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Abstract

Introduction Neonatal pulmonary hypertension (PH) is
a common manifestation of bronchopulmonary dysplasia
(BPD) and contributes to increased morbidity and mortal-
ity of preterm birth. Postnatal growth restriction (PNGR)
and hyperoxia are independent contributors to PH develop-
ment, as indicated by our previous work in a rat model of
BPD.

Objective To explore the metabolic consequences of
induction of PH with hyperoxia and PNGR in a rat model
of BPD.

Methods Sprague-Dawley rat pups (n=4/group) under-
went three modes of PH induction: (1) growth restriction-
induced by larger litter size; (2) hyperoxia-induced by 75%
oxygen exposure; (3) combined growth restriction and
hyperoxia. Primary metabolism, complex lipids, biogenic
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amines, and lipid mediators were characterized in plasma
and lung tissue using GC- and LC-MS technologies.
Results Specific to hyperoxic induction, pulmonary
metabolomics suggested increased reactive oxygen species
(ROS) generation as indicated by: (1) increased indicators
of p-oxidation and mitochondrial respiration; (2) changes
in ROS-sensitive pathway activity and metabolites includ-
ing the polyol pathway and xanthine oxidase pathways, and
reduced glutathione; (3) decreased plasmalogens. Unlike
the lung, circulating metabolite changes were induction
mode-specific or additive in the combined modes (e.g. 1)
growth-restriction reduced phosphatidylcholine; (2) hyper-
oxia increased oxylipins and trimethylamine-N-oxide
(TMAO); (3) additive effects on 3-hydroxybutyric acid and
arginine.

Conclusion The present study highlights the variety of
metabolic changes that occur due to PNGR- and hyperoxia-
induced PH, identifying numerous metabolites and path-
ways influenced by treatment-specific or combined effects.
The rat model used in this study presents a robust means of
uncovering the mechanisms that contribute to the pathol-
ogy of PH.
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1 Introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung dis-
ease of prematurity that occurs most frequently in preterm
infants born before 28 weeks of gestation (Mirza et al.
2014). Pulmonary hypertension (PH) is a common compli-
cation of BPD that greatly increases morbidity and mortal-
ity of preterm birth (Slaughter et al. 2011; Mourani et al.
2015). PH is often not diagnosed in preterm infants until
symptoms emerge after many weeks of life, when the dis-
ease is advanced and associated with severe right ventricu-
lar cardiac dysfunction (Berkelhamer et al. 2013). While
several risk factors for PH have been identified, including
growth restriction and extremely low gestational age (Rob-
bins et al. 2012), no reliable biomarkers currently exist. A
better understanding of the mechanisms that trigger PH in
preterm infants is needed to improve the detection, preven-
tion and treatment of BPD-related PH.

Recent studies have suggested that the origins of PH
may begin in fetal life. Rozance et al. studied a placen-
tal insufficiency sheep model of fetal growth restriction
(FGR) and found significant pulmonary artery endothelial
changes, including downregulation of the nitric oxide syn-
thase pathway, which could promote vascular dysfunction
and remodeling after birth (Rozance et al. 2011). Moreover,
we have recently provided evidence that fetal or postnatal
growth restriction contributes independently and interac-
tively in the development of PH (Check et al. 2013; Wedg-
wood et al. 2016).

Rats serve as valuable models for the study of lung
development associated with BPD and FGR because they
are born with immature lungs during the saccular and early
alveolar stages. A rat model of post-natal growth restric-
tion (PNGR) displays poor growth (body weight 22% lower
at 10 days of life and 24% lower at 20 days), altered body
composition (25% decrease in body fat at 22 days of life),
marked decreases in IGF-1 and leptin, increased glucose
tolerance, and poor neurodevelopment (Jou et al. 2013).
Using this model, we previously showed that newborn rats
under either PNGR or hyperoxia alone or in combination
have increased right ventricular hypertrophy (RVH) and
medial wall thickness (MWT) in a cumulative fashion,
suggesting that both contribute independently to the devel-
opment of PH (Wedgwood et al. 2016). While the mecha-
nisms by which hyperoxia induces PH are better character-
ized, the mechanisms driving the cardiopulmonary effects
of PNGR remain largely unknown.
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The pathophysiology of BPD and PH is known to have
a strong metabolic component (Pearson et al. 2001). There-
fore, evaluation of metabolic perturbations associated with
these developmental lung disorders represents a valuable
approach to exploring the contributing factors that influ-
ence the underlying pathophysiology of BPD and PH. In
the current study, metabolic changes were investigated
using a multi-platform metabolomics approach consist-
ing of gas chromatography time-of-flight mass spectrom-
etry (GCTOFMS), ultrahigh performance liquid chroma-
tography quadrupole accurate mass time-of-flight mass
spectrometry (UPLC-qTOFMS) and UPLC tandem mass
spectrometry (MS/MS). We characterized the metabolome
response of plasma and lung tissue using PNGR, hyper-
oxia, or a combination of these two treatments. We hypoth-
esize that the two modes of PH elicit distinct independent
metabolic features that are exacerbated in the combined
growth restriction and hyperoxia group. Such knowledge
of metabolism is instrumental in further understanding the
pathophysiology of BPD and PH and to identify potential
mechanisms to be explored in the future.

2 Materials and methods
2.1 Animal cohorts and experimental conditions

Pregnant Sprague Dawley (SD) rats (gestational day 15)
were housed in plastic cages under constant conditions.
After a 7 day acclimation period, litters were delivered and
pups randomly distributed between litters of 10 pups (N,
normal intake) or litters of 17 pups (R, restricted intake).
Normal and restricted intake pups were exposed to 75%
oxygen (O, oxygen) in a Plexiglass chamber or to 21%
oxygen (A, room air) continuously for 14 days, with daily
rotation of dams to avoid oxygen toxicity. Pups were eutha-
nized by exposure to CO, followed by cardiac puncture and
exsanguination, and plasma was collected and stored at
—80°C. Lungs were excised, snap-frozen in liquid nitrogen
and stored at —80°C as previously described (Wedgwood
et al. 2016). Tissue from random lobes and areas were used
for subsequent analysis.

The following four groups were included in the study:
room air, normal intake (AN), room air, restricted intake
(AR), high oxygen, normal intake (ON), and high oxygen,
restricted intake (OR). The study design and methods over-
view is depicted in Fig. 1a.

2.2 Metabolomic, lipidomic, nitric oxide pathway,
and oxylipin analysis

The MiniX database (Scholz and Fiehn 2007) was used as
a Laboratory Information Management System (LIMS).
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Fig. 1 Study Overview. a Study design and methods overview; Mul-
tivariate analysis of lung and plasma metabolomics data. a Princi-
pal component analysis (PCA) and orthogonal partial least squares
discriminant analysis (O-PLS-DA) are shown for (b) plasma and ¢
lung metabolomics data for all four experimental conditions. For
PCA, the scores for the first two principal components are shown.
For O-PLS-DA, two latent variables (LV) with no orthogonal LV
(plasma) or one LV (lung) was selected to discriminate between the
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four groups. O-PLS-DA LV and orthogonal LV was selected using
leave-one-out cross validation (Supplemental Table S1); d Venn dia-
grams illustrating the number of significantly different metabolites
(raw p-value < 0.05; known only) between AR, ON and OR relative to
AN for plasma and lung tissue; e Summary of primary metabolite and
biogenic amine concentration changes in lung and plasma. Key: 1 or
| different than AN ; 11 or || different than AN and AR; 111 or |||
different than AR and ON (raw p <0.05)
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Detailed information on sample preparation and data acqui-
sition for all analytical platforms are reported in Supple-
mentary Material and described briefly below.

For analysis of primary metabolism, plasma aliquots
(30 pL) or lung tissue homogenate (5 ug) were extracted,
derivatized and metabolite levels were quantified by gas
chromatography time-of-flight mass spectrometry (GC-
TOFMS) as previously described (Fiehn et al. 2008).
Acquired spectra were further processed using the Bin-
Base database (Fiehn et al. 2005; Scholz and Fiehn 2007),
filtered (Kind et al. 2007), and matched against the Fiehn
Mass Spectral Library of 1200 authentic metabolite spectra.

For analysis of complex lipids, samples were extracted
as previously described (Fahrmann et al. 2015). Briefly,
they were extracted through sequential addition of 225
uL of chilled methanol, 750 pL of chilled methyl tertiary
butyl ether (MTBE, Sigma Aldrich) containing the internal
standard 22:1n9 cholesteryl ester and 188 pL of ultrapure
water. The upper (non-polar) layer was dried, then resus-
pended in methanol:toluene (90:10) containing 50 ng/mL
1-cyclohexylureido,3-dodecanoic acid (CUDA; Sigma
Aldrich) and analyzed on an 1290 A Infinity UPLC and
Accurate Mass 6530-QTOFMS (Agilent Technologies;
Santa Clara, CA) in both positive and negative mode. Data
were processed using MZmine 2.10 and reported as peak
heights for the quantification ion (m/z) at the specific reten-
tion time for each annotated and unknown metabolite.

For analysis of biogenic amines, including targeted
analysis of arginine, citrulline and ornithine, half of the
polar (bottom) layer from the lipid extract was dried and
resuspended in 60 puL of 80:20 acetonitrile (ACN)//H20
containing the internal standards CUDA, L-arginine-'°N,
(Cambridge Isotope Laboratory, Inc.), and Val-Tyr-Val
(Sigma Aldrich). Resuspended samples were analyzed on
a 1290 A Infinity UPLC system with a 6530 QTOFMS
(Agilent Technologies) in positive ionization mode. Agilent
MassHunter Workstation Software was used to quantify
peak heights.

Plasma non-esterified oxylipins were isolated using a
Waters Ostro Sample Preparation Plate (Milford, MA).
Aliquots of 50 pL plasma were extracted. Briefly, plasma
aliquots were added to the plate wells and spiked with a 5
pL anti-oxidant solution (0.2 mg/ml solution BHT/EDTA
in 1:1 MeOH:water) and 5 pL. 1000 nM analytical deuter-
ated surrogates. ACN (150 pL) with 1% formic acid was
forcefully added to the sample, eluted with vacuum, dried,
then re-constituted with the internal standards CUDA and
I-phenyl 3-hexadecanoic acid urea (PHAU) at 100 nM
(50:50 MeOH:ACN), and filtered (0.1 um) before analysis.

For the targeted analysis of total alkaline stable oxylipins
(esterified and non-esterified species) lung tissue was pro-
cessed as previously reported (Picklo and Newman 2015).
Briefly, rat lung samples (~25 mg) were extracted with

@ Springer

10:8:11 cyclohexane:2-propanol:1 M ammonium acetate,
incubated with 100 pL. 0.5 M sodium methoxide for 1 h at
60°C to trans-esterify oxylipins, and diluted with 100 puL
H20 and incubated 30 min at 60 °C to yield oxylipin free
acids which were isolated using 10 mg Oasis HLB solid
phase extraction column (Waters Corp, Milford, MA) prior
to analysis.

Analytes in 50 pL extract aliquots were separated as
described previously (Strassburg et al. 2012; Grapov et al.
2012) on a Waters Acquity UPLC and detected by negative
mode electrospray ionization using multiple reaction moni-
toring on an API 4000 QTrap (AB Sciex, Framingham,
MA). Analytes were quantified using internal standard
methods and 5-7 point calibration curves (12 >0.997). Cal-
ibrants and isotopically labeled surrogates were either syn-
thesized or purchased from Cayman Chemical (Ann Arbor,
MI) or Larodan Fine Chemicals (Malmo, Sweden). Data
were processed with AB Sciex MultiQuant version 3.0.

2.3 Data analysis

Univariate statistical analyses and other statistical details
can be found in Supplementary Material. Briefly, univariate
statistical analyses were performed using one-way analysis
of variance (ANOVA) on log,, transformed values. The
significance levels (i.e. p-values) were adjusted for multi-
ple hypothesis testing according to Benjamini and Hoch-
berg (Benjamini and Hochberg 1995) at a false discovery
rate (FDR) of 0.05. Tukey HSD posthoc test was used to
determine pairwise group differences. All univariate analy-
sis was performed using DeviumWeb (DeviumWeb 2014).

Multivariate modeling was conducted using principal
component analysis (PCA) and orthogonal signal correc-
tion partial least squares discriminant analysis (O-PLS-DA)
(Svensson et al. 2002) with DeviumWeb. Only metabolites
with known annotations were included in the multivariate
modeling. Model performance is provided in Supplemental
Table S1.

A Venn diagram was used to illustrate the number of
unique and similar metabolic differences (Tukey HSD
p-value <0.05) between treatment groups relative to
control.

Network analysis was used to investigate statistical
results for primary metabolites (GCTOF) and polar metab-
olites (LCqTOF-HILIC) within a biochemical context
using KEGGs, PubChem, and MetaMapR, as detailed in
Supplementary information, (Barupal et al. 2012; Kotera
et al. 2012; Bolton et al. 2008; Dmitry; Grapov 2014; Cao
et al. 2008) and visualized using Cytoscape (Shannon et al.
2003).

Spearman rank correlations were conducted between
circulating and lung metabolites in Prism Software v5.0
(GraphPad Software Inc., La Jolla, CA). Box-and-whisker
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plots (Supplemental Figure S3) for complex lipids and lipid
mediator data were produced in Metaboanalyst 3.0 (Xia
and Wishart 2016).

All raw data can be accessed through the NIH Metab-
olomics Workbench (Sud et al. 2015). All study data and
results can be viewed in Supplemental Table S2.

3 Results
3.1 Body weight

Final AR and OR body weights (26.0+0.9 g and
24.1+1.5 g, respectively) were significantly lower
(P<0.001) than the AN and ON groups (37.6+2.6 g and
34.0+1.9 g, respectively). Exposure to hyperoxia did not
affect body weight in control or PNGR pups. Phenotypic
measurements of disease presence including pulmonary
arterial pressure, comparative ventricle thickness (Fulton’s
Index), vessel density, and MWT have been previously
published (Wedgwood et al. 2016).

3.2 Analysis of the metabolome

A total of 501 and 509 known metabolites were detected
in plasma and lung tissue, respectively (Supplemen-
tal Table S2). PCA and O-PLS-DA were used to evalu-
ate and visualize sample class structure using all known
metabolites (Fig. 1b, c). A clear separation of the groups
is observed with OR being the most different from control
(AN) in both lung tissue and plasma. A Venn diagram was
used to generalize the number of unique and similar signifi-
cant metabolic differences between the three experimental
conditions compared to control (AN) (Fig. 1d).

3.3 Growth restriction and hyperoxia elicit
perturbations in primary metabolites

Evaluation of pulmonary primary metabolites and bio-
genic amines revealed profound differences in the lung
metabolome between either ON or OR relative to control
but minimal differences between growth restriction (AR)
and control (AN) (Fig. 2). The number of significantly
different metabolites (p<0.05) were most pronounced in
the combined (OR) group, consistent with the PCA and
O-PLS-DA multivariate modeling. Figure le summarizes
the directional concentration changes in significantly dif-
ferent metabolites from various metabolic pathways in
order to note observed combined, additive, and hyperoxia-
specific effects of the treatments. Specifically, compared to
AN, lung tissue from the OR group exhibited: (1) decreases
in glycolytic intermediates glucose-6-phosphate and fruc-
tose-6-phosphate (2) increases in tricarboxylic acid (TCA)

cycle intermediates succinic acid, malic acid and fumaric
acid, (3) decreases in several glucogenic amino acids such
as methionine, aspartic acid, and valine, and an eleva-
tion in cysteine, (4) reduction in glutathione, (5) increases
in several sugar alcohols including sorbitol, xylitol, and
1,5-anhydroglucitol and unchanged glucose, (6) increases
in several organic acids led by 3-hydroxybutyric acid, (7)
reductions in nucleotides, particularly the purines xantho-
sine, xanthine and uric acid, (8) reductions in cholesteron-
3-o0l and cholesterol and (9) elevations in free fatty acids
and the short-chain acylcarnitines. Many of these changes
were similarly observed in ON compared to control. The
trend towards lower arginine concentration in the hyperoxia
groups was not significant (P <0.13).

Consistent with the observations in the lung, many of
the aforementioned primary metabolites exhibited similar
tendencies (increased/decreased) in the plasma (Fig. 3). A
commonality which was observed between all three experi-
mental groups relative to control were elevations in select
circulating free fatty acids, acylcarnitines and 3-hydroxy-
butyric acid. Plasma arginine was found to be significantly
reduced in the hyperoxic groups. Interestingly, TMAO was
elevated in the OR versus all other groups.

3.4 Growth restriction and hyperoxia induce distinct
differences in lipid profiles

Evaluation of the lipidome of lung tissue and plasma
revealed prominent differences between growth restriction
and hyperoxia. In the lung, summed triacylglycerides, cho-
lesterol esters, plasmalogen-phosphatidylcholines (PCs),
lysophosphatidylcholines (LPCs) and plasmalogen-phos-
phatidylethanolamines were found to be uniquely reduced
in the ON and OR compared to control (Supplemental Fig-
ure S1A), while circulating PCs and LPCs were found to be
significantly reduced in AR and OR compared to control
(Supplemental Figure S1B). Like the AR group, sphingo-
myelins (SMs), LPCs, glucosylceramides and plasmalogen-
LPCs tended to be lower in OR compared to control.

3.5 Hyperoxia elicits alterations in lipid mediators

Lipid signaling mediators (oxylipins) were almost exclu-
sively altered by hyperoxia treatment in both the lung
and plasma. Total (esterified and non-esterified) lung
cytochrome p450-derived oxylipins were elevated such
as 14(15)-EpETrE and 16(17)-EpDPE, while others
appeared to increase including 11(12)-EpETrE, 8(9)-EpE-
TrE, and 20-HETE (p<0.1) (Fig. 4). 6-keto-PGFla
was elevated in all treatment groups. Numerous 12/15-
LOX products 12-HEPE, 15-HEPEs, 8(15)-DiHETE,
13-HOTE, and 17-HDoHE were significantly reduced in
ON and OR relative to control. The oxylipins 9-HETE

@ Springer
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Fig. 2 Biochemical network displaying differences in lung tissue
primary metabolites and biogenic amines between AR, ON and OR
compared to AN. Edge color and shape depict relationship between
nodes [solid orange: biochemical KEGG Reactant Pairs; broken grey:
structural similarity, tanimoto coefficient (>0.7)]. Node color repre-
sents significance (black-not statistically different; green- signifi-
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cantly decreased in group relative to AN; red- significantly increased
in group relative to AN). Node and node label size reflect absolute
fold change of experimental group relative to AN. Node shape depicts
major biochemical domain of respective metabolite. AN- normal food
intake, normal air; AR- restricted food intake, normal air; ON- 75%
oxygen, normal food intake; OR- 75% oxygen, restricted food intake
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primary metabolites and biogenic amines between AR, ON and OR
compared to AN. Edge color and shape depict relationship between
nodes [solid orange: biochemical KEGG Reactant Pairs; broken grey:
structural similarity, tanimoto coefficient (>0.7)]. Node color repre-
sents significance (black-not statistically different; green- signifi-

and PGF2, isoprostanes, markers of lipid peroxidation,
were not different between groups.

In regards to non-esterified oxylipins in plasma,
several circulating soluble epoxide hydrolase (sEH)-
derived diols including 5,6-DiHETrE, 8,9-DiHETYE,
11,12-DiHETrE, 14,15-DiHETYE, 17,18-DiHETE and
14,15-DiHETE were differentially elevated in the ON and
OR groups while epoxides were largely unchanged or not
detected (Fig. 5), collectively suggesting increased sEH
activity as supported by elevated 14,15-DiHETrE/14(15)-
EpETIE ratio (P<0.01), a proxy of sEH activity (Luria
et al. 2007). Similarly, 5-LOX-derived 5-HETE, 5-HEPE
and 9-HOTE were significantly elevated in ON and OR
compared to control.

ON Group

cantly decreased in group relative to AN; red- significantly increased
in group relative to AN). Node and node label size reflect absolute
fold change of experimental group relative to AN. Node shape depicts
major biochemical domain of respective metabolite. AN- normal food
intake, normal air; AR- restricted food intake, normal air; ON- 75%
oxygen, normal food intake; OR- 75% oxygen, restricted food intake

Supplemental Figures S3A and S3B summarize the
key oxylipin changes observed in the lung and plasma
and groups them according to the enzymes from which
they are derived.

3.6 Growth restriction and hyperoxia induce additive
effects on reactive nitrogen species generation

Western blot analysis of lung 3-nitrotyrosine (3-NT)
showed increased expression in the AR and ON groups
versus control with an additive effect in the OR group
(Supplemental Figure S2).
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4 Discussion

The current study used metabolomics to further investigate
the consequences of BPD and PH in a growth restriction
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and hyperoxic rat model with demonstrated changes in
several PH-related proteins plus RVH, MWT and vessel
density (Wedgwood et al. 2016). Specifically, a combined
metabolomics approach consisting of untargeted analysis of
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that occur in SD rat pups exposed to two triggers for PH.
Numerous metabolite changes in metabolic pathways
and structural and signaling lipid compounds occurred,
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implicating hyperoxia as the main cause of metabolic per-
turbations in the lung, while growth restriction, hyperoxia
alone or the combination affected plasma metabolites.

The metabolic changes in the lung were largely confined
to two groups undergoing hyperoxia, suggesting that dis-
ruption of lung metabolism was more driven by increased
oxygen exposure than growth restriction. Many of these
changes were associated with increased presence of ROS
and reactive nitrogen species (RNS) characteristic of hyper-
oxia and further supported by our observation of increased
3-nitrotyrosine levels, an indirect measure of peroxyni-
trite. This is particularly relevant since ROS are known to
have profound effects on vasculature remodeling and are
strongly linked to the development of BPD and induction
of PH (Farrow et al. 2010). The widespread metabolic
effects included metabolic energy pathways contributing
to ROS production, pathways impacted by the presence of
ROS, and lipid profiles altered by ROS.

In regards to specific metabolic energy pathways,
3-hydroxybutyric acid, acyl-carnitines and many of the
TCA cycle intermediates were elevated while total tri-
glycerides were decreased in lung tissue of ON and OR
rats compared to control suggesting increased fatty acid
B-oxidation and mitochondrial respiration while glycolysis
intermediates were decreased and glucose was unchanged
(Fig. le). Elevated fatty acid B-oxidation is known to
increase generation of ROS, particularly superoxide radi-
cals, due to a higher rate of mitochondrial uncoupling
(Qatanani and Lazar 2007; Brand et al. 2004).

Pathways impacted by the presence of ROS were the
polyol (aldose reductase), nitric oxide, xanthine oxidase,
glutathione, and pentose phosphate pathways (Fig. le).
Elevated in the hyperoxic groups, sorbitol is produced from
the oxidation of glucose by aldose reductase, an NADPH-
dependent oxidoreductase. Overproduction of mitochon-
drial superoxide radicals has been shown to stimulate
aldose reductase activity in models of diabetes (Nishikawa
et al. 2000). Moreover, increased polyol pathway activ-
ity is a major contributor of oxidative-nitrosative stress
(Obrosova et al. 2005) and linked to eNOS uncoupling
(El-Remessy et al. 2003), consistent with our previously
published results indicating alterations in nitrate/nitrite lev-
els and eNOS expression (Wedgwood et al. 2016). Hyper-
oxia-associated decreases in xanthine and the antioxidant
uric acid, an oxidation product of xanthine through xan-
thine oxidase known to neutralize superoxide and peroxyni-
trite, were observed (Hare and Johnson 2003; Pacher et al.
2006). Interestingly, although previous research mostly
shows an upregulation of xanthine oxidase produces super-
oxides in response to hyerpoxia, evidence also supports
that xanthine oxidase expression can be downregulated in
circumstances of excess ROS and RNS through feedback
inhibition by peroxynitite, a compound we confirmed to be
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elevated by follow-up testing (Pacher et al. 2006). Addition-
ally, glutathione, an important endogenous antioxidant, was
significantly reduced with hyperoxia whereas gluthathione
disulfide, a byproduct of increased glutathione utilization,
was significantly elevated. Furthermore, the decreased con-
centrations of glucose-6-phosphate, the initial substrate for
the pentose phosphate pathway, and fructose-6-phosphate
may have influenced pentose phosphate pathway activity
as a source of NADPH for ROS scavenging and fatty acid
synthesis.

Lung lipid profiles of structural and signaling com-
pounds altered in the hyperoxic groups were associ-
ated with ROS included decreased plasmalogen PCs and
lysoPCs and epoxides (Supplemental Figure S1A). It is
interesting to note that plasmalogens are both a compo-
nent of surfactant and can serve as an anti-oxidant to pro-
tect against ROS since the loss of pulmonary surfactant is
a well-known risk marker for and contributor to develop-
ment of BPD and consequent PH (Akella and Deshpande
2013; Yamashita et al. 2013). The efficient quenching of
oxidants by vinyl ether prevents oxidation of polyunsatu-
rated fatty acids, and thus breakdown products don’t propo-
gate lipid oxidation. This corroborates our observation of
unchanged oxylipin ROS markers F2 isoprostanes and
9-HETE, perhaps suggesting plasmalogens were contrib-
uting to the protection of cellular membranes (Engelmann
2004). Decreased plasmalogen-PCs may also be related to
activation of calcium independent phospholipase cPLA2.
Plasmalogen-PCs are known to be rich in arachidonic acid
and docosahexanoic acid at the sn-2 position, compounds
we observed to be elevated (Braverman and Moser 2012).
The increase in total esterified and non-esterified CYP450-
derived epoxides in the hyperoxic groups can also be asso-
ciated with increased ROS production since overexpression
of CYP450 also produces superoxide radicals (Khan et al.
2007; Fleming et al. 2001; Viswanathan et al. 2003). It is
also possible their concentration changes were partially
related to abnormal oxygen exposure-related peripheral
endothelial modulation of vessel wall smooth muscle cell
(SMC) proliferation (Jankov et al. 2006; Zhang et al. 2012)
contributing to pulmonary vascular remodeling. Since
CYP450 oxylipins are primarily stored at the sn-1 posi-
tion in SMC phosphatidylcholines and are thus resistant to
PLA, (Fang et al. 2003), it may have been that sn-1 position
CYP450 oxylipins were being retained in PCs while LOX
oxylipins located at the sn-2 position were being released
initially. This agrees with previous research indicating a
sequential release of specific oxylipins during disease pro-
gression (Kiss et al. 2000) and our observed decrease in
12/15-LOX oxylipins in the presence of increased epoxides.

The circulating plasma metabolome was uniquely
affected by growth restriction or hyperoxia and exhib-
ited additive effects with combined treatment. In addition,
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changes were not always in concert with the lung. Specifi-
cally, unlike the lung, circulating choline-containing total
PCs and select sphingomyelins were significantly reduced
in both growth restriction groups but were unchanged in
the hyperoxic groups. (Supplemental Figure S1A; Supple-
mental Table S2). It is reasonable to hypothesize that the
nutritional deprivation used to induce PNGR reduces avail-
ability of the nutrients required for phospholipid synthesis
including choline, a hypothesis that can be easily tested in
this model.

Observations unique to plasma metabolites in hyperoxic
groups without PNGR-related additive effects included
increases in oxylipins, including non-esterified oxylipins,
several circulating sEH-derived diols, and 5-LOX-derived
oxylipins (Supplemental Figure S1B). Increased concen-
trations of 5-LOX and sEH metabolites are associated
with the development and presence of PH. In fact, release
of diols into circulation is associated with increased sys-
temic inflammation and blood pressure (Revermann 2010),
impacting the function and health of a variety of organs.

Another interesting observation was the increase in cir-
culating TMAO in the combined growth restriction and
hyperoxia OR group, suggesting that the gut microbiome
may also be altered in this model potentially increasing ath-
erosclerosis risk (Bennett et al. 2013).

In agreement with the lung results, yet exhibiting
an additive effect, were hyperoxia-induced increases in
metabolic energy metabolites 3-hydroxybutyric acid and
decreases in glucogenic amino acids and arginine (Figs. le,
3). This is a relevant observation since arginine deficiency
and a reduction in nitric oxide (NO) production can act as
facilitators of vasculature remodeling leading to the devel-
opment of BPD and consequent PH (Gadhia et al. 2014;
Pearson et al. 2001; Vadivel et al. 2010). Changes includ-
ing increased acylcarnitines and decreased xanthine oxi-
dase metabolites in hyperoxic groups were also similar to
that seen in the lung, but did not exhibit an additive effect.
Most highly correlative were levels of 3-hydroxybutyric
acid, which had a strong positive association (r=0.953;
p-value <0.001) between plasma and lung and could serve
as stable biomarker of oxidative stress and PH severity
(Supplemental Figure S3). Since the concentrations of this
metabolite are impacted by a variety of organs, its fluctua-
tions are likely more indicative of widespread metabolic
perturbations throughout the body and cannot be attributed
to the lungs alone.

Many of the metabolomics alterations observed are
in accordance with our previous study with this model
(Wedgwood et al. 2016). For example, we hypothesized
previously that downregulated mTOR led to decreased
HIF1la and VEGF expression and consequently decreased
angiogenesis. This was partially supported by both a
decrease in 4E-BP1 protein phosphorylation and a decrease

in branched chain amino acids, known to positively regu-
late mTOR activity. Furthermore, 12-LOX oxylipins may
upregulate HIF1a and contribute to increased angiogenesis
(Krishnamoorthy and Honn 2011). Thus, decreased LOX
product concentrations could have limited the contribution
of HIF1a to angiogenesis, as evidenced by increased MWT,
decreased lung vessel density, and increased SMC prolif-
eration. The previously reported observations of increased
ROS, decreased nitrate + nitrite, and decreased eNOS, are
supported by numerous metabolite changes and increased
peroxynitrite in our metabolomics analysis.

In order to follow up on the metabolomics results, fur-
ther investigation into these different modes of PH induc-
tion should include: (1) their role in terms of altered energy
metabolism in the form of increased beta-oxidation and
mitochondrial respiration and decreased glycolysis, (2) the
impact of implicated mechanisms such as aldose-reduc-
tase, xanthine oxidase, NADPH oxidase, glucose-6-phos-
phate dehydrogenase and CYP2, and (3) factors protecting
against lipid peroxidation such as plasmalogen phospho-
lipids in hyperoxia-induced PH. Differential treatment-
induced metabolic changes between the lung and plasma
raise questions regarding their impact on metabolically
active tissues such as the liver.

In conclusion, the metabolomics results described in
the current study, together with the phenotypic and gene
expression results previously published provide further
insight into the factors contributing to the development of
BPD and PH. In spite of the small sample sizes, the rela-
tive differences between groups were large compared to
the intra-group variance, which suggest that the observed
effects can be extrapolated to a larger population. The rat
model of hyperoxia in combination with PNGR may be a
valuable tool for the continued investigation of this com-
plex disease. Future metabolomics studies may identify
temporal and gender-specific changes that will improve our
understanding of the underlying mechanisms. Furthermore,
analysis of umbilical cord blood samples from preterm
infants with PH and BPD may identify biomarkers detect-
able at birth that predict the development of PH later in life.
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