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Gene expression profiles in preterm infants on continuous
long-term oxygen therapy suggest reduced oxidative
stress-dependent signaling during hypoxia
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Abstract. Preterm infants are susceptible to neonatal inflam-
matory/infective diseases requiring drug therapy. The present
study hypothesized that mRNA expression in the blood may
be modulated by signaling pathways during treatment. The
current study aimed to explore changes in global gene expres-
sion in the blood from preterm infants with the objective of
identifying patterns or pathways of potential relevance to drug
therapy. The infants involved were selected based on maternal
criteria indicating increased risk for therapeutic intervention.
Global mRNA expression was measured in 107 longitudinal
whole blood samples using Affymetrix Human-Genome-U133
Plus 2.0-arrays; samples were obtained from 20 preterm
infants. Unsupervised clustering revealed a distinct homo-
geneous gene expression pattern in 13 samples derived from
seven infants undergoing continuous oxygen therapy. At these
sampling times, all but one of the seven infants exhibited
severe drops in peripheral capillary saturation levels below
60%. The infants were reoxygenated with 100% inspired
oxygen concentration. The other samples (n=94) represented
the infants from the cohort at time points when they did not
undergo continuous oxygen therapy. Comparing these two
sets of samples identified a distinct gene expression pattern
of 5,986 significantly differentially expressed genes, of which
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5,167 genes exhibited reduced expression levels during tran-
sient hypoxia. This expression pattern was reversed when
the infants became stable, i.e., when they were not continu-
ously oxygenated and had no events of hypoxia. To identify
signaling pathways involved in gene regulation, the Database
for Annotation, Visualization and Integrated Discovery online
tool was used. Mitogen-activated protein kinases, which
are normally induced by oxidative stress, exhibited reduced
gene expression during hypoxia. In addition, nuclear factor
erythroid 2-related factor 2-antioxidant response element
target genes involved in oxidative stress protection were also
expressed at lower levels, suggesting reduced transcription
of this pathway. The findings of the present study suggest
that oxidative stress-dependent signaling is reduced during
hypoxia. Understanding the molecular response in preterm
infants during continuous oxygenation may aid in refining
therapeutic strategies for oxygen therapy.

Introduction

Preterm infants are vulnerable to xenobiotics and morbidity
due to the presence of an immature immune system, reduced
antioxidant capacity, and oxidative stress (1,2). The respira-
tory function of immature lungs is incomplete, for which
traditionally oxygen has been given as a therapeutic agent (3).
Controversies regarding the most appropriate inspired oxygen
concentrations (FiO,) in resuscitation and in the treatment of
preterm infants have been extensively discussed in the litera-
ture (1,4-9). However, the most suitable FiO, levels and target
range of oxygen saturation remain unknown (4,10,11).
Peripheral capillary saturation level (SpO,) is used for
monitoring postnatal stabilization (12). The medicinal indica-
tion for administering oxygen is to avoid hypoxia and to ensure
reperfusion after hypoxemia following apneic spells and drops
in SpO,. Therefore, oxygen has become an integral part of
therapeutic respiratory support worldwide, and is the most
commonly used drug in neonatal intensive care units (13).
Adverse consequences and toxicity from administering oxygen
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are associated with excessive oxidative stress and reactive
oxygen species (ROS) generation. Despite this understanding,
high levels of FiO, have long been used in the treatment of
preterm infants (1,3,7). Morbidities associated with excessive
oxidative stress have been widely described in the literature,
including bronchopulmonary dysplasia (BPD), patent ductus
arteriosus (PDA), periventricular leukomalacia (PVL),
intraventricular hemorrhage (IVH), necrotizing enterocolitis
(NEC) and retinopathy of prematurity (ROP) (7,14-17).

At present, detailed molecular characterizations and
understanding of gene-regulatory mechanisms during treat-
ment in preterm infants are lacking, but could provide an
entry point for developing therapies and/or avoiding adverse
effects. Differentially expressed genes in peripheral blood may
exhibit individual responses or expression patterns describing
biological responses or effects from therapeutic interven-
tions (18). High-throughput arrays provide the potential to
investigate a large number of genes and signaling pathways
in a small number of human blood samples (19,20), whilst
allowing flexibility in sample comparison (18). Recently, data
from genome-wide expression studies in preterm infants have
emerged (21,22).

Therapeutic intervention is often initiated in preterm
infants exposed to maternal inflammatory/infective processes.
Therefore, the present study aimed to explore global gene
expression patterns to identify signaling pathways of potential
significance to therapeutics. Genome-wide mRNA expression
was determined using the NuGEN Ovation RNA-Amplification
system on whole blood from preterm infants in the presence
of fetal globins. A distinct transcription pattern was identified
in infants that received continuous oxygen therapy during
hypoxia. In addition, it was identified that this pattern was
reversed when continuous oxygen therapy was terminated.
The transcription profile included low expression levels of
mitogen-activated protein kinases (MAPK) genes and target
genes of the nuclear factor erythroid 2-related factor 2-anti-
oxidant response element (Nrf2-ARE) pathway, indicating
reduced oxidative stress-dependent signaling during hypoxia.
The identified profile may allow a better understanding of the
basic mechanisms involved in gene regulatory networks during
continuous oxygen therapy and transient hypoxia in preterm
infants. Furthermore, this profile may potentially serve as a
biomarker to improve treatment strategies for oxygen therapy
in preterm infants.

Materials and methods

Study population. The cohort included 20 preterm infants
(<33 weeks at birth) from a level III NICU at Oslo University
Hospital, Rikshospitalet (Oslo, Norway), which admits infants
from regional, multiregional and national populations. The
study was conducted according to the principles expressed
in the Declaration of Helsinki. Written informed consent
to participate was provided by the parents prior to enroll-
ment. All the methods used in the study were performed in
accordance with the guidelines and regulations according
to the approval from the Regional Committees for Medical
and Health Research Ethics in Norway (‘REK-South’) and
the Institutional Review Board at Oslo University Hospital,
Rikshospitalet; project no. 11690.
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Table 1. Distribution of all samples (n=107) according to age
and gender of the infants.

Samples
Age of infants Male Female Total
after birth (n=33) (n=74) (n=107)
Days after birth
1-15 6 27 33
16-30 8 21 29
31-45 4 11 15
46-60 5 9 14
61-73 4 4 8
74-226 6 2 8
PMA, weeks after birth
23.9-26.9 0 5 5
27.0-29.9 9 12 21
30.0-32.9 6 23 29
33.0-36.9 5 26 31
37.0-41.9 10 6 16
42.0-61.6 3 2 5

PMA, postmenstrual age. PMA=gestational age + chronological age
(weeks).

Whole blood samples were longitudinally obtained from the
cohort throughout the neonatal and postnatal period (Table I).
The samples were collected in conjunction with the morning
routine laboratory samples as requested by the consultant
physicians. Therefore, the number of samples from each infant
varied. The infants were selected based on maternal criteria
indicating risk for neonatal inflammatory/infective processes,
such as preterm labor, including antenatal steroid treatment
to improve fetal lung development, clinical chorioamnionitis,
preterm premature rupture of membranes (p-PROM) >24 h
involving systemic antibiotic treatment prior to delivery,
preeclampsia, or hemolysis, elevated liver enzyme levels and
low platelet count (HELLP) (Table II). The gestational age
(GA) was assessed by obstetric history, and confirmed by the
consultant physician and during the newborn examination.
Infants with congenital malformations, metabolic and neuro-
logic diseases, and chromosomal anomalies were excluded
from the study.

Treatment strategies of the cohort. Oxygen therapy, antibi-
otics, and supportive treatment were prescribed according
to standard procedures in the present neonatal intensive
care unit (NICU). All infants on respiratory support; nasal
CPAP or ventilator and/or when oxygen was administered,
received 2.5 mg/kg/day caffeine citrate maintenance
dose and 15 mg/kg/day antioxidant Vitamin E once daily.
Vitamin E was administered as an ‘anti-oxidant’ drug to
prevent oxygenation from reactive oxygen species. Caffeine
was administered to stimulate the central respiratory center
and prevent from apneas. The maintenance dose prescribed
for preterm infants in the NICU was lower than the standard
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Table II. Characteristics of the cohort (n=20) and the maternal criteria, including infants with hypoxia (n=7) and without hypoxia
(n=13).

All infants Infants; transient hypoxia Infants; without hypoxia

Characteristic (n=20) (n=7) (n=13)
Gestational age (week)* 27.6 (23.7-36.9) 279 (25.2-33.0) 29.3 (23.7-36.9)
Gender

Male 7 2 5

Female 13 5 8
Birth weight (g)* 1,200 (560-3,000) 1,088 (585-1,980) 1,205 (560-3,000)
Delivery

Vaginal 4 1 3

Caesarean 16 6 10
Maternal criteria

Clinical chorioamnionitis 7 4 3

Prenatal antibiotics 7 4 3

Prenatal steroids (doses) 14 6 8

0 6 1 5

1 11 5 6

2 3 1 2

Tractocile™ 9 4 5

Preeclampsia 9 3 6

HELLP 5 2 3
Curosurf (doses)

1 2

2 3 1 2
Steroid treatment 5 3 2
Antibiotics (courses)

0 5 1 4

1 7 3 4

2 2 0 2

3 3 1 2

4 2 1 1

5 1 1 0
Outcome morbidities

PVL 3 3 0

IVH grade 1 1 1 0

IVH grade 2 5 3 2

PDA 4 4 0

BPD 4 4 0

NEC 2 1 1

ROP 2 1 1

Death 1 0 1

*median (min-max). PVL, periventricular leukomalacia; IVH, intraventricular hemorrhage; PDA, patent ductus arteriosus; BPD, bronchopul-
monary dysplasia; NEC, necrotizing enterocolitis; ROP, retinopathy of prematurity.

recommendation dose in order to prevent the occurrence tachypnea, apnea, lethargy, temperature instability and
of tachycardia; a known side effect. These products were  hypotension, in addition to confirmation from laboratory
produced at the hospital pharmacy at Rikshospitalet. findings. These findings included a positive blood culture that
Antibiotics were administered on indication of sepsis, as  confirmed growth of a microorganism, according to standard
prescribed by the consultant physicians. The diagnoses of  procedures, and maternal antibiotic-treated chorioamnionitis
sepsis was confirmed as respiratory failure and distress, or p-PROM >24 h.
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Treatment of infants with continuous oxygen. A caffeine
citrate maintenance dose of 2.5 mg/kg/day and Vitamin E
15 mg/kg/day (as previously described) were prescribed once
daily in conjunction with the administered continuous oxygen
therapy for a minimum of 21 consecutive days. Infants with
sepsis were prescribed antibiotics according to standard regi-
mens in the NICU regarding bacterial growth.

Data collection. Diagnostic information, including the cause
of prematurity, was obtained from individual records, inten-
sive care charts, and from daily reports by the physicians and
nurses.

Blood collection. A previous study identified that a sufficient
amount of RNA may be isolated from peripheral blood (18).
Whole blood was chosen for study due to the presence of
cells involved in progression of infection, regardless of gesta-
tion (18). Blood sampling was conducted in a non-stressful
manner following analgesia with oral dextrose (25%). Samples
were collected in BD Microtainer K2E tubes (BD Biosciences,
Franklin Lakes, NJ, USA) containing EDTA as an anticoagu-
lant. A total of 143 samples were obtained, of which 36 samples
were excluded; 22 had poor RNA yield and quality, and 14
could not be processed due to insufficient RNA binding buffer.
The remaining 107 samples were derived from 7 males and
13 females (Table I). A total of 62/107 samples were obtained
during the first four living weeks.

Blood processing and RNA preparation. A 0.3-0.5 ml
aliquot of peripheral whole blood was obtained by heel
stick, according to standard procedure, at clinical site while
the infant was in the incubator or bed. A 2.0 ml microfuge
tube (Ambion; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing 1.3 ml RNA-stabilization solution,
RNAlater (Ambion; Thermo Fisher Scientific, Inc.) was used
for this purpose. The samples were mixed thoroughly to
stabilize RNA, and stored at room temperature for 36-48 h,
in order to allow the stabilization solution to penetrate the
cells. According to the RiboPure-protocol (Ambion; Thermo
Fisher Scientific, Inc.) (23), the tubes were stored at -20°C until
RNA extraction. These steps were performed by one person
to ensure uniformity of sample collection and processing.
For blood preparation, the RiboPure-Blood kit (23) and
GLOBINCclear-Human kit (Ambion; Thermo Fisher Scientific,
Inc.) (24) were used, according to the manufacturer's proto-
cols. Following isolation of total RNA, all samples were stored
at -80°C and shipped overnight on dry ice to Uppsala Array
Platform at Uppsala University (Uppsala, Sweden) for further
processing and analysis.

The NuGEN Ovation RNA-Amplification system (NuGEN
Technologies, Inc., San Carlos, CA, USA) (24) for application
on Affymetrix arrays (Affymetrix, Inc., Santa Clara, CA,
USA) was used for RNA labeling, according to the manufac-
turer's protocol. The methods use of the GLOBINclear-Human
kit eliminated the effects of all a- and 3-globin RNA (from
red and white blood cells) in two steps via hybridization tech-
nology and magnetic separation (23). The removal of globin is
essential for the expression of genes. An abundance of globin
may mask gene expression. The initial microarray samples
identified that the gene expression was masked in the present
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study using standard methods. The remaining globin identified
in the samples was most likely fetal globin. mRNA was then
amplified in the presence of fetal globin, and any possible a-
and B-globin leftover from the initial step, using the NuGEN
Ovation RNA-Amplification system (25); the remaining globin
did not affect gene expression.

Microarray analysis. A total of 107 samples were processed
for global mRNA gene expression and analyzed using Human
Genome U133-Plus 2.0 arrays from Affymetrix, Inc. The RNA
concentrations were measured with a NanoDrop-1000 spec-
trophotometer (Thermo Fisher Scientific, Inc., Wilmington,
DE, USA) and the quality was evaluated prior to labeling
using the 2100 Bioanalyzer system (Agilent Technologies,
Inc., Santa Clara, CA, USA). From each sample, 100 ng
total RNA was used to prepare biotinylated fragmented
cRNA, according to the NuGEN Ovation WB Reagent User
Guide (version, 05.01.07; NuGEN Technologies, Inc.) and
FL-Ovation cDNA Biotin Module V2 User Guide (version,
05.13.08; NuGEN Technologies, Inc.) (25). Purification of
cDNA was conducted according to manufacturer's protocol
(FL-Ovation cDNA Biotin Module V2 User Guide (version,
05.13.08; NuGEN Technologies, Inc.) using the DNA Clean
& Concentrator-25 (Zymo Research Corporation, Irvine, CA,
USA). The Human Genome U133-Plus 2.0 arrays (Affymetrix,
Inc.) were hybridized for 16 h in a 45°C incubator while being
rotated at 60 rpm according to the manufacturer's protocol
(The Human Genome U133-Plus 2.0 arrays; Affymetrix, Inc.),
thereafter the arrays were washed and stained with Affymetrix
Fluidics Station 450, and finally scanned using the GeneChip
Scanner 3000 7G (Affymetrix, Inc.). All samples passed the
quality control steps.

Statistical analysis. The gene expression data were analyzed
in the freely available statistical computing language
R (http://www.r-project.org) version number R 2.10.0
using packages available from the Bioconductor project
(www.bioconductor.org). The raw data were normalized using
the robust multiarray average method (26), which was first
suggested by Li and Wong (27). To interpret the complex data
and the role of the genes, the distinct expression pattern was
observed, and the clinical and therapeutic characteristics of
the infants at each sampling time were described.

Differences in gene expression levels between the two
identified groups of infants were analyzed by applying an
empirical Bayes moderated t-test (28) using the Limma
package (29). The P-values were adjusted using the method of
Benjamini and Hochberg to address the problem of multiple
testing (30). Significant differences in gene expression levels
were defined at P<0.05 (adjusted) and at >2-fold differences.
To further characterize the 5,986 differentially expressed
genes during hypoxia, k-means clustering was investigated
to identify whether some of these genes could have a more
similar gene expression pattern than others. The freely avail-
able software, Genesis (31), was used for k-means clustering
and initial median centering of the genes (data not shown). The
default setting of 10 clusters was chosen.

Two large clusters of genes were identified. One group of
1,876 genes had the smallest next nearest neighbor variance.
This group of genes was chosen for further analysis. These genes
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Figure 1. A distinct and reversible gene expression pattern was identified in preterm infants undergoing continuous oxygen therapy during transient hypoxia.
(A) Dendrogram of unsupervised clustering of all expression data identified a homogenous expression pattern in 13 blood samples, as indicated by a black
bar, from seven preterm infants on long-term continuous oxygen therapy exhibiting hypoxia. (B) Hierarchical cluster analyses of the 50 most differentially
expressed genes (P<0.05) at the time of hypoxia when continuous oxygen therapy was administered compared to when the infants did not receive continuous
oxygen and had no events of hypoxia. The red area represents highly upregulated genes and the green area represents downregulated genes. The darker shades
represent genes with smaller changes in gene expression. (C) Example 1 illustrates the reversible nature of the transcription profile: Transient gene expression
profile of differentially expressed genes in a preterm infant born at 25.2 weeks gestation during transient hypoxia and reoxygenation with 100% FiO, on the
17th and 23rd day after birth, as represented by the sample ID nos. 1 and 3. At the other time points, the infant was stable without hypoxia and continuous
oxygen therapy. (D) Example 2 illustrates the reversible nature of the transcription profile: Transient gene expression profile of differentially expressed genes
in a preterm infant born at 28.1 weeks gestation during transient hypoxia and reoxygenation with 100% FiO, on the 5 and 25th day after birth, as represented

by the sample ID nos. 20 and 23. At the other time points, the infant was stable without hypoxia and continuous oxygen therapy.

were expressed at lower levels during hypoxia. Subsequently, integrated data-mining environment used to analyze gene lists
the genes from this group were analyzed using the online  derived from high-throughput genomic experiments. The aim
tool Database for Annotation, Visualization and Integrated is to systematically map the genes to the associated biological
Discovery (DAVID) (32,33). DAVID is a high-throughput and  annotations (e.g., Gene Ontology terms) and to statistically
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highlight the most overrepresented (enriched) biological
annotation. DAVID includes the molecular pathway databases
Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Biocarta that were also used for the analysis (32,33). The
strategy for enrichment analysis is to take the user's gene list,
and then iteratively test the enrichment of each annotation
term one-by-one. The enrichment P-value calculation, i.e., the
number of genes within the list that hit a given biology class
as compared to pure random chance, can be performed with
the aid of well-known statistical methods, including Fisher's
exact test and the hypergeometric distribution. The association
between morbidities and the observed gene expression pattern
was determined using the two-tailed Fisher's exact test.

Results

To identify gene expression profiles that may correlate with
therapeutic intervention, the present study conducted research
on 20 preterm infants ranging between 23.7-36.9 weeks of
gestation at birth, following high-risk pregnancies. A total of
107 samples were eligible for further processing. All infants
were monitored due to respiratory distress, with the exception
of one healthy baby that was delivered by acute caesarean
operation due to HELLP at GA 36.9 weeks.

A distinct gene expression pattern. Gene expression levels
were analyzed from total RNA using NuGEN Ovation amplifi-
cation and Affymetrix Human-Genome-U133 Plus 2.0-arrays.
Unsupervised clustering of the data identified a homogenous
expression pattern in 13 samples that differed distinctly from
the other samples (Fig. 1A). These 13 samples were derived
from seven infants that underwent continuous oxygen therapy,
and coincided with severe drops in SpO, below 60%; also
known as transient hypoxia. The other 13 infants in the cohort
did not receive continuous oxygen therapy and exhibited no
hypoxic events (Table II).

Further characteristics of the seven infants at each sampling
time are listed in Table III. Detailed analysis of the clinical and
therapeutic features revealed that these seven infants received
continuous oxygen all h of the day for a minimum of 21 days.
Six of these seven infants received FiO, >80% continuously
and exhibited transient hypoxia followed by reoxygenation
with 100% FiO,. Nursing interventions, in terms of multiple
tactile stimuli of the extremities were performed to induce pain,
and subsequent initiation of respiration together with 100%
oxygen, in order to resume regular respiration (Table IIT). The
infant that did not present with transient hypoxia received 30%
FiO, continuously, and was described as extremely fatigued.

The remaining samples (94/107) represented all infants of
the cohort, including the group of seven infants (32/94 samples),
since none of the infants received continuous oxygen therapy
at these sampling times and no hypoxic events were detected.
A total of 62/94 samples were from the 13 infants that did not
exhibit the expression pattern. These infants exhibited smaller
fluctuations in SpO, and drops in SpO, between 80 and 85%;
however, the drops were more frequent compared to when the
infants presented with transient hypoxia. Furthermore, these
infants were able to auto-adjust to SpO,-levels between 88 and
92%. In part, this may be attributed to normal physiological
adaptation processes.
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To identify differentially expressed genes during hypoxia,
the corresponding 13 samples were compared with the 94
samples. The result provided a distinct expression pattern
that contained 5,986 significantly differentially expressed
genes following adjustment for multiple testing. A total of
5,167 genes were expressed at lower levels and 819 genes
at higher levels (data not shown). The 50 most significantly
differentially expressed genes are presented in Fig. 1B. The
expression pattern appeared transient as it was reversed when
continuous oxygen therapy was terminated and the infants
had no events of hypoxia, as illustrated by two patients in
Fig. 1C and D. The sampling times for all samples, (n=107)
according to postmenstrual age (PMA), are presented together
with the time of hypoxia (PMA, 26-39 weeks; Fig. 2).

The characteristics of the two groups of infants at birth
(GA, birth weight, gender, antibiotics and prenatal steroids) and
their neonatal morbidities are outlined in Table IV. Six of the
seven infants exhibiting the transcription pattern were admin-
istered systemic antibiotic treatment due to proven infection
and sepsis (Table IV). Four of these infants were treated with
systemic antibiotics prior to the events of transient hypoxia.
The infant that was not treated with systemic antibiotics was
the infant previously described as fatigued. Conversely, eight
of the 13 infants that did not exhibit the expression pattern
received treatment for sepsis with systemic antibiotics.

Biological functions of the differentially expressed genes. The
present study aimed to identify altered biological processes
in cells during transient hypoxia and to identify the potential
environmental stimuli that brought about the changes in
differentially expressed genes. When a large proportion of
genes are differentially expressed, it is intrinsically difficult
to identify processes or pathways by overrepresentation.
Therefore, it was hypothesized that some of the significantly
differentially expressed genes may represent primary path-
ways that altered the expression of genes, whereas other genes
may be part of secondary transcriptional programs involved
in regulatory networks or cascades, modulated by genetic and
environmental factors. Therefore, the present study explored
whether there were groups of genes bearing a more similar
gene expression pattern than others, by performing a k-means
clustering test with 10 gene groups (data not shown). The result
identified one group, which contained 1,876 genes that were
expressed at lower levels during transient hypoxia. In addition,
the genes within this group were more tightly co-regulated
compared with genes in the other groups (data not shown).

To identify any potential enrichment of molecular
pathway annotations, the 1,876 genes were analyzed using
the online tool, DAVID, as well as the molecular pathway
databases Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Biocarta (32,33). Whilst analyzing these genes
with KEGG, a number of signaling pathway annotations that
were significantly enriched were identified. These pathways
have been identified in various cellular systems (Table V).
Many of these enriched pathways involved MAPK signaling
as a common theme, including the Toll-like receptor (TLR)
signaling pathway (Table V). Therefore, the present study
examined the proportion of genes in each pathway that were
in common with the generic MAPK pathway (Table V). The
proportions were between 16 and 50% (data not shown),
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Table I'V. Characteristics of two groups of infants (hypoxia, n=7; without hypoxia, n=13) at birth and their neonatal morbidities.

Characteristics
Preterm Antibiotics Neonatal Prenatal
infants GA (weeks) BW (g) Gender administered morbidities steroids administered
Infants with hypoxia (n=7)
1 252 585 Male + BPD, PDA, PVL,IVH +
2 252 586 Female + BPD, PDA, NEC, PVL, IVH +
3 27.6 1,000 Female + PVL,ROP +
4 28.1 1,354 Female + BPD, IVH +
5 26.5 805 Female + PDA +
6 33.0 1,980 Female - - -
7 29.6 1,305 Male + PDA, BPD,IVH +
Infants with no hypoxia (n=13)
1 26.0 1,225 Male + IVH +
2 252 913 Female + - -
3 30.3 1,365 Female + - -
4 292 1,204 Female + - +
5 292 588 Male + - +
6 293 1,036 Male + - -
7 235 560 Female + IVH, NEC, ROP +
8 27.2 754  Male + - +
9 33.0 2,110 Female - - -
10 36.6 3,000 Male - - -
11 30.3 1,195 Female - - +
12 30.3 1,340 Female - - +
13 30.3 1,374 Female - - +

BPD, bronchopulmonary dysplasia according to the clinicians' final diagnosis; BW, birth weight; GA, gestational age; IVH, intraventricular
hemorrhage; NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus; PVL, periventricular leukomalacia; ROP, retinopathy of prematurity.
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Figure 2. Sampling times for all samples (n=107) according to age of the infants. Each infant is indicated on the y-axis (n=20). All samples (n=107; the red and
grey dots) are indicated on the x-axis according to the postmenstrual age of the infants. For each infant, the GA at birth is marked by green triangles. Samples
representing time points when the infants received continuous oxygen therapy and transient hypoxia are indicated by red dots (n=13). Sampling times when the
infants were not continuously oxygenated and had no events of transient hypoxia (stable) are indicated by grey dots (n=94). GA, gestational age; postmenstrual
age of infants=GA-+chronological age (weeks).



Table V. Enrichment of signaling pathways annotations
was identified using the Kyoto Encyclopedia of Genes and
Genomes pathway database.

Enrichment
Name of pathway score P-value
Toll-like receptor signaling 30 0.000064
Pancreatic cancer 33 0.0002
Pathways in cancer 1.8 0.00044
NOD-like receptor signaling 33 0.00099
Colorectal cancer 2.8 0.001
Insulin signaling 23 0.0011
ErbB signaling 2.7 0.0012
Acute myeloid leukemia 3.1 0.0023
Progesterone-mediated oocyte 25 0.0078
maturation
T cell receptor signaling 22 0.018
Neurotrophin signaling 2.1 0.017
Endocytosis 1.8 0.020
Prostate cancer 23 0.023
B cell receptor signaling 24 0.024
Chronic myeloid leukemia 24 0.024
MAPK signaling 1.6 0.025
NOD, nucleotide-binding oligomerization domain; MAPK,

mitogen-activated protein kinase.

which represents large overlaps that may have led to the
identification of some broader pathways (Table V). Several
of these have no clinical relevance to this cohort, exemplified
by the colorectal cancer or oocyte maturation pathway. It is
well understood that MAPK signaling is involved in various
biological systems.

Since the pathways with the lowest P-values (Table V)
were heavily dependent on MAPK genes, the results were
interpreted conservatively as an overrepresentation of genes
associated with MAPK signaling. Therefore, among the
significantly differentially expressed genes during transient
hypoxia, it may be suggested that MAPK signaling is the
most relevant pathway for further investigation. Specific
information regarding the pathways and biological processes
involved during transient hypoxia was determined using the
Biocarta pathway database (Table VI) where further details
on the significantly differentially expressed genes were
identified. One of the top candidate pathways in the Biocarta
analysis involved oxidative stress-induced expression via the
Nrf2-ARE pathway (Table VI), although the P-values were
high (Table VI).

The Nrf2-ARE target genes are a group of genes tran-
scriptionally activated by MAPKSs in response to oxidative
stress (34). Originally, genes involved in the Nrf2-ARE
pathway were identified in nerve cells (35). The transcrip-
tion factor Nrf2 is involved in the transcription program to
protect against oxidative stress using the ARE response
element. Therefore, the additional finding of the Nrf2-ARE
pathway, and the evidence that the Nrf2-ARE target genes are
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Table VI. Enrichment of signaling pathway annotations identi-
fied by Biocarta.

Enrichment
Name of pathway score P-value
EGF signaling 30 0.61
Inhibition of cellular proliferation 32 0.60
by Gleevec
Oxidative stress induced expression 32 0.60
via Nrf2
PDGEF signaling 2.8 0.59
Keratinocyte differentiation 22 0.70
IGF-1 signaling 29 0.76

Using the group of 1,876 genes obtained by k-means clustering anal-
ysis, overrepresentation of pathways was identified using the Biocarta
database through the online tool, database for annotation, visualiza-
tion and integrated discovery. EGF, epidermal growth factor; Nrf2,
nuclear factor erythroid 2-related factor 2; PDGF, platelet-derived
growth factor; IGF-1, insulin-like growth factor-1.

transcriptionally activated by MAPKSs in response to oxidative
stress, was the rationale to further investigate the Nrf2-ARE
pathway.

To determine the mRNA expression of Nrf2-ARE target
genes, the expression levels of the Nrf2-ARE genes, as defined
by Johnson ef al in 2008 (35), were investigated. A total of
109 probe sets on the DNA microarray corresponded with
Nrf2-ARE genes. Out of these probe sets, 69 were included
in the set of significantly differentially expressed genes previ-
ously identified (P<0.05), which represented the majority of
classical Nrf2-ARE target genes that were expressed at lower
levels during transient hypoxia (Fig. 3). This result provided
evidence indicating that the transcription of these antioxidant
genes was reduced during transient hypoxia.

Since the differentially expressed genes in the distinct
expression pattern were identified during hypoxia, the
hypoxia-inducible factor (HIF)-la target genes were also
examined, since they are known to be induced by hypoxic
conditions (36). The HIF-1la target genes were not overex-
pressed (Table VII), suggesting that the HIF-1a pathway was
not active in infants during transient hypoxia.

Since excessive oxidative stress is associated with oxygen
therapy and oxidative radical disease in neonatology, a poten-
tial link between continuous oxygenation, hypoxic events
and the incidence of morbidities, including PVL/IVH, BPD,
PDA, NEC and ROP, was examined. The cohort consisted of
35 patient samples representing infants diagnosed with PVL
or IVH. A total of 11 of these samples exhibited the distinct
expression pattern. In addition, 72 samples were examined
from infants who were never diagnosed with PVL or IVH.
Two of these samples had the expression pattern. The Fisher's
exact test provided a P-value of 0.000062. The same test was
performed for the other morbidities, as described in Table I'V.
Significant P-values were identified for PDA and BPD, P=0.014
and 0.003 respectively. For ROP and NEC, the P-values were
not significant, P=0.41 and 1.00, respectively (data not shown).
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Figure 3. Expression of Nrf2-ARE target genes analyzed using 109 probe sets within a DNA microarray. Gene expression levels from 109 probe sets corre-
sponding with the nuclear factor erythroid 2-related factor 2-antioxidant response element target genes are presented for all 107 samples. The 13 leftmost
samples, as indicated by the black bar, represent transient hypoxia. Note a predominantly lower expression at these sampling times. A total of 69 probe sets
are differentially expressed between the two groups of infants with a P<0.05. The red area represents highly upregulated genes and the green area represents

downregulated genes.

Discussion

Preterm infants exposed to maternal inflammatory/infective
processes often require therapeutic intervention. By exploring
global gene expression in blood from preterm infants during
treatment, novel avenues in therapeutic management at the
point of care may be identified. In the present study, blood
cells were analyzed by NuGEN amplification and DNA micro-
arrays. A unique transcription pattern during transient hypoxia
in infants undergoing continuous long-term oxygen therapy
was identified. The majority of differentially expressed genes
were downregulated. During hypoxia, the infants exhib-
ited reduced oxidative stress-dependent signaling and the
antioxidant Nrf2-ARE target genes were not activated. This
transcription pattern was reversed when infants became stable
without hypoxia and continuous oxygen therapy.

Biological processes associated with the transcription profile.
The distinct gene expression pattern was exclusively observed
during transient hypoxia in infants that were receiving contin-
uous oxygen therapy. The uniformity of the homogeneous
expression pattern in blood may suggest similar regulatory
mechanisms causing the differentially expressed genes. The
majority of classical Nrf2-ARE target genes exhibited a
reduced MAPK-dependent Nrf2-ARE antioxidant transcrip-
tional response during transient hypoxia. Overexpression of
MAPKSs may be associated with responses to high FiO, levels
or activity at the transcription level (37-39). Hyperoxia in the
newborn period is associated with excessive ROS production
and oxidative stress (7), resulting in effects on gene expression
and cellular responses (40). Excessive ROS are suggested to be
associated with the chemical processes that modulate signaling
pathways and activate members of the MAPK family (37.41).
Continuous oxygen therapy or reoxygenation during transient

hypoxia may have induced an antioxidant Nrf2-ARE response.
Nevertheless, there is no direct information clarifying whether
the varying responses observed have any favorable or unfavor-
able consequences for the infants due to the transient nature of
the response.

TLR activation is known to be involved in systemic inflam-
mation and neuroinflammation. However, TLR signaling
(Table V) possesses multifunctional roles in various biological
systems, including hematopoiesis, infective and non-infective
pathogenesis, cardiovascular and cerebrovascular diseases, and
autoimmune, vascular function and dermatologic diseases, and
cancer, and is therefore hard to interpret (42,43). The findings
of the signaling pathways, should be interpreted with caution,
as various pathways were identified that may not be relevant
to this cohort, due to large overlaps among them. However,
all the gene groups demonstrated an overrepresentation of
differentially expressed MAPK genes (data not shown).

Notably, the MAPK signaling pathway is suggested to be
involved in various mechanisms in cell physiology, including
apoptosis, cellular stress, hyperoxic cell death, isch-
emia/reperfusion and ROS-induced cell death (37,38,44.,45),
all of which are involved in oxygen-related injury (17). The
Fisher's exact test provided an association between the
occurrence of the following diagnoses: PVL/IVH, PDA and
BPD, and the infants with the unique expression pattern
during hypoxia (Tables IT and III). The morbidities could
possibly have led to alterations in the mRNA expression of
inflammatory and immunological markers. However, the
occurrence of these morbidities did not coincide at the direct
time of the transcription profile. The diagnoses were made
between 2 days and 1 month prior to the obtained samples
as illustrated by the occurrence of PVL/IVH and PDA.
At present, the biomarkers for PVL and IVH are protein
markers released from the site of injury (46). The results of
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the present study suggested that there could be an associa-
tion between the presence of PVL/IVH, PDA, and BPD, and
this transcription profile; however, the P-values should be
interpreted with caution due to co-variation and dependen-
cies between samples. Ultimately, the identification of the
MAPK-dependent pathways did not clearly point towards
inflammation as expected from PVL/IVH.

Gender has been identified to be relevant with regards to
antioxidant capacity; female infants have been demonstrated
to have increased antioxidant activity and reduced oxidative
stress compared to males (47). In the current study, the number
of female infants was somewhat higher among the infants
exhibiting the expression pattern (5/7 infants) compared with
the other group of infants (8/13). Accordingly, the number
of samples also differed. The proportion of those with the
expression pattern was 5/13 samples from males and 8/13 from
females (Fisher's exact test P-value=1.00). The proportion of
samples without the expression pattern was 28/94 from males
and 66/94 from females (Fisher's exact test P=0.53). Therefore,
there is no evidence with regards to any association between
gender and the exhibited gene expression pattern in the present
study.

A possible explanation for the differential gene expression
pattern could be altered composition of blood cells in the
samples. A previous study identified specific gene expression
patterns for various types of blood cells (48). The expression of
cell-type specific genes for B cells, T cells and granulocytes,
which have previously been described by Palmer ez al (48), was
examined from both groups of infants. There was a small devi-
ation towards a lower log fold-change during transient hypoxia
vs. no hypoxia for T cell-, B cell- and granulocyte-specific
genes (median, -0.8). However, the observed differences in
cell-type specific genes were relatively small and followed the
general downregulatory expression pattern. Therefore, differ-
ences in cell type composition cannot explain the exhibited
pattern.

All infants in this cohort were at risk for inflamma-
tory/infective processes due to intrauterine conditions.
However, only seven of the 20 infants exhibited the distinct
transcription pattern, of which one infant exhibited the profile
as late as 59-65 days after birth. Furthermore, four of these
infants finished treatment for sepsis with systemic antibiotics
prior to detection of the exhibited profile. These findings,
including the indication of the reversible nature of the profile,
may suggest that intrauterine inflammation and sepsis are
not directly implicated in the transcriptional response of the
distinct expression pattern.

A distinct gene expression pattern suggests similar causes.
Notably, the aforementioned unique gene expression pattern
was homogeneous (Fig. 1A). However, little is understood
regarding the biological functions of a large number of the
genes identified as significantly differentially expressed. The
similarities between the morbidities of the infants (Table V),
known to be accompanied by oxidative stress and excessive
ROS (7,16,17,49,50), may suggest a common effect culminating
in the same gene expression response. Furthermore, exces-
sive ROS is associated with oxygen dependence (51), which
in part could explain the infants' requirement for continuous
long-term oxygen therapy.
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The 20 infants selected for this cohort were all at risk for
therapeutic intervention due to maternal conditions. Intrauterine
inflammation may cause fetal inflammatory responses with
increased risk for respiratory failure regardless of gesta-
tion (52). The maternal conditions (p-PROM, chorioamnionitis
and aggravation of preeclampsia, HELLP) are associated with
increased products from oxidative stress, and are known to
influence fetal growth and signaling pathways (52). One of
these conditions, HELLP, has been recognized as a ‘putative
marker for fetal hypoxia’ (53). However, the common feature
for all seven infants exhibiting the expression pattern was
continuous oxygen therapy (Table III). The other common
feature of these infants was the events of hypoxia, likewise
the gene expression pattern was reversed when the infants no
longer received continuous oxygen therapy (Fig. 1C and D).
The mechanism underlying the shift in gene expression is
unknown; however, it may be explained by MAPK-regulated
transcription (37,45).

There was an exception in this cohort relating to one infant
that was operated on for NEC. The maternal condition was
clinical chorioamnionitis and treatment with prenatal steroids.
Unlike the other infants that received continuous oxygen, the
administration of oxygen to this patient differed. The FiO, level
varied largely and oxygen was given in an on-and-off manner.
In contrast to continuous oxygen administration, oxygen was
discontinued and re-introduced after some h. This infant did
not have transient hypoxia. This observation, although related
to one infant only, may suggest that factors other than high
FiO, levels may induce similar effects on gene activity.

Gene expression may be affected by numerous factors. To
limit genetic contributions to the variation of gene expression,
infants with chromosomal and congenital abnormalities were
excluded, as were those with metabolic, neurologic or known
genetic diseases. Additional covariates that may potentially
influence the expression of genes were also assessed, including
different origins of the onset of labor, body weight, GA and
days after birth. Despite differences in prematurity, BW and
GA, intrauterine inflammation was common for all infants
of the cohort. The BW and GA ranged between 560-3,000 g
and 23.7-36.9 weeks, respectively (Table II), whereas in
infants exhibiting the transcription pattern body weight was
between 585-1,980 g and current body weight ranged between
690-2.,404 g (Table III). The PMA by these time points ranged
between 27.9-39.1 weeks (Table III).

Additional variables that potentially may influence the
distinct transcription pattern were investigated with regards
to blood transfusion, steroid treatment, and antibiotics, that
were given on the day before sample collection. None of the
infants received a blood transfusion 24 h prior to collection
of a sample exhibiting the distinct transcription pattern.
Furthermore, four samples did not present the transcription
pattern even though the infants received a blood transfusion on
the day prior to sample collection (Fisher's exact test P=1.00).
Similarly, for one sample exhibiting the pattern, the infant
received steroid treatment 24 h prior to sample collection,
whereas nine samples from three infants did not exhibit the
pattern even though steroids were administered to the infants
on the previous day (Fisher's exact test P=1.00). In addition, at
10 of the 13 sampling times in which the pattern was exhib-
ited, sepsis was not present and systemic antibiotics were not
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Table VII. HIF-1a target expression within the gene profile.

Probe set ID Gene title Gene symbol Log FC Adj. P-value
210512_s_at vascular endothelial growth factor A VEGFA -1.10 2.11E-04
210513_s_at vascular endothelial growth factor A VEGFA 0.35 5.65E-03
212171 _x_at vascular endothelial growth factor A VEGFA -041 4 99E-02
232809 _s_at Fms-related tyrosine kinase 1 (vascular FLT1 -0.12 5.04E-01
endothelial growth factor receptor)
202718_at insulin-like growth factor binding IGFBP2 -1.02 2.80E-07
protein 2, 36 kDa
202934 _at hexokinase 2 HK2 0.10 5.16E-01
200697_at hexokinase 1 HK1 -0.63 4.94E-05
238996_x_at aldolase A, fructose-bisphosphate ALDOA -0.31 2.65E-02
202022 _at aldolase C, fructose-bisphosphate ALDOC -0.74 1.39E-08
200966_x_at aldolase A, fructose-bisphosphate ALDOA -0.22 6.12E-02
224151 _s_at adenylate kinase 3 AK3 -1.25 4 36E-11
224655_at adenylate kinase 3 AK3 -0.44 2.69E-04
202912_at adrenomedullin ADM -0.47 6.80E-02
228143 _at ceruloplasmin (ferroxidase), similar CP/lI 0.82 2.92E-10
to ceruloplasmin precursor (ferroxidase) LOC100132553
218995_s_at endothelin 1 EDN1 1.50 6.93E-20
207257 _at erythropoietin EPO 0.16 8.20E-02
M33197_5_at glyceraldehyde-3-phosphate dehydrogenase GAPDH 0.00 9.97E-01
203665_at heme oxygenase (decycling) 1 HMOX1 -1.03 3.88E-06
200650_s_at lactate dehydrogenase A LDHA 0.13 1.76E-01
201102_s_at phosphofructokinase, liver PFKL -0.84 1.32E-10
227068 _at phosphoglycerate kinase 1 PGK1 -0.36 1.50E-02
202627_s_at serpin peptidase inhibitor, clade E (plasminogen SERPINEI -0.19 4.45E-01
activator inhibitor type 1), member 1
202628_s_at serpin peptidase inhibitor, clade E (plasminogen SERPINEI -0.16 4.92E-01
activator inhibitor type 1), member 1
222125_s_at hypoxia-inducible factor prolyl 4-hydroxylase PH-4 -1.36 7.56E-18
201251 _at pyruvate kinase, muscle PKM2 -0.20 7.00E-02
240686_x_at transferrin receptor (p90, CD71) TFRC -0.28 1.62E-02
214063_s_at transferrin TF -0.83 5.62E-02
209747 _at transforming growth factor, 3 3 TGFB3 -0.53 1.21E-04

Expression of HIF-1a target genes in samples from preterm infants undergoing long-term continuous oxygen therapy at the time of hypoxia vs.
samples from stable preterm infants without hypoxia and continuous oxygen therapy. HIF-1a, hypoxia-inducible factor-1a; FC, fold-change.

administered on the day prior to collection of the samples,
whereas for 3/13 samples the infants had sepsis and antibiotics
were administered on the same day. Sepsis and antibiotics
coincided with 16 samples not exhibiting the expression
pattern (Fisher's exact test P=0.70). Therefore, the presence
of the differential gene expression did not appear to correlate
with blood transfusions, steroid treatment, nor sepsis or the
administration of antibiotics.

Although the majority of samples (10/13) exhibiting the
distinct transcription pattern were obtained from the neonatal
period between 5 and 28 days after birth, there was a wide
age-related variability of the infants, ranging between 5 and
65 days after birth (Table IIT) and between 25.2 and 33.0 weeks
gestation (Table III). The majority of these samples (8/13) were
obtained between 12-28 days after birth, whereas the remaining

samples (5/13) were from days 5 and 7, and days 59, 60 and 65
after birth (Table III). Therefore, alterations in the transcription
pattern in blood were not limited to a particular time window
of postnatal development. The preterm infant that exhibited the
profile later after birth (59-65 days after birth) received a total
of five courses of systemic antibiotics, due to culture-positive
sepsis. Potentially, previous episodes of sepsis and antibiotics
may have weakened the antioxidant capacity that eventually
could have contributed to the exhibited expression pattern at
this postnatal age. Although the infants of this cohort were at
risk for developing systemic inflammation, no specific inflam-
matory genes were identified. Therefore, the present study
suggested that sepsis and intrauterine inflammation were not
directly implicated in the significantly differentially gene
expression exhibited within the distinct transcription pattern.



A molecular marker in blood during transient hypoxia.
Biomarkers identified by the use of high-throughput tech-
nologies may indicate a biological state relevant for clinical
practice or therapeutic intervention (54). The elicited response
coincided at transient hypoxia during continuous oxygen
therapy. These events of hypoxia appear to represent a form
of transient disorder of respiratory control, which is associ-
ated with impaired oxidative stress-dependent signaling in
the blood. There is an ongoing debate regarding safe oxygen
saturation targeting to avoid hypoxia and hyperoxia, and how
to identify the most appropriate FiO, levels considering the
age of the infant (10,55).

In the present study, premature infants born prior to
33 weeks gestation exhibited the transcription profile even
as late as 65 days after birth, which potentially may reflect a
therapeutic group of infants for particular monitoring during
continuous oxygenation. The network of genes and signaling
pathways within the transcription pattern were exhibited
across various gestations at birth, different postnatal develop-
ment and days after birth. In line with a previous study, the
present findings indicated the potential relevance of applying
gene expression profiles in blood to serve as biomarkers for
molecular diagnostic analysis, and possibly facilitating an
individualized approach to safe oxygen therapy in preterm
infants during neonatal and postnatal life (54).

In conclusion, the present genome-wide expression study
provided information regarding transcriptional processes,
and may improve understanding of the molecular responses
in blood throughout early life in preterm infants. To the best
of our knowledge, these findings have previously not been
described. The significantly differentially expressed genes
exhibited a unique expression pattern solely in infants that
received continuous long-term oxygen therapy during hypoxia
compared with infants that did not receive this type of thera-
peutic intervention. Most differentially expressed genes were
expressed at lower levels. The profile detected low expression
levels of MAPK genes and target genes of the Nrf2-ARE
pathway, thus indicating reduced oxidative stress-dependent
signaling in the blood. The antioxidant genes were not activated
during transient hypoxia. The high FiO, level or reoxygenation
with 100% FiO, may have induced an antioxidant Nrf2-ARE
response. The distinct profile was transient in nature, since it
was reversed when the infants were no longer continuously
oxygenated. However, the study design does not allow us to
conclusively determine the cause of the differentially expressed
genes within the MAPK signaling pathways or the cause of
the dynamic process behind the shift in gene expression. It
may be hypothesized that the identified transcription profile
will improve understanding regarding the basic mechanisms
involved in gene regulatory networks during oxygen therapy
and transient hypoxia in preterm infants. Future investigations
should aim to further clarify the mechanisms underlying the
altered gene expression, as well as the individual susceptibility
to the influences of small molecules administered, such as
oxygen.
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