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Background: Paracetamol promotes early closure of patent ductus arteriosus (PDA), and it may affect inflam
mation after preterm birth.
Objective: The aim of this study was to evaluate the association between paracetamol treatment and serum in
flammatory biomarkers in very preterm infants with respiratory distress.
Study design: The infants were randomly assigned to intravenous paracetamol or placebo during the first 4 days of
life, and others received a lower dose of paracetamol unblinded. Serum samples were used for the analysis of 10
cytokines, C-reactive protein (CRP) and malondialdehyde (MDA). The impact of paracetamol on the biomarkers
was evaluated, based on the levels during the early (<60 h) and the later (60–120 h) postnatal age.
Results: Altogether, 296 serum samples from 31 paracetamol and 25 placebo group infants were analysed.
Paracetamol had no effect on cytokine levels during the first 60 h when most induced PDA contractions took
place. Later paracetamol treatment was associated with lower serum levels of several cytokines, including
interleukin (IL-) 10, interferon gamma-induced protein (IP-) 10, and monocyte chemoattractant protein-1. CRP
levels were lower in the paracetamol group during the early treatment. Amongst the infants who had severe
morbidities, MDA was higher (p = .045), regardless of paracetamol treatment.
Conclusion: No significant differences in the cytokine levels were evident between the treatment and placebo
groups. However, during early treatment, CRP levels were lower in the paracetamol group. To clarify whether
this was due to a decrease in cardiopulmonary distress, or a distinct anti-inflammatory effect, requires further
studies.

1. Introduction
Small preterm infants are susceptible to bronchopulmonary
dysplasia (BPD), intraventricular haemorrhage (IVH), necrotising
enterocolitis (NEC) and retinopathy of prematurity (ROP), which are
associated with variable inflammatory responses and oxidative stress
during early adaptation [1–4]. Soon after very preterm birth, the con
centrations of specific cytokines and other inflammatory biomarkers
have moderate power in the prediction of morbidities [5–7]. Unwanted

consequences of prematurity have also been associated with early
hyperoxic and hypoxaemic events; these cascades have been suggested
as initiated by oxidative stress [8]. Malondialdehyde (MDA) is an
oxidative stress biomarker, and increased indices of lipid peroxidation,
including MDA levels, have been associated with neonatal morbidities in
preterm infants [9–11].
Studies on the mechanisms of paracetamol (acetaminophen) action
have focused on the decrease in prostaglandin synthesis as a result of the
inhibition of the peroxidase subcomponent of the prostaglandin
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synthase enzyme [12]. In a prophylactic setting, paracetamol con
stricted ductus arteriosus earlier than a placebo, and it has been sug
gested as a novel option in the treatment of patent ductus arteriosus
(PDA) in preterm infants [13–15]. In the central nervous system, antiinflammatory responses have been found after decreased prosta
glandin synthesis by production of paracetamol metabolite N-arach
idonoylphenolamine and after cannabinoid receptor antagonism
[16,17]. In a cultured brain neuronal model, paracetamol showed antiinflammatory properties by inhibiting the expression of inflammatory
cytokines and chemokines and acted as an antioxidant by increasing the
survival of cells exposed to the oxidant stressor menadione [18].
Although it has been proposed that paracetamol has no extracerebral anti-inflammatory properties, other possible target cells have
been detected: studied in vitro, paracetamol prevented oxidative burst
and delayed apoptosis in human neutrophils and increased the efficacy
of mitochondrial oxidative phosphorylation [19,20]. Since paracetamol
acutely constricts the ductus arteriosus soon after very preterm birth, it
may have systemic anti-inflammatory properties amongst these highrisk patients [21]. We hypothesised that paracetamol may have an
anti-inflammatory influence on preterm infants shortly after birth.
Therefore, as part of a prospective trial of paracetamol treatment, we
analysed inflammatory and oxidative stress biomarkers, including
multiple cytokine, CRP and MDA levels in the sera of infants partici
pating in prospective trials [22,23].

method (Nordlab, Northern Ostrobothnia Hospital District, Oulu,
Finland) with a cut-off level of 10 mg/L. CRP levels <10 mg/L were
marked as 0. MDA was measured using a chemical method (MDA assay
kit, Abnova Corporation, Taipei City, Taiwan). The serum paracetamol
levels were analysed using a paracetamol assay kit (Cambridge Life
Sciences Ltd., Ely, UK). The sample blanks without colour reagent served
as the reference. No change in paracetamol concentration was detected
after prolonged storage. The inter- and intra-assay variation coefficients
were calculated for the individual assays; they were less than 18.1% and
14.1%, respectively.
2.3. Evaluation of morbidities
For perinatal co-morbidities of the enrolled neonatal subjects, Score
for Neonatal Acute Physiology with Perinatal Extension-II (SNAPPE-II)
was used to characterize severity at early postnatal life [26]. Addition
ally, for the analysis of acute and chronic morbidity, the study infants
were divided into two groups according to severe complications of
prematurity diagnosed during hospitalisation and the need for intensive
care treatments. Two composite indexes of severe morbidity were used:
the index of acute morbidity (IAM) was considered positive (IAM+) if an
infant had more than one dose of surfactant, inhaled nitric oxide ther
apy, ibuprofen and/or surgical PDA therapies. Infants who needed none
of these treatments were IAM-negative (IAM-). If an infant presented any
severe respiratory (BPD grades 2–3), neurological (IVH grades 3–4) or
gastrointestinal (NEC stage 3) morbidities or had any ROP treatment
during first hospitalisation, the index of serious morbidity (ISM) was
considered positive (ISM+) [9]. ISM-negative (ISM-) infants had none of
these morbidities or therapies. Severe BPD grades 2–3 was defined ac
cording to the need for supplemental oxygen and/or respiratory assis
tance at 36 weeks' postconceptional age [27]. Severe IVH grades 3–4 and
NEC stage 3 were defined as previously described [28,29]. ROP treat
ments included intraocular injections of vascular endothelial growth
factor antagonists and laser therapy [30].

2. Methods
2.1. Participants
In a randomised placebo-controlled trial, infants with very low
gestational age (VLGA; gestation <32 weeks) were assigned to intrave
nous paracetamol or placebo for 4 days (Premature infants' Paracetamol
Study, PreParaS; NCT01938261; EudraCT 2013–008142-33) [15]. This
is a follow-up to the original trial which has been described in detail
[15,24,25]. The paracetamol loading dose was 20 mg/kg, followed by
7.5 mg/kg every 6 h for 4 days. Additionally, in a prospective paracet
amol dosing study, eight preterm infants received lower trial doses (i.e.
after the same loading dose, they received 7.5 mg/kg every 12 h for 4
days). Cardiac ultrasounds were performed before, daily during and 1
day after administration of the study drug, as previously described [15].
The ethical board of the hospital district approved both the original trial
investigation plan and the prospective open paracetamol dosing study
amendment using leftover blood specimens. All the parents gave their
informed written consent.

2.4. Statistical analyses
For statistical analyses, IBM SPSS Statistics version 25 (IBM, Armonk,
NY, USA) was used. Along with the original trial sample size calculation,
the effect size of the proportions was estimated with the available
sample size of this study. For instance, with the baseline change of CRP
13.7 (SD 16.0) mg/L during the study drug, present study had 80%
power (α = 0.05) to detect 12.27% change in the CRP values. This is
likely clinically significant. The independent samples t-test, the chisquared test, the non-parametrical Mann–Whitney U test, and the
Pearson correlation were used as appropriate. Serial measurements were
tested with the repeated measurements' analysis of variance (ANOVA).
The significance was set at p < .05.

2.2. Study samples
Serum samples were saved from all the infants during the study drug
period. The leftover serum of all the routine laboratory blood samples
was recovered, recorded and immediately stored at − 70 ◦ C. All the
samples were analysed as duplicates. The mean values from two
consecutive measurements were used. The following cytokine/chemo
kine serum levels were quantitated by an immunoassay (BD Biosciences,
San Diego, CA, USA): interleukin (IL)-1β, IL-6, IL-8, IL-10, IL-12p70,
interferon gamma-induced protein (IP)-10, monocyte chemoattractant
protein (MCP)-1, monokine induced by gamma interferon (MIG),
RANTES and tumour necrosis factor (TNF). According to some previous
studies, preterm infants' early cytokine levels are known to change
rapidly during the first days of life [5,33,35]. Therefore, for further
analysis of the paracetamol impact, the serum samples were divided,
according to postnatal age at sampling during the study drug, into early
(<60 h after birth) and late (60–120 h) samples. CRP values were taken
as part of the clinical laboratory follow-up. The first reported CRP values
were taken upon arrival to NICU, at next the morning after starting the
study drug, and thereafter, CRP is reported daily during the study drug.
It was measured by a photometric, immunoturbidimetric, accredited

3. Results
Altogether, 296 serum samples were studied from 31 paracetamolexposed infants and 25 placebo group infants. Their characteristics are
presented in Table 1. Amongst the infants of the original trial, ductal
closure tended to be more frequent in the paracetamol group (p = .016,
Table 1) [15]. During administration of the study drug, no blood culturepositive septicaemia or viral antigen positivity in the respiratory track
samples was detected. During their neonatal intensive care unit (NICU)
stay, the study infants had 23 clinical infections altogether, and antibi
otics were started, but the blood cultures were positive only in eight
cases.
The medians (interquartile range [IQR]) of all the cytokine concen
trations did not differ between the placebo (n = 50) and the treatment (n
= 61) groups' samples (data not shown). The cytokine concentration
changes from the early to the late samples were analysed by repeated
measures ANOVA between the two study groups, and no significant
2
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the median (IQR) MDA levels between the paracetamol and the placebo
groups: 9.2 (2.8) vs. 11.0 (6.1) nmol/mL, p = .582. The median (IQR)
postnatal age of sampling did not differ between the treatment groups at
99.0 (103.0) vs. 129.5 (77.3) hours, respectively (p = .068). No asso
ciations between mean MDA levels (nmol/L) and SNAPPE-II scores were
detected (Pearson correlation r = − 0.152, p = .344). However, the
IAM+ infants had significantly higher median (IQR) MDA levels when
compared to the IAM- infants: 11.4 (5.5) vs. 9.0 (2.9) nmol/mL, p =
.045. No significant difference between the ISM+ and the ISM- infants
was found: median (IQR) MDA 9.9 (7.5) vs. 9.5 (4.3) nmol/mL, p = .547.
The paracetamol subgroup analyses did not reveal any significant dif
ferences either.

Table 1
Patient characteristics.
Paracetamol group, n = 31

Gestational age at birth, wk.,
mean (SD)
Birth weight, kg, mean (SD)
Birth weight Z-score, mean (SD)
Small for gestational age, n (%)
Preeclampsia, n (%)
Maternal antenatal infection, n
(%)
Maternal antenatal steroids, n
(%)
Cesarean section, n (%)
Singleton, n (%)
Male, n (%)
Apgar score at 1 min, median
(range)
Apgar score at 5 min, median
(range)
Respiratory distress syndrome, n
(%)
Surfactant, n (%)
Intratracheal ventilation, n (%)
Assisted ventilation, days,
median (range)
Supplemental oxygen >0.5, n
(%)
Supplemental oxygen, days,
mean (SD)
Bronchopulmonary dysplasia,
grades 2–3, n (%)
Patent ductus arteriosus, n (%)
Postnatal age at ductal closure, h,
mean (SD)*
Blood culture positive or viral
infection, n (%)
Transfusions, n (%)
Parenteral nutrition, days,
median (range)
Necrotising enterocolitis, stage 3,
n (%)
Intraventricular haemorrhage,
grades 3–4, n (%)
Transient diffuse periventricular
leukomalacia, n (%)
SNAPPE-II, mean (SD)
Index of acute morbidity,
positive, n (%)
Index of severe morbidity,
positive, n (%)

Placebo
group, n = 25

Preparas trial,
n = 23

Open study,
n=8

28.4 (2.4)

27.8 (2.3)

28.3 (2.1)

1.22 (0.4)
− 0.97 (1.3)
5 (22)
6 (26)
9 (39)

1.15 (0.4)
− 0.79 (1.3)
2 (25)
2 (25)
1 (13)

1.12 (0.3)
− 1.33 (1.4)
7 (28)
7 (28)
6 (24)

20 (87)

7 (88)

25 (100)

15 (65)
16 (70)
13 (57)
7 (2–9)

5 (63)
6 (75)
3 (38)
6 (3–8)

20 (80)
15 (60)
14 (56)
6 (1–9)

7 (4–10)

7.5 (3–9)

7 (2–9)

17 (74)

4 (50)

22 (88)

16 (70)
15 (65)
11.0 (0–56)

22 (88)
21 (84)
12.0 (1–51)

7 (30)

4 (50)
4 (50)
19.5
(1–199)
1 (13)

20.0 (24.5)

10.2 (23.5)

22.4 (25.0)

0

2 (33)

1 (4)

4 (17)
177 (338)*

3 (38)
590 (238)

7 (28)
336 (517)*

8 (35)

3 (38)

8 (32)

8 (35)
7.0 (0− 33)

4 (50)
7.5 (4–28)

10 (40)
7.0 (3–29)

0

0

1 (4)

1 (4)

0

1 (4)

2 (9)

0

4 (16)

27.0 (24.6)
8 (35)

14.4 (16.6)
4 (50)

23.0 (15.5)
10 (40)

1 (4)

2 (33)

3 (12)

4. Discussion
The present prospective study of inflammatory and oxidative stress
biomarkers in preterm infants found a trend between early intravenous
paracetamol use and decreased inflammatory biomarker levels. The
following discussion deals with a possible significance of these findings.
According to previous studies on the cytokine levels during the early
neonatal period in VLGA infants, these inflammatory mediators have
wide range of blood concentrations that depend in part on the postnatal
age [5]. In the paracetamol-treated infants, seven (70%) cytokines/
chemokines decreased postnatally, and in five (IL-6, IL-8, IL-10, IP-10,
MCP-1), the change from the early to late samples was significant
(Table 2). In the placebo group, from the early to the late samples, IL-6
decreased significantly, IL-8 had a decreasing trend, and IL-10 increased
significantly, while the others remained unchanged (Table 2). However,
these differences between the two groups were not significant when
evaluated with a repeated measures test. This may be explained on the
basis of a rather small sample size and lack of prospectively defined age
of recovering the specimens. In previous studies, the early cytokine
storm during the first week of life, most notably the high levels of IL-8
and IL-10 had a modest association with the long term morbidities,
particularly BPD [5,31–33]. Conversely, high cord blood cytokines have
been associated with spontaneous preterm birth in chorioamnionitis
[5,34]. Particularly after elective births without labour, high IL-8, IL-10
and matrix metalloproteinase-9 (MMP-9) levels during the first week
associated with the risk of BPD [5,7,33]. A subsequent study confirmed
that high inflammatory cytokines at birth due to chorioamnionitis were
not associated with BPD [35]. Preterm infants shortly after birth have
also been reported to have an anti-inflammatory shift in cytokine reac
tion to sepsis that may be associated with hypo-responsiveness, similar
to sepsis-induced immunosuppression observed in adults [36,37]. Par
acetamol's effect on cytokine expression was studied in a trial of adults
requiring intensive care, and similar decreasing profiles of IL-6 and IL-10
were found in the paracetamol group [38]. Furthermore, studies using
cells from the cerebral cortex, revealed that paracetamol inhibited
expression of IL-1α, IL-1β, TNF, macrophage inhibitory protein (MIP)-1α
and RANTES [39]. In the present study, the decreasing trend of the
cytokines suggest an anti-inflammatory role for paracetamol. However,
the fact that most of the present patients had an uneventful recovery
complicates the evaluation of the systemic effect.
CRP has been considered an index of tissue inflammation, usually
increasing in a delayed manner with the onset of inflammation and
decreasing as inflammation resolves [40]. Increased levels have also
been used as a sign of neonatal microbial infection, although the evi
dence from the early neonatal period does not support this association
[7,41,42]. CRP, however, plays important roles in inflammatory pro
cesses and host responses to infection, including the complement
pathway, apoptosis, phagocytosis, nitric oxide release and the produc
tion of cytokines, particularly IL-6 and TNF [40]. In terms of proinflammatory cytokine production, CRP increases IL-8 and MCP-1 pro
duction [42]. During the first week of life, elevated plasma levels of CRP
predict the risk of BPD (odds ratio 3.4, p = 2.9 × 10− 4) [7]. We found
decreases in the early CRP levels during paracetamol treatment.

11 (44)

Abbreviation: SNAPPE-II, score for neonatal acute physiology with perinatal
extension-II.
*
p = .016.

differences were revealed (Table 2). However, when the samples were
divided by postnatal age into early and late samples, some trends were
revealed. In both study groups, the postnatal decrease in IL-6 was sig
nificant (Table 2). IL-10 levels were mostly low. However, a significant
decrease in IL-10 was found in the paracetamol group, while IL-10
increased significantly in the placebo group. The IP-10 and MCP-1
levels decreased in the paracetamol group (Table 2).
The serum concentrations of CRP were recorded upon arrival to
NICU, and daily during the administration of the study drug, (Table 3).
The CRP levels tended to be lower in the paracetamol group during the
study drug administration; the difference was significant in the early
(age < 60 h) samples (mean [standard deviation] 4.8 [7.2] vs. 11.1
[13.7] mg, p = .026) and during the first day (mean [SD] 4.2 [6.2] vs.
10.2 [11.8] mg/L), p = .016).
To evaluate oxidative stress during the first days of life, the MDA
levels were measured from 42 infants' sera. There was no difference in
3
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Table 2
Median (range) inflammatory biomarker levels (pg/mL) during the early (<60 h) and late (60-120 h) study drug periods.
Paracetamol group patients, n = 31
IL-1β
IL-6
IL-8
IL-10
IL-12p70
TNF
IP-10
MCP-1
MIG
RANTES

Placebo group patients, n = 25

ANOVA**

Early samples, n = 35

Late samples, n = 26

p*

Early samples, n = 23

Late samples, n = 27

p*

p

0 (18.1)
42.0 (8470.6)
142.8 (995.9)
0 (40.4)
0 (0)
0 (0)
124.9 (383.4)
776.6 (15,388.5)
79.8 (240.7)
4551.4 (36,032.3)

0 (8.0)
10.3 (29.5)
109.8 (343.7)
0 (1.7)
0 (0)
0 (0)
97.7 (266.3)
564.3 (72,060.1)
84.6 (127.8)
4172.4 (36,050.6)

0.455
<0.001
0.028
0.003
1.000
1.000
0.027
0.040
0.554
0.127

0 (32.3)
56.6 (27,543.2)
174.0 (4623.8)
0 (35.4)
0 (0)
0 (272.3)
110.8 (1014.9)
693.8 (12,267.3)
105.4 (1415.0)
4485.8 (30,289.5)

0 (4.5)
13.0 (3552.6)
84.2 (2263.0)
0 (272.3)
0 (14.9)
0 (0)
111.3 (1476.5)
596.6 (24,923.1)
94.8 (232.0)
4551.4 (33,774.4)

0.337
0.003
0.082
0.045
0.234
0.404
0.806
0.623
0.311
0.596

0.555 (12/16)
0.390 (12/16)
0.217 (12/16)
0.318 (12/16)
0.232 (12/16)
0.379 (12/16)
0.265 (13/16)
0.362 (13/16)
0.222 (13/16)
0.514 (13/16)

Abbreviations: IL, interleukin; IP-10, interferon gamma induced protein-10; MCP-1 monocyte chemoattractant protein-1; MIG, monokine induced by gamma inter
feron; TNF, tumour necrosis factor.
*
Mann–Whitney U test.
**
Repeated measures ANOVA. Patient numbers are included in the brackets (paracetamol group/placebo group).

This study had some limitations. The number of patients was small,
and the subgroup analyses may have been affected by unknown biases.
In addition, the present paracetamol dosage was rather low, although
the clinical consequences were detectable. The CRP laboratory method
was not optimal for research purposes but merely a routine laboratory
test with a high detection level. However, the trial patients were
randomly assigned, and all the samples were prospectively collected for
clinical assessment. Finally, only a few serious adverse events were
observed in both the treatment and the control groups [15]. The acute
and long-term outcomes are multifactorial, and the role of one medi
cation may be limited. Our results do not rule out the possibility that
paracetamol may actually have systemic anti-inflammatory properties
that may prove to be beneficial.

Table 3
C-reactive protein mean (SD) plasma levels of the study patients. Baseline values
were taken upon arrival to intensive care. Day 1 values were taken after starting
the study drug.
C-reactive protein,
mg/L

Paracetamol
group
n = 31

Placebo
group
n = 25

t-Test
p

Repeated
measures
ANOVA
p

Highest value during
the study drug
Highest value during
hospitalisation
Early samples (age <
60 h)
Late samples (age
60–120 h)
Baseline
Day 1

7.0 (9.9)

13.7
(16.0)
32.2
(58.2)
11.1
(13.7)
6.8 (11.4)

0.058

-

0.594

-

0.026

0.057

0.371
0.016

Day 2

5.4 (8.6)

Day 3
Day 4

4.3 (7.4)
2.7 (5.2)

0.6 (2.8)
10.2
(11.8)
11.9
(16.2)
8.2 (12.4)
5.4 (10.7)

25.2 (39.8)
4.8 (7.2)
3.5 (6.3)
0.1 (0.6)
4.2 (6.2)

0.175

5. Conclusion

0.057

In preterm infants, the levels of several cytokines decreased during
the intravenous paracetamol treatment. However, there were no sig
nificant differences in the cytokine levels between paracetamol and
placebo treatment groups. During the first 40 h of paracetamol treat
ment, the CRP levels were lower than in the placebo group. Paracetamol
caused an acute contraction of ductus arteriosus, implying that it has a
systemic effect. Further studies are required to elucidate whether
paracetamol directly influences the systemic inflammatory mediators or
whether this was the consequence of a decrease in circulatory stress.

0.058
0.146
0.228

Previously, early paracetamol medication has been found to constrict
the ductus arteriosus and improve the oxygenation of preterm infants
[15,24]. Thus, we cannot exclude the possibility that besides the
paracetamol-induced closure of PDA, the attenuated inflammatory
biomarker profile may have contributed to the favourable effect of
paracetamol on peripheral and cerebral oxygenation [24]. For the pa
tients in the present study, two different and quite small study doses
were used; whether the findings become dose-dependent at higher
serum concentrations remains to be studied.
Oxidative stress has been associated with morbidities in preterm
infants [8,10,11]. In practice, appropriate levels of supplemental oxygen
are used to avoid oxidative stress factors amongst others [43]. MDA, a
biomarker of oxidative stress, has been studied in preterm infants and
associated with antenatal infection, respiratory distress syndrome and
long-term complications of prematurity [11,44,45]. We found that
preterm infants without major acute morbidities during the first week of
life (IAM-) had lower MDA levels when compared to IAM+ infants. By
contrast, in the ISM+ infants, no difference was detected. It is not known
whether the low MDA levels in IAM- infants were due to diminished
early oxidative stress or other confounding factors. Paracetamol did not
impact the MDA levels. According to studies using isolated cells, para
cetamol modulates the inflammatory process, for example by preventing
neutrophil oxidative burst, increasing the survival of neurons and
endothelial cells exposed to oxidative stress and decreasing mitochon
drial free radical generation in vitro [18–20,39].
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Mervi Väisänen for retrieving the data and the nursing staff of the NICU
of Oulu University Hospital for their brilliant co-operation.
References
[1] B. Thebaud, K.N. Goss, M. Laughon, J.A. Whitsett, S.H. Abman, R.H. Steinhorn, et
al., Bronchopulmonary dysplasia, Nat Rev Dis Primers 5 (2019), 78-019-0127-7,
https://doi.org/10.1038/s41572-019-0127-7.
[2] L.R. Ment, U. Aden, C.R. Bauer, H.S. Bada, W.A. Carlo, J.R. Kaiser, et al., Genes and
environment in neonatal intraventricular hemorrhage, Semin Perinatol 39 (2015)
592–603, https://doi.org/10.1053/j.semperi.2015.09.006.
[3] E. Agakidou, C. Agakidis, H. Gika, K. Sarafidis, Emerging biomarkers for prediction
and early diagnosis of necrotizing enterocolitis in the era of metabolomics and
proteomics, Front Pediatr 8 (2020), 602255, https://doi.org/10.3389/
fped.2020.602255.
[4] J.V. Aranda, J. Qu, G.B. Valencia, K.D. Beharry, Pharmacologic interventions for
the prevention and treatment of retinopathy of prematurity, Semin Perinatol 43
(2019) 360–366 (https://doi.org/S0146-0005(19)30069-2 [pii]).
[5] R. Paananen, A.K. Husa, R. Vuolteenaho, R. Herva, T. Kaukola, M. Hallman, Blood
cytokines during the perinatal period in very preterm infants: relationship of
inflammatory response and bronchopulmonary dysplasia, J Pediatr 154 (2009)
39–43.e3, https://doi.org/10.1016/j.jpeds.2008.07.012.
[6] A. Pappas, S. Shankaran, S.A. McDonald, W.A. Carlo, A.R. Laptook, J.E. Tyson, et
al., Blood biomarkers and 6- to 7-year childhood outcomes following neonatal
encephalopathy, Am J Perinatol (2020), https://doi.org/10.1055/s-00401717072.
[7] M. Mahlman, M.K. Karjalainen, J.M. Huusko, S. Andersson, M.A. Kari, O.K.
T. Tammela, et al., Genome-wide association study of bronchopulmonary
dysplasia: a potential role for variants near the CRP gene, Sci Rep 7 (2017), 9271017-08977-w, https://doi.org/10.1038/s41598-017-08977-w.
[8] J.M. Di Fiore, M. Vento, Intermittent hypoxemia and oxidative stress in preterm
infants, Respir Physiol Neurobiol 266 (2019) 121–129 (https://doi.org/S15699048(19)30069-2 [pii]).
[9] C. Cipierre, S. Hays, D. Maucort-Boulch, J.P. Steghens, J.C. Picaud, Adduct of
malondialdehyde to hemoglobin: a new marker of oxidative stress that is
associated with significant morbidity in preterm infants, Oxidative Med Cell
Longev (2013) 901253, https://doi.org/10.1155/2013/901253, 2013.
[10] O.M. Pitkanen, M. Hallman, S.M. Andersson, Correlation of free oxygen radicalinduced lipid peroxidation with outcome in very low birth weight infants, J Pediatr
116 (1990) 760–764 (https://doi.org/S0022-3476(05)82668-X [pii]).
[11] G. Buonocore, S. Zani, S. Perrone, B. Caciotti, R. Bracci, Intraerythrocyte
nonprotein-bound iron and plasma malondialdehyde in the hypoxic newborn, Free
Radic Biol Med 25 (1998) 766–770 (https://doi.org/S0891-5849(98)00126-9
[pii]).
[12] C.V. Sharma, V. Mehta, Paracetamol: mechanisms and updates, continuing
education in anaesthesia, Critical Care & Pain 14 (2014) 153.
[13] A. Ohlsson, P.S. Shah, Paracetamol (acetaminophen) for patent ductus arteriosus in
preterm or low birth weight infants, Cochrane Database Syst Rev 4 (2018),
CD010061, https://doi.org/10.1002/14651858.CD010061.pub3.
[14] C. Hammerman, A. Bin-Nun, E. Markovitch, M.S. Schimmel, M. Kaplan, D. Fink,
Ductal closure with paracetamol: a surprising new approach to patent ductus
arteriosus treatment, Pediatrics. 128 (2011) e1618–e1621, https://doi.org/
10.1542/peds.2011-0359.
[15] P. Harkin, A. Harma, O. Aikio, M. Valkama, M. Leskinen, T. Saarela, et al.,
Paracetamol accelerates closure of the ductus arteriosus after premature birth: a
randomized trial, J Pediatr 177 (2016) 72–77.e2, https://doi.org/10.1016/j.
jpeds.2016.04.066.
[16] S.W. Saliba, A.R. Marcotegui, E. Fortwangler, J. Ditrich, J.C. Perazzo, E. Munoz, et
al., AM404, paracetamol metabolite, prevents prostaglandin synthesis in activated
microglia by inhibiting COX activity, J Neuroinflammation 14 (2017), 246-0171014-3, https://doi.org/10.1186/s12974-017-1014-3.

5

O. Aikio et al.

Early Human Development 161 (2021) 105464

infants: a systematic review and meta-analysis, JAMA Pediatr 174 (2020) 260–268,
https://doi.org/10.1001/jamapediatrics.2019.5669.
[43] S. Marshall, A.M. Lang, M. Perez, O.D. Saugstad, Delivery room handling of the
newborn, J Perinat Med 48 (2019) 1–10, https://doi.org/10.1515/jpm-2019-0304.
[44] E.R.A. Hamid, W.H. Ali, A. Azmy, H.H. Ahmed, L.S. Sherif, M.T. Saleh, Oxidative
stress and anti-oxidant markers in premature infants with respiratory distress

syndrome, Open Access Maced J Med Sci 7 (2019) 2858–2863, https://doi.org/
10.3889/oamjms.2019.534.
[45] S. Lorente-Pozo, A. Parra-Llorca, I. Lara-Canton, A. Solaz, J.L. Garcia-Jimenez, F.
V. Pallardo, et al., Oxygen in the neonatal period: oxidative stress, oxygen load and
epigenetic changes, Semin Fetal Neonatal Med 25 (2020), 101090 (https://doi.
org/S1744-165X(20)30015-9 [pii]).

6

