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Abstract

Preterm infants have an immature antioxidant system; however, they frequently require supplemental oxygen.
Oxygen-free radicals cause both pulmonary and systemic inflammation, and they are associated with increased
morbidity and mortality. Consequently, screening of metabolite profiles representing the amount of lipid
peroxidation is considered of great relevance for the evaluation of in vivo oxidative stress and derived in-
flammation and damage. Ranges for total relative contents of isoprostanes (IsoPs), isofurans (IsoFs), neuro-
prostanes (NeuroPs), and neurofurans (NeuroFs) within targeted SpO, ranges were determined in urine samples
of 254 preterm infants <32 weeks of gestation within the frame of two randomized, controlled, and blinded
clinical trials employing ultra-performance liquid chromatography—tandem mass spectrometry. A total of 536
serial urine samples collected during the first 4 weeks after birth in recruited infants who did not develop free
radical associated conditions were analyzed. A reference range for lipid peroxidation byproducts, including
isoprostanes, isofurans, neuroprostanes, and neurofurans, was calculated and possible correlations with neonatal
conditions were investigated. Urinary elimination of isofurans in the first 4 days after birth correlated with later
development of bronchopulmonary dysplasia. Our observations lead to the hypothesis that early urinary de-
termination of lipid peroxidation byproducts, especially isofurans, is relevant to predict development of chronic
lung conditions. Antioxid. Redox Signal. 23, 178—184.

Introduction

Innovation
I i‘ ETAL-TO-NEONATAL transition abruptly raises tissue ox- A reference profile for urinary (noninvasive) lipid
ygenation, thereby generating a burst of reactive oxygen peroxidation biomarkers using a straightforward high-

species and resulting in physiologic oxidative stress. Preterm throughput ultra-performance liquid chromatography—

infants with immature lungs are predisposed to respiratory in- tandem mass spectrometry method in the newborn period
sufficiency and the need for oxygen therapy immediately after | has been developed. Preterm infants with high isofurans
birth (8). As a consequence, oxygen-free radicals are generated. in the first days after birth are more prone to develop

Oxygen-free radicals may react with nonradical molecules in chronic lung conditions such as bronchopulmonary
chain reactions, causing damage to DNA, proteins, and lipids or dysplasia.
lead to the formation of DNA and protein adducts. Remarkably,
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TABLE 1. Basic CLINICAL AND OBSTETRIC
CHARACTERISTICS OF THE POPULATION OF VERY
PRETERM INFANTS (<32 WEEKS OF GESTATION)
RECRUITED IN TwO RANDOMIZED, CONTROLLED,

AND BLINDED STUDIES

Parameter LowOx (n=133) HiOx (120) p

Female sex, n (%) 69 (51.8) 58 (48.3) NS

GA, week, 28 (24, 32) 27 (23, 31) NS
median (IQR)

BW, g, median 944 (720, 1280) 1040 (755, 1368) NS
(IQR)

Umbilical cord  7.29 (7.25, 7.33) 7.28 (7.23, 7.31) NS
pH, median
(IQR)

Full antenatal 133 (100) 120 (100) NS
steroids, n (%)

Vaginal/Cesarean 43/90 44/76 NS
delivery, n

Chorioamnionitis, 25 (18.8) 22 (18.3) NS
n (%)

Patients were randomly assigned to an initial FiO,=30% (LowOx)
or 60%—65% (HiOx) Data retrieved from Saugstad et al. (5).

BW, birth weight (g); GA, gestational age (weeks); IQR, interquartile
range; NS, nonsignificant (o=0.05).

free radical associated conditions such as bronchopulmonary
dysplasia (BPD) causing severe morbidity and mortality have
been described in the perinatal period (7).

Isoprostanes (IsoPs) and isofurans (IsoFs) are chemically
stable compounds formed in vivo via the nonenzymatic
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TABLE 2. CLINICAL OUTCOMES OF VERY PRETERM INFANTS
(<32 WEEKS OF GESTATION) RECRUITED IN Two
RANDOMIZED, CONTROLLED, AND BLINDED STUDIES

LoxOx HiOx
Clinical outcome, n (%) (n=133) (n=120) p
Mortality 10 (7.5) 17 (14.1) NS
BPD 33 (24.8) 20 (16.6) NS
PDA 58 (43.6) 43 (35.8) NS
ROP (=grade 2) 10 (7.5) 6 (5.0) NS
NEC (=grade 2) 6 (4.5) 4 (3.3) NS
IPVH (grades III/IV) 19 (14.3) 18 (15.0) NS

Infants randomly assigned to be resuscitated with an initial FiO,
of 30% (LowOx) or 60%—-65% (HiOx) Data retrieved from Saugstad
et al. (5).

BPD, bronchopulmonary dysplasia; PDA, patent ductus arterio-
sus; ROP, retinopathy of prematurity; NEC, necrotizing enteroco-
litis; IPVH, intra-periventricular hemorrhage.

peroxidation of arachidonic acid (AA), associated with
oxidant injury, and have been detected in fluids and tissues.
IsoPs have been associated with normoxic, while IsoFs
are generated under hyperoxic conditions. Docosahex-
aenoic acid (DHA) is a relevant structural component of
the central nervous system. During lipid peroxidation,
neuroprostanes (NeuroPs) and neurofurans (NeuroFs) arise
from DHA oxidation in a similar manner to IsoPs and
IsoFs from AA. NeuroPs and NeuroFs have been suggested
as sensitive and specific markers of neuronal oxidative
damage (1).
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Mass spectrometry spectra of oxidized AA and DHA standard solutions. AA, arachidonic acid; DHA, docosahex-

aenoic acid. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 2. Evolution of total IsoPs
(353>115), IsoFs (369>115), NeuroPs
(377>101), and NeuroFs (393>193)
during in vitro oxidation of AA (ap-
plying SPE). Peak area values of IsoPs
and IsoFs were linearly regressed against
reaction time by obtaining slopes signif-
icantly different from zero (¢=0.05) and

5 g Wwith R® values>0.95; UPLC-MS/MS
responses for NeuroPs and NeuroFs re-
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Analysis of lipid peroxidation products is highly complex
due to the large number of metabolites, including isomers
with highly similar molecular structures, physicochemical
properties, and chromatographic behavior. Furthermore, for
IsoFs, NeuroPs, and NeuroFs, no analytical standards are
commercially available, hindering the implementation of
their use as biomarkers (4).

We propose a reliable, noninvasive ultra-performance
liquid chromatography—tandem mass spectrometry (UPLC-
MS/MS) method for recording profiles of relative total
contents of IsoPs, IsoFs, NeuroPs, and NeuroFs in urine of
preterm infants, enabling a semi-quantitative comparison
between samples. We aimed at establishing a reference range
of urinary lipid peroxidation byproducts in the first 4 weeks

mained below 0.5% of those measured
for IsoPs and IsoFs. SPE, solid-phase
extraction. IsoFs, isofurans; IsoPs, iso-
prostanes; NeuroFs, neurofurans; Neu-
roPs, neuroprostanes; UPLC-MS/MS,
ultra-performance liquid chromatography—
tandem mass spectrometry. To see this
illustration in color, the reader is re-
ferred to the web version of this article
at www.liebertpub.com/ars

Time [min]

after birth (average period of clinical stabilization) in very
preterm infants who did not develop free radical-associated
conditions, and therefore this could be valuable information
for a neonatologist. We investigated whether there were
positive correlations between lipid peroxidation byproducts
and free radical-associated conditions.

Results

The population consisted of preterm infants <32
weeks of gestation randomized to lower (30%; LowOx)
or higher (60%—-65%; HiOx) initial inspiratory fraction
of oxygen (iFiO) in the delivery room (DR) (see Notes
section) (5). Perinatal characteristics are described in
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FIG. 3. Evolution of total IsoPs
(353>115), IsoFs (369>115), NeuroPs
(377>101), and NeuroFs (393>193)
during in vitro oxidation of DHA
(applying SPE). Peak area values of
NeuroPs and NeuroFs were linearly
regressed against reaction time by ob-
taining slopes significantly different
from zero (¢x=0.05) and with R? val-
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Table 1. No significant differences in oxidative stress bio- o IS5 =
markers, mortality, or major perinatal morbidities were found o 2 x|ddec | 8
for (Table 2). S 9T RgEE|E
MS/MS parameters for the detection of total IsoPs, IsoFs 3 —~—— §
NeuroPs, and NeuroPs were selected from the spectra de- g Ng = §§ § X g
picted in Figure 1 acquired from the analysis of the in vitro 3 S EY | S2am 2
oxidation products of AA and DHA. MS/MS spectra obtained = © L2 &
from the fragmentation of 377 (NeuroPs) and 393 m/z E - cos s é
(NeuroFs) showed fragments of 101 and 193 m/z, respec- oo N R S lTode | o
tively. For the parent ions of IsoPs and IsoFs, being 353 and g g3 RS- 2% | 8
369 m/z, respectively, the most intense fragment observed zZ = |3 —_ 3
2O | 8= ~no ~ | T
had m/z=115. DE | £ E8g|Ra8%8 ¢
Figures 2 and 3 depict the observed changes in the chro- z 3 < § Q nn Qo ;
matographic profiles during the simultaneous determination ~ & o 9
of relative total IsoPs, IsoFs, NeuroPs, and NeuroFs obtained E 7 e @ g =
from in vitro oxidation during the AA and DHA assays after 5 § i > g Sz | B
different reaction times, respectively. For comparing the H s §0" g § 5@ | 8
obtained chromatograms, area values were obtained using 5—‘ = g - Ao f‘g =
fixed retention time windows for integration selected em- A <Z: g S0 8533 &.5
pirically as 4.0-5.2, 4.0-5.3, 4.7-5.4, and 4.2-5.2min for EFl N §Q §§§; 3 =
IsoPs, IsoFs, NeuroPs, and NeuroFs, respectively. The ob- % E a=" _§ _ug
tained area values were normalized by employing the signal é & ~ o= neso| 83
of the internal standard (IS). SE| ajgx | 2 -‘-;
Solutions obtained via in vitro oxidation were subjected to Z 9 § i ST83 | 58
a solid-phase extraction (SPE) procedure. Results comparing % § = 2o k=
the analytical responses obtained with and without SPE 2 £/ 85 8822 g* g
showed recoveries of 91% +35%, 111% +39%, 86% +20%, ‘55 < éi Eggg 2 :
and 93% + 8%, for IsoPs, IsoFs, NeuroPs, and NeuroFs, re- <Zc a — 0 'q'é o
spectively. 232 . A8z & Z
Total parameters were found above the limit of quantifi- 2 Slojgsx|cece Eg
. . . . ay S| R~—- | ot awn O X%
cation (LOQ) (i.e., 10 times the area obtained from a blank ca| = QI | o8
injection) in almost all analyzed urine samples with 1.7%, 2Z| 5 ;E
0.2%, 1.6%, and 3% of the samples giving concentrations Z = | 5 E S SN § Q
below the LOQ for IsoPs, IsoFs, NeuroPs, and NeuroFs. Due 4 § S 52 S: E 2 3 25 4
to the lack of analytical standards, absolute concentrations é ~ © ROV | L% §
could not be determined. > & S gz 2
A total of 184 preterm infants pertaining to both groups 2 = a~ |3 Cg2o | E3 S
. . . . LB - K|l =S8Tn | TE 5
(LowOx, n=96; HiOx, n=_88) survived without free radical- PYENENS S pgsuudl I - 5 e
related conditions at hospital discharge and were considered 2 E < 8T - E %
controls (5). Table 3 shows the mean and standard deviation <= g - *% 2 °é
of the urinary concentration of lipid peroxidation metabolites 2 Z SRS E Saol 8% 3
of controls according to the postnatal day of collection. In & 5 53| ctee 2;* z
addition, values for IsoPs, IsoFs, NeuroPs, and NeuroFs at § & S § % RS s § §
different postnatal days in controls and babies who later de- & (“B - SE £
veloped BPD were compared. Significant differences in IsoFs o o S¥as § 2 5
urinary elimination were found between controls and BPD Se | 753|283 | £3 ol
babies in the first 4 days after birth. Figure 4 depicts the o= §197 BEAD E% &
measured time profiles of the mean concentration and stan- v, § 3 —~ % & 5
dard deviation values after birth for IsoPs, IsoFs, NeuroPs, Ta | flm_ 2@ sol 2o Z.
< on 12} =0 —_ <t nh o = s
and NeuroFs. Svi|&|SQ|TZSS| 2T B
S S| 2e&d | B2 g
- . i ; 9 b R4 8
Discussion e O X 8
_ <Z ~|a~ |28z 28 2
Results for NeuroFs and NeuroPs (Fig. 1) confirmed the w25 q|cecec )| g %"ﬁ " &
use of the proposed multiple reaction monitoring (MRM) . = E § SR | E E 2SS ‘38‘
transitions of 393 > 193 and 377 > 101, respectively. For total = g N E2VVT
IsoPs and IsoFs, no MRM transitions have been reported. & g E o §§ se| 3 g,gf : :%
From fragmentation patterns of IsoPs (m/z 353) and IsoFs S| 52| 32F E’~§ S 28
(m/z 369) shown in Figure 1, the fragment 115 m/z was se- © g3 | ¢© Z3 S2
lected for the acquisition of characteristic IsoPs and IsoFs & & :3 SEES
profiles. The suitability of the UPLC-MS/MS approach for L 55 & EEgR
the simultaneous determination of relative amounts of total ZLzz 2
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FIG. 4. Nomogram representing mean values of lipid peroxidation byproducts in urine of preterm infants. Straight
line represents the mean values and dotted lines above and below standard deviation of the mean. Representation: (A)
Isoprostanes; (B) Isofurans; (C) Neuroprostanes; and (D) Neurofurans. Urine samples were obtained from very preterm
infants (<32 weeks of gestation) that did not develop free radical-associated conditions recruited in two randomized,
controlled, and blinded clinical trials (REOX trial, n=112 and ROTTERDAM trial, n=358; Ref. 5) given in AU corre-
sponding to normalized peak area values using the IS. AU, arbitrary units; IS, internal standard.

IsoPs, IsoFs, NeuroPs, and NeuroFs was evaluated by moni-
toring the reaction products of both AA and DHA standards
subjected to in vitro oxidation (Figs. 2 and 3). Retrieved UPLC-
MS/MS areas of the AA standard showed a linear increase
of measured responses for IsoPs and IsoFs with the time of
reaction, whereas for DHA standards a linear increase of
NeuroPs and NeuroFs signals was observed.

TABLE 4. ULTRA-PERFORMANCE LIQUID
CHROMATOGRAPHY—-TANDEM MASS SPECTROMETRY
ACQUISITION PARAMETERS FOR THE DETERMINATION
OF ISOPROSTANES, ISOFURANS, NEUROPROSTANES,
AND NEUROFURANS IN URINE OF PRETERM INFANTS
IN THE FIRST 4 WEEKS AFTER BIRTH

This method aims at the assessment of the status of lipid
peroxidation in preterm infants. The possibility of perform-
ing sequential peroxidation byproduct analysis noninvasively
could aid the neonatologist in monitoring the metabolic status
of the patients and the consequences of interventions. Inter-
estingly, when stratifying the results of the measured bio-
markers by collection time points, it was observed that the
relative concentrations change along the first days and weeks
after birth (Fig. 4).

This study has relevant clinical implications. Recently, it
has been acknowledged that preterm infants need some time to
acquire a stable oxygenation after birth. Moreover, many very
preterm infants require oxygen supplementation to keep oxy-
gen saturation within established safety ranges (7). In studies
by Vento et al. (9) and Kapadia et al. (3), preterm infants were
randomized to an initial inspiratory fraction of oxygen of 30%
versus 90%, and 21% versus 100%, respectively. In both

m/z m/z Time
Parent Daughter Cone Collision window

Analyte ion ion (V) (eV) (min)
IsoPs 353.2 115 40 20 3.9-6.0
IsoFs 369.2 115 45 20 3.9-6.0
NeuroPs 377 101 35 20 3.8-6.0
NeuroFs 393 193 35 20 3.8-6.0
PGF,,-D, 357.5 197.3 45 30 4.6-5.3

studies (3, 9), there was a correlation between the use of higher
oxygen concentrations in the DR, increased oxidative stress
biomarkers, and later development of BPD. Results in this
study confirm these findings. Hence, preterm babies who later
on developed BPD showed significantly higher urinary elim-
ination of IsoFs in the analytical determinations performed in
the first days after birth as did the study by Vento et al. (9).
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It has been previously shown that plasma IsoPs, antioxi-
dant enzyme activity, and the ability to resist oxidative stress
increase immediately after birth but decrease as infants grow
older, revealing the presence of fetal-to-neonatal transition-
associated oxidative stress (2). In coincidence with this, we
found increased IsoPs and IsoFs during the first week after
birth, whereas the increment in NeuroPs and NeuroFs elim-
ination took place later (Fig. 4).

The access to a large sample set of this especially vul-
nerable population allowed to establish the time window in
which lipid peroxidation can be observed. This is crucial for a
correct design of future clinical trials, where lipid peroxida-
tion is studied. In addition, we confirmed that hyperoxic re-
suscitation in very preterm infants leads to the formation of
IsoFs, which appear to be early markers of hyperoxic lung
damage.

Notes

Eligible patients were preterm of <32 weeks of gestation
needing active intervention in the DR. The Reox Trial (EU-
DRACT 2088-005047-42) performed in two Spanish centers
(University and Polytechnic Hospital La Fe, Valencia and
Hospital Sant Joan de Deu, Barcelona) randomized 60 babies
to an initial FiO, of 30% (n=34) versus 60% (n=24). The
Rotterdam Trial (NTR243 2005-2007) randomized 193 ba-
bies to an initial FiO, of 30% (n=99) versus 65% (n=94) (5).
This study was approved by the IRBs of both hospitals.
Parental consent was obtained for all recruited patients.

Urinary samples were collected within 24 h of birth, on
postnatal days 3, 4, 6,7, 14, 21, and 28 by adding gauzes into
the diapers or in Hollister collection bags. Samples were
stored at —80°C. After thawing on ice, samples were
centrifuged at 7500 rpm and at 4°C for 10 min. Two hundred
ninety-seven microliters of H,O (pH 3, adjusted with formic
acid):CH;OH (85:15, v/v) were added to 600 ul of superna-
tant and spiked with 3 ul of IS solution PGF,,-D4 (20 uM).
Discovery® DSC-18 SPE 96-well plates (Sigma-Aldrich,
St. Louis, MO) were conditioned with 1 ml CH;0H and 1 ml
H,O before loading diluted samples. Each well was washed
with 500 ul H,O and 500 ul heptane, and samples were eluted
using four times 100 ul ethyl acetate. Recovered extracts
were evaporated to dryness under a stream of N, and dis-
solved in 60 ul of H>O (pH 3):CH;O0H (85:15 v/v).

Arachidonic acid (>95%), cis-4, 7, 10, 13, 16, 19-
docosahexanoic acid (>98%), 2,2"-azobis (2-methylpropi-
onamidine) di-hydrochloride (AAPH, 97%), formic acid
(analytical grade), and potassium phosphate mono- and di-
basic (analytical grade) were from Sigma-Aldrich Quimica
SA (Madrid, Spain). PGF,,-D,4 was purchased from Cayman
Chemical Company (Ann Arbor, MI) and used as IS. Ethanol
(analytical grade), methanol (LC-MS grade), and n-heptane
(analytical grade) were obtained from J.T. Baker (Avantor
Performance Materials B.V., Deventer, The Netherlands),
and ethyl acetate (analytical grade) was from Panreac (Bar-
celona, Spain).

IsoPs and IsoFs were generated from the oxidation of AA,
and NeuroPs and NeuroFs were generated from the oxidation
of DHA as described by Song et al. (6). Briefly, DHA and AA
were dissolved separately in a mixture of ethanol:phosphate
buffer (pH 7.4, 100 mM) to reach a final concentration of AA
and DHA of 20 mM. Then, 50 ul of a 1 M solution of AAPH
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was added to each oxidation reaction and the mixtures were
incubated at 37°C, withdrawing 500 ul aliquots of the reac-
tion mixture after 0, 2, 4, 6, 8, 10, 24, and 30 h. After 30 h, the
oxidation process was stopped by immersion of the reaction
vials in ice water. For the monitoring of the oxidation reac-
tion, collected aliquots were diluted 1:10 in H,O (pH
3):CH3O0H (85:15, v/v) and subsequently analyzed by UPLC-
MS/MS with and without a previous SPE clean up following
the procedure described for urine samples.

UPLC-MS/MS analysis was carried out by employing an
Acquity—Xevo TQ system (Waters, Milford, MA) in the
negative electrospray ionization (ESI™) mode using the fol-
lowing conditions: capillary 3.5kV, source temperature
120°C, desolvation temperature 300°C, dwell time 5 ms; ni-
trogen cone and desolvation gas flows were 25 and 680 L/h,
respectively. Separation were carried out using a Kinetex
UPLC C18 reversed-phase column (2.1x 100 mm, 1.7 um)
and precolumn (2.1 x2mm) from Phenomenex (Torrance,
CA), and a CH30H (0.1% v/v HCOOH):H,O (0.1% v/v
HCOOH) binary gradient. Flow rate, column temperature,
and injection volume were set at 400 ul/min, 37°C, and 5 pl,
respectively. The following gradient was employed: From O
to 1 min, 30% v/v CH3OH (0.05% v/v HCOOH) (i.e., channel
B) were used and from 1 to 4.0 min, %B increased till 90%.
Return to initial conditions was achieved at 4.1 min, and
conditions were maintained for 3.9 min.

Acquisition parameters of mass spectrometric detection
carried out by MRM are summarized in Table 4. Chroma-
tographic area values were normalized using PGF,,-D, as IS.
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AA = arachidonic acid
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IPVH = intra-periventricular hemorrhage
IS =internal standard
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LOQ =limit of quantification
MRM = multiple reaction monitoring
NEC = necrotizing enterocolitis
NeuroFs = neurofurans
NeuroPs = neuroprostanes
PDA = patent ductus arteriosus
ROP =retinopathy of prematurity
SPE = solid phase extraction
UPLC-MS/MS = ultra-performance liquid chromatography—
tandem mass spectrometry




