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Abstract

The higher risk of respiratory problem in infants delivered by elective caesarean section in comparison with vaginally born
infants may be favoured by lower level of nitric oxide (NO) and carbon monoxide (CO) and higher oxidative stress in infants
born by caesarean section. We studied healthy term infants born by vaginal delivery or by elective caesarean section. Nitric
oxide, CO, guanosine 3-5 cyclic monophosphate, total hydroperoxide and advanced oxidation protein products (AOPP)
were measured at birth and 48-72 h of life. Nitric oxide, CO and cGMP were lower at birth and at 48-72 h of life in infants
born by elective caesarean delivery. Total hydroperoxide and AOPP levels were similar in the two groups and increased from
birth to 48-72 h of life. In conclusion, nitric oxide and CO concentrations were higher in term infants vaginally born than in
infants born by elective caesarean section and decreased from birth to 48-72 h of life. The mode of delivery did not affect the
oxidative stress which increases from birth to 48-72 h of life.
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Introduction

It is widely accepted that term infants delivered by
elective caesarean section are at increased risk for
respiratory problems in comparison with term infants
delivered vaginally [1-3]. This likely occurs because
elective caesarean section can exert negative effects
on physiological mechanisms which regulate the
transition from foetal to neonatal circulation and
the beginning of neonatal breathing, such as the
decrease of pulmonary vascular resistance and devel-
opment of lung volumes.

After birth, with initiation of lung ventilation
and increase in alveolar oxygen tension, pulmonary

vascular resistance decreases and pulmonary blood
flow increases 8—10-fold [4-7]. Recent findings sug-
gest that this decrease is regulated by both mechan-
ical and metabolic factors. Among the metabolic
factors, reactive oxygen species and nitric oxide
(NO) have been demonstrated to play a major role
in the regulation of pulmonary vascular tone [8,9]. In
fact, inhibition of NO synthesis increases pulmonary
vascular resistance in late-gestation foetal lambs [4],
whereas inhaled NO has the opposite effect [10]. Also
the production of guanosine 3-5 cyclic monopho-
sphate (cGMP), the intracellular second messenger
of NO, influences the tone of pulmonary vessels
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during the first weeks of life [11-13]. Moreover,
carbon monoxide (CO) has been found to induce
vasodilation, increasing intracellular levels of cGMP
in vascular smooth muscle cells similarly to NO
[14,15]. Increasing evidence in the literature also
suggest a regulatory interaction in vascular smooth
muscle cells between NO and CO [16], particularly
during hypoxia [17], when vascular production of CO
is reported to be a compensatory response to the
suppression of NO production [18].

In addition, it has been demonstrated that other
mediators are important in endothelium-dependent
vasodilation. In particular, endogenously produced
hydrogen superoxide (H,O,) can induce vasorelaxa-
tion of mice small mesenteric arteries [19] and bovine
pulmonary arteries [20]. Thus, also oxidative stress
might be involved in the regulation of transition from
foetal to neonatal circulation and NO synthesis.

On these bases, we hypothesized that the lack
of labour in healthy infants born by elective caesarean
section might be followed by lower plasma levels
of NO, CO, cGMP and lower oxidative stress in
comparison with vaginally born healthy infants, thus
favouring their increased risk for the development
of respiratory disorders. To evaluate this hypothesis
and investigate possible relationships between plasma
levels of NO, cGMP, CO and oxidative stress, we
carried out the present prospective study in which
healthy term infants born by elective caesarean
section or vaginally delivered were enrolled.

Materials and methods
Patients

We prospectively studied healthy infants with gesta-
tional age > 37 weeks and birth weight appropriate
for gestational age, born after uncomplicated preg-
nancy by vaginal delivery or elective caesarean section
after epidural anaesthesia. Infants were enrolled
only if they had an uneventful delivery with a 5 min
Apgar score of 8-10, were clinically well and had
no respiratory distress. In order to obtain a proper
patient enrolment and allow for data collection, we
studied infants who were born by elective caesarean
section early in the morning and the first following
infant who was born by vaginal delivery.

For each newborn gestational age, birth weight,
sex, type of delivery, blood cord pH and Apgar score
at 5 min were recorded.

In both groups, 1 mL blood samples were obtained
from cord vein at birth and from a heel prick at 48—
72 h of life together with that required for metabolic
screenings. A small amount of blood (100 pl.)) was
collected for CO measurement, while the remaining
was centrifuged and plasma was separated in two
aliquots. In the first aliquot oxidative assays were
carried out within 2 h from blood withdrawal to avoid

the effects of storage. The second aliquot was frozen
at — 20°C for the determination of NOx and cGMP.

Moreover, total bilirubin was measured in blood
samples by reflectance spectrophotometry (Microbi-
limeter™, Ginevri, Rome, Italy) in cord blood and in
venous blood at 48-72 h of life.

Measurement of NO, cGMB and CO

Evaluation of NO production was performed in
plasma by determining the nitrite (NO, ) amount,
the stable end products of NO metabolism, spectro-
photometrically by the Griess reaction [21]. Briefly,
samples were supplemented with 276 mU nitrate
reductase and 40 pm NADPH™ (to convert nitrates
to nitrites) and then allowed to react with the Griess
reagent (aqueous solution of 1% sulphanylamide and
0.1% naphthylethylendiamine dihydrochloride in
2.5% H3PO,) to form a stable cromophore absorbing
at 546 nm wavelength. The values were obtained by
comparison with reference concentrations of sodium
nitrite and expressed as nmoles of NOx per ml of
plasma.

The concentrations of cGMP were determined in
plasma added with 10~ * 3’-isobutyl-1-methylxanthine
(IBMX) by a competitive enzyme immunoassay kit
(Amersham Biosciences, Buckinghamshire, UK) ac-
cording to the manufacturer’s specifications. Values
were expressed as fmol of cGMP per ml of plasma.

For carbon monoxide blood determinations we
prepared the reaction mixture for liberating haemo-
globin-bound CO from blood as previously described
[22]. The following were added to 5 ml of distilled
water: 50 mg of saponin, 1 g of K;[Fe(CN)¢] and
1 ml of potassium phosphate buffer, 1 mol/l, pH 6.
The volume was adjusted to 10 ml. The solution was
prepared freshly each day and kept at ambient
temperature, out of direct sunlight. Reactions were
performed in septum-sealed glass vials with screw
caps (12 x 32 mm, 2 ml, Supelco, Bellefonte, PA).
Twenty five mictolitres of reaction mixture was
dispensed onto the bottom of each vial with 5 pl of
blood samples. We determined the amount of CO
liberated into the reaction vial headspace with an
ultra-trace level gas chromatograph capable of detect-
ing ppb concentrations of CO in samples (ta3000 Gas
Analyzer, Trace Analytical, SAES Getters Milan,
Italy). The headspace gas components of interest
were separated chromatographically within an iso-
thermal mandrel-heating column oven at a tempera-
ture of 100°C with CO-free air carrier gas (N5, 70 cc/
min). Species eluted from the chromatographic
column passed immediately into the detector. Carbon
monoxide was quantitated in the detector by means
of the A,s, of Hg generated from the reaction of CO
with HgO at 225°C [23]. A CO standard curve was
prepared immediately prior to sample analysis. Stan-
dard gas was obtained from a commercial source
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(Rivoira, Milan, Italy). Values were expressed as ppm
of CO determined in 5 pl of blood.

The measurement of NO and CO in blood sample
derived from systematic circulation is commonly
considered in literature a valid estimation of their
endogenous production within the pulmonary circu-
lation because the stimuli which increase the en-
dothelial NO synthase (eNOS) and inducible heme
oxygenase (HO-1) expression and activity are the
same in the systematic and pulmonary vessels. Thus,
it is reasonable to recognize that an increase of NO
and CO plasma level imply their consensual con-
temporary increase in the pulmonary circulation.

Oxidative stress assay

Total hydroperoxide (TH) concentration represents a
measure of overall oxidative stress, given that it is the
intermediate oxidative products of lipids, peptides
and amino acids. Its production was measured with a
d-ROMs Kit (Diacron srl, Italy) by the method
described by Buonocore et al. [24]. This method
makes it possible to estimate the total amount of
hydroperoxide present in a 10 pl. sample by using
a spectrophotometric procedure. Hydroperoxidic
groups were attacked by the iron, decompartmenta-
lized from transport protein in 1 mL of acetate
buffer at a pH 4.8, to catalyse reactive oxygen
metabolite formation by Fenton’s reaction. The
peroxy and alkoxy radicals produced, whose quanti-
ties were directly proportional to peroxides present
in the bronchial aspirate, were trapped chemically
by 10 pL of chromogen (N,N-dyethyl.para-phenyl-
diamine) in an electron-transfer process leading
to the formation of the radical cation of this chromo-
gen. The purple colour resulting from this reaction
over time was then monitored in an UV-VIS spectro-
photometer (Perkin Elmer A 16, Norwalk, CN) at
505 nm. The results were expressed in conventional
units, (Carr units: the value of 1 Carr unit is equal
to a concentration of 0.08 mg/dL. of hydrogen
peroxide).

Simultaneous determination of the advanced oxi-
dation protein products (AOPP) provides informa-
tion regarding another aspect of protein involvement
in free radical reactions, namely oxidized proteins
that have lost their oxidant properties [25]. We
measured AOPP by the method of Witko-Sarsat
et al. [25], using spectrophotometry on a microplate
reader. The AOPP were calibrated with chloramine-
T solutions that absorb at 340 nm in the presence of
potassium iodide. In test wells, 200 pL of bronchial
aspirate sample diluted 1:5 in PBS were distributed
on a 96-well microtiter plate and 20 puL of acetic acid
were added. In standard wells, 10 pLL of 1.16 m
potassium iodide were added to 200 pL. of chlor-
amine-T solution (0-100 umol/L) followed by 20 uLL
of acetic acid. The absorbency of the reaction mixture

was immediately read at 340 nm on the microplate
reader against a blank containing 200 pL of PBS,
10 pLL of potassium iodide and 20 pL of acetic acid.
Because the absorbency of chloramine-T at 340 nm is
linear up to 100 pmol/L, AOPP concentrations were
expressed as pmol/L chloramine-T equivalents.

Data analysis

Clinical characteristics of the two groups were
described by median values and ranges, laboratory
results by mean values and standard deviations.
Statistical analysis was performed using the Student
t-test for parametric continuous variables and the
Fisher’s exact test for categorical variables. A p < 0.05
was considered statistically significant.

Simple regression analysis was used to assess the
correlation between NO, CO, cGMP, TH and AOPP.

Results

Our study ran for 3 months, April-June 2004. One
hundred infants were eligible in the study, but only 24
were enrolled. Among these, 11 infants were born by
vaginal delivery and 13 by elective caesarean section,
which were performed for previous caesarean section
in 10 cases and dystocia in three cases.

The median gestational age [38.9 (37—41) vs 39.1
(3841) weeks], birth weight [3160 (2440-4000) vs
3470 (2520-4250) g], Apgar score at the 5% min
[9.1 (9-10) vs 8.9 (8-9)] and blood cord pH [7.28
(7.20-7.32) vs 7.26 (7.22-7.34)] were similar in
infants born by vaginal route or elective caesarean
section. Seven infants in both the groups were males.
The median age at second blood sampling was 59.3
(52.1-66.5) and 61.9 (57.5-66.4) h, respectively.

Total bilirubin plasma concentrations increased,
although not significantly, from birth to 48—72 hof life
in both the groups (vaginal delivery: 26+ 34 and
46 + 22 umol/L; caesarean section: 27 + 31 and 51 +
31 pmol/L), without differences between the groups.

At birth, plasma NOx (24.7+2.9 vs 31.4+2.9
pmol/l; p < 0.0001), cGMP (131.4+ 18.4 vs 197.6 +
25.1 fmol/l; p <0.0001) and blood CO (6.34+0.6 vs
8.5+ 0.8 ppm; p < 0.0001) were lower in infants born
by elective caesarean delivery than in infants born
vaginally. At 48-72 h of life the concentration of NOx
(22.14+2.7 vs 29.94+4.6 pmol/l; p<0.05), cGMP
(118.6 +£19.6 vs 170.6 + 14.5 fmol/l; p <0.0001) and
CO (4.3+0.4 vs 6.3+0.5 ppm; p<0.0001) re-
mained lower in infants born by elective caesarean
delivery. Moreover, the concentrations of NOx,
cGMP and CO decreased from birth to 48-72 h of
life in both the groups, although the difference for
cGMP was not statistically significant at 48-72 h
(Table I).

There were no differences in TH and AOPP
plasma levels in infants born by vaginal delivery or
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Table I. Changes of NOx (nmol/ml), CO (ppm), cGMP (fmol/l),
AOPP (umol/l) and TH (Carr units) at birth and 48-72 h of life in
healthy term infants born by vaginal delivery or elective caesarean
section.

Birth 48-72 h of life P
NOx:
Vaginal delivery 31.442.9 29.9+4.6 <0.05
Caesarean section 24.74+2.9 22.14+2.7 <0.05
P <0.0001 <0.05
CO:
Vaginal delivery 8.5+0.8 6.3+0.5 <0.05
Caesarean section 6.3+0.6 43+0.4 <0.05
P <0.0001 <0.0001
cGMP:

Vaginal delivery 197.64+25.1 170.6+14.5 <0.05
Caesarean section 131.44+18.4 118.64+19.6 >0.05
P <0.0001 <0.0001

TH:
Vaginal delivery 110.0+35.1 165.34+50.9 <0.001
Caesarean section 94.64+29.3 172.94+60.4 <0.0001
p >0.05 >0.05

AOPP:
Vaginal delivery 84.3+37.5 182.0+36.7 <0.0001
Caesarean section 86.2+23.9 188.3+49.1 <0.0001
p >0.05 >0.05

elective caesarean section both at birth (TH: 110.0 4+
35.1 vs 94.6 4+ 29.3 Carr units; AOPP: 84.3+37.5 vs
86.2+23.9 umol/l) and at 48-72 h of life (TH:
172.94+60.4 vs 165.34+50.9 Carr units; AOPP:
182.0+36.7 vs 188.3+49.1 umol/l). Similar statis-
tically significant increase of TH and AOPP occurred
in both the groups from birth to 48-72 h of life.
(Table I)

Our results indicate a positive relationship between
NOx and CO (r=0.427, p=0.001), NOx and
cGMP (r=0.816, p=0.001), and CO and cGMP
(r=0.391, p=0.03), while NOx and TH (0.540, p =
0.003), NOx and AOPP (r=0.405, p=0.036), CO
and TH (r=0.503, p=0.008), and CO and AOPP
(r=0.601, p=0.001) are inversely correlated.

Discussion

In our study, we found that NOx, CO and cGMP
decreased from birth to 48-72 h of life in both
vaginally born or born by elective caesarean section
healthy term infants. In addition, we observed that
NOx, CO and cGMP were lower in infants born by
caesarean section.

We speculate that this occurs because during
parturition foetuses experience many stresses, such
as hypoxia, ischemia-reperfusion and tissue shear
stress, which can stimulate strongly the expression
of genes encoding inducible NO synthase (iNOS)
and inducible enzyme heme oxygenase-1 (HO-1)
[26-30]. Therefore, we suggest that an increase in
activity of iNOS and HO-1 occurs at delivery and

promotes the synthesis of NO, CO and, in turn,
cGMP. After delivery inducing stimuli disappear and
the production of NO and CO progressively de-
creases and then at 48-72 h of life their values
become significantly lower than at birth. Certainly,
stimuli promoting the activity of iNOS and HO-1 are
stronger in infants born by vaginal route after labour
than in infants born by caesarean section and this
might be the reason why in these latter the concen-
trations of NOx, CO and cGMP were found persis-
tently lower.

On the other hand, it has been demonstrated in
piglet [31], sheep [32] and rabbit pulmonary arteries
[33] that NO-induced vasorelaxation increases with
postnatal age; therefore, although in our infants NOx
decreases at 2-3 days of life, its level probably
remains sufficient to promote the physiologic de-
crease of pulmonary vascular resistance.

NOx plasma level and CO blood content were
significantly and positively correlated. This finding
confirms in a clinical setting the experimental evi-
dence of a regulatory interaction in vascular smooth
muscle cells between NO and CO via HO-1 [17],
with HO-1 being up-regulated by NO during hypoxia
[16]. It is interesting that analysing the temporal
pattern that characterizes the interaction between the
NO- and CO-generating system it was found that the
increase of iNOS protein precedes HO-1 induction
[26]. Moreover, it has been demonstrated iz vitro that
CO and NO produced vasorelaxation in neonatal
vessels, although the vasorelaxant potency of CO is
markedly less than that of NO [34]. Thus, NO and
CO, acting as modulators of pulmonary vasculature
tone, might play a physiologic role in the transition
from foetal to neonatal circulation lowering the
pulmonary vascular resistances. Accordingly, the
lower level of NOx and CO observed in our infants
born by elective caesarean section could represent
one of the causes for the increased risk of respiratory
disorders (through the inadequate decrease of pul-
monary vascular resistance) which these infants
exhibit in comparison with vaginally delivered infants
[1-3].

We wondered if maternal NO and CO blood
content might influence infants’ blood concentra-
tions. It is reasonable that the high avidity of haemo-
globin for NO and CO contributes to avoid their
diffusion across the placenta, but, in any case, it has
recently been demonstrated that human placenta
represents a significant barrier to gas transfer [35].

To the best of our knowledge, the possible relation-
ship between oxidative stress and NO and CO
production has never been studied before in term
infants. We found that oxidative stress was similar in
infants born by vaginal delivery or elective caesarean
section, and increased from birth to 48-72 h of life
in both the groups. These data confirm previous
reports demonstrating that the route of delivery does
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not affect the oxidative stress in newborns at birth,
probably due to the fact that the antioxidant system
works more efficiently in newborns vaginally deliv-
ered to overcome the higher oxidative stress [36,37].
We suggest that oxidative stress increased at 48-72 h
of life likely as a consequence of the beginning of
respiration and increase of oxygen arterial partial
pressure which strongly favours the development of
oxidative processes.

We found that oxidative stress was inversely related
to NOx and CO blood concentration. The negative
correlation between the concentration of NOx and
the concentrations of measured markers of oxidative
stress, TH and AOPP, can be explained by differ-
ent mechanisms which might occur in the newborns:
1) an antioxidant effects of NO [38-40]; 2) reactive
oxygen species, such as superoxide anions, can
inactivate NO forming peroxynirite [41]; 3) the
stimuli inducing NO synthesis could also directly or
indirectly decrease oxidative stress through other
unknown mechanisms.

In contrast, the inverse correlation between the
concentration of CO and TH and AOPP cannot be
explained by reactive oxygen species CO inactivation,
because it is not a free radical and is not expected
to react with superoxide [34]. In fact, the antioxi-
dant enzyme superoxide dismutase has no effect
on CO-induced vasorelaxation [34]. Hence, we
speculate that the decreases of CO might be second-
ary to 1) the decrease of NO which is a powerful
inducer of HO-1 expression [16,17,26,42]; 2) an
antioxidant effects of CO by mechanisms other than
bilirubin formation [43]; similarly to NO, also the
stimuli inducing CO synthesis could also directly or
indirectly decrease oxidative stress.

We concluded that NOx and CO concentrations
are higher in infants vaginally born than in infants
born by elective caesarean section and decreases from
birth to 48-72 h of life. These changes may be
due to the progressive exhaustion of stimuli promot-
ing the expression and the activity of iNOS and
HO-1 at birth, which are stronger after vaginal
delivery. However, NOx decline may be induced
also by NO oxidation and promotes itself the decrease
of CO through the down-regulation of HO-1. More-
over, we observed that the mode of delivery does
not affect the oxidative stress which increases from
birth to 48-72 h of life likely for the beginning of
breathing and the intensification of oxidative pro-
cesses following the increase of oxygen partial arterial
pressure.
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