (p less
than 0.001).

Discussion

The oxidative stress caused by an imbalance of the
production of reactive oxygen species and the protec-
tion by several antioxidant systems can lead to 
electrophysiological, biochemical, and mechanical
dysfunction, dramatically impairing the ability of
the heart to recover from an initial ischaemic insult.
A functional effect has been described for p22phox
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Table 1. Descriptive analysis: age, anthropometric parameters,
body mass index and blood pressure (means and sd) in the patients
with tetralogy of Fallot and their controls.

Tetralogy of Fallot Control group 
(38 patients) (53 subjects)

Age (years) 11.7 (3.2) 11.0 (1.0)
Weight (Zsc) �0.535 (0.99) �0.102 (0.941) 
Height (Zsc) �0.799 (0.97) �0.525 (0.98)
BMI (Zsc) �0.312 (0.87) 0.075 (0.884)
SBP (50th percentile) 96.9 (11.6)a 101.6 (7.7)a

DBP (50th percentile) 81.3 (14.3)b 91.22 (14.7)b

Abbreviations: SBP: systolic blood pressure; DBP: diastolic blood
pressure; Zsc: Z-scores
ap less than 0.05; bp less than 0.01

Table 2. Frequency distribution of alleles and genotypes of the
C242T p22phox polymorphism in the patients with tetralogy of
Fallot and their controls.

Tetralogy of Fallot Control group 
Allele frequency (%)a (38 patients) (185 subjects)

C 79.0 60.3
T 21.0 39.7
Genotype 
distribution – n (%)a

CC 24 (63.1) 63 (34.1)
CT 12 (31.6) 97 (52.4)
TT 2 (5.3) 25 (13.5)

ap less than 0.01 (same allele and same genotypes between groups)

Table 3. Erythrocytic activities of low-molecular-weight protein tyrosine phosphatase and methaemoglobin reductase (means and sd)
according to C242T p22phox genotypes in the patients with tetralogy of Fallot and their controls.

Tetralogy of Fallot (38 patients) Control group (53 subjects)

Enzymic
Activities CC (n � 24) CT � TT (n � 14) Total (n � 38) CC (n � 23) CT � TT (n � 30) Total (n � 53)

LMW PTP
(�mol/gHb/h) 145.2 (77.4)a 158.7 (93.4)b 150.1 (82.7)f 344.4 (100.4)a,e 256.5 (93.4) b,e 289.9 (113.1)f

MHbR
(mmol/gHb/min) 9.8 (3.2)c 12.3 (4.6)d 10.8 (3.9)f 24.2 (11.8)c 21.2 (9.4)d 22.1 (10.6)f

Abbreviations: LMW PTP: low-molecular-weight protein tyrosine phosphatase; MHbR: methaemoglobin reductase
aand bp less than 0.001 (same genotypes between groups) cand dp less than 0.01 (same genotypes between groups)
ep less than 0.05 (same group between genotypes)
fp less than 0.001 (total sample between groups)
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C242T polymorphism on the nicotinamide adenine
dinucleotide phosphate oxidase-driven production of
superoxide anion in the vascular wall of patients
with atherosclerosis.9 It is possible that such poly-
morphisms might regulate the production of super-
oxide anions driven by nicotinamide adenine
dinucleotide phosphate oxidase in hypertensive
patients, particularly in cells vulnerable to oxidative
damage.9 This could be particularly relevant in indi-
viduals born with cyanotic cardiac malformations, and
hence more vulnerable to damage to the vascular wall.

There are several reasons why children with both
cyanotic and acyanotic congenital cardiac malforma-
tions show significant retardation of growth, includ-
ing decreased intake of energy, malabsorption, and
increased requirements for energy caused by increased
metabolism.24 Surgical correction, however, results
in catch-up growth for most individuals.25 Pulmonary
hypertension appears to be the most important fac-
tor, and cyanotic patients with pulmonary hyperten-
sion are the most severely affected.26 In this study,
we found that, subsequent to operative correction,
children with tetralogy of Fallot showed normal
growth, with similar nutritional states compared to
their controls. The early timing of the surgical repair
probably explains the observed normal growth.

The prevalence of the CT and TT genotypes of the
p22phox C242T polymorphism was more frequent in
our control subjects, being found in two-thirds, than
in those with tetralogy of Fallot, making up only one-
third of the latter group. To our knowledge, there
are no other studies showing the distribution of this
polymorphism in the setting of tetralogy of Fallot.
Inoue et al23 found lower frequencies of the CT and
TT genotypes in patients with coronary arterial dis-
ease, in whom oxidative stress is strongly implicated,
suggesting that the p22phox C242T polymorphism
could be a genetic marker for coronary arterial risk.

Since individuals carrying the C allele have greater
activity of nicotinamide adenine dinucleotide phos-
phate oxidase, an important source of reactive oxygen
species, this particular polymorphism may be partic-
ularly relevant in individuals more vulnerable to
oxidative damage.9 In our study, a higher frequency
of the C allele was found in the patients with tetralogy
(79.0%) compared to their controls (60.3%), with a
level of significance of less than 0.01. The functional
significance of these findings is not yet well explained,
and can be ascribed to the influence of prenatal selec-
tion. It is possible that the observed distribution 
of genes may represent a bias towards survival,
related to the fact that carriers of the CC variant,
which in prenatal life means a greater production of
superoxide anions, probably have a greater chance of
survival due to the activation of vascularization
elicited by growth factors via production of the

superoxide anions.27 It would be of interest to assess
the distribution of the alleles in a cohort of patients
with tetralogy of Fallot identified at birth.

In our study, the frequency of the T allele was
similar to that found in other studies of healthy cau-
casians individuals.28–30 A pro-oxidative marker,
namely low-molecular-weight protein tyrosine phos-
phatise, and an anti-oxidant enzyme, specifically
methaemoglobin reductase, were assessed in order to
evaluate oxidative stress. These enzymic activities
are currently accepted as intermediate phenotypes
associated with essential hypertension, thus being
relevant to follow up from childhood or adolescence
in individuals at risk. The activity of low-molecular-
weight protein tyrosine phosphatase is known to be
modulated by oxidative stress, and also by a genetic
polymorphism.21,31 In our study, we found signifi-
cantly lower activities for both low-molecular-weight
protein tyrosine phosphatase and methaemoglobin
reductase in the patients with tetralogy of Fallot when
compared to their controls (Table 3). Although with no
significant difference, the lowest values for both
enzymic activities were observed in individuals with
the CC genotype for p22phox C242T compared to
carriers of the T allele. The opposite was found in the
controls, with carriers of the CC genotype showing
higher values for both enzymes compared to those
observed in carriers of the T allele. According to pre-
vious studies, individuals with the CC genotype
exhibit stronger activities for nicotinamide adenine
dinucleotide phosphate oxidase, an important source
of reactive oxygen species.9 This enzyme is induced
by hypoxia, producing reactive oxygen species, which
lower the levels of low-molecular-weight protein tyro-
sine phosphatase. This does not happen in normoxic
individuals, as demonstrated in controls.32 We found
no differences in the children with tetralogy of Fallot,
probably due to the reduced enzymic activities in all
individuals. We speculate that a sustained oxidative
stress since birth could modulate the expression, and
thus the activity, of these enzymes.

These patients have different degrees of hypox-
aemia, particularly before surgical correction. There
is also evidence that a certain degree of hypoxaemia
persists after surgical correction, which is suggested
by the raised levels of erythropoietin, even after adjust-
ing for levels of haemoglobin. Pulmonary hypoxia
stimulates the activity of hypoxia inducing factor-
alpha, and consequently the angiotensin-converting
enzyme and angiotensin receptor type 1 in adventitial
fibroblasts involved in the proliferation and remod-
elling of the pulmonary vasculature.33 This increases
the arterial pulmonary pressure, and consequently
reduces the left ventricular filling and cardiac out-
put. The mitogenic effect did not happen with human
systemic aorta or mesenteric arterial fibroblasts.33

298 Cardiology in the Young June 2007

https://doi.org/10.1017/S1047951107000534 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951107000534


These mechanisms might explain why these individu-
als do not have systemic hypertension.

Our results also suggest that decreased enzymic
activities in the patients with tetralogy of Fallot,
particularly methaemoglobin reductase, and a possi-
ble imbalance between the enhanced generation of
superoxide anions and the increased antioxidant
activity, could be in part mediated by the p22phox
C242T polymorphism. These results could also have
prognostic implications for these patients with
regard to the occurrence and development of vascu-
lar damage.

The induction of anti-oxidant enzymes by reac-
tive oxygen species is well known.2 In our patients
with tetralogy of Fallot, the values for erythropoietin
were significantly higher compared to controls, with
a level of significance of less than 0.001. This might
be explained by higher levels of deoxyhaemoglobin
in the previously cyanotic patients. This lower oxy-
genation of the tissues can be responsible for the lower
levels of anti-oxidant enzymes, such as methaemo-
globin reductase and low-molecular-weight protein
tyrosine phosphatase. Levels of deoxyhaemoglobin in
these patients might stimulate the production of
erythropoietin, which activates endothelial nitric
oxide synthase.34 It has recently been demonstrated
that deoxyhaemoglobin promotes the conversion of
intra-erythrocyte nitrites into nitric oxide, a power-
ful vasodilator. This mechanism could account for
the lower blood pressures observed in patients with
tetralogy of Fallot.35 Other mechanisms might also
be involved, such as reduced cardiac contractility and
a lower cardiac output, already reported, which were
not evaluated. Individuals in our group with tetralogy
of Fallot, however, did not present any clinical
symptoms or any limitation to their normal daily
activities.

The p22phox C242T polymorphism seems to be
important, particularly in people with increased sus-
ceptibility to oxidative stress in early life. Patients
with tetralogy having the p22phox C242T CC geno-
type may be at a higher state of oxidative stress than
the carriers of the T allele, which could also have
prognostic implications, especially concerning the
occurrence and development of vascular damage.
Longer term follow-up of these patients will be nec-
essary in order to draw definite conclusions.
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