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BACKGROUND: Oxylipins are metabolites derived from fatty acids such as arachidonic acid (AA) and are key mediators in
inflammation, host defense, and tissue injury. Serum oxylipins increase in adults after cardiopulmonary bypass (CPB) but tissue-level
changes are poorly defined. The objective of this study was to characterize pulmonary tissue oxylipins in an infant porcine model of

CPB with deep hypothermic circulatory arrest (DHCA).

METHODS: Infant pigs underwent CPB with DHCA. Controls received anesthesia only. Right upper and lower lobes of the lung
underwent oxylipin analysis via liquid chromatography-tandem mass spectrometry. One-way ANOVA was utilized to assess
differences in oxylipin concentrations across groups, followed by pairwise comparisons.

RESULTS: AA and multiple AA metabolites via cytochrome P450 (CYP450), lipoxygenase (LOX), and cyclooxygenase (COX)
pathways were significantly increased in the upper and lower lobe of pigs exposed to CPB/DHCA as compared to controls. Multiple
prostaglandin metabolites produced via COX were also significantly elevated in the lower lobes of control animals.
CONCLUSIONS: CPB/DHCA induces a significant increase in pulmonary tissue AA, with subsequent metabolism via COX, LOX, and
CYP450 pathways. Interestingly, prostaglandins were also elevated in the lower lobes of the controls, suggesting a mechanism
separate from CPB/DHCA. Future oxylipin studies are needed to better understand CPB-induced acute lung injury.
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IMPACT:

® CPB/DHCA and, to a lesser extent, lung region influence pulmonary tissue-level AA metabolite production.

® Inflammatory mediator AA metabolites have been noted in previous studies to increase following CPB; however, this is the first
study to look at pulmonary tissue-level differences following CPB/DHCA.

® Increases in many AA metabolites, including LOX- and CYP450-derived products, were seen in both upper and lower lobe of

piglets following CPB/DHCA.

® (COX-derived prostaglandin metabolites were increased not only in CPB upper and lower lobe but also in mechanically
ventilated control lower lobe, suggesting an additional, separate mechanism from CPB/DCHA.

INTRODUCTION
Congenital heart disease (CHD) affects up to 13.7 per 1000 live
births in the United States with 1 in 150 adults living with some
form of CHD." About 25% of children born with CHD need a
procedure or surgery within the first year of life often requiring
cardiopulmonary bypass (CPB) with deep hypothermic circulatory
arrest (DHCA) or selective cerebral perfusion for these corrective
and palliative surgeries.? Unfortunately, CPB/DHCA is indepen-
dently associated with significant postoperative morbidity due to
systemic and organ-specific physiologic derangements leading to
inflammation and oxidative stress.3'°

Acute lung injury (ALl) secondary to CPB/DHCA is one of the
least well-studied postoperative morbidities. This is likely due to
the unique physiologic characteristics of CHD, which makes ALI

difficult to define clinically in the postoperative time frame. The
diagnosis of pediatric ALl focuses on the presence of infiltrates on
the chest x-ray and the amount of airway pressure and FiO,
required to oxygenate a patient.'' Cyanotic heart disease, left
ventricular dysfunction, and fluid overload are common to
children with CHD undergoing surgery and are all asterisks in
the definition of pediatric ALL'" Therefore, a large animal model of
CPB/DHCA is invaluable to understanding the pathophysiology of
organ-specific injury, particularly ALl where there is no good
clinical phenotype in this population.

The lungs are uniquely primed for injury following CPB/DHCA
due to the complete cessation of blood flow through the
pulmonary artery (ischemia) and subsequent return of pulmonary
artery perfusion after separation from CPB (reperfusion). Despite
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adequate perfusion pressures of the bronchial artery, ischemia of
the lungs with CPB may still occur.'? Ischemia—reperfusion (IR)
injury in the lungs is due to the production of reactive oxygen
species (ROS), sequestration and activation of leukocytes in the
pulmonary circulation, and endothelial cell injury.* These reactions
lead to many downstream effects including the release of
polyunsaturated fatty acids (PUFAs) from the phospholipid cellular
membrane and their subsequent metabolism via the cytochrome
P450 (CYP450), lipoxygenase (LOX), and cyclooxygenase (COX)
pathways into oxylipins. Oxylipins are an umbrella term for
oxygenated compounds formed from PUFAs and are key
mediators in inflammation, pulmonary vascular tone, platelet
function, host defense, and tissue injury.13’14

Arachidonic acid (AA) and its metabolites are the most potent
and well-studied oxylipins regarding oxidative stress, inflamma-
tion, and cardiopulmonary disease.'*'>2° With advances in
metabolomic technology, large metabolite panels can be effi-
ciently evaluated from serum and tissue.?’ Regarding CPB/DHCA-
associated oxylipin metabolite profiles, there is a paucity of
research with limited clinical data focused on serum samples and
no correlation with tissue-specific metabolite production.'®?2

In this study, we used our established infant porcine model of
CPB/DHCA to profile pulmonary tissue oxylipins with liquid
chromatography-tandem mass spectrometry. This study was
performed as a planned secondary study under a previously
published parent study examining the effect of bovine intestinal
alkaline phosphatase (BiAP) infusion on post-bypass AKI.>>?* We
hypothesized that the lungs of animals exposed to CPB/DHCA
would have a different oxylipin profile compared to control
animals receiving anesthesia and mechanical ventilation alone.
Furthermore, based on our recent findings of significant regional
differences in global metabolism in our model,*> we hypothesized
that there would be variation in oxylipin production between the
upper and lower lobes due to regional differences in ventilation
and perfusion. As a secondary aim, we examined whether BiAP
infusion modulated oxylipin production in the lung. Analyzing
pulmonary tissue oxylipin profiles after CPB/DHCA will allow us to
investigate activation of these immune-modulating molecules,
determine regional responses, and set the initial groundwork for
future development of BiAP or other targeted therapeutics to
mitigate or prevent CPB/DHCA-associated ALI.

MATERIALS AND METHODS

CPB/DHCA piglet model

Our animal protocol was approved by the Institutional Animal Care and Use
Committee of the University of Colorado (Protocol Number: 107715(02)1D).
Seventeen female infant specific pathogen-free piglets (5-10kg) were
included in our study. The animals utilized for this study were part of a larger
cohort in a pilot study investigating the effect of alkaline phosphatase
infusion on CPB/DHCA-induced organ injury.>® Three main groups were
analyzed, CPB/DHCA without BiAP infusion (n=5), CPB/DHCA with BiAP
infusion (75 U/kg/h bolus followed by 25 U/kg/h infusion)*® (n=5), and
anesthesia-only controls (n = 7). All subjects were supine, mimicking human
surgical conditions. CPB/DHCA was initiated with peripheral cannulation via
the external jugular vein and internal carotid artery utilizing a pediatric
oxygenator (Sorin Group, Arvada, CO) and a standard roller pump.
Anesthesia and analgesia were provided with isoflurane, fentanyl, and
propofol throughout the case. The animals were cooled to 22 °C, underwent
75 min of DHCA, and were then rewarmed to 36 °C over approximately 30
min. During DHCA, the ventilator maintained a positive end expiratory
pressure (PEEP) of 5 with a rate of 10 and 100% FiO,. After rewarming, they
were separated from CPB and a goal mean arterial pressure of 45-65 mmHg
was maintained with a combination of milrinone, epinephrine, dopamine,
and vasopressin. Invasive mechanical ventilation continued with a PEEP of 5,
100% FiO,, and minute ventilation titrated for normocapnia. Pentobarbital
was administered 4h after separation from bypass for euthanasia.
Anesthesia control pigs were similarly ventilated for a total of 7 h (similar
duration of mechanical ventilation as the CPB/DHCA arm) with the same
anesthesia and euthanasia medications. A pre-specified secondary aim of

Pediatric Research (2022) 92:1274 - 1281

K.G. Iguidbashian et al.

our study was to characterize ALl and markers of inflammation/oxidative
stress in pulmonary tissue.

Clinical monitoring

For continuous cardiovascular monitoring, all animals underwent femoral
venous and arterial cannulation. Hourly vitals were recorded. Arterial blood
gas measurements were performed at cannulation, rewarming, and every
hour after rewarming for titration of ventilator until the time of euthanasia
using iSTAT point-of-care testing (Abbott, Princeton, NJ).

Oxylipin analysis

Tissue samples were obtained from standardized areas based on gross
anatomy (apical vs dorsocaudal along the diaphragmatic surface). These
areas corresponded to the significant differences seen visually between
upper and lower (dorsocaudal) lobes. One hundred and fifty milligrams of
flash frozen tissue was ground on liquid nitrogen and solubilized in 1:1
phosphate-buffered saline/methanol (high-performance liquid chromato-
graphy (HPLC) grade), homogenized with electric homogenizer, and
sonicated on ice for 5min. The homogenate was centrifuged, and the
supernatant was transferred and stored. The pellet was dissolved in 500 uL
of methanol, sonicated on ice for 5 min, centrifuged, and supernatant was
combined with the first fraction. Speedvac was used to pellet the samples
without heat. Dried samples were reconstituted in 1 mL of 80:20 water (v/
v) containing 100 ng/mL mixture of internal standard solutions (see below).
Samples were centrifuged at 16,000 rpm for 20 min and transferred into
HPLC vials. In all, 500 pL of supernatants were injected onto a 3.0 X 5 mm
guard column (Halo, C8, 2.7uM; Advanced Materials Technology,
Wilmington, DE) and, after clean-up, back flushed with 100% acetoni-
trile/methanol (1:1, v/v) onto a 3.0 X 1000 mm analytical column (Halo C8,
2.7 M, Advanced Materials Technology). For HPLC separation, the starting
mobile phase consisted of 40% water supplemented with 0.1% formic acid
(buffer A) and 60% buffer B (acetonitrile/methanol, 1:1, v/v) with a flow of
0.8 mL/min for the first minute. After 2.5 min, the gradient increased to
53% B and further to 70% B within 8.5 min. At 11.5 min, buffer B was at
95% and was held for 1 min. The column was re-equilibrated for 2 min to
starting conditions. The API5500 mass spectrometer (AB Sciex, Concord,
ON, Canada) was run in the negative electrospray ionization in the multiple
reaction monitoring mode. The following oxylipins were quantified:
prostaglandin E2 (PGE2), delta-12 prostaglandin D2 (d12-PGD2), prosta-
glandin D2 (PGD2), 15-deoxy-prostaglandin D2 (15d-PGD2), 13,14-dihydro-
15-keto prostaglandin D2 (DK-PD2), prostaglandin J2 (PGJ2), 15-deoxy-
prostaglandin J2 (15d-PGJ2), prostaglandin F2 alpha (PGF2a), 8-iso-PGF2a/
8-isoprostane (8-1soP), AA, 5-hydroxyeicosatetraenoic acid (5-HETE), 8-
HETE, 9-HETE, 11-HETE, 12-HETE, 15- HETE, 20-HETE, (+)8(9)-epoxy-
5Z,11Z,14Z-eicosatrienoic acid (+8(9)-EET), (+)11(12)-epoxy5Z,8Z,14Z-eico-
satrienoic acid (+11(12)-EET), (£)14(15)-epoxy-5Z,8Z,11Z-eicosatrienoic acid
(£14(15)- EET), 9-hydroxyoctadecadienoic acid (9-HODE), 13-HODE, 5-
hydroxy-6E,82,11Z,14Z,17Z-eicosapentaenoic acid (5-HEPE), 9-HEPE, 15-
HEPE, 18-HEPE, 17(S)-hydroxy-docosahexaenoic acid (17S-HDHA), and
leukotriene (L) B4. All quantifications were performed using freshly
prepared calibration curves; the performance of the assay was monitored
by inclusion of multiple quality-control samples. The following internal
standards were used: PGD2-d9, 13,14-dihydro-15-keto PGD2-d4, 15- deoxy-
A12, 14-PGJ2-d4, 11B-PGF20-d4, PGE2-d9, PGF2a-d9, 8-Isop-d4, 5-HETE-d8,
12-HETE-d8, 20-HETE-d6, (+)8(9)-EET-d11, (£)11(12)-EET-d11, (+)14(15)-EET-
d11, LB-d4, LC-d5, LD-d5, and LE-d5. All compounds were purchased from
Cayman Chemicals. No chiral analysis of hydroxylated fatty acids was
performed, thus no information about the enzymatic source can be
determined using this method.

Statistical analysis

Oxylipin levels are presented in ng/mL except for prostaglandins and LB4,
which are presented in pg/mL. All statistical analyses and graphic
production were performed using MetaboAnalyst 5.0 (Montreal, Quebec,
Canada).®® Values were log transformed and auto-centered (mean
centered and divided by the standard deviation of each variable)
consistently resulting in a normal distribution for subsequent analyses.
One-way analysis of variance (ANOVA) was performed to assess for
differences in individual oxylipin levels among groups. Statistical
significance was defined as p < 0.05 with a false discovery rate <0.1. When
indicated, subsequent pairwise comparisons using Fisher’s least significant
difference were then used to identify differences between specific groups.
In addition, global differences in lung oxylipin profiles between the
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Fig. 1

Focused gross lung injury in the dorsal-caudal region. Representative dorsal (a) and ventral (b) views of the lungs demonstrating the

consistent dorsal-caudal focus of apparent injury. ¢ Ventral view of the only pig with evidence of severe gross injury throughout the lungs.

Table 1. Post hoc comparison of AA metabolites using Fisher’s least significant difference test.
Metabolite p value
Arachidonic acid 0.036473
8-HETE 0.021516
9-HETE 0.027284
12-HETE 0.036419
15-HETE 0.02148
17S-HDHA 0.0063321
15-HEPE 0.014566
13-HODE 0.017895
15d-PD2 0.0076046
PF2a 0.038675
Total PJ2 0.021267
PD2 0.020649
DK-PD2 0.039174

FDR Fisher’s LSD

0.090402 3-1; 4-1; 5-1; 6-1; 3-2; 6-2
0.080687 3-1; 4-1; 5-1; 6-1; 3-2; 6-2
0.090402 3-1; 4-1; 5-1; 6-1; 3-2; 6-2
0.090402 3-1; 4-1; 5-1; 6-1; 3-2; 6-2
0.080687 3-1; 4-1; 5-1; 6-1; 3-2; 6-2
0.080687 3-1; 4-1; 5-1; 6-1; 3-2; 5-2; 6-2
0.080687 3-1; 5-1; 6-1; 3-2; 5-2; 6-2; 6-4
0.080687 3-1; 5-1; 6-1; 6-2; 6-4
0.080687 2-1; 3-1; 4-1; 5-1; 6-1; 2-4
0.090402 2-1; 3-1; 4-1; 6-1

0.080687 2-1; 3-1; 6-1; 2-4; 2-5; 2-6
0.080687 2-1; 3-1; 2-4; 2-5; 2-6
0.090402 2-3; 2-4; 2-5; 2-6

Comparison of AA metabolites including LOX-, CYP450-, and COX-derived metabolites across groups. Significance is defined as p value < 0.05. 1 = control
upper lobe, 2 = control lower lobe, 3 = CPB/DHCA upper lobe, 4 = CPB/DHCA lower lobe, 5 = CPB/DHCA + BiAP upper lobe, 6 = CPB/DHCA -+ BiAP lower lobe.
Pairwise comparison using Fisher’s LSD indicates the first number in the pair is the group with a higher value. For example, 3-1 seen in the first row indicates a

significantly higher level in CPB/DHCA upper lobe than control upper lobe.

CPB/DHCA animals with and without BiAP infusion were analyzed using
partial least squares discriminant analysis (PLS-DA).

RESULTS

The gross appearance of lung tissue following CPB/DHCA
demonstrated a hyperemic, atelectatic, and edematous pattern
focused in the dorsal-caudal regions of the lungs as previously
published (Fig. 1a, b).?> In addition, a single animal also showed
evidence of severe injury in the upper lobes (Fig. 1c). This
prompted further regional evaluation of lung tissue oxylipin
metabolites across all groups (CPB/DHCA upper and lower lobes
with and without BiAP and mechanically ventilated control upper
and lower lobes) to see whether significant differences existed.
Because we had not yet recognized the consistent regional
differences in gross lung injury at the beginning of the study, one
control and two bypass animals (the earliest ones performed) did
not have an apical sample taken.

Individual oxylipins that differed by group are demonstrated in
Table 1. Quantified values of all measured molecules are
presented in Supplemental Table 1. AA, the initial product
following cleavage of the phospholipid membrane, was the first
oxylipin metabolite analyzed. Using one-way ANOVA, AA levels
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were significantly different across groups (Table 1). On post hoc
pairwise comparison using Fisher’s least significant difference, AA
metabolites followed a general pattern of higher levels in all lobes
of CPB/DHCA animals (with and without BiAP) compared to
mechanically ventilated controls (Fig. 2). Most pairwise compar-
isons reached statistical significance (Table 1) despite the small
sample size.

AA metabolites produced through CYP450 were the next group
of metabolites analyzed and multiple metabolites (8-HETE, 9-HETE,
12-HETE, 15-HETE) were found to be significantly different across
groups as well (Table 1). These four metabolites followed a similar
pattern to AA, with generally higher levels in animals undergoing
CPB/DHCA (with or without BiAP) compared to controls (Fig. 3).
Pairwise comparisons that reached statistical significance are
shown in Table 1. Of note, a few of the CYP450 metabolites (8-
HETE, 12-HETE, 15-HETE) can also be produced through the LOX
pathway.

Three AA metabolites produced through the LOX pathway (17S-
HDHA, 15-HEPE, 13-HODE) were also significantly different across
groups, again following the general pattern of higher levels in the
lungs of CPB/DHCA animals (with or without BiAP) compared to
controls (Fig. 4). Pairwise comparisons that reached statistical
significance are shown in Table 1.

Pediatric Research (2022) 92:1274-1281



Prostaglandin metabolites of AA via the COX pathway (15d-PD2,
PF2a, total PJ2, PD2, DK-PD2) were also significantly different
across groups (Table 1) but followed a unique pattern compared
to the metabolites from the other pathways (Fig. 5). On pairwise
comparison, the general pattern showed lower levels of COX
metabolites in the upper lobe of control animals with higher levels
in the control lower lobe, even compared to CPB/DHCA animals
(with and without BiAP) (Fig. 5). Again, multiple pairwise
comparisons reached statistical significance despite the small
samples size (Table 1).

Arachidonic Acid
Normalized Conc.

° p=0.04

-2

1 2 3 4 5 6

Fig. 2 Comparing regional lung AA levels of mechanically
ventilated controls vs CPB/DHCA with and without BiAP:
significant differences were found among groups by one-way
ANOVA. AA metabolites followed a general pattern of higher levels
in all lobes of CPB/DHCA animals (with and without BiAP) compared
to mechanically ventilated controls. 1= control upper lobe, 2=
control lower lobe, 3 = CPB/DHCA upper lobe, 4 = CPB/DHCA lower
lobe, 5= CPB/DHCA with BiAP upper lobe, 6 = CPB/DHA with BiAP
lower lobe.

K.G. Iguidbashian et al.

Overall, we found minimal evidence that BiAP infusion at the
tested dose significantly impacted lung tissue oxylipin levels in
animals exposed to CPB/DHCA. By PLS-DA, there was no global
difference in tissue levels of all measured oxylipins in CPB/DHCA +
BiAP animals compared to CPB/DHCA animals without BiAP (R* =
0.1; @°>=—0.71). At the level of the individual metabolites, only
two significant pairwise differences were identified: higher 15-
HEPE and 13-HODE in the lower lobes of CPB/DHCA with BiAP
animals compared to CPB/DHCA animals without BiAP.

DISCUSSION

Key findings

In this study, we present the first report of pulmonary tissue-level
changes in oxylipins induced by CPB/DHCA. Based on our gross
tissue findings of a consistent injury pattern focused in the lower
lobe regions of both CPB/DHCA animals and controls, we analyzed
the lower lobe tissue oxylipin levels separately from the upper
lobe tissue. Our key findings show an increase in AA metabolites,
including multiple CYP450 and LOX derivatives, in CPB/DHCA-
exposed animals compared to controls that appeared to be
independent of lung region. COX metabolites showed a slightly
different pattern, with higher levels of PGE metabolites in both
CPB/DHCA-exposed animals and the lower lobe of mechanically
ventilated control animals compared to the upper lobe of control
animals.

Gross lung injury

Initial differences in appearance of gross anatomic lung specimens
were noted in our animal models, prompting further investigation
into oxylipin metabolites. Gross appearance of the lungs demon-
strated a hyperemic and edematous pattern focused in the lower
lobe regions of the lung. These dependent areas are at higher
risk of atelectasis and injury. This has been described in acute
respiratory distress syndrome (ARDS) literature, noting that, in
supine position, the dorsal lung unit is exposed to hig7her pleural
pressures and is more likely to become atelectatic.*’*® Porcine
models of respiratory physiology demonstrate posture-mediated
regional ventilation heterogeneity in the caudocranial axis and
blood flow heterogeneity in the ventrodorsal axis, leading to the
greatest reduction in alveolar oxygen tension in the dorsocaudal
lung.?® This combination of physiologic factors places the lower
lobe at high risk for injury during cardiac surgery with CPB, where
supine positioning is required both during surgery and in the
immediate postoperative period.

15-HETE
Normalized Conc.

’ p=0.02

1“’-ﬁié I

8-HETE 9-HETE 12-HETE
Normalized Conc. Normalized Conc. Normalized Conc.
3
3 : p=0.02 p=0.03 . p=0.04
2
2
1 .
1 .
{ | ol
O ? .
. ' _1 *
-1
. . S
1 2 383 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

: =B
0
g . -1 <
1 2 3 4

5 6

Fig. 3 Comparing regional lung CYP450 levels of mechanically ventilated controls vs CPB/DHCA with and without BiAP: significant
differences were found among groups by one-way ANOVA. CYP450 metabolites (8-HETE, 9-HETE, 12-HETE, 15-HETE) followed a similar
pattern to AA, with generally higher levels in animals undergoing CPB/DHCA (with or without BiAP) compared to controls. 1 = control upper
lobe, 2 = control lower lobe, 3 = CPB/DHCA upper lobe, 4 = CPB/DHCA lower lobe, 5 = CPB/DHCA with BiAP upper lobe, 6 = CPB/DHA with

BiAP lower lobe.
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17S-HDHA 15-HEPE 13-HODE
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Fig. 4 Comparing regional lung LOX metabolite levels of mechanically ventilated controls vs CPB/DHCA with and without BiAP:
significant differences were found among groups by one-way ANOVA. LOX metabolites (17S-HDHA, 15-HEPE, 13-HODE) followed the
general pattern of higher levels in the lungs of CPB/DHCA animals (with or without BiAP) compared to controls. 1 = control upper lobe, 2 =
control lower lobe, 3 =CPB/DHCA upper lobe, 4 =CPB/DHCA lower lobe, 5= CPB/DHCA with BiAP upper lobe, 6 =CPB/DHA with BiAP
lower lobe.

15d-PD2 PF2a total PJ2
Normalized Conc. Normalized Conc. Normalized Conc.
2 . p=0.008 ) p=0.04 p=0.02
1 . . 2
. Q |
) 1
0 n o * "o F - .
. : - : 1=
2 L.
-2 . . : *
1 2 3 4 5 6 1 2 383 4 5 6 1 2 383 4 5 6
PD2 DK-PD2
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Fig. 5 Comparing regional lung COX metabolite levels of mechanically ventilated controls vs CPB/DHCA with and without BiAP:
significant differences were found among groups by one-way ANOVA. COX metabolites (15d-PD2, PF2a, total PJ2, PD2, DK-PD2) followed a
unique pattern compared to the metabolites from the other pathways, with lower levels in the upper lobe of control animals with higher
levels in the control lower lobe, even compared to CPB/DHCA animals (with and without BiAP). 1 = control upper lobe, 2 = control lower lobe,
3 = CPB/DHCA upper lobe, 4 = CPB/DHCA lower lobe, 5 = CPB/DHCA with BiAP upper lobe, 6 = CPB/DHA with BiAP lower lobe.

production.>*3! Neutrophils are thought to be the primary source
of this oxylipin production. Endothelial cells of the lung
vasculature and airway epithelial cells have also been shown to
be sites of production, release, and breakdown in non-CPB
models.'%323% AA is released from cell membranes by cytosolic
phospholipase A, and then metabolized via three primary

Oxylipins in lung disease

Despite the clear risk to the lung during cardiac surgery with
CPB, the tissue biochemical changes associated with this
abnormal perioperative lung physiology are poorly characterized.
Tissue oxylipin production may be an important contributor.
Non-CPB ALl is consistently accompanied by increased oxylipin
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pathways (CYP450, COX, or LOX) resulting in biologically active
lipid mediators.’

The effects of AA metabolites on lung tissue have been described
in non-CPB models. AA metabolites are generally thought to be
pro-inflammatory via cytokine production and activation of the
innate and adaptive immune system.3*** Prostaglandins and
leukotrienes are often produced at the onset of inflammation,
promoting the induction of edema and leukocyte recruitment.®
PGE2 specifically is implicated in hyperalgesia and fever. Leuko-
trienes such as LTB4 are associated with neutrophil recruitment and
vascular leakage.?” Kidney models have also suggested association
between PGE2 and development of glomerulonephritis.>*

Many metabolites also possess dual pro-/anti-inflammatory
properties leading to counter-regulatory effects. For example, pro-
inflammatory prostanoids PGE2 and prostacyclin, implicated in
maintaining low pulmonary vascular resistance, are thought to
have some anti-inflammatory properties as well.'**%83° CYp450
metabolites (such as epoxyeicosantrienoic acids or EETs) have also
been shown to have anti-inflammatory properties, especially in
vascular inflammation, with some suggestion of similar properties
in the lungs."® PGD2, PGF2a, and LOX-derived 5-HETE, proposed
anti-inflammatory oxylipins, were found to be increased in
hypoxic rabbit lung homogenates compared to normoxic
samples.*® Elevated prostaglandins have also previously been
seen in bronchoalveolar lavage fluid of patients with ARDS and
PGD2 has reported anti-inflammatory effects in endotoxin-
mediated ALL*' Data has been mixed as to whether COX
inhibition alone mitigates ARDS, suggesting a possible benefit of
the anti-inflammatory effect provided by some prostaglandins
following acute inflammation.**™**

Oxylipin activation in CPB

Systemic AA release also occurs following cardiac surgery with
CPB.'%%>45 AA metabolite production during CPB is thought to
be driven by the concomitant activation of the complement,
fibrinolytic, and coagulation cascades secondary to the global
inflammatory response that occurs during CPB.>'° This ultimately
leads to endothelial cell activation of PLA2 and COX." Increased
circulating serum prostaglandins (thromboxane, PGE2, prostacy-
clin) following CPB have been described in both human and
animal models. The effect of these increased prostanoids is not
well described. There is speculation that prostacyclin is protective
to pulmonary vasculature by aiding in smooth muscle relaxation.
PGE2, a potent vasodilator, may also play a role in modulating
pulmonary vascular resistance.***%*” While the existing literature
demonstrates elevated circulating oxylipins following CPB, to our
knowledge no prior study has evaluated tissue-specific concen-
trations following CPB or DHCA.

Pulmonary oxylipins in CPB and mechanically ventilated
controls

Our study comparing oxylipin levels of CPB/DHCA and mechani-
cally ventilated control animals showed two distinct patterns. The
first pattern was elevated lung tissue AA, CYP450, and LOX
metabolites seen with exposure to CPB/DHCA. These metabolites
were elevated in both upper and lower lobes of CPB/DHCA
animals suggesting a relatively uniform physiologic insult. Due to
the circulatory changes caused by CPB and DHCA, the lungs are at
significant risk of IR injury. This increase in oxylipins is thought to
be secondary to the systemic inflammation caused by CPB/DHCA,
leading to activation of AA metabolites via COX and PLA2.'°
Cellular damage from ROS following IR injury may also promote
activation of AA metabolites, causing endothelial injury and in
turn complement activation.* Further studies are needed to
understand the exact mechanisms of AA metabolite production in
the lungs and assess whether targeted modulation of the lung
oxylipin production seen in our study could mitigate post-CPB/
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DHCA injury. Furthermore, pulmonary IR injury may also
contribute to the systemic effects of CPB, releasing bioactive
mediators, including oxylipins, and resulting in remote effects on
the heart, kidneys, and liver through organ crosstalk.**® Although
our study did not address crosstalk following IR injury, if pro-
inflammatory AA metabolites produced in the lung could be
therapeutically modulated in a targeted fashion, it could reduce
or prevent not only lung injury but also systemic sequelae
following CPB.

The COX-derived metabolites (15d-PD2, PF2a, total PJ2, PGD2,
DK-PD2) followed a slightly different pattern, in that tissue levels
were higher in both CPB/DHCA-exposed lung tissue and
mechanically ventilated control lower lobes. This pattern intro-
duces the possibility of factors outside of CPB-induced inflamma-
tion leading to higher levels of lung oxylipins. Hypoxic lung
homogenate from mechanically ventilated rabbits has previously
been shown to have higher levels of PGD2 and PFA2a compared
to lung from normoxic ventilated controls.*®* PFA2a is a
vasoconstrictor that contributes to hypoxic pulmonary vasocon-
striction, while PGD2 is a vasodilator that acts in a counter-
regulatory fashion. Our data suggest that dysregulation of COX-
derived AA metabolites may contribute to the cycle of vasocon-
striction and ischemia occurring in the high-risk dorsocaudal
region of the lung and may be targets for mitigation of regional
lung injury.*

Limitations

In this study, several limitations existed. The first limitation was the
small number of animals. The limited number of animals in our
study does introduce the possibility of a Type Il error, such that,
with a larger sample size, we may have seen significant differences
across more metabolites or more subtle differences across lung
regions. Despite the small sample size, significant differences were
seen in many AA metabolite groups across upper and lower lobe
CPB/DHCA animals demonstrating the substantial effect size of
CPB/DHCA on lung oxylipin production. It is also possible that
more minor effects of BiAP infusion on oxylipin production could
have been missed due to the limited sample size. Second, because
a clear regional differences of regional lung injury had not yet
been identified, we did not obtain apical tissue in one control, one
CPB/DHCA animal, and one CPB/DHCA with BiAP animal. Another
limitation of our study is that the study was designed to assess
CPB/DHCA effects and regional effects rather than the effects of
anesthesia and mechanical ventilation. All animals were exposed
to supine positioning, anesthesia, and mechanical ventilation and
we did not include healthy control animals with no ventilator
exposure or alternate positioning strategies. Further studies are
needed to understand the impact of anesthesia, mechanical
ventilation, and positioning on pulmonary AA metabolite produc-
tion. We acknowledge that there is a substantial amount of within-
group variation, and it is unclear whether that is due to true
differences among individual animals or due to variation imposed
by limited sampling in the setting of grossly heterogeneous lung
disease. In future studies, it would be beneficial to obtain samples
from multiple lung sites to further address this question. Ideally,
human lung tissue samples would be used to compare oxylipin
production rather than porcine models. However, obtaining
human lung tissue after pediatric cardiac surgery is ethically
untenable and similarities between human and pig lung anatomy
have helped to establish pigs as a relevant translational respiratory
model.>°

CONCLUSION

In conclusion, our findings show that both CPB/DHCA and, to a
lesser extent, lung region influence tissue-level AA metabolite
production. We did not find substantial evidence for an effect of
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BiAP infusion on pulmonary oxylipin production. Given that this
was one of the first studies of its kind, there are still unanswered
questions regarding the mechanisms of lung oxylipin regulation
and the impact of oxylipin dysregulation on tissue injury and
outcomes following CPB/DHCA. The finding of differential regional
COX/prostaglandin metabolite production in both CPB/DHCA
animals and controls also suggests a need to further assess both
regional oxylipin metabolism with mechanical ventilation alone
and the potential effects of patient positioning on oxylipin
production.
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